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

Problems that have bothered men 

for decades are being solved by en­

gineers and scientists at M&T. 

Barnacles, for example. In coping 

with this problem, copper-based anti­

fouling paints can create another ... 

galvanic corrosion. With paints con­

taining organometallic bioMeT" anti­

foulant from M&T, though, there's 

neither corrosion nor barnacles. 

Corrosion has been a lifelong 

enemy for metal water pipes. Now 

coming into increasing use is non­

corrosive vinyl plastic pipe produced 

with a Thermolite* stabilizer to pro­

tect it against degradation from heat 

and light, both during manufacture 

and in actual use. 

Physical working of metal sets 

up internal stress. Not with M&T's 

M&T Chemicals Inc. 

electro-chemical machining process. 

It removes metal, however hard, 

cleanly and without residual stress. 

Some organic finishes succumb to 

a simple thing like food stain. Not 

M& T-created vinyl plastisols which 

resist food acids, alkalies, alcohols 

and other chemicals. 

For more information, write M&T 

Chemicals Inc., General Offices: 

Rahway, New Jersey 07065. 
"Trademark of M& T Chemicals Inc. 
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CELANESE 
• 

new size 

new technology 
new symbol 

same basic principles 

Important symbols-like the flags of 
nations or the trademarks of corpo­
rations-stand for basic principles. 
They represent the ideas that tie to­
gether a great diversity of people and 
things in common cause. 

Our principles are simple: 
We believe that every single one 

of our employees is in service to the 
customer; that our success depends 
upon the freedom of each employee 
to develop all his resources of imag­
ination, skill and talent; that we must 
explore every opportunity as a world 
opportunity; and that we must work 
so efficien tly tha t we can earn enough 
profits on the savings invested in us 
to help us continually enlarge our 

capabilities for outstanding products 
and services. 

These beliefs have helped us bring 
to market-within a generation-an 
impressive array of new products to 
make life a little easier or a little 
pleasanter for people around the 
world. By finding new ways through 
chemistry to meet man's ever ex­
panding needs, Celanese has grown 
into a major producer of chemicals, 
man-made fibers, surface coatings 
and plastics. 

We have moved closer to the con­
sumer through diversification into 
paints, plastic housewares and the 
retailing of gasoline and oil. In the 
process of growing we have become 

important producers of pulp and pe .. 
troleum-two raw materials basic to 
almost everything we make. 

With the addition of many new 
names to our family of companies, 
we felt the need for a new, modern 
but classic device to suggest the unity 
that underlies our changing and ex­
panding world operations. And in 
a broader sense, to stand for the 
things that haven't changed-our 
basic principles. 

You'll be seeing our new symbol 
in many places in the months and 
years ahead. It's the sign of a world 
enterprise, growing fast by putting 
chemical science to work for people. 
CELANESE CORPORATION. 522 5th AVE .• N. Y. 
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Report from 

BELL 
LABORATORIES 

Representation in subjective space of the prox­

imities (i.e., "nearness" or "farness") among 

ten vowel sounds, indicated at left by phonetic 

symbols. Test subjects heard these vowels in 

words like heed, !!!.!!., !:!..!!!., etc., and were asked 

to identify them. Pairs of vowels frequently con­

fused are considered "near" to each other; other 

pairs which were seldom confused are regarded 

as "far apart." This computer solution displays 

these spatial relationships, relating each vowel 
to every other yowel, in a form easily visualized. 

"SUBJECTIVE SPACE!!..A NEW METHOD OF UNCOVERING MEANING 

It is easy to record people's opinions 
and reactions, but sometimes it is hard 
to extract usable information from 
such subjective data. Valid meaning 
might be clouded by a mass of seem­
ingly inexact information. 

Test subjects listening to telephone channels 

of varying quality. Subjects heard test sen­

tences transmitted over pairs of channels; 

for each pair they indicated, by pressing a 
button, which of the two they preferred. Sig­

nals from buttons were used to key-punch 

cards, which were then processed with adap­

tations of the "subjective space" program 

developed at Bell Laboratories. 

2 

A new method of analyzing data to 
reveal such meaning has been devel· 
oped by R. N. Shepard and adapted 
for different uses by several of his 
fellow researchers at Bell Telephone 
Laboratories. With this method, the 
underlying structure of the data is dis­
played in the form of a spatial repre­
sentation. The illustration above, for 
example, shows such a representation 
obtained for ten different sounds­
namely, ten words differing only in 
the vowel sound. This representation 
was obtained by an analysis of the 
subjective similarities among these 
sounds as revealed by how frequently 
listeners confused each pair of words. 
In the resultant "subjective space," 
pairs like hod and hawed that were 
frequently confused by listeners are 
represented as close together, whereas 
pairs like heed and hud that were 
rarely confused are represented as far 
apart. 

In this spatial arrangement, the un­
derlying structure is revealed more 
clearly than with conventional methods 
of presenting data. Moreover, the di­
mensions of the subjective space often 
provide information about which 
physical properties of the stimuli are 
the most critical psychologically. (For 

example, the three dimensions for the 
above ten vowel sounds were found to 
correspond roughly to the frequencies 
of the first three resonances of the 
human vocal tract.) 

The method devised for finding 
such spatial representations uses an 
iterative process programmed for a 
high.speed digital computer. It seeks 
an optimum configuration of points 
in a space of the smallest possible 
number of dimensions in which the 
given data are represented in the inter­
point distances. Solutions in one, two, 
and three dimensions are conveniently 
displayed by a visual computer out­
put. As a result, the psychologically 
significant dimensions of the stimuli 
-which might not be evident from tra· 
ditional methods of analysis-can often 
be identified simply by inspection. 
The method is quite general: the data 
can be subjective judgments of simi· 
larity or can be frequencies of actual 
confusions, and the stimuli can be 
colors, sounds, or even communica­
tion circuits varying in quality. 

@ Bell Telephone Laboratories 
-r- Research and Development Unit of the Bell System 
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QUARTZ THERMOMETER 

MEASURES TEMPERATURE 

-80 TO +250° C 

Lah research or 
automatic monitoring 
For high-accuracy, high-resolution laboratory­
type temperature measurements or for 
monitoring a series of industrially oriented 
temperatures, the Oymec Quartz Thermometer 
introduces capabilities never before available: 

Direct digital readout with up to 0.00010 
resolution; high-accuracy absolute or difference 
measurements; automatic or manual scanning 
of multiple temperature points. accurate 
measurements at distances from the thermom­
eter; outputs for recording on printed strip. 
punched tape, cards, digital magnetic tape or 
strip-chart recorder. 

With the DY-2801A, you can measure degrees 
C or F without bridge balancing, conversion 
charts, temperature references or computer 
processing. The actual technique involves 
measurement of the frequency of a temperature· 
sensitive quartz oscillator, rather than voltages 
or resistances as associated with thermocouples 
or platinum resistance devices. 

A Thermometer Scanner permits fast, 
automatic scanning of temperature patnts in 
a variety af operating modes, with up to a 
60·channel potential. A manual sensor selector 
makes possible "slave" monitoring of 
up to 100 points. 

As a lab instrument, standard probes permit 
measurement immediately adjacent or up to 
1000 feet from the thermometer, while 
amplifiers or special probes are available for 
measurement as far away as a mile from the 
basic instrument. A variety of probes are 
available for various measuring requirements, 
including operation in ocean depths in excess 
of 36,000 feet; an assortment of lengths, 
configurations and special materials for unusual 
requirements. All possess extremely rigid 
environmental characteristics. 

The DY·280lA has two probes and variable 
resolution to 0.00010, and is priced at $3250. 
The less expensive 2800A is available for $2250 
if your requirement demands a single probe 
and 0.10 resolution (optionally 0.01°). 

A nearby Hewlett·Packard field engineer 
will demonstrate the thermometer for you, or 
you can get complete information and data 
relative to lab or monitoring applications by 
filling out the coupon and mailing it to 
Hewlett-Packard Dymec Division, 395 Page 
Mill Road. Palo Alto. California 94306. 
Phone (415) 326-1755. TWX 910-373-1296. 

Data subiect to change without notice. 
Prices lo.b. factory. 
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THE COVER 

The painting on the cover shows a hagfish, enormous numbers of which 
live on the bottom of the oceans (see "The Hagfish," page 82) . Here the 
hagfish has tied itself into a half hitch, a feat it perforrns routinely. When 
the hagfish is alarmed, it secretes large quantities of a tenacious slime; it 
wipes itself clean by forming a knot and pulling itself through the loop. The 
hagfish also ties knots to exert leverage in pulling flesh out of dead or dying 
fish, on which it feeds. The large single opening at the head end of the hag­
fish at upper right in the painting is not the animal's mouth but its nostril; 
the mouth is the smaller opening behind the protruding barbels. The large 
pores along the sides of the' fish are the exits of its gill sacs; the smaller 
pores are for secreting slime. There are 24 known species of hagfish. Shown 
in the painting is Eptatretlls stoutii, a species that lives in the Pacific. 
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Being a Hertz girl has its moments. 
Getting compliments isn't one of them. 

In fact, the better we do, the less we're noticed. 
We look at it this way-you shouldn't have to be concerned 
with anything when you rent a car from us. You have more 
important things on your mind. 

But we haven't. 
So we do everything humanly possible to make certain 

that our shiny new Fords and other cars are in as near-perfect 
condition as we can make them. And that the car you want is 

ready and waiting when and where you want it. 

But we don't think our job stops there. 
We're also never too busy to help you find the quickest 

way to where you want to go. Or answer any other questions 
you might have. 

You might say our business is to help you concentrate on 
yours. As for compliments, say you want one of our cars. 

That's the nicest thing you could say. 

Let Hertz put y-OU in the driver's seat. . (Isn't that where you belong?) © HERTZ SYSTEM, INC. 1966 
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Bendix is the kind 
of company 

that keeps people 

in touch everywhere. 

In space. Bendix designed 
and built the ground terminals 
f o r  proj e c t  SYNCOM, t h e  
Army's deep-space synchro­
nous satellite communications 
system. In addition, Bendix 
radar, communications and 
telemetry equipment and per­
sonnel have helped NASA's 
worldwide network keep track 
of every man-made object in 
space since Sputnik I. 
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� ... 

On the highway. Forty different models of 1966 
cars and trucks with Bendix factory-installed 
AM and FM radios will keep people informed 
and entertained everywhere. Bendix has manu­
factured over 13 million car radios to date. 

In NASA's tracking network. During manned 
space flight, Bendix-built consoles give a de­
tailed, running report of each astronaut's physi­
cal condition and the operational performance 
of the spacecraft. 

We design and produce communications 

equipment and systems for every basic mar­

ket we serve: space, missiles, automotive, 
aviation, oceanics-even automation where 

Bendix-built machines transmit instructions 
to other machines. In each area, we provide 
total capability-from instrument design to 
production . . . from systems research to 
installation_ Our work in communications 

demonstrates again that the heart of our busi­
ness is creating new ideas and developing 
them to maximum usefulness-whether we're 
serving as creative engineers ... manufac­
turers ... or professional problem-solvers for 
industry and government. 

On the water. Pleasure boat skippers 
rely on Bendix radio-telephones, as well 
as Bendix radio direction finders, radar 
systems, depth sounders, automatic pi­
lots, and fume detectors. 

In the air. Our Trophy Line of navigation and communication 
equipment offers pilots and owners of business and private 
aircraft new savings in weight and space, as well as the increased 
reliability of solid state circuitry. 

;:ZncfY 
CORPORATION 

FISHER BUILDING, DETROIT 2, MICHIGAN 

WHERE IDEAS 
UNLOCK 
THE FUTURE 

CREATIVE ENGINEERING FOR: 0 AUTOMATION 0 SPACE 0 MISSILES o AVIATION DAUTOMOTIVE 0 OCEANICS 
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THE BEST TELESCOPES WILL HAVE QUARTZ MIRRORS 

Half the Questar telescopes we now produce have 
mirrors made of quartz. We started using this 
precious material back in 1957 because quartz 
mirrors are, the very best obtainable. When we 
take one from a warm room into colder outdoor 
air, Quartz resists the thermal shock about 5 
times better than Pyrex low-expansion glass. The 
superiority of quartz lies in this greater stability 
of the crystal. 

The price of fused-quartz disks is awfully high 
because they are terribly difficult to construct. A 
raw disk 61 inches in diameter costs $250,000. 
Since the cost and weight of such disks, like 3-
dimensional objects generally, increases as the 
cube of a dimension, and not as the square, you 
can readily understand why there are only a few 
hundred telescopes with quartz mirrors in the 
entire world. We ourselves have probably made 
most of them. 

As you may know, we still have to make each 
aspheric set of Questar optics at least 3 times, 

until its resolving power is astonishing, and each 
will support images that do not break down at 
more than 800 diameters. This unusual ability to 
resolve, coupled with smalI aperture, allows these 
Httle fellows to pierce indifferent seeing like a 
thin rapier when larger apertures are more se­
verely damaged by heat waves in the air. 

This is the Questar idea, the Questar secret. 
In the 8 years of research we spent before mar­
keting our product, we sought and found the 
best size to make it; we looked for the point 
where the greatest number of favorable factors 
came together. That point turned out to be at 
only 3.5 inches aperture instead of the 5 inches 
with which we started. Our portable telescope 
proved to be most efficient when delightfully 
small in size but of transcendent quality. 

This very smallness becomes another favorable 
factor. You yourself may now enjoy the luxury 
of owning a real quartz-mirrored telescope for 
only $100 extra. 

Questar is the finest and most versatile small 
telescope in the world. Prices begin at $795. 
Send for your copy of the new 40-page booklet 
with 8 pages of color and much general infor­
mation, with essays on optics, seeing and tele­
scopic p hotography. One dollar postpaid in 
U. S., Mexico and Canada. By air to West 
Indies and Central America, $2.30. By air to 
Europe, N. Africa and S. America, $2.50. By 
air to Australia and elsewhere, $3.50. 

QU1E�TA� 
BOX 20 NEW HOPE, PENNSYLVANIA 

LETTERS 
Sirs: 

I greatly enjoyed E. Donnell Black­
ham's article "The Physics of the Pi­
ano" [SCIENTIFIC AMERICAN, December, 
1965]. In reading the article I observed 
an extraordinary fact: it begins on page 
88, which is of course the number of 
keys in the modern piano. Surely this is 
carrying the spirit of your department 
"Mathematical Games" too far! 

'WINIFRED D. DUFFY 

Forest Hills, N.Y. 

Sirs: 
"Microelectronics," by WilJiam C. 

Hittinger and Morgan Sparks [SCIEN­

TIFIC AMERICAN, November, 1965], is 
timely and most interesting. 

It is unfortunate that Hittinger and 
Sparks did not consider the history and 
origin of microelectronics in sufficient 
detail to make clear in their presenta­
tion the answer to the question: How 
much of the "new technology" is really 
so vital to microelectronics that under 
no circumstances could it be omitted? 
In reply, the essential element is that 
of so-called oxide masking, a discovery 
made more than 10 years ago by a 
chemist at the Bell Telephone Labora­
tories, Carl Frosch. 

The journal and magazine literature 
now abounds with pictures of microelec­
tronics and integrated electronics. When 
in color, these pictures always show the 
ubiquitous green, blue and pink pro­
tective masking silicon dioxide. Frosch 
first discovered the use of these oxides 
on silicon electronic devices; he showed 
that these oxides protected the silicon 
from thermal erosion; he found that 
they afforded a means for defining the 
geometry and structure of the "new 
electronics"; in addition, he proposed 
that they gave a natural means for the 
protection of the surface of the new 
electronics from the contamination of 
the "outside" world (outside the silicon 
electronic device). Here is the unique 
technological ingredient in microelec­
tronics. 

Obviously the refined, sophisticated 
exploitation of oxide masking has in 
the past 10 years received further con­
tributions from many workers. But 
Frosch set it up with his discovery, and 
microelectronics could not exist without 
it; on the contrary, many other admit-
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HOW AN RCA ELECTRON TUBE 

recovers fortunes from "Davy Jones" 
A "spent" experimental torpedo settles to the bottom by 
accident or by design. Is this investment lost forever? 

A rocket booster splashes into a 300 fathom trench in 
the South Atlantic. Can the full story of its launch and 
flight ever be told? Can scientists and engineers correct 
the design or replace the faulty part for the next tests? 

The answers depend on recovery of the equipment. 
Until recently, salvaging hardware "on the bottom" was 
almost impossible. 'Now, thanks .to underwater TV, re­
coveries are made almost daily ... cheating "Davy Jones" 
out of millions. 

Watertight TV cameras-in remote-controlled deep-sea 
recovery vehicles like the one 
below-scan the ocean floor for 
lost material, relay TV pictures 
of it to the "mother ship" on 
the surface. Once located, the 
sunken objects are picked up by 
a giant hydraulic claw on the 

recovery vehicle, then returned to the waiting ship above. 
With such systems there are no problems of compression 
and decompression faced by human divers ... no limita, 
tions on the length of search. 

Making possible deep-sea TV surveillance is a light­
sensitive RCA TV camera tube known as a "vidicon" .. . 

a tiny replica of TV studio camera tubes that send pro­
grams to your home. About 5 inches long and an inch in 
diameter, this compact, high-performance RCA electron 
tube delivers sharp, full-fidelity TV pictures under the 
worst conditions: tremendous pressures ... heavy shock, 
vibration and buffeting ... and minimal light. 

This dramatic use of the TV vidicon is another exam­
ple of how RCA products and skills developed originally 
for home entertainment and education can be adapted to I 
the needs of science, industry and the nation's defense. 

Super-sensitive RCA 
underwater TV vidi ... 
con tube needs only 
500 watts of light to 
produce sharp. clear 
TV pictures ... even 
at depths as great as 
2,000 feet. 

.. 
,eA mCUON<C eOM,ON,N" AND Dev'm 

• • The Most Trusted Name in Electronics 
® 

Self-propelled, coble-controlled U.S. Navy undersea recovery vehide locates a lost torpedo, then picks it up and returns it to the surface. 
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Western has been shipping "progress" since 1888 

When the Star of India was plying the seas, 
Western was already packaging imagination 
and exporting experience. Today, Western is 
international in scope, almost unlimited in 
engineering capability, yet still offering its 
basic product: ideas and the machinery to 
make them work. 

Almost every major industry-from steel, 
marine,petroleum and sugar to aircraft,pulp 
and paper and cement-has benefited from 
Western concepts and developments. One of 

Western's eight divisions is fully qualified 
and equipped to meet your challenge, to solve 
your problems, to fill your needs. 

If you are concerned with the transmission 
of mechanical power and motion, Western 
can help. Detail your interest on company let­
terhead to receive more information. Write: 
WESTERN GEAR CORPORATION, Box 182, Lyn­
wood, California, 90262. Telephone: Area 
Code 213, NEvada 6·0911. Or cable: WEST­
GEAR, Lynwood, California. 

Everett, Washington; Belmont, Lynwood, Pasadena, Los Angeles, California; Houston, Texas. Offices in principal cities 

I�'l�i (3 il'l 
GEAR CORPORATIO N 

- - -
Electro Products Industrial Products Southwestern 

- -
Systems Management Precision Products 

Graphic Arts Heavy Machinery Sky Climber 

COPYRIGHT 1965 WESTERN GEAR CORPORATION 
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tedly convenient aspects of microelec- I 
tronics technology could be avoided and 
even omitted as nonessential or of con­
siderably lesser importance. 

NICK HOLONYAK, JR. 

Department of Electrical Engineering 
U ni versi ty of Illinois 
Urbana, III. 

Sirs: 
Professor Anatol Rapoport's review 

of The Natural History of Aggression 
[SCIENTIFIC AMERICAN, October, 1965] 
makes fascinating, if somewhat solemn, 
reading, But a Latin usage in the re­
view has gone awry: " ... the warmaking 
state (Status belligerens?),,! True, status 
means "state" in Latin-but only the 
kind of state found in phrases such as 
"state of mind" or "solid-state physics." 
In Latin the political state is civitas. And 
belligero is a verb of the first conjuga­
tion: belligero, belligerare and so on. So 
its present participle is belligerans, not 
belligerens. The verb is also very rare. 
Thus if by "warmaking state" Professor 
Rapoport meant a state of war, he might 
better have written civitas bellum ge­
rens; if he meant a warlike state, civitas 
bellicosa. 

VARIAN FRY 

New York, N.Y. 
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MEETING THE NEED WITH RARE EARTHS 

EUROPIUM put the RED 
YTTRIUM in color 
THORIUM television 

ANOTHER EXAMPLE OF PRODUCT IMPROVEMENT USING 

RARE EARTH TECHNOLOGY AND THE UNIQUE CAPABILITIES 

OF OUR SPECIAL PRODUCTS DEPARTMENT 

Product development starts with a customer need. Television makers needed 
a new red phosphor and researchers found the answer in two of our rare 
earths-with an europium-activated yttrium vanadate. We're proud of our role 
as supplier of these ultra-high purity raw materials. But that's the story of our 
life-exploring new ways ... helping customers find the "way out" answers 
with rare earths, thorium and yttrium products. Got a problem? Our Special 
Products Department has the experience and practical application knowledge 
you need to fully utilize rare earths and rare earth technology. You can rely on 
our research assistance, backed-up by our fast, dependable delivery. - Write, 
call, or wire for detailed literature on our complete product line. RARE EARTH 
DIVISION, West Chicago, Illinois 60185. Phone 231-0760 (Area code 312). 
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Carats 
and corneas 

What does the world's hardest 
substance, the diamond, 
have to do with the world's most 
sensitive camera, the eye? 

Quite a bit. Dr. Lawrence Lewison, 
a New York optometrist, 
recently created a plastic contact 
lens with four tiny grooves 
around the inside of the rim 
to permit passage of tears and air. 

These lenses are as small as one-third 
of an inch across and weigh 
approximately 1/750th of an ounce. 

Because of the rugged nature of 
the plastic and the necessity for 
absolute accuracy in shaping and 
smoothing the lens, diamond cutting 
and polishing tools were found 
to do the job most economically. 
(Tungsten carbide cutters dulled in a 
few hours. A %-carat diamond 
tool, on the other hand, 
requires sharpening only about 
every 30 days. Its life expectancy is 
greater than one year.) 

Men of keen vision are using 
natural and synthetic diamond tools 
for a variety of jobs in optics, 
metalworking, and road-building. 

Don't be frightened by the cost 
of diamond tools. Because if you cut, 
sharpen or smooth anything in 
your business, you can use diamonds 
profitably. Your tool and wheel 
manufacturer can show you how. 
Or write to this magazine 
for more information. 

De Be*rs World's leading source 

of natural and synthetic diamonds 

, for industry • • .  backed by 

the Diamond Research Laboratory 

Shannon, Ireland .. 
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50 AND 100 

YEARS AGO 

FEBRUARY, 1916: "Another oppo­
sition of Mars has taken place, and if 
history repeats itself, the Sunday sup­
plements should be telling us just what 
horsepower is ordinarily required to op­
erate a Martian pumping-station, what 
kind of harvesting machinery the Mar­
tians use in gathering their crops and 
how a self-confessed 'scientist' in Po­
dunk proposes to telegraph to our neigh­
bors on the ruddy planet. Our one hope 
in the present instance of escaping these 
periodic lucubrations is the possibility 
that martial affairs on earth may suc­
cessfully vie in interest with Martian 
affairs elsewhere. The question of the 
habitability of Mars is one to which 
some of our gravest astronomers have 
not scorned to direct their attention. A 
.wordy battle has indeed been waged on 
this subject for a generation, and it has 
been fought with scientific weapons. 
Nothing has been proved. The 'canals' 
are still exactly as debatable as they 
were when their existence was first 
proclaimed by Schiaparelli nearly 40 
years ago. While on the one hand Pro­
fessor Lowell and his associates con­
tinue to draw certain surface-markings 
as geometrical spider-lines, we behold 
a committee of the British Astronomical 
Association publishing (no longer ago 
�han last summer) an emphatic an­
nouncement that the evidence afforded 
by the last favorable opposition of Mars 
proves all such geometrical markings, 
including the 'double' canals, to be mere 
optical illusions." 

"In the Proceedings of the National 
Academy of Sciences, Theodore Lyman 
of Harvard University describes his ex­
periments with a vacuum spectroscope 
containing a concave grating arranged 
so that the path of the light from its 
source to the photographic plate is 
wholly in rarefied gas. In the earlier 
experiments with a strong disruptive 
discharge in hydrogen at two or three 
millimeters' pressure the spectrum was 
extended to a wave-length of 900 ang­
strom units. In later experiments with 

14 

helium free from nitrogen the limit was 
extended to wave-length 600. Three hy­
drogen lines, predicted by Ritz on the­
Ol·etical grounds, were found at 1,216, 
1,026 and 972. With pure hydrogen 
they are best seen with a disruptive dis­
charge, but an alternating discharge of 
60 cycles per second produces them in 
helium containing that trace of hydro­
gen so difficult to remove. The disruptive 
discharge is required to produce the 
seven or eight new helium lines with 
wave-lengths shorter than 900. The lim­
it now reached is set by the adjustment 
and dimensions of the apparatus, and 
Lyman sees no insuperable difficulty in 
further extension. A considerable region 
remains for exploration between 600 
and one angstrom unit, which is the 
wave-length of X-rays, as determined by 
the Braggs." 

"The late Dr. Aksel Steen, director of 
the Norwegian meteorological service, 
had charge of working up the magnetic 
obs(')rvations made by Amundsen on his 
northwest passage of some years ago. 
Terrestrial Magnetism publishes a letter 
written by Dr. Steen shortly before his 
death last May, stating that two or three 
years more would be required to com­
plete the work. The writer declares that 
it will be impossible to give a definite 
position for the north magnetic pole, be­
cause in his opinion this pole 'is not a 
fixed point attached to a certain geo­
graphical latitude and longitude but 
must be defined as that point on the 
surface of the earth where the horizon­
tal intensity at the moment is zero.' The 
discussion of Amundsen's observations 
will probably show that the pole has a 
mean daily and yearly periodic motion, 
together with more or less irregular dis­
placements." 

FEBRUARY, 1866: "We have in pre­
vious numbers of our paper fully de­
scribed the simple and beautiful proc­
ess of Mr. Woodbury of England by 
which photographic pictures may be 
transferred to metallic plates and then 
printed-in much the same way that 
copper-plate engravings are produced. 
We have lately had the pleasure of re­
ceiving from the editor of the London 
Photographic News a specimen of this 
new art of printing, which in its details 
of light and shadow, softness and artis­
tic finish is all that could be desired. 

The new process is exceedingly simple, 
and there is hardly any limit to its ap­
plication. It is admirably adapted to 
book illustrations and for many pur­
poses will supersede wood and plate 
engravings. Natural objects can be pho­
tographed and then reproduced upon 
metallic plates for printing with a fideli­
ty and harmony in the gradation of tints 
which hand work cannot possibly imi­
tate." 

"The ooze from the bottom of the At­
lantic has been described by Mr. Side­
botham in a paper read before the 
Manchester Philosophical Association. 
In the unsuccessful attempts made to 
raise the Atlantic cable the grapnels and 
hooks brought up with them a quantity 
of ooze, some of which was scraped off 
and preserved. He obtained specimens 
of the deposit from Mr. Fairbairn and 
submitted them to microscopic exami­
nation. In appearance the deposit re­
sembles dirty clay and reminds one of 
the chalk of Dover; indeed, it presents 
such appearances as would lead to the 
inference that a bed of chalk is now be­
ing formed at the bottom of the Atlan­
tic. It was composed entirely of minute 
organisms, which exhibited a very frag­
mentary condition." 

"At the last sitting of the French 
Academy of Sciences, M. Leon Fou­
cault produced a new apparatus for 
regulating electric light. It keeps two 
charcoal rods at the required distance 
by means of an automatic motion, which 
pushes them forward or draws them 
back, as occ.asion requires. The two sets 
of clockwork which produce this effect 
communicate with an electro-magnet, 
which, as it bends either to the right or 
the left, puts the corresponding set in 
motion and, when in an intermediate 
position, stops the motion of both. In 
order to establish a connection between 
the two sets, so that the one may not be 
independent of the other, M. Foucault 
has introduced a sun-and-planet wheel, 
which acts on the catch of the electro­
magnet." 

"The great Cincinnati bridge about 
to be suspended across the Ohio River 
will be the longest in the world, being 
more than 2,000 feet longer than the 
suspension bridge over the Niagara Riv­
er and 540 feet longer than the Menai 
Bridge in England. Its total span will 
be 1,057 yards. The massive stone piers 
tower 110 feet over the floor of the 
bridge and 200 feet above their founda­
tions." 
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Here's why it was possible for millions 
to witness the Gemini 7/6 recoveries 
as they happened, live, hundreds of miles at 
sea. 

Coverage of the Gemini 6 and 7 
astronauts' successful return to 
Earth marked a historic TV 
"first"-live action televised far 
out at sea. The events were 
beamed instantly to millions of 
North Americans and Europeans. 

Eyewitness news like this was 
made possible by ITT's trans­
portable satellite·communica­
tion earth station. Located 
aboard the Navy aircraft carrier 
U.S.S. Wasp, the station trans-

� 

mitted microwave signals from 
TV cameras on the carrier via 
the Comsat Early Bird satellite 
and ground station at Andover, 
Maine. 

From Andover, the signals were 
simultaneously distributed via 
microwave to the U.S. TV net­
works' facilities and retrans­
mitted via Early Bird to ground 
stations in Europe. 

ITT's sta­
tion opens new horizons in com­
munications. Now virtually any 
event on earth may be televised 
internationally as it happens, 
wherever it happens. 

The earth station was designed, 
built and installed by ITT Federal 
Laboratories. It was operated 
aboard the U.S.S. Wasp by ITT 
World Communications Inc., the 
international communications 
subsidiary of ITT_ 

Today there are nine ITT earth 
stations around the world. All 
have performed successfully in 
a variety of satellite-communi­
cation tests using Telstar, and 
NASA's Relay and Syncom. 

Helping people and nations com­
municate-that's a vital part of 
ITT's business. 
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If you're renting more computer than you need, 
it's like burning money_ 

NCR's new 500 Series costs less 
than other low-cost computer sys­
tems. Its unique building-block de­
sign enables you to start small­
then grow as your needs expand. 
You never pay for more than you 
need or more than you can use. 
A basic NCR magnetic ledger sys-

tem rents for $765 a month. A card 
system for $1195. 
In addition to being lower priced, 
a "500" is faster, too. As a total sys­
tem, from preparation of input data 
through final reports for manage­
ment, nothing in its price range can 
touch it for speed of processing. 

THE NATIONAL CASH REGISTER co. 

And it's more flexible. Only the "500" 
in the low-price field offers you 
your choice of all the computer lan­
guages - punched card and tape, 
magnetic ledger, optical print tape_ 
We could go on and on like this 
about the new "500" Series. A call 
to your local NCR office and we will. 

DAYTON.OHI045409 
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THE AUTHORS 

NOEL DE NEVERS ("Tar Sands and 
Oil Shales") became interested in the 
subject of his article while he was work­
ing on processes for the secondary 
recovery of petroleum, a matter he dis­
cussed in an article in SCIENTIFIC 
AMERICAN last July. His additional tech­
nical interests include problems in fluid 
mechanics. De Nevers, who was gradu­
ated from Stanford University and ob­
tained a Ph.D. at the University of 
Michigan, is assistant professor of chem­
ical engineering at the University of 
Utah. He went there after a period in 
which_ he worked on secondary recovery 
processes at the Chevron Research Cor­
poration, a subsidiary of the Standard 
Oil Company of California. 

ROBERT W. HOLLEY ("The Nu­
cleotide Sequence of a Nucleic Acid") 
is professor of biochemistry and chair­
man of the section of biochemistry and 
molecular biology of the division of bio­
logical sciences at Cornell University. 
He was graduated from the University 
of Illinois in 1942 and obtained a Ph.D. 
at Cornell in 1947. He joined the Cor­
nell faculty in 1948, and during his years 
there he has also worked with the U.S. 
Plant, Soil and Nutrition Laboratory at 
the university. Holley and his colleagues 
spent four years isolating one gram of 
pure transfer ribonucleic acid and three 
more years ascertaining its chemical 
structure. Holley received the 1965 Al­
bert D. Lasker award for basic medical 
research for the work described in his 
article. 

FREDERICK REINES and J. P. F. 
SELLS CHOP ("Neutrinos from the 
Atmosphere and Beyond") are respec­
tively professors of physics at the Case 
Institute of Technology and the Uni­
versity of the ·Witwatersrand. Reines 
is also head of the department of 
physics at the Case Institute. He is a 
graduate of the Stevens Institute of 
Technology and obtained a doctor's 
degree at New York University. As a 
member of the staff at the Los Alamos 
Scientific Laboratory for 15 years before 
going to Case in 1959, he participated 
in the test of the first atomic bomb and 
the first thermonuclear device. Sell­
schop, who is a native of South Africa, 
obtained a bachelor's degree at the Uni­
versity of Pretoria, a master's degree at 
the University of Stellenbosch and a 
Ph.D. at the University of Cambridge. 

His collaboration with Reines in the 
field of neutrino physics began in 1962, 
when he visited the Case Institute. 
Sells chop writes that in such spare time 
as he has he likes "to grow roses, listen 
to lieder and try to understand events 
in Africa from their paleontological be­
ginnings to the present day." 

JULIUS H. COMROE, JR. ("The 
Lung"), is professor of phYSiology and 
director of the Cardiovascular Research 
Institute at the San Francisco Medical 
Center of the University of California. 
He went to the institute in 1957 after 21 
years as a member of the faculty at the 
Graduate School of Medicine of the 
University of Pennsylvania. Earlier he 
had received undergraduate and medi­
cal degrees from that university. Comroe 
is involved as writer, editor or con­
sultant in many activities related to his 
professional interests. He was president 
of the American Physiological Society 
in 1960-1961. 

PETER R. SWANN ("Stress-Corro­
sion Failure") works in the United 
States Steel Corporation's Edgar C. Bain 
Laboratory for Fundamental Research. 
He was born in Britain and obtained a 
degree in metallurgy at the University 
of Wales in 1956. "I went to Canada," 
he writes, "to study new processes for 
winning metals from their ores" but 
"was diverted from this intention by a 
talented professor at the University of 
Alberta and spent a year with him on 
the development of titanium alloys." 
With an interest in research thus "firm­
ly established," he obtained a Ph.D. at 
the University of Cambridge and also 
"married a Swedish girl who had come 
to Cambridge to study the English lan­
guage." In 1960, "attracted by the 
comparatively warmer reception, higher 
salary and better working conditions 
offered by American employers," he 
moved to the U.S. and took up his 
current work. "My main research inter­
est at present is in developing and 
improving techniques for examining 
reactions occurring at or near metal 
surfaces. I relax by skiing in the winter 
and flying in the summer." 

DAVID JENSEN ("The Hagfish") 
works in the division of marine biology 
at the Scripps Institution of Ocean­
ography of the University of California 
at San Diego, where he is an Estab­
lished Investigator of the American 
Heart Association. Jensen received 
bachelor's, master's and doctor's degrees 
in phYSiology from the University of 
California at Berkeley. He has spent 10 

years in cardiac research and nine years 
studying the hagfish, an animal to which 
he turned because he thought it might 
prove useful for basic research on car­
diac physiol0gy. "Subsequent events 
seem to have vindicated this opinion," 
he writes. He is working also "on the 
electrophysiology of cardiac automatism 
in several species of animal." 

EDWARD R. LACHAPELLE ("The 
Control of Snow Avalanches") is senior 
scientist in the department of atmo­
spheric sciences of the University of 
Washington and avalanche-hazard fore­
caster in the Forest Service of the U.S. 
Department of Agriculture. "I am more 
or less leading a double career in 
glaciology and avalanche science," he 
writes. "These have a common ground 
iri snow physics, which I consider to be 
my primary specialty." LaChapelle, a 
native of Tacoma, Wash., was graduated 
from the University of Puget Sound in 
Tacoma in 1949 and forthwith began 
his investigations of snow physics. His 
work for the Forest Service includes 
the preparation of training films. The 
most recent of them, "Avalanche Con­
trol," has had wide international distri­
bution. 

D. D. KOSAMBI ("Scientific Numis­
matics") is an Indian mathematician and 
historian with a broad spectrum of in­
terests. After receiving his education in 
India and at Harvard University, from 
which he was graduated summa cum 
laude in the class of 1927, he began 
his career in mathematics, working first 
on aspects of geometry and then on 
probability. He became interested in 
numismatics when he turned to coin­
age problems "to see if I had mastered 
statistical methods." Some of the coins 
Kosambi describes in the present arti­
cle "had to be associated with a king 
or kings," and that led him to a study of 
early Indian history. "The sources were 
so poor," he writes, "that I had to learn 
Sanskrit and edit some of them myself." 
He has written two books as a result of 
his historical researches: An Introduc­
tion to the Study of Indian History and 
The Culture and Civilisation of An­
cient India in Historical Outline. He 
has also edited some works of poetry, 
including the oldest known anthology 
of classical Sanskrit verse. 

STEPHEN TOULMIN, who in this 
issue reviews Aspects of Scientific Ex­
planation and Other Essays in the 
Philosophy of Science, by Carl G. 
Hempel, is professor of ideas and phi­
losophy at Brandeis University. 
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Keeping Alive in Space: A report from General Dynamics 

QUESTION: An astronaut in space 
needs 11 pounds of water and two 
pounds of oxygen a day to live. If you 
seal him into a spaceship, how long 
could just 11 pounds of water and two 
pounds of oxygen last him? 

ANSWER: Forever, if necessary. 
The reason, of course, is that air and 

water can be regenerated indefinitely, 
providing that a total man-machine sys­
tem is properly organized. 

Such a system is the heart of an ex­
perimental life-support facility which 
General Dynamics has recently built for 
the National Aeronautics and Space 
Administration. It is designed to take 
care of the basic physiological require­
ments of four men in a zero-gravity 
environment for a full year, with mini­
mal resupply once every three months. 

Regeneration is a basic fact of nature 
-nothing is ever really lost. The job is 
done by the total biosphere of the earth, 
its billions of cubic miles of atmosphere, 
its millions of miles of earth and sea, its 

---.:. � .. " . 

This sealable strllcture contains the 
prototype of a life-support system 
which includes facilities to maintain 
fOllr men in space for a year. 

thousands of species of animals, plants, 
insects and bacteria. 

Compressing even part of that system 
to meet the requirements of men in 
space is a capability that has developed 
only recently. 

The problem-weight: 
General Dynamics has been involved 
in the requirements of space travel for 
almost a generation through its devel­
opment of the Atlas and Centaur space 

vehicles. We've been working even 
longer with the problem of sealed en­
vironments in the submarines we've 
been building since 1900. 

But the submarine problem is some­
what different. Drinking water and oxy­
gen can be produced directly from the 
surrounding water - which, because of 
its buoyancy, also makes weight a rela­
tively minor problem. 

In space, weight, including supplies, 
comes at an incredibly high premium. 

Thirteen pounds of water and oxygen 
per man per day for four men for 365 
days adds up to almost ten tons of water 
and oxygen. 

One manned space platform now in 
development will weigh approximately 
25,000 pounds. Without regeneration 
another 20,000 pounds of just water and 
air would be needed. 

New water from old: 
To avoid carrying such excess weight, 
the system General Dynamics put to­
gether for the National Aeronautics and 
Space Administration ties water, air and 
waste removal requirements into one 
integrated system. 

Exhaled carbon dioxide, humidity, 
air contaminants, used washing water 
and urine are filtered, absorbed, heated, 
cooled, catalyzed and electrolyzed in a 
constantly operating process to create 
pure water and pure oxygen for reuse. 

For water recovery in our system, we 
chose an evaporative method as the 
most efficient. 

Excess vapor from the cabin air, used 
wash water and urine are collected in 
hOlding tanks and are drawn into wicks 
by capillary action. At the other end of 
the wick, water is evaporated into a 
stream of warmed air. The contami­
nants are left behind in the replaceable 
wicks. Condensed vapor moves through 
a series of fil ters finally to return to a 
central reservoir as pure water. 

Regenerating air: 
Air regeneration plesents a more com­
plicated problem. 

Normal air is a mixture of oxygen, 
nitrogen, carbon dioxide, water vapor, 
trace gases and contaminants. Exhaled 
air contains less oxygen and is enriched 
with carbon dioxide. On earth the con­
stant interchange between animals, at­
mosphere and plants consumes the 
carbon dioxide and the contaminants 
and supplies fresh oxygen. 

In a sealed ship the oxygen would be 

rapidly used up and the carbon dioxide 
built to a poisonous concentration. 

Moreover, new contaminants are con­
stantly. being formed. At the end of 
some Project Mercury flights, the cabin 
air filter contained dozens of contami­
nants not present at takeoff. Some, such 
as ammonia, can come from ordinary 
chemical reactions to an astronaut's 
own perspiration. 

Machinery now has to do the job 
otherwise done by nature. 

How it works: 
In our "spaceship," cabin air-the origi­
nal mixture, plus exhaled breath, excess 
moisture from cooling systems and new 
contaminants-is continually circulated 
through a bank of equipment. A dehu­
midifier removes excess moisture. A 
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charcoal filter holds back some contami­
nants. A catalytic burner converts others. 
And a separator screens out the carbon 
dioxide. But the removal isn't final. 

The water wrung out by the dehu­
midifier, for instance, is added to the 
central tanks for reuse. The carbon di­
oxide is moved to another chamber 
where it is mixed with hydrogen at a 
high temperature in the presence of a 
catalyst. That reaction creates water and 
pure carbon. 

Techniques have not yet been devel­
oped to use the carbon, so it is simply 
blown into a storage area. But the water, 
collected through a porous plate, is 
transferred to an electrolytic cell where 
an electric current breaks it into hydro­
gen and oxygen. 

The hydrogen is pumped back to fuel 
the previous reaction in which the water 
was formed. The oxygen returns to the 
cabin air to be breathed again. 

A separate problem is presented by 
solid wastes. In a biological food sys-

tern utilizing algae or bacteria, these 
wastes might fuel the growth process, 
but now there is no use for them. Inter­
national agreements forbid the contami­
nation of space, so they cannot be jetti­
soned. 

Solid wastes, therefore, are dehy­
drated into a powdery dry residue and 
stored. In operating spaceships, this 
may serve as additional shielding against 
radiation or meteorites. 

The work ahead: 
The entire life-support system is the 
most advanced yet developed and does 
include, of course, much more than the 
air and water regeneration loop. 

Other facets are an electricity-gen­
erating system, mechanisms to circulate 
gases and liquids, monitoring and con­
trol instrumentation, food preparation, 
storage and other facilities. 

Efficient regeneration of food is not 
yet feasible. So dehydrated food will be 

carried by the spaceship and resupplied. 
All in all, we think the prototype is 

close to what will be needed in space. 
But as experimental equipment it's still 
somewhat heavy - over two tons alto­
gether. We expect the long period of 
ground testing to be conducted by the 
National Aeronautics and Space Ad­
ministration to provide further guide­
lines for the design of much more com­
pact and lighter equipment. 

General Dynamics is a company of sci­
entists, engineers and skilled workers 
whose interests cover every major field 
of technology, and who produce for 
defense and industry: aircraft; marine, 
space and missile systems; tactical sup­
port equipment; nuclear, electronic, and 
communication systems; and machin­
ery, minerals and gases. 

GENERAL DYNAMICS 
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How we compressed a 

year into two minutes 

In the creative synthesis of ideas, an end product 

frequently becomes the point of departure for a 

fruitful new train of thought. Such was the case when 

one of our research chemists set out to unriddle the 

mechanisms of corrosion on chromium plated 

trim ... and wound up with a new accelerated 

corrosion test 1000 times faster than CASS, a widely 

used standard we helped develop years ago. 

Actually, CASS (copper modified acetic acid salt 

spray) provided just the tool we needed to 

demonstrate that corrosion on nickel-chromium plating 

is a cathodically limited electrochemical process. A 

paper describing this work won the American 

Electroplaters' Society's award for " ... the best 

contribution to the knowledge and art of chromium 

plating during the year 1961-1962."* 

Then a new thought: Could the reaction be 

accelerated by somehow overcoming the cathodic 

limitation? As it turned out, we got around the limitation 

completely by devising a test that required only the 

anodic reaction at the specimen surface. The 

resulting electrolytic corrosion test gives 

nickel-chromium plating the equivalent of a year's 

service exposure in just two minutes. 

Such tests have led to major improvements in the 

service life of automotive trim ... another example of 

the way research in depth leads to a better way. 

*R. L. Saur, "Toward Protective. Decorative Chromium Plating," 

. Plating, VoL 48 (Dec. 1961) 1310.1319. 

General Motors Research Laboratories 
Warren, Michigan 48090 
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Tar Sands and Oil Shales 

The world's largest potential liquid-hydrocarbon reserves are not 

recoverable by ordinary oil-producing methods. The pace of their 

exploitation depends on technical, economic and political factors 

T
he advance of technology exerts 
a powerful force on the course of 
events in an industrial society, but 

it rarely operates alone. More often its 
effects are interwoven with economics 
and public policy. This interplay is no­
where more apparent than in the broad 
field of energy production; here the in­
troduction and exploitation of a new 
technology is profoundly affected, on 
the one hand, by governmental consid­
erations of national security, foreign ex­
change, taxes and conservation and, on 
the other, by the economic pressures of 
competition from alternate sources and 
methods, transport and marketing. The 
interrelation of these varied factors is 
illustrated clearly by the current situa­
tion involving two unconventional 
sources of petroleum: the Athabasca tar 
sands of northern Alberta in Canada 
and the Green River oil shales of Colo­
rado, Utah and Wyoming. 

The two deposits differ in their chem­
istry, physical state and history. Both, 
however, contain hydrocarbons that can 
be converted economically into petrole­
um products. Both occur at or near the 
surface, within reach of mining or shal­
low drilling. And both deposits are of 
staggering size, even compared with 
the world's total liquid-fuel reserves 
[see upper illustration on page 27). 
Each contains potential petroleum prod­
ucts worth at least hundreds of billions 
of dollars and possibly trillions of dol­
lars. The big questions, in both cases, 
are just when, how and by whom these 

by Noel de Nevers 

vast reserves are to be exploited. In 
Canada the issue of the tar sands has 
recently passed through a controversial 
phase and is now quiescent; in the U.S. 
the issue of the oil shales is approaching 
a time of decision and perhaps of politi­
cal controversy. 

T
he Athabasca deposit is a bed of 
bituminous sand-in effect a mixture 

of sand and paving asphalt-that covers 
thousands of square miles in northern 
Alberta. The black sand contains be­
tween 12 and 17 percent of oil by 
weight and the deposits are as much as 
200 feet thick. The geologic history of 
the tar sands is still a debated subject; 
the general opinion is that the oil flowed 
into the sands after having been formed 
by the decomposition of marine orga­
nisms in deeper strata. Unlike deep oil 
formations, which are warm and under 
high pressure, the tar cannot be pro­
duced from wells; at its prevailing tem­
perature of about 36 degrees Fahren­
heit it is too stiff to flow. 

Two basic approaches have been con­
sidered for recovering this asphaltic 
crude oil. One involves mining the sand 
and somehow washing the tar from it. 
The other calls for heating or otherwise 
treating the tar in place to decrease its 
viscosity and enable it to flow to wells. 

An effective process of the first type 
was developed some years ago, largely 
by the Research Council of Alberta, a 
provincial government agency [see 
"The Athabaska Tar Sands," by Karl 

A. Clark; SCIENTIFIC AMERICAN, May, 
1949). The mined tar sand is agitated 
in hot water through which air is bub­
bled. The bubbles carry oil globules to 
the surface in a watery froth and the 
sand grains settle out, along with most 
'of the accompanying clay and silt. The 
water-laden asphaltic crude-oil froth is 
dried and then heated in a coking unit 
that produces coke for in-plant fuel and 
a cracked distillate that can be refined 
into a "synthetic" crude oil; this is fur­
ther refined into the usual petroleum 
products [see illustration on page 25). 

The fundamentals of this hot-water 
system have been known for some time; 
the barriers to commercial exploitation 
were the high cost of mining and pro­
duction, the remoteness of the deposits 
from potential markets and the expense 
and difficulty of refining the tar to get 
a satisfactory yield of end products. 
Developments in large-scale mining ma­
chinery have lowered the cost of get­
ting the sand into processing plants. 
The opening of conventional oil fields 
in southern Alberta has established mar­
kets and pipelines that tar sand oil can 
share. New developments in the cata­
lytic treatment of heavy oils with hydro­
gen have made the refining process 
more efficient. 

All these factors have combined to 
make the hot-water method appear eco­
nomically feaSible, and Great Canadian 
Oil Sands, Ltd., is now building a $191-
million plant near Fort McMurray in 
Alberta to produce oil by this method. 
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The company expects to mine 100,000 
tons of tar sand per day, scooping it 
from a surface vein 50 to 175 feet 
thick, and process it to recover 45,000 
barrels per day of synthetic oil (a barrel 
is 42 U.S. gallons). The plant is expect­
ed to be in commercial production this 
year. 

Ultimately, however, some way must 
be found to recover the tar directly 

from the ground as a fluid, because 
much of the deposit is too deep for eco­
nomical open-pit mining. A number of 
schemes have been proposed and some 
have been tried on a small scale in the 
ReId. The most advanced of them is 
the process developed by the Shell Oil 
Company, which would treat the tar 
sands as a shallow oil ReId suitable for 

secondary recovery [see "The Second­
ary Recovery of Petroleum," by Noel 
de Nevers; SCIENTIFIC AMERICAN, July, 
1965]. As it exists in nature the tar is 
so viscous that ordinary "fluid drive" 
methods utilizing water or gas to push 
it will not move it through its sand 
matrix to the producing wells. The 
Shell Company would create horizontal 
fractures at the bottom of the tar sand 
formation by pumping in water at a 
pressure high enough to lift the earth 
the way a hydraulic jack lifts a heavy 
load. It has demonstrated that in this 
way it can produce a horizontal frac­
ture across the bottom of the tar sand 
deposit. Then it would heat the sand by 
injecting steam into the horizontal frac­
ture. Finally, when the sand and tar 
were warm enough, it would inject al-

ternate slugs of steam and of hot water 
containing sodium hydroxide into one 
set of wells and remove the solution 
from another set. It has found that the 
hot sodium hydroxide solution will pick 
up the previously warmed tar, forming 
an oil-water emulsion that flows much 
more easily than the tar itself. This 
emulsion would be brought to the sur­
face from the collection wells; the tar 
would be separated and sent to a 
processing plant and the water and so­
dium hydroxide would be reused. 

This process is similar to the steam­
injection secondary-recovery processes 
now being developed by various oil 
companies for use in oil Relds with very 
viscous crudes. The main difference is 
the horizontal fracture that would be 
required to start the flow. The tar sands 

TAR SAND is exposed along a bank of the Atbabasca River north 

f)f Fort McMurray in Alberta. The stratum of tar sand, about baIf-

way up tbe bank, is light in color as a result of weathering. The tar 

is thought to have flowed upward into sand from older formations. 

OIL SHALE deposits of the U.S. are concentrated in high plateaus 

of the Rocky Mountain region. The shale is a finely laminated 
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sedimentary rock, visible in this scene as two pale, steep·faced 

strata just below the darker layer at the very peak of the mountain. 
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are shallow compared with typical oil 
fields, but much closer well spacing 
would be needed for the fracturing op­
eration; fortunately shallow wells are 
not expensive to drill, so that the large 
number of wells per acre in a tar sand 
project would not cost much more than 
the smaller number of deeper wells in 
an oil field. 

After making a successful small-scale 
field test of this process, the Shell Com­
pany proposed making a larger-scale 
test provided that the Alberta govern- . 
ment would guarantee the company the 
right to go into commercial production 
if the trial was successful. This pro­
posal was rejected by the Oil and Gas 
Conservation Board of Alberta-not on 
its technical merits but because, like 
the surface-mining process, it would 
only be economically feasible if com­
mercial production were carried out on 
a very large scale. The Shell Company 
wanted permission to produce 96,000 
barrels per day of synthetic crude oil, 
and the Oil and Gas Board decided that 
so much extra production would upset 
the oil market. 

A second proposal for recovering the 
deeply buried tar sands was made by a 
group of oil companies. They wanted to 
detonate a small atomic bomb at the 
bottom of the deposit to fracture and 
heat a large volume of tar sand. Much 
of the sand would become warm enough 
for the oil to become quite Huid, suit­
able for being pumped out of the heat­
ed area with conventional oil-well 
pumps. This proposal has also been 
shelved, at least temporarily. 

The Athabasca tar sands dwarf all 
similar deposits. There are, however, 
Significant tar sand deposits in Utah, 
California and elsewhere, variously 
called "bituminous sandstones," "asphalt 
rock," "oil sands" or "sand asphaltum." 
There is no sharp line of demarcation 
between a conventional oil field with a 
very viscous crude oil that will How 
into wells and a tar sand with a slightly 
more viscous crude oil that will not How 
into wells in commercial quantities. In 
the U.S. this has led to legal contro­
versies over oil leases, which normally 
allow the extraction of oil and gas but 
not of other minerals. Does an oil lease 
cover tar sands from which the oil can 
be recovered only by mining or by some 
secondary-recovery technique? The De­
partment of the Interior, which super­
vises oil leases on Government proper­
ties, says no. Then how much oil has to 
be recoverable by simple How into a 
well before a "tar sand" becomes a "vis­
cous oil field" and thus comes under the 
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ATHABASCA TAR SANDS of northern Alberta (color) are in a generally undeveloped 
region of forest and muskeg. There are conventional oil fields in the Edmonton area. 

GREEN RIVER OIL SHALES vary in quality. The dark color denotes deposits 15 feet or 
more thick with at least 25 gallons of oil per ton. The lighter tint indicates less rich shale. 
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terms of an oil lease? This is still a de­
bated point. 

O il shales are far more widely dis-
tributed in the world than tar sands; 

they occur in many countries and in 
sedimentary formations of many geo­
logic ages [see "Oil from Shale," by 
H. M. Thorne; SCIENTIFIC AMERICAN, 
February, 1952]. In the U.S. there are 
oil shale beds in at least 30 states. The 
largest by far is the deposit in the Green 
River formation of Colorado, Utah and 
Wyoming. It is the greatest known con­
centration of hydrocarbons in the world, 
dwarfing the huge oil pools of the Mid­
dle East. The Green River shales-the 

equivalent of some two trillion ban'eis 
of oil, perhaps half of it recoverable by 
currently known methods-are in effect 
mountains of oil: some 16,500 square 
miles of uplifted, eroded sedimentary 
rock impregnated with organic matter. 
Actually the rock is not shale and the 
organic matter is not oil. The Green 
River rock is a marls tone, a fine-grained, 
compacted mixture of carbonates, clays 
and other minerals. The organic matter 
is not merely a very viscous petroleum 
like the Canadian tar but a rubbery 
solid called kerogen, essentially insolu­
ble in petroleum solvents and intimately 
mixed with the mineral grains. 

In terms of chemical structure the 
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PICEANCE CREEK BASIN of Colorado has the thickest deposits of rich shale. The 

contour lines indicate the thickness (ill feet) of deposits averaging at least 25 gallons of 

oil per ton. The section (bottom) is based on cores taken along the line AB on the map. 
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difference between petroleum and ker­
ogen is primarily one of geometry. 
Typical petroleum molecules are linear 
chains with some rings and branches 
but little linking between chains. In ker­
ogen, on the other hand, the chains 
are cross-linked to a significant extent. 
When kerogen is heated to between 850 
and 900 degrees F., the links are broken 
and the solid undergoes a chemical 
transformation: a pyrolysis, or thermal 
cracking, that yields an oil (typically 
about 66 percent of the kerogen's 
weight), a fuel gas (9 percent) and a 
cokelike solid (25 percent). The oil is 
quite stiff and is high in sulfur and 
nitrogen content, but after treatment it 
is as good a feedstock for refining as 
most good grades of crude oil. 

The Green River shales were formed 
during the Eocene epoch some 50 mil­
lion years ago by the deposition of silt 
and organic matter-mostly algae-in 
large, shallow freshwater lakes. (Pe­
troleum was formed by organic ma­
terial deposited in oceans.) Today the 
former lake bottoms have been uplifted 
to become high plateaus carved by ero­
sion into steep-walled mesas and deep 
canyons. The richest shale beds are 
those of the Piceance Creek Basin of 
northwestern Colorado. Here the layers 
of shale containing at least 25 gallons 
of oil per ton range from a few feet to 
some 2,000 feet in thickness; they are 
exposed in outcrops on hillsides and 
canyon walls, but the richest deposits of 
all are buried under some 1,000 feet of 
overburden. 

E
quid fuels were produced from oil 

shales as long ago as 1838 in 
France, and over the years shale has 
been processed on an industrial scale in 
several parts of the world, notably Scot­
land, Estonia, Australia and Manchuria. 
There was a small shale-oil industry in 
the U.S. in 1860, but that ended as 
liquid petroleum became plentiful. Ex­
perimental shale projects have been 
conducted intermittently, however, first 
by the Bureau of Mines of the Depart­
ment of the Interior and, with increas­
ing intensity in the past few years, by 
a number of oil companies. 

Like the oil in tar sands, shale oil 
can be recovered either by mining the 
shale and then processing it or by heat­
ing the kerogen in place. So far at­
tempts to produce shale oil have been 
largely limited to the first approach: 
the stone is mined, crushed and then 
heated in a closed retort to extract the 
organic material. Experimental work by 
the Bureau of Mines has established 
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HOT-W ATER PROCESS for washing oil out of tar sand is shown 

in simplified form_ The tar-impregnated sand is mixed with hot 
water; the slurry flows into an open, water-filled flotation tank in 
whid) oil globules attach to air bubbles and rise to form a froth as 

sand sinks to the bottom. After further separation of water and fine 

sand in a dryer, the asphaltic crude oil is heated in a coker to pro­
duce coke (for use as in-plant fuel) and petroleum fractions to be 

refined into a "synthetic" crude oil, with sulfur as a by-product. 

that, at least in the rich Colorado beds, 
the shale can be taken from the ground 
economically by the "room-and-pillar" 
technique used in some coal and salt 
mines. A shaft is driven horizontally 
into an outcrop and the shale is blasted 
and scooped out of great 120-foot­
square "rooms," with 60-foot-square 
"pillars" left unmined in the center to 
support the roof. It appears that cur­
rent mining technology is adequate for 
getting oil shale out of the ground. 

The heating of the shale in retorts, 
on the other hand, presents many com­
plex problems. A practical retorting 
process must receive and heat many 
thousands of tons of raw shale a day 
and get rid of the "stripped" shale. It 
must recover all the vaporized oil and 
condense it to liquid form. It must re­
cover a large part of the heat from the 
treated shale in order to keep fuel costs 
down. And it must do all this with a 
minimum of coolant, since the shale 
country is extremely poor in water. 

The early shale retorts were closed 
vessels like coke ovens, heated by com­
bustion gases from a furnace outside 
the retort. The high cost of the fuel 
they require makes them impractical 
today. To be economical the retort must 
obtain its heat by burning the solid coke 
residue left on the stripped shale or part 
of the gas produced when the kerogen 

is heated. This is accomplished in dif­
ferent ways in the three basic retort de­
signs that seem to hold promise for com­
mercial production. 

O ne thermally self-sufficient method 
is the gas-combustion process de­

veloped by the Bureau of Mines at a 
pilot plant near Rifle, Colo. The crushed 
shale is introduced at the top of a large 
retort that resembles a vertical lime 
kiln or blast furnace. Air and recycled 
gas from the retorting process move up 
through the shale, the gas is ignited to 
provide heat and more heat is derived 
from the burning of the coke residue. 
The heat decomposes the kerogen in 
the shale above the combustion zone 
[see drawing at left in top illustration 
on next page J. The oil leaves the retort 
as a mist carried off by the effluent gas. 
After the oil has been separated part of 
the gas is recirculated into the retort, 
where it cools the stripped shale and is 
itself heated to near combustion tem­
perature. In 1964 the former Bureau 
of Mines facility was leased to the 
Colorado School of Mines Research 
Foundation, which is developing the 
gas-combustion process further in a 
joint research effort with a number of 
oil companies. The group expects to be 
ready for commercial production with­
in five years. 

One difficulty in the gas-combustion 
process is that the product oil has to 
move upward out of the retort. The 
effluent gases must be kept quite warm 
in order to prevent the oil from con­
densing and dripping down into the 
combustion zone, and the oil droplets 
must be condensed and separated out­
side the retort. To avoid these require­
ments the Union Oil Company of Cali­
fornia developed a retort in which the 
shale moves up and hot gas (from the 
burning of the spent shale's coke resi­
due) is pulled downward by blowers. 
The gas gives up its heat to decompose 
the kerogen and is cooled enough by 
the incoming cold shale so that the oil 
condenses, drips to the bottom of the 
retort and is collected as a liquid. This 
provides better efficiency in heat re­
covery than the gas-combustion retort 
and saves the cost of an external oil 
condenser. The critical design element 
in this process is a "rock pump" that 
loads the shale and rams it up through 
the retort [see drawing at right in top 
illustration on next page J. The Union 
Oil Company operated a pilot plant in 
Colorado, testing room-and-pillar min­
ing methods as well as retorting and re­
fining processes, between 1955 and 1958. 

Both internally fired retort processes 
decompose the shale in the presence of 
air. This reduces yield because it allows 
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TWO SHALE RETORTS in which heat is generated internally are 
shown schematically. In the Bureau of Mines process (left) the 
crushed shale moves downward. It is decomposed above the com· 
bustion zone (color) by heat from the burning of both recycled 

PYROLYSIS DRUM 

HOT·BALL PROCESS developed by the Oil Shale Corporation 
separates the combustion stage and the decomposition stage. In the 
version diagrammed counterc'lrrents of shale and hot ceramic 
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shale gas and coke on the spent shale. In the Union Oil Company 

process (right) the shale moves upward. Hot gas from the burning 
coke is drawn down to decompose the shale. A "rock pump" feeds 

the retort, taking a load of shale (a) and ramming it upward (b). 

BAll HEATER 

AIR 

balls are tossed together in rotating drums, where the shale is 

pulverized and decomposed. The coke left on the shale is subse· 
quently burned to bring the ceramic balls back to retorting heat. 
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some valuable constituents to be burned 
up, and it also leads to some undesirable 
chemical reactions between the product 
oil and the air. Combustion and decom­
position are separated in a process de­
veloped by the Oil Shale Corporation. 
The crushed shale is fed into a rotating 
horizontal kiln along with ceramic balls 
that have been heated to 1,200 degrees 
F. As the kiln turns, the balls pulverize 
the shale and heat it, decomposing the 
kerogen and driving off the oil as a 
vapor [see bottom illustration on oppo­
site page J. Both the retorted shale and 
the cooled ceramic balls leave the dlUm, 
whereupon the residual coke on the 
shale can be burned to provide the heat 
that brings the balls back to retorting 
temperature. The Oil Shale Corporation 
has joined the Standard Oil Company of 
Ohio and the Cleveland Cliffs Iron Com­
pany to form the Colony Development 
Company, which is operating a "semi­
works" plant based on the ceramic-ball 
process and which expects to go into 
commercial shale-oil production in 1967. 

In all the mining-retorting schemes 
the cost of mining the shale, crushing 
it and transporting it to the processing 
plant is three or four times higher than 
the cost of retorting. The preliminary 
steps could all be eliminated if some 
way could be found to retort the shale 
in the ground. The underground-com­
bustion process widely used in the sec­
ondary recovery of petroleum seems to 
be the only feasible method. In this 
process several holes would be drilled 
into a shale fornlation and air would be 
pumped down alternate holes. The shale 
would be ignited at these injection holes 
and the combustion front would be di­
rected toward recovery wells by the 
continued injection of compressed air. 
The hot combustion gases would de­
compose the kerogen adjacent to the 
burning zone, and the resulting shale 
oil and gas would be driven to the re­
covery wells. The high flow resistance 
of the fine shale matrix in which the 
kerogen is dispersed makes in-place re­
tOlting extremely difficult, and tests to 
date have been quite discouraging. 
Nevertheless, the Sinclair Oil Corpora­
tion and others are continuing research 
on such techniques. 

There have been proposals that the 
high flow resistance of the shale could 
be overcome through the use of nuclear 
explosives. A nuclear device small 
enough to be lowered into a buried 
shale deposit could be detonated to 
fracture the rock in place and might 
break up the shale into fine enough 
pieces to allow efficient underground-

combustion recovery. There are a num­
ber of questions that must be answered 
before a field test can even be consid­
ered, but if all the imponderables in 
a nuclear-explosion technique can be 
worked out, it might result in very eco­
nomical production of shale oil. 

An in-place retorting process, in ad­
dition to saving money, would relieve 
the producer of a serious waste-disposal 
problem. A plant producing 50,000 bar­
rels of oil per day would have to dis­
pose of 70,000 cubic yards of spent 
shale every day-a pile three feet wide, 
three feet high and 40 miles long! Bu­
reau of Mines tests indicate that after 
a few years of weathering the waste 
shale could support vegetation, but the 
problem of where to put it all would 
still be formidable. In principle, at least, 
most of the spent shale could be put back 
into the holes from which it had been 
dug; this would raise costs, however, and 
the chances are it will not be done. 

The decision to drill an oil well or 

LIQUID PETROLEUM 

SHALE 

start a manufacturing plant is largely 
a private one, made within the frame­
work of existing laws and economic cir­
cumstances. The decision to undertake 
a tar sand or oil shale project is not so 
simple. Significant questions of public 
policy are involved and must be set­
tled through political processes. More­
over, small-scale projects are apparent­
ly not economically sound; any tar sand 
or oil shale operation is going to have 
to be sizable, producing a minimum of 
some 50,000 barrels of oil per day. The 
fact that these unconventional reserves 
cannot come into the economy gradual­
ly-they either come with a bang or not 
at all-makes the political decisions all 
the more difficult. 

The Athabasca tar sands belong out­
right to the Alberta provincial govern­
ment, which owns all subsurface min­
erals in the province. For many years 
Alberta's conventional oil fields could 
have produced more oil than could be 
marketed at a satisfactory price; the 
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IMPORTANCE of Athabasca tar and Green River shale reserves is evident if they are com· 

pared with known petroleum reserves-the world total and the U.S. (color) and Canadian 
(dark gray) shares (top bar). All figures are in billions of barrels of oil. Shale·oil estimates 

vary widely; this one includes shale with more than IS gallons of oil per ton. Potential reo 
serves of oil made from coal are even greater, but that process is not yet competitive. 
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DISTRIBUTION of known potential shale·oil reserves is shown by this chart based on U.S. 
Geological Survey statistics. Here shales assaying 10 or more gallons per ton are included. 
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REFINERY is part of the shale research center built by the Bureau of Mines at Anvil Points, 

Colo., and now operated by a research group. Shale is mined from cliffs in background. 

government restricted production and 
was not interested in bringing the tar 
sands into large-scale oil production. 
Now the markets have grown. Petrole­
um supply and demand are in approxi­
mate balance and the introduction of 
moderate amounts of oil from the tar 
sands will probably not upset the price of 
oil. Moreover, some experts believe that 
liquid petroleum production in Alberta 
is near its peak, since it is becoming 
increasingly harder to find new oil fields 
to replace those whose production is 
beginning to decline. This is a disputed 
view, but if it is correct, it behooves 
the government to bring the tar sands 
into production in order to keep for Al­
berta its share of the world oil market. 

Under these conditions the Alberta 
government decided to grant licenses to 
allow production of oil from tar sands 
up to 5 percent of the total oil produc­
tion of the province. It was this deci­
sion that led to the granting of a pro­
duction license to Great Canadian Oil 
Sands and to the refusal of a license­
on political and economic grounds-to 
the Shell Company. 

For the Alberta government such 
issues are resolved into relatively simple 
yes-or-no decisions on licenses to op­
erate. For the U. S. Government the 
shaping of policy on oil shale develop-
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ment is more complicated. It requires 
decisions on the leasing of land, on oil­
importation regulations and on taxes. 

Rout 77 percent of the known, com-
mercially exploitable Green River 

oil shale is on Federally owned land. 
The other 23 percent is owned by the 
states or is owned or leased by oil com­
panies. Since 1930 the Federal oil shale 
lands have been closed to mineral leas­
ing by executive order. The technologi­
cal advances of the past few years have 
stimulated increased interest in these 
lands, and strong pressure is being put 
on the Department of the Interior to 
open them up to leasing. Much of the 
pressure comes from political leaders, 
chambers of commerce and business 
groups in the intermountain region. All 
are anxious to see the oil shales devel­
oped as quickly as possible to spur the 
region's economy. They reason that the 
oil companies will not spend the mil­
lions of dollars required to develop ex­
traction processes unless they own the 
mineral rights to all the shale. A number 
of oil companies have pleaded the same 
case vigorously; others have asked that 
small leases be granted for research and 
development. Some independent petro­
leum engineers and economists support 
this position. 

Others argue the opposite case. They 
believe that the necessary processes will 
be developed-are being developed, in 
fact-whether or not the land is leased, 
and that after commercial feasibility has 
been demonstrated the Government will 
be able to sell mineral leases at much 
higher prices. Conservationists maintain 
that the companies' desire to lease is 
based on their traditional desire to con­
trol land, not on any current economic 
necessity; they point out that some shale 
land is so rich that one standard 5,120-
acre lease tract might contain oil equiv­
alent to 40 percent of the known U.S. 
petroleum reserves. The conservationists 
therefore urge the Government to re­
consider its st"andard leasing arrange­
ments and in the meantime to refuse to 
lease until the oil companies begin to 
exploit the 23 percent of the shale land 
to which they now have access. 

Shale-oil politics are complicated by 
the running controversy over oil imports. 
Petroleum from the Persian Gulf, South 
America, North Africa and Indonesia can 
be delivered to U.S. coastal cities at about 
half the price of domestic oil. The domes­
tic producers of crude oil have succeed­
ed in having laws passed limiting oil im­
ports to about 13 percent of current 
U.S. consumption. These producers are 
likely to be as opposed to shale-oil de­
velopment as they are to crude oil im ports. 

The attitudes of the diversified oil 
companies, which refine petroleum 
products in addition to producing crude, 
vary with their foreign holdings. The 
international "have" companies (those 
owning large reserves of low-cost for­
eign oil) are generally in no hurry to 
see shale oil on the market; they would 
rather bring in their foreign oil. (Many 
of them own substantial shale reserves 
and are holding them as a hedge against 
future developments.) The "have not" 
companies (diversified producer-refiners 
without large foreign holdings) are more 
anxious to develop new sources in the 
U.S. That is why the Union Oil Com­
pany, one of the largest have-nots, de­
veloped its shale-oil process. Such com­
panies want assurances that imports will 
continue to be limited before they will 
make the capital investments needed to 
begin shale-oil production. 

The question of oU imports affects 
shale-oil policy even more directly. 
Each U.S. petroleum refiner receives 
from a branch of the Department of the 
Interior an oil-import quota: a permit 
to bring in a certain quantity of foreign 
oil at its foreign price. Since this is 
about half the price of domestic crude, 
such a permit is equivalent to a cash-
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ier's check for half the domestic price 
of the oil. Import quotas are based on 
a complicated formula that includes the 
amount of domestic oil refined by the 
company. The Department of the In­
terior could decide that any shale oil 
refined by a company should or should 
not be included as domestic oil refined; 
if it is not, then a refiner who purchases 
shale oil rather than domestic petroleum 
will lose part of his import quota. In 
that case a shale-oil seller would have 
to offer his product at a price much 
lower than that of a comparable do­
mestic petroleum to be competitive. Im­
port-quota policy is therefore another 
administrative lever that could hasten 
or retard the production of shale oil. 

F
inally, there are the tax aspects. In 
order to encourage the search for 

petroleum, which is a risky business, 
Congress created the "depletion allow­
ance" that permits a petroleum producer 
to exempt from Federal income taxation 
27Jf percent of the value of his crude-oil 
production. Shale-oil production is sim­
ilarly encouraged, but according to In­
ternal Revenue Service rulings only by 
an exemption of 15 percent of the value 
of the shale as mined and crushed. The 
Oil Shale Corporation, the Union Oil 
Company and other companies have ar­
gued that both the lower percentage 
and the fact that it is applied to the 
rock rather than to the retorted oil are 
discriminatory; the Union Oil Company 
has implied that it would have gone 
into commercial production with its 
techl)ologically satisfactory process if 
shale oil had the same tax treatment as 
crude petroleum. 

One branch of the Department of the 
Interior can encourage or not encourage 
shale-oil production by leasing or not 
leasing land; another branch of the 
department can affect the situation 
through import-quota policy; the Inter­
nal Revenue Service can play a large 
role by regulating the industry's taxes. 
Clearly some national goals and ground 
rules for the shale-oil industry are need­
ed, and a broad Federal policy will 
have to be enunciated before long. 

The tar sands are on their way to 
commercial development, with a large­
scale COmmercial plant under construc­
tion. Shale oil is not far behind; it seems 
likely that there will be significant pro­
duction by 1970. In both cases the mag­
nitude of the deposits, their potential 
value, their possible disruptive effects 
on existing industries and the resulting 
political pressures will pose continuing 
problems for the governments involved. 

LA YER OF SAND, about 175 feet thick, to be mined in Alberta is generally buried under 

less than 150 feet of clay and rock. Here sand is being loaded for a pilot plant; commercial 

mining will be done by two giant bucket·wheel excavators that can dig 100,000 tons per day. 

SHALE DEPOSITS will probably be mined in Colorado by techniques developed by the 
Bureau of Mines. Large underground "rooms" are mined by drilling, blasting and loading 
with heavy equipment. The bolts and plates in the roof lessen the likelihood of cave-ins. 
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The Nucleotide Sequence of a Nucleic Acid 
For the first time the specific order of subunits 1n one 

of the giant 7nolecules that participate 1n the synthesis 

of protein has been determined. The task took seven .years 

Two major classes of chainlike 
molecules underlie the function­
ing of living organisms: the nu­

cleic acids and the proteins. The former 
include deoxyribonucleic acid ( DNA ) ,  
which embodies the hereditary mes·sage 
of each organism, and ribonucleic acid 
(RNA), which helps to translate that 

G A A G U C 

by Robert W. Holley 

message into the thousands of different 
proteins that activate the living cell. In 
the past dozen years biochemists have 
established the complete sequence of 
amino acid subunits in a number of dif­
ferent proteins. Much less is known 
about the nucleic acids. 

Part of the reason for the slow prog-

ress with nucleic acids was the unavaila­
bility of pure material for analysis. An­
other factor was the large size of most 
nucleic acid molecules, which often con­
tain thousands or even millions of nu­
cleotide subunits. Several years ago, 
however, a family of small molecules 
was discovered among the ribonucleic 

ALANINE 
TRANSFER 
RNA 

G A C U 

MESSENGER RNA 

ROLE OF TRANSFER RNA is to deliver a specific amino acid.to 
the site where "messenger" RNA and a ribosome (which also con· 

tains RNA) collaborate in the synthesis of a protein. 
'
As it is be· 

ing synthesized a protein chain is usually descrihed as a polypep. 
tide. Each amino acid in the polypeptide chain is specified by a 
triplet code, or codon, in the molecular chain of messenger RNA. 

The diagram shows how an "anticodon" (presumably I-G-C) in 
alanine transfer RNA may form a temporary bond with the codon 

for alanine (G-C-C) in the messenger RNA. While so bonded 

the transfer RNA also holds the polypeptide chain. Each transfer 

RNA is succeeded by another one, carrying its own amino acid, 

until the complete message in the messenger RNA has been "read." 
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HYPOTHETICAL MODELS of alanine transfer ribonucleic acid 

(RNA) show three of the many ways in which the molecule's linear 
chain might be folded. The various letters represent nucleotide 
subunits; their chemical structure is given at the top of the next 
two pages. In these models it is assumed that certain nucleotides, 
such as C-G and A-V, will pair off and tend to form short double. 
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strand regions. Such "base·pairing" is a characteristic feature of 
nucleic acids. The arrangement at the lower left shows how two of 
the large "leaves" of the "clover leaf" model may be folded to· 

gether. The triplet I-G-C is the presumed anticodon shown in 
the illustration on the opposite page. The region containing the 
sequence G-T-'i'-C-G may be common to all transfer RNA's. 
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NUCLEOTIDE SUBUNITS found in alanine transfer RNA include 

the four commonly present in RNA (A, G, C, U) , plus seven others 
that are variations of the standard structures. Ten of these 11 differ­

ent nucleotide subunits are assembled above as if they were linked 

together in a single RNA chain. The chain begins at the left \fith a 

phospbate group (outlined by a small rectangle) and is followed 
by a ribose sugar group (large rectangle); the two groups alternate 
to form the backbone of the chain. The chain ends at the right with 

acids. My associates and I at the u.s. 
Plant, Soil and Nutrition Laboratory 
and Cornell University set ourselves the 
task of establishing the nucleotide se­
quence of one of these smaller RNA 
molecules-a molecule containing fewer 
than 100 nucleotide subunits. This work 

culminated recently in the first deter­
mination of the complete nucleotide se­
quence of a nucleic acid. 

The object of our study belongs to 
a family of 20-odd molecules known as 
transfer RNA's. Each is capable of rec­
ognizing one of the 20 different amino 

acids and of transferring it to the site 
where it can be incorporated into a 
growing polypeptide chain. ·When such 
a chain assumes its final configuration, 
sometimes joining with other chains, it 
is called a protein. 

At each step in the process of protein 

3or--------------r--------------�------------_,--------------,_------------_, 150 
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COUNTERCURRENT DISTRIBUTION PATTERN shows two 
steps in the separation of alanine transfer RNA, as carried out in 
the author's laboratory. After the first step the RNA content in 
various collection tubes, measured hy ultraviolet ahsorption, fol· 

32 

lows the hlack curve. Biological activity, indicated by the amount 

of a given amino acid incorporated into polypeptide chains, fol­
lows the colored curves. Pure transfer RNA's of four types can be 
ohtained hy reprocessing the tubes designated by open circles. 
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a hydroxyl (OH) group. Each nucleotide subunit consists of a phos. 

phate group, a ribose sugar group and a base. The base portion in 
the nucleotide at the far left, adenylic acid, is outlined by a large 
rectangle. In the succeeding bases the atomic variations are shown 

in color. The base structures without color are those commonly 

found in RNA. Black arrows show where RNA chains can be cleaved 
by the enzyme taka diastase ribonuclease Tl. Colored arrows sbow 
where RNA chains can be cleaved by pancreatic ribonuclease. 

synthesis a crucial role is played by the 
structure of the various RNA's. "Mes­
senger" RNA transcribes the genetic 
message for each protein from its origi­
nal storage site in DNA. Another kind 
of RNA-ribosomal RNA-forms part of 
the structure of the ribosome, which 
acts as a jig for holding the messenger 
RNA while the message is transcribed 
into a polypeptide chain [see illus­
tration on page 30]. In view of the vari­
ous roles played by RNA in protein 
synthesis, the structure of RNA mole­
cules . is of considerable interest and 
significance. 

The particular nucleic acid we chose 
for study is known as alanine trans­

fer RNA-the RNA that transports the 
amino acid alanine. It was isolated from 
commercial baker's yeast by methods I 
shall describe later. Preliminary analy­
ses indicated that the alanine transfer 
RNA molecule consisted of a single 
chain of approximately 80 nucleotide 
subunits. Each nucleotide, in turn, con­
sists of a ribose sugar, a phosphate 
group and a distinctive appendage 
termed a nitrogen base. The ribose 
sugars and phosphate groups link to­
gether to form the backbone of the 
molecule, from which the various bases 
protrude [see illustration at lop of these 
two pages]. 

The problem of structural analysis is 
fundamentally one of identifying each 
base and determining its place in the 
sequence. In practice each base is usu­
ally isolated in combination with a unit 
of ribose sugar and a unit of phosphate, 
which together form a nucleotide. For­
mally the problem is analogous to de-

termining the sequcnce of letters in a 
sentence. 

It would be convenient if there were 
a way to snip off the nucleotides one 
by one, starting at a known end of the 
chain and identifying each nucleotide as 
it appeared. Unfortunately procedures 
of this kind have such a small yield at 
each step that their use is limited. The 
alternative is to break the chain at par­
ticular chemical sites with the help of 
enzymes. This gives rise to small frag­
ments whose nucleotide composition is 
amenable to analysis. If the chain can 
be broken up in various ways with dif­
ferent enzymes, one can determine how 
the fragments overlap and ultimately 
piece together the entire sequence. 

One can visualize how this might 
work by imagining that the preceding 
sentence has been written out several 
times, in a continuous line, on different 
strips of paper. Imagine that each strip 
has been cut in a different way. In one 
case, for example, the first three words 
"If the chain" and the next three words 
"can be broken" might appear on sepa­
rate strips of paper. In another case one 
might find that "chain" and "can" were 
together on a single strip. One would 
immediately conclude that the group of 
three words ending with "chain" and 
the group beginning with "can" form a 
continuous sequence of six words. The 
concept is simple; putting it into execu­
tion takes a little time. 

For cleaving the RNA chain we used 
two principal enzymes: pancreatic ribo­
nuclease and an enzyme called taka­
diastase ribonuclease Tl, which was 
discovered by the Japanese workers 
K. Sato-Asano and F. Egami. The first 

enzyme cleaves the RNA chain imme­
diately to the right of pyrimidine nu­
c1eotides, as the molecular structure is 
conventionally written. Pyrimidine nucle­
otides are those nucleotides whose bases 
contain the six-member pyrimidine ring, 
consisting of four atoms of carbon and 
two atoms of nitrogen. The two pyrim­
idines commonly found in RNA are 
cytosine and uracil. Pancreatic ribo­
nuclease therefore produces fragments 
that terminate in pyrimidine nucleotides 
such as cytidylic acid (C) or uridylic 
acid (U). 

The second enzyme, ribonuclease Tl, 
was employed separately to cleave the 
RNA chain specifically to the right of 
nucleotides containing a structure of the 
purine type, such as guanylic acid (G). 
This provided a set of short fragments 
distinctively different from those pro­
duced by the pancreatic enzyme. 

The individual short fragments were 
isolated by passing them through a thin 
glass column packed with diethylamino­
ethyl cellulose-an adaptation of a chro­
matographic method devised by R. V. 
Tomlinson and G. M. Tener of the Uni­
versity of British Columbia. In general 
the short fragments migrate through the 
column more rapidly than the long frag­
ments, but there are exceptions [see 
illustration on next page]. The condi­
tions most favorable for this separation 
were developed in our laboratories by 
Mark Marquisee and Jean Apgar. 

The nucleotides in each fragment 
were released by hydrolyzing the frag­
ment with an alkali. The individual 
nucleotides could then be identified by 
paper chromatography, paper electro­
phoresis and spectrographiC analysis. 
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This procedure was sufficient to estab­
lish the sequence of each of the dinu­
cleotides, because the right-hand mem­
ber of the pair was determined by the 
particular enzyme that had been used 
to produce the fragment. To establish 
the sequence of nucleotides in larger 

fragments, however, required special 
techniques. 

Methods particularly helpful in the 
separation and identification of the frag­
ments had been previously described 
by Vernon M. Ingram of the Massachu­
setts Institute of Technology, M. Las-
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SEPARATION OF RNA FRAGMENTS is accomplished by chromatography carried out in 
a long glass column packed with diethylaminoetbyl cellulose. The curve shows the separa· 
tion achieved when the column input is a digest of alanine transfer RNA produced by 
takadiastase ribonuclease TI, an enzyme that cleaves the RNA into 29 fragments. The ex· 
c1amation point indicates fragments whose terminal phosphate has a cyclical configuration. 
Such fragments travel faster than similar fragments that end in a noncyclical phosphate. 
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kowski, Sr., of the i\/Iarquette University 
School of Medicine, K. K. Reddi of 
Rockefeller University, G. W. Rushizky 
and Herbert A. Sober of the National 
Institutes of Health, the Swiss worker 
M. Staehelin and Tener. 

For certain of the largest fragments, 
methods described in the scientific 
literature were inadequate and we had 
to develop new stratagems. One of these 
involved the use of an enzyme (a phos­
phodiesterase) obtained from snake 
venom. This enzyme removes nucleo­
tides one by one from a fragment, leav­
ing a mixture of smaller fragments of 
all possible intermediate lengths. The 
mixture can then be separated into frac­
tions of homogeneous length by passing 
it through a column of diethylamino­
ethyl cellulose [see illustratio1l 01l oppo­
site page J. A simple method is available 
for determining the terminal nucleotide 
at the right end of each fraction of 
homogeneous length. With this knowl­
edge, and knowing the length of each 
fragment, one can establish the se­
quence of nucleotides in the original 
large fragment. 

A summary of all the nucleotide se-
quences found in the fragments of 

transfer RNA produced by pancreatic 
ribonuclease is shown in Table 1 on 
page 36. Determination of the structure 
of the fragments was primarily the work 
of James T. Madison and Ada Zamir, 
who were postdoctoral fellows in my 
laboratory. George A. Everett of the 
Plant, Soil and Nutrition Laboratory 
helped us in the identification of the 
nucleotides. 

Much effort was spent in determining 
the structure of the largest fragments 
and in identifying unusual nucleotides 
not heretofore observed in RNA mole­
cules. Two of the most difficult to iden­
tify were I-methylinosinic acid and 5,6-
dihydrouridylic acid. (In the illustrations 
these are symbolized respectively by I'" 
and U�. ) 

Because a free 5'-phosphate group 
(p) is found at one end of the RNA 
molecule (the left end as the structure 
is conventionally written) and a free 3'­
hydroxyl group (OH) is found at the 
other end, it is easy to pick out from 
Table 1 and Table 2 the two sequences 
that form the left and right ends of the 
alanine transfer RNA molecule. The 
left end has the structure pG-G-G­
C- and the right end the structure U­
C-C-A-C-CoH. (It is known, how­
ever, that the active molecule ends in 
C-C-AOI-I .) 

The presence of unusual nucleotides 
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and unique short sequences made it 
clear that certain of the fragments found 
in Table 1 overlapped fragments found 
in Table 2. For example, there is only 
one inosinic acid nucleotide (I) in the 
molecule, and this appears in the se­
quence I-G-C- in Table 1 and in the 
sequence C-U-C-C-C-U-U-I- in 
Table 2. These two sequences must 
therefore overlap to produce the overall 
sequence C-U-C-C-C-U-U-1-G­
C-. The information in Table 1 and 
Table 2 was combined in this way to 
draw up Table 3, which accounts for 
all 77 nucleotides in 16 sequences [see 
illustration on page 37]. 

With the knowledge that two of the 
16 sequences were at the two ends, the 
structural problem became one of deter­
mining the positions of the intermediate 
14 sequences. This was accomplished by 
isolating still larger fragments

' 
of the 

RNA. 

In a crucial experiment John Robert 
Pens wick, a graduate student at Cor­

nell, found that a very brief treatment 
of the RNA with ribonuclease T1 at 0 
degrees centigrade in the presence of 
magnesium ions splits the molecule at 
one position. The two halves of the 
molecule could be separated by chroma­
tography. Analyses of the halves estab­
lished that the sequences listed in the 
first column of Table 3 are in the left 
half of the molecule and that those in 
the second column are in the right half. 

Using a somewhat more vigorous but 
still limited treatment of the RNA with 
ribonuclease T1, we then obtained and 
analyzed a number of additional large 
fragments. This work was done in col­
laboration with Jean Apgar and Everett. 
To determine the structure of a large 
fragment, the fragment was degraded 
completely with ribonuclease T1, which 
yielded two or more of the fragments 
previously identified in Table 2. These 
known sequences could be put together, 
with the help of various clues, to obtain 
the complete sequence of the large frag­
ment. The process is similar to putting 
together a jigsaw puzzle [see illustra­
tions on pages 38 and 39]. 

As an example of the approach that 
was used, the logical argument is given 
in detail for Fragment A. "Vhen Frag­
ment A was completely degraded by 
ribonuclease T1, we obtained seven 
small fragments: three G-'s, C-G-, 
U-G-,U-GIlL and pG-. (Gill is used in 
the illustrations to represent 1-methyl­
guanylic acid, another of the unusual 
nucleotides in alanine transfer RNA.) 
The presence of pG- shows that Frag-
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ULTRAVIOLET ABSORPTION AT 260 MILLIMICRONS 

NEW DEGRADATION METHOD was developed in the author's laboratory to determine 
the sequence of nucleotides in fragments five to eight subunits in length. The example above 

begins with a fragment of eight subunits from which the terminal phosphate has been reo 
moved (,,). When the fragment is treated with phosphodiesterase found in snake venom, the 
result is a mixture containing fragments from one to eight subunits in length (b). These are 
separated by chromatography (c). When the material from each peak is hydrolyzed, the last 

nucleoside (a nucleotide minus its phosphate) at the right end of the fragment is released 
and can be identified. Thus each nucleotide in the original fragment can be determined. 
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ACTION OF TWO DIFFERENT ENZYMES is reflected in these 

two tables. Table 1 shows the fragments produced when alanine 

transfer RNA is completely digested by pancreatic ribonuclease, 
which cleaves the molecule to the right of nucleotides containing 

bases with pyrimidine structures (C, U, U�, if and T). The diagram 
at top left shows how pancreatic ribonuclease would rleave the first 

11 nucleotides of alanine transfer RNA. The diagram at top right 

shows how the same region would be digested hy takadiastase riho· 
nuclease Tl. Tahle 2 contains the fragments produced hy this en· 

zyme; they all end in nucleotides whose hases contain purine struc· 
tures (G, Gin, G!!! and I). The numhers indicate which ones ap· 

pear in the consolidated list in Tahle 3 on the opposite page. 

ment A is from the left end of the 
molecule. Since it is already known from 
Table 3 that the left terminal sequence 
is pG-G-G-C-, the positions of two 
of the three G-'s and C-G- are 
known; the terminal five nucleotides 
must be pG-G-G-C-G-. 

The positions of the remaining G-, 
U-G- and U-GIII- are established 
by the following information. Table 3 
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shows that the U-GIl1- is present in the 
sequence U-GIl1-G-C-. Since there is 
only one C in Fragment A, and its 
position is already known, Fragment A 
must terminate before the C of the U­
GIl1-G-C- sequence. Therefore the 
U-G- must be to the left of the 
U-GIlI_, and the structure of Fragment 
A can be represented as pG-G-G-C­
G- . . .  U-G- . . .  U-CIl1-, with one G-

remalt111lg to be placed. If the G- is 
placed to the left or the right of the 
U-G- in this structure, it would create 
a G-G-U- sequence. If such a se­
quence existed in the molecule, it would 
have appeared as a fragment when the 
molecule was treated with pancreatic 
ribonuclease; Table 1 shows that it did 
not do so. Therefore the remaining G­
must be to the right of the GIII_, and 
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the sequence of Fragment A is pG-G­
G-C-G-U-G-U-GIIl-G-. 

Using the same procedure, the entire 
structure of alanine transfer RNA was 
worked out. The complete nucleotide 
sequence of alanine transfer RNA is 
shown at the top of the next two pages. 

The work on the structure of this mol-
ecule took us seven years from start 

to finish. Most of the time was con­
sumed in developing procedures for the 
isolation of a single species of transfer 
RNA from the 20 or so different trans­
fer RNA's present in the living cell. We 
finally selected a fractionation technique 
known as countercurrent distribution, 
developed in the 1940's by Lyman C. 
Craig of the Rockefeller Institute. 

This method exploits the fact that 
similar molecules of different structure 
will exhibit slightly different solubilities 
if they are allowed to partition, or dis­
tribute themselves, between two non­
miscible liquids. The countercurrent 
technique can be mechanized so that 
the mixture of molecules is partitioned 
hundreds or thousands of times, while 
the nonmiscible solvents flow past each 
other in a countercurrent pattern. The 
solvent system we adopted was com­
posed of formamide, isopropyl alcohol 
and a phosphate buffer, a modification of 
a system first described by Robert C. 
Warner and Paya Vaimberg of New York 
University. To make the method applica­
ble for fractionating transfer RNA's re­
quired four years of work in collabora­
tion with Jean Apgar, B. P. Doctor and 
Susan H. Merrill of the Plant, Soil and 
Nutrition Laboratory. Repeated coun­
tercurrent extractions of the transfer 
RNA mixture gave three of the RNA's 
in a reasonably homogeneous state: the 
RNA's that transfer the amino acids ala­
nine, tyrosine and valine [see bottom il­
lustration on page 32]. 

The starting material for the coun­
tercurrent distributions was crude trans­
fer RNA extracted from yeast cells 
using phenol as a solvent. In the course 
of the structural work we used about 
200 grams (slightly less than half a 
pound) of mixed transfer RNA's isolated 
from 300 pounds of yeast. The total 
amount of purified alanine transfer 
RNA we had to work with over a three­
year period was one gram. This repre­
sented a practical compromise between 
the difficulty of scaling up the fractiona­
tion procedures and scaling down the 
techniques for structural analysis. 

Once we knew the complete se­
quence, we could turn to general ques­
tions about the structure of transfer 

RNA's. Each transfer RNA presumably 
embodies a sequence of three subunits 
(an "anticodon") that forms a temporary 
bond with a complementary sequence 
of three subunits (the "codon") in mes­
senger RNA. Each codon triplet identi­
fies a specific amino acid [see "The 
Genetic Code: II," by Marshall W. 
N iren berg; SCIENTIFIC AMERICAN, 
March, 1963]. 

An important question, therefore, is 
which of the triplets in alanine trans­
fer RNA might serve as the anticodon 
for the alanine codon in messenger 
RNA. There is reason to believe the 
anticodon is the sequence I-G-C, 
which is found in the middle of the RNA 
molecule. The codon corresponding to 
I-G-C could be the triplet G-C-C or 
perhaps G-C-U, both of which act as 
code words for alanine in messenger 
RNA. As shown in the illustration on 
page 30, the I-G-C in the alanine 
transfer RNA is upside down when it 
makes contact with the corresponding 
codon in messenger RNA. Therefore 
when alanine transfer RNA is deliver­
ing its amino acid cargo and is tempo­
rarily held by hydrogen bonds to mes­
senger RNA, the I would pair with 
C (or U) in the messenger, G would 

pair with C, and C would pair with G. 
"\IVe do not know the three-dimen­

sional structure of the RNA. Presum­
ably there is a specific form that in­
teracts with the messenger RNA and 
ribosomes. The illustration on page 31 
shows three hypothetical structures for 
alanine transfer RNA that take account 
of the propensity of certain bases to pair 
with other bases. Thus adenine pairs 
with uracil and cytosine with guanine. 
In the three hypothetical structures the 
I-G-C sequence is at an exposed po­
sition and could pair with messenger 
RNA. 

The small diagram on page 31 indi­
cates a possible three-dimensional fold­
ing of the RNA. Studies with atomic 
models suggest that single-strand re­
gions of the structure are highly flex­
ible. Thus in the "three-leaf-clover" con­
figuration it is possible to fold one side 
leaf on top of the other, or any of the 
leaves back over the stem of the mole­
cule. 

One would also like to know whether 
or not the unusual nucleotides are con­
centrated in some particular region of 
the molecule. A glance at the sequence 
shows that they are scattered through­
out the structure; in the three-leaf-c1o-
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TABLE 3 

10 I c I u I c I c I c I u I u I I I G I c I I 
CONSOLIDATED LIST OF SEQUENCES accounts for all 77 nucleotides in alanine trans­

fer RNA. The consolidated list is formed by selecting the largest fragments in Table 1 and 
Table 2 (opposite page) and by piecing together fragments that obviously overlap. Thus 
Fragment 15 has been formed by joining two smaller fragments, keyed by the number 15, in 
Table 1 and Table 2 on the opposite page. Since the entire molecule contains only one U', 

the two fragments must overlap at that point. The origin of the other fragments in Table 3 
can be traced in similar fashion. A separate experiment in which the molecule was cut into 
two parts helped to establish that the 10 fragments listed in the first column are in the left 
half of the molecule and that the six fragments in the second column are in the right half. 
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FRAGMENT B 

FRAGMENT E 

COMPLETE MOLECULE of alanine transfer RNA contains 77 
nucleotides in the order shown. The final sequence required a care· 

fll] piecing together of many bits of information (see illustration 

(It bottom 0/ these two pages). The task was facilitated by degrada. 

vel' model, however, the unusual nucle­
otides are seen to be concentrated 
around the loops and bends. 

Another question concerns the pres­
ence in the transfer RNA's of binding 
sites, that is, sites that may interact 
specifically with ribosomes and with 

FRAGMENT A 

the enzymes involved in protein syn­
thesis. vVe now know from the worl, of 
Zamir and Marquisee that a particular 
sequence containing pseudouridylic 
acid ('If), the sequence G-T -'If-C-G, 

is found not only in the alanine transfer 
RNA but also in the transfer RNA's for 

tyrosine and valine. Other studies sug­
gest that it may be present in all the 
transfer RNA's. One would expect such 
common sites to serve a common func­
tion; binding the transfer RNA's to the 
ribosome might be one of them. 

Work that is being done in many 

FRAGMENT B 

p: ::t le le lu lul'l I 
p i G I G I G I c I G I u I G I U IGml G I c I I e IG� c I u Ie Ie Ie I u I U II I G I c I 

TABLE 3 TABLE 3 TABLE 3 TABLE 3 

FRAGMENT E 

llib I c I G I G I u� I A I G I c I G I c I G!1l1 c I u I c I c I c I u I u I I I 
� � TABLE 1� FRAGMENT B 

HYDROLYSIS 

REMAINDER OF LEFT HALF OF MOLECULE 
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LEFT HALF OF MOLECULE TERMINATES IN � SO 

pi G I G I G I c I G I u I G I u IG"'I G I c I G I c I G I u I A I G /uh'l c I G I G luhl A I G I e I G I C IG� C I u I c I c I c I u I u I I G I 
FRAGMENT A TABLE 1 FRAGMENT E 
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FRAGMENT C 

tion experiments that cleaved this molecnle into several large 

fragments (A, B, C, D, E, F, G), and by the crucial discovery that 

FRAGMENT G 

the molecule could be divided almost precisely into two halves. The 
division point is marked by the "gutter" between these two -pages. 

laboratories around the world indicates 
that alanine transfer RNA is only the 
first of many nucleic acids for which 
the nucleotide sequences will be known. 
In the near future it should be possible 
to identify those structural features that 
are common to various transfer RNA's, 

and this should help greatly in defining 
the interactions of transfer RNA's with 
messenger RNA, ribosomes and en­
zymes involved in protein synthesis. 
Further in the future will be the de­
scription of the nucleotide sequences of 
the nucleic acids-both DNA and RNA-

that embody the genetic messages of the 
viruses that infect bacteria, plants and 
animals. Much further in the future 
lies the decoding of the genetic mes­
sages of higher organisms, including 
man. The work described in this article 
is a step toward that distant goal. 

FRAGMENT C FRAGMENT D 

G 

1 u 1 c 1 CiA I c I c I OH I 
. 1,"'1 " 1 GIG I G I AI G 1 A 1 G lu I c I u I c I c I G I 

TABLE 3 

FRAGMENT F FRAGMENT G 

G 

I clU I C1clGI @J 
FRAGMENT C 

. 1. FRAGMENT D 

�-,I_,m-,-I --,;I;;;;G;!;;I G=I;;;;G;!;; I A=I;;;;G;!;;I A=I;;;;G;!;; I =1;;;;c;!;;1 u=l;;;;c;;;1 c=I;;;;G-:-1 G-.JI�-.JI,-c...J...I--,G I I A I u lui c 1 c 1 GIG 1 AI c 1 u 1 c 1 G I u I c I CiA I c 1 CiA IOH 
TABLE 3 TABLE 1 TABLE 2 ADDED 

LATER HYDROLYSIS 

ASSEMBLY OF FRAGMENTS resembled the solving of a jigsaw 
puzzle. The arguments that established the sequence of nucleotides 
in Fragment A are described in the text. Fragment B contains two 

snbfragments. The larger is evidently Fragment 10 in Table 3, 
which ends in G-C-. This means that the C-G!!l- fragment must 
go to the left. Fragment E contains Fragment B plus four smaller 
fragments. It can be shown that E ends with 1-, therefore the four 
small pieces are again to the left. A pancreatic digest yielded 

A-G-C-, thus serving to connect Uil.-A-G- and C-G-. A 
partial digestion with ribonuclease Tl removed U!!-C-G-, 

showing it to be at the far left. The remaining G- mnst follow im· 
mediately or a pancreatic digest would have yielded a G-G-C­
seqnence, which it did not. Analyses of Fragments A and E account· 
ed for everything in the left half of the molecule e>;cept for four 
small pieces. The left half of the molecule was shown to terminate 
in I-G-, thus the remaining three pjeces are between A and E. 
Table 1 shows that one Uh is preceded by A-G-, therefore U-

A-G- must be next to E. The two remaining C-G-'s must then 

fall to the left of U-A-G-. Fragment C contains five pieces. Ta· 
ble 3 (Fragment 15) shows that the two A-G-'s are next to U* 
and that the two G-'s are to the left of them. It is also clear that 
C-Im-'I'--G- cannot follow U·, therefore it must be to the left. 
Fragment D contains two pieces; the OH group on one of them 
shows it to be to the right. Fragment F contains Fragment C plus 
three extra pieces. These must all lie to the right since hydrolysis 
with pancreatic ribonuclease gave G-G-T- and not G-T-, 
thus establishing that the single G- falls as shown. Fragment G 
gave D plus two pieces, which must both lie to the left (because 
of the terminal COH). Table 1 shows a G-G-A-C- sequence, 
which must overlap the A-C- in A-C-U-C-G- and the G­
at the right end of the A-U-U-C-C-G-. Fragments F and 
G .can join in only one way to form the right half of the molecnle. 
The molecule is completed by the addition of a final AOH, which is 
missing as the alanine transfer RNA is separated from baker's yeast. 
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Neutrinos from th_e Atmosphere and Beyond 

The first naturally produced neutrinos, by-products of high-energy 

cosmic-ray interactions with matter in the earth's 

ha{)e been detected in an underground laboratory zn 

atmosphere, 

South Africa 

by Frederick Reines and J. P. F. Sellschop 

Two miles underground in a gold 
mine near Johannesburg, South 
Africa, an experiment is under 

way to study high-energy neutrinos pro­
duced by cosmic-ray collisions in the 
earth's atmosphere. The unusual cir­
cumstances of this investigation are 
characteristic of the unusual history of 
this most elusive of the known ele­
mentary particles. For 25 years the 
neutrino was little more than a figment 
of the theoretical physicist's imagina­
tion. Then in 1956 the first direct ex­
perimental evidence of the existence of 
neutrinos was obtained in the intense 
flux of particles emitted by a nuclear 
reactor. The latest chapter in the story 
of the neutrino is the first attempt to 
demonstrate the existence of neutrinos 
in nature. To date 10 separate events in 
our underground detection apparatus 
appear to have been produced by neu­
trinos originating in the atmosphere. We 
present here an account of the motiva­
tion and early results of this work, as 
well as some conjectures as to the pos­
sibility of detecting neutrinos from the 
sun, the other stars and the farthest 
reaches of intergalactic space. 

Jt was Wolfgang Pauli who in 1930 
postulated the existence of the neu­

trino in order to reconcile an apparent 
contradiction between the quantum­
mechanical model of the phenomenon 
of nuclear beta decay and the observed 
products of this decay. (The term "beta 
decay" is used by physicists to describe 
the spontaneous transformation of a 
neutron in an unstable atomic nucleus 
into a proton and an electron; it is also 
applied to the transformation of a pro­
ton into a neutron and a positron, or 
positive electron.) When experimenters 
measured the total energy of the nucle­
ar system both before and after beta 
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decay, they invariably found a dis­
crepancy in the energy budget. The ob­
served products of the reaction not only 
varied in total energy from measure­
ment to measurement; they were poorer 
in energy than the original nuclear sys­
tem. Faced with the disturbing alterna­
tive of declaring a failure in the law of 
the conservation of energy, Pauli was 
moved to suggest a less radical solution, 
namely to postulate the existence of an 
unobserved particle that carries away 
the missing energy. 

Enrico Fermi took up where Pauli 
left off and a few years later published 
a quantitative theory of beta decay, in 
which he introduced the concept of the 
"weak interaction," thus increasing the 
number of interactions, or forces, recog­
nized by physicists as fundamental from 
two (the gravitational force and the 
electromagnetic force) to three. Later 
a fourth interaction-the nuclear, or 
"strong," force-was discovered, and 
many physicists now consider the list 
to be complete. The ratio of the strength 
of the four forces is one (gravitational) 
to 1025 (weak) to 1036 (electromagnetic) 
to 1038 (nuclear). 

Fermi's theory was c�nstructed in 
analogy to the theory of electromagnet­
ism, which explained the production of 
light by atoms as the emission that oc­
curs when an electron drops from an 
excited state to the "ground" state. In 
beta decay the de-excitation of the nu­
cleus is accompanied by the emission 
not of a photon of light but of an elec­
tron and a neutrino. This de-excitation 
reaction leaves a nucleus whose electric 
charge is changed by one unit. Since the 
electron has exactly one unit of electric 
charge, it follows that the neutrino 
must be electrically neutral. Other ob­
servations of the beta-decay process 
indicate that the neutrino has an ex-

ceedingly small (if not zero) mass. It 
was undoubtedly with these two proper­
ties in mind that Fermi coined the 
name "neutrino" (Italian for "little 
neutral one") to denote the hypothetical 
particle. 

One of the most striking consequences 
of Fermi's weak-interaction theory is 
the extraordinary penetrating power it 
predicts for the neutrino: a neutrino 
with an energy of a few million electron 
volts, for example, could penetrate more 
than 100 light-years of liquid hydrogen 
before interacting with a hydrogen nu­
cleus! This behavior immediately ex­
plains why the neutrino is so difficult to 
observe and why it is so superb a can­
didate for the study of the cosmos. 
Once produced, be it in the dense cen­
ter of a star or in the extremely tenuous 
gas of intergalactic space, a neutrino 
travels unhindered (except for its mi­
nute gravitational interaction with the 
universe as a whole), carrying with it 
its initial energy, its direction and 
quantum characteristics-in short, a de­
tailed record of its origin. 

Because of the apparent undetectabili-
ty of the neutrino away from its 

point of origin, it was widely believed at 
first to be impossible to verify the in­
dependent existence of the neutrino in 
a logically satisfactory manner. Hence 
there were legitimate grounds for skep­
ticism among physicists as to the actu­
ality of the neutrino until 1956, when 
a group of workers from the Los Alamos 
Scientific Laboratory led by one of the 
present authors (Reines) and Clyde L. 
Cowan, Jr., succeeded in detecting 
neutrinos produced by a large nuclear­
fission reactor. The reaction used to 
detect these neutrinos was the inverse 
of the beta-decay reaction. The neu­
trinos emerging from the reactor were 
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allowed to enter a large tank of water, 
where approximately one neutrino in 
every 1020 would interact with a pro­
ton in the water to produce a neutron 
and a positron. The observation of a 
positron followed closely by a neutron 
was taken as proof of the presence in 

the tank of neutrinos from the reactor. 
In time it became evident that the 

neutrino was described by another con­
cept in particle physics-the concept of 
antiparticles. Two kinds of neutrino are 
now associated with beta decay: those 
produced in the company of electrons 

(arbitrarily designated antineutrinos) 
and those produced in the company of 
positrons (still called neutrinos). More­
over, it was found useful to regard the 
particles associated with the decay of 
other unstable elementary particles as 
neutrinos. Thus the pion, or pi meson, 

UNDERGROUND LABORATORY for detecting high-energy neu­

trinos from the atmosphere was hewn out of solid rock at a depth 

of 10,492 feet in a gold mine operated by the East Rand Proprietary 

Mines near Johannesburg. The laboratory is operated by physicists 

from the Case Institute of Technology and the University of the 

Witwatersrand. The detector elements are arrayed in racks along 

the sides of the SOO.foot·long tunnel sbown here. At the end 

of the tunnel is tbe gold.bearing "reef" that supports the mine. 
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spontaneously decays to form a muon, 
or mu meson, and a neutrino; the muon 
in turn decays into an electron and two 
more neutrinos. 

A more surprising feature of the neu­
trino was revealed later in 1956 when 
experimenters working at the National 
Bureau of Standards, acting on the basis 
of a theoretical suggestion made by 
T. D. Lee and C. N. Yang, discovered 
that the neutrino does not conserve 
parity, that is, the mirror image of a 
neutrino is not a neutrino but an anti­
neutrino. This failure of the conserva­
tion of parity was later shown to be 
a characteristic of all weak interactions. 
(In the light of the discovery it was 
possible to conclude that the first neu­
trinos detected by the Los Alamos 
group were actually antineutrinos.) 

At this stage it was still entirely 
reasonable to assume that the neutral 
particles associated with the decay of 
pions, muons and other mesons were 
identical with those produced in nu­
clear beta decay. This identity was 
questioned by the Japanese physicist 
Schoichi Sakata in 1943 and by Cowan 
and Reines immediately after their ex­
periment of 1956. It was not until 1962, 
however, that experiments to test this 
point were performed by a group of 
workers from Columbia University and 
the Brookhaven National Laboratory 
[see "The Two-Neutrino Experiment," 
by Leon M. Lederman; SCIENTIFIC 
AMERICAN, March, 1963]. Working 
with Brookhaven's high-energy proton 
accelerator, this group found that the 
neutrinos produced in meson decay 
were in fact not always identical with 

p PROTON (PRIMARY COSMIC RAY) 

N NUCLEUS 

N' RESIDUAL NUCLEUS 

rr+ POSITIVE PION 

rr- NEGATIVE PION 

1-1+ POSITIVE MUON 

1-1- NEGATIVE MUON 

those produced in nuclear beta decay. 
Moreover, it appeared from the experi­
ments that for certain meson decays 
a further distinction had to be made 
between the "old-fashioned" neutrinos 
produced in the company of electrons 
or positrons (called electron-type neutri­
nos) and a new variety produced in the 
company of positive or negative muons 
(called muon-type neutrinos). Except 
for the different reactions they induce, 
electron-type and muon-type neutrinos 
appear identical in all respects. 

Thus in 35 years our understanding 
of the neutrino has advanced to the 
point where we now recognize it in 
four distinct forms. These forms, with 
their appropriate shorthand symbols, 
are the electron-type neutrino ( ve ) , the 
electron-type antineutrino ( ve) , the 
muon-type neutrino (v!-, ) and the muon-' 
type antineutrino (v!-'). The study of the 
neutrino has evolved from a hypotheti­
cal solution of a special problem into a 
major branch of modern physics. 

The flowering of neutrino physics in 
recent years has in large measure 

been made possible by the development 
of machines capable of producing large 
numbers of both low-energy and high­
energy neutrinos. The two main sources 
are fission reactors, which generate elec­
tron-type antineutrinos in the low­
energy range (measured in millions of 
electron volts), and the giant charged­
particle accelerators, which generate all 
four kinds of neutrino in the high­
energy range (measured in billions of 
electron volts). A parallel development, 
just as essential to the recent achieve-

v" MUON-TYPE NEUTRINO 

II" MUON-TYPE ANTINEUTRINO 

Ve ELECTRON-TYPE NEUTRINO 

Ye ELECTRON· TYPE ANTINEUTRINO 

e+ POSITRON 

e- ELECTRON 

NEUTRINOS ARE PRODUCED in the earth's atmosphere by the mechanism depicted sche­

matically on the opposite page. A primary cosmic ray, generally a proton, collides with the 

nucleus of an atmospheric atom (top), producing a shower of elementary particles, includ· 

ing pions. The pions then decay in flight to produce muons and muon·type neutrinos. Some 

of the muons in turn decay to produce additional neutrinos, of both the muon and the elec­

tron type. The experimental program pursued so far by the authors' group has been aimed 

at detecting the muon·type neutrinos by means of their "daughter" muons, which are pro­

duced by the interaction of these neutrinos with heavy nuclei in the earth. The daughter 

muons are distinguished from "sister" muons, or cosmic-ray muons born with the neutrinos 

in the atmosphere, by means of their angular distribution. Most of tbe sister muons that 

reach the detector area arrive from the direction of the local zenith (bottom right) and pass 

through a detector in only one of the two parallel detector rows. The daughter muons, on 

the other hand, arrive roughly isotropically (that is, uniformly from all directions), and of 

these the ones traveling in a horizontal direction locally pass through both rows of de· 

tectors. A key to the symbols used to designate the various particles is presented above. 

ments, has been in the area of detec­
tion techniques, specifically large scin­
tillation counters, spark chambers and 
bubble chambers. With the aid of these 
tools physicists have continued to probe 
deeper into the nature of the weak in­
teraction as revealed by neutrinos. 

Lately some investigators have begun 
to turn their attention to the utility of 
the neutrino as a probe for studying 
the cosmos. At the same time these 
workers have become aware of the pos­
sibilities presented by the fact that 
certain neutrinos produced in nature 
may have a vastly greater energy than 
those produced by the most advanced 
high-energy machines. Thus neutrino 
astronomy has the considerable sec­
ondary attraction of providing a means 
for studying features of the weak in­
teraction at energies not now attainable 
by artificial techniques. 

The neutrinos produced in nature 
without the intervention of man arise 
from se¥e1g urces. The most obvious 
is beta decay in the elements that com­
pose the earth. These natural neutrinos 
happen to be electron-type antineutri­
nos with very low energies. We are 
more concerned here with neutrinos 
arising from other natural sources. 
These can be divided for convenience 
into two broad energy groups: low and 
high. 

Low-energy neutrinos-in the range 
from zero electron volts to roughly 15 
million electron volts-arise predomi­
nantly from the steady nuclear fires be­
lieved to power the overwhelming ma­
jority of the stars. Some neutrinos in thfl 
low-energy range, or perhaps a little 
higher, may be produced by nuclear 
reactions that occur in the explosions of 
supernovae. 

High-energy neutrinos-ranging up to 
tens of thousands of billions of elec­
tron volts-originate from at least two 
sources. The mechanism by which neu­
trinos are produced in the earth's at­
mosphere by the collision of primary 
cosmic rays (mostly protons) with at­
mospheric atoms is fairly well known 
and probably predominates. There is 
good experimental evidence for the exis­
tence of such protons with energies as 
high as 1020 electron volts. Less is 
known about the second source of high­
energy neutrinos, but in a way they are 
even more interesting. These neutrinos 
are produced by collisions between 
cosmic-ray protons and matter in the 
vicinity of stars and in intergalactic 
space. In addition, it is conceivable 
that neutrinos with various energies 
may have been produced in the reac-
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ORIGIN TYPE OF 

NEUTRINO PRODUCED 

BETA DECAY -
Ve 

IN EARTH 

COSMIC·RA Y COLLISIONS 
\lfl 

-
Vfl Ve Ve 

IN ATMOSPHERE 

NUCLEAR REACTIONS 
Ve 

IN STARS 

COSMIC· RAY COLLISIONS - -
Vfl Vfl Ve Ve 

IN INTERGALACTIC SPACE 

NATURAL SOURCES OF NEUTRINOS arc presented in this 

chart, together with the types of neutrino they produce, the energy 

range of their neutrinos and their contribution to the total neutrino 

flux at the surface of the earth. The authors' measurements have 

FLUX 

ENERGY (NEUTRINOS PER 

RANGE SQUARE CENTIMETER 
PER SECOND) 

LOW 105 TO 107 

LOW TO VERY HIGH 3 X 10-3 

LOW 107 TO 10" 

LOW TO VERY HIGH 10-5 TO 10-7 

just begun to yield an experimental estimate for the flux produced 

by cosmic·ray collisions in the atmosphere. The figures for the two 

other fluxes associated with astronomical events are theoretical 

estimates; experiments to measure these fluxes are being planned. 

tions that accompanied the beginnings 
of the universe, and that these neutrinos 
may continue to wander through space 
and time. 

neutrinos produced anywhere in the 
earth's atmosphere can reach any point 
on or in the earth, provided only that 
they start out in the right direction. 

"sister" electrons produced with elec­
tron-type neutrinos in the atmosphere 
and the "daughter" electrons produced 
by electron-type neutrino interactions in 
the earth. The reason the same argu­
ment does not apply is that the mass of 
a muon is more than 200 times that of 

We shall consider first the high­
energy neutrinos that originate in the 
earth's atmosphere, since this is as far 
as our actual experiments have pro­
gressed. \Vhen a cosmic-ray proton 
from outer space strikes the atmosphere, 
it interacts with the nucleus of an at­
mospheric atom in such a way as to 
produce a variety of elementary parti­
cles, including pions [see illustration on 
page 42]. The pions then decay in 
flight to produce muons and muon-type 
neutrinos. Some of the muons in turn 
decay to produce additional neutrinos 
of both the electron and the muon type. 
The total flux of the muon-type neutri­
nos passing through the surface of the 
earth from the atmosphere has been cal­
culated to be some 30 neutrinos per 
square meter per second for particles 
with energies higher than 10 billion 
electron volts. 

A very small fraction (perhaps one in 
a million) of these neutrinos do interact 
with matter in the earth, and one of the 
products of this interaction in the case 
of a muon-type neutrino is a muon. 
Since muons are charged particles, they 
call in principle be observed by a num­
ber of conventional techniques. .. �-.': .. - .. - -' - . - .- . :.-'': . -• .:._ ._.....:._ • •  _,,::. _ _  : ,_ • - 0 • •  _ "  

The program pursued s o  far b y  our 
experimental group, which is made up 
of workers from the Case Institute of 
Technology in Cleveland and the Uni­
versity of the \VitwatersIand in South 
Africa, has been limited to the detection 
of these high-energy muon-type neutri­
nos. To understand why this is so it is 
necessary to consider for a moment the 
penetrating power of the various parti­
cles produced in the original cosmic­
ray interaction in the atmosphere. The 
neutrinos, of course, have by far the 
greatest penetrating power, and the vast 
majority of them pass unimpeded di­
rectly through the earth. Consequently 
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A problem arises, however, when 
one seeks to distinguish between the 
"daughter" muons produced by neutrino 
interactions in the earth and the "sister" 
muons born with the neutrinos in the 
atmosphere. The difference between 
these two otherwise identical muons 
that we have sought to exploit has to do 
with the distribution of the angles at 
which they arrive. Since the primary 
cosmic rays are fairly isotropic (that is, 
they arrive uniformly from all direc­
tions), it follows that both the muon­
type neutrinos and their daughter 
ll1uons will also be roughly isotropic, 

. both at the surface of the earth and in 
it. Now muons, because they are elec­
trically charged, cannot penetrate mat­
ter very readily. In fact, many sister 
muons interact with nuclei in the atmo­
sphere and never even reach the surface 
of the earth. This results in a "peaking" 
of sister muons toward the local zenith, 
because muons approaching the earth 
at angles away from the local zenith 
must pass through a larger volume of 
atmospheric matter. 

This difference in the angular distri­
bution of sister and daughter muons 
might be thought to apply also to the 

";; - - - .0 _ _  
- � ;:;":--;.-- .--: -

. - - -:- .- .. � -' " ," -
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NEUTRINO·DETECTION ARRAY cur· 

rently in use at the authors' South African 

site is made up of 36 separate detector ele. 

ments. Each element is called a scintillation 

counter and consists of an I8.foot.long Lu. 

tile box filled with scintillating Iiquid­

mostly medicinal mineral oil-at each end 

���.�--:��--:�. 
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an electron. As a consequence of their 
lightness electrons are very easily de­
flected and have very much less pene­
b'ating power than muons have. Elec­
trons are effectively screened out of the 
detector area by even modest thickness­
es of earth and so do not constitute a 
background problem. 

In order to design an actual experiment 
to detect atmospheric muon-type neu­

trinos by means of their daughter mu­
ons, one more fact is needed: What is 
the probability of a muon-type neutrino 
interacting with a nucleus of matter in 
the earth? By combining this probabil­
ity with the known neutrino flux at the 
surface of the earth, it should be pos­
sible to predict the number of muons 
produced by the interaction of atmo­
spheric muon-type neutrinos in, say, a 
kilogram of matter per year. Unfortu­
nately this question of interaction prob­
ability (or "cross section," as it is called 
by particle. physicists) has not been an­
swered in the very high energy ranges 
in which we are interested, either theo­
retically or by experiments employing 
high-energy accelerators. Hence in de­
signing our experiment we have had to 
make an educated guess as to the inter-

-- . - - ".':" .. : '. 

action probability. Indeed, one of our 
principal objectives is an experimental 
determination of the interaction proba­
bility for muon-type neutrinos, in order 
to understand better the nature of the 
weak interaction at very high energies. 

From a mathematical analysis of the 
approach outlined above we were able 
to conclude that to count several high­
energy atmospheric muon-type neu­
trinos a year would require a detection 
system with an effective mass of some 
thousands of tons. Most of the mass of 
the detector would consist of the target 
matter, which could be provided rather 
cheaply by allowing the neutrinos to 
interact with some common substance 
(for example rock) and then detecting 
the daughter muons by a large-area re­
cording device (for example a scintilla­
tion counter). 

The first major difficulty encountered 
in pursuing such a scheme is the fact 
that at sea level the counts produced in 
the detector by sister muons from the' 
atmosphere would be some 50 billion 
times more numerous than those pro­
duced by daughter muons expected 
from the neutrinq interactions. This dif­
ficulty, combined with the approximate 
isotropy of the daughter muons regard-

.... -. - :" 
. ".-.. ".' ; 

��:::; :·:··<_7::.:·· .. :.··-�-
.- . -''':'' -. : . ::- -". '�.::...' ; '-.• " . ; - ' .. 
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less of the location of the detector, sug­
gested that some arrangement would 
have to be made either to look only 
for neutrinos coming upward through 
the earth (thus discriminating against the 
unwanted sister muons) or to locate the 
detector deep in the ocean or the earth 
(thereby reducing the sister-muon back­
ground to manageable proportions). 

In 1962 our group at the Case Insti­
tute decided that an underground ar­
rangement would be the simplest, 
provided that a deep enough site of 
adequate extent could be found, and 
that a detector could be made to dis­
criminate between particles traveling in 
a predominantly vertical direction (the 
sister muons produced by cosmic-ray 
collisions in the atmosphere) and those 
traveling in all other directions (the 
daughter muons produced by neutrino 
interactions in the rock). 

All that remained was to find a suit­
able site and then to build, install and 
operate the equipment. A worldwide 
search resulted in the selection of an 
excellent location in the East Rand Pro­
prietary Mines near Johannesburg. 
There space for a laboratory was spe­
cially hewn out of solid rock 10,492 feet 
below the surface. The laboratory con-

_.: -. .. . .  -.-: 

of which are two photomultiplier tubes. When a charged parti. 

cle (in this case a muon) traverses the liquid, it loses energy, some 

of which appears as a flash of light (color). The photomultiplier 

tubes convert the light into an electrical pulse, which is then ana· 

lyzed. In order to distinguish between muons traveling horizontally 

and those traveling vertically, the detectors are arranged in two 

parallel horizontal rows, with the broad faces of the boxes side· 

ways. The detectors are stacked three high in order to measure 

three different angular ranges. Two muons are shown being de· 

tected. Entering from the left and passing through a detector in 

each row is a daughter muon produced by the interaction of an at· 

mospheric muon·type neutrino with the surrounding rock. Enter· 

ing from the top and passing through just one detector is a sister 

muon produced by a cosmic.ray interaction in the atmosphere. 
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'" ____________________________________________________________________________ '*' ________ 1 
ELECTRICAL PULSES from the four photomultiplier tuhes on 

each detector element can he analyzed to give the position along 

the tank at which the muon penetrated, as well as the energy de-

posited in the tank hy the muon. Pulses at each end of the tank are 

given for three muon.produced scintillations (colored stars). It is 

this capability that makes the detector array a crude telescope. 

sists of a large entry area, which con­
tains the bulky electronic equipment, 
and a tunnel 500 feet long and eight 
feet in diameter, where the detector 
elements are installed [see illustration 
on page 41J_ At the end of the tunnel 
is the gold-bearing "reef" that supports 
the mine_ The work of the laboratory, 
in which the original Case group has 
been joined by investigators from the 
nearby University of the Witwatersrand, 
is supported by the U.S. Atomic Energy 
Commission. 

Since no one had ever observed cos­
mic rays at such depths, it was necessary 
to extrapolate the cosmic-ray intensities 
observed at lesser depths in order to es­
timate the background muon flux caused 
by sister, or cosmic-ray, muons at the 
level of our laboratory. A conservative 
extrapolation indicated that of the 
roughly 150 sister muons per year that 
would penetrate a detector 110 square 
meters in area, scarcely one could be 
expected to be traveling at an angle of 
more than 45 degrees to the verticaL 
Thus we concluded that our experiment 
for detecting muon-type neutrinos from 
the atmosphere would be feasible at a 
depth of two miles if the detection sys­
tem had a simple angular sensitivity. 

In its final form the detector array, 
which is built up of 36 separate scintil­
lation counters, is actually a crude tele­
scope, since the path of a muon can be 
inferred from the signals it produces in 
the detector elements_ Each detector 
element consists of an 18-foot-long Lu­
cite box filled with Scintillating liquid­
mostly medicinal mineral oil-at each 
end of which are two photomultiplier 
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tubes. When a charged particle (in this 
case a muon) traverses the liquid, it 
loses energy, some of which appears as 
a faint flash of light. The light is trapped 
in the box by the optical process known 
as total internal reflection and is trans­
mitted to the ends, where the photomul­
tiplier tubes are situated. In the photo­
multiplier tubes the light pulse is con­
verted to an electrical pulse, which is 
amplified and sent by coaxial cable to 
the electronics area for analysis. The 
pulses from the four photomultiplier 
tubes on each detector element can be 
analyzed to give the position along the 
tank at which the particle penetrated, 
as well as the energy deposited in the 
scintillating liquid by the particle [see 
illustration above J. 

The arrangement of the detector ele­
ments with respect to the target rock 
was designed to distinguish between 
muons traveling horizontally and those 
traveling vertically. This was accom­
plished by placing the detectors in two 
parallel horizontal rows, with the broad 
faces of boxes sideways [see illustration 
on preceding page J. The detectors were 
stacked three high in order to measure 
three different angular ranges. By virtue 
of its size and its geometry this ar­
rangement is the most sensitive neutrino 
detector yet assembled. 

Although such an undertaking is sim­
ple enough in concept, there are com­
plexities associated with the sheer scale 
of it. The detector equipment includes 
five miles of cable, 4,400 gallons (16 
tons) of scintillating liquid, 144 photo­
multiplier tubes and a structural frame­
work 120 feet long. The logistics of 

manning the operation are illustrated by 
the fact that members of our group have 
logged a total of 500,000 miles of travel 
between the U.S. and South Africa in 
the past two years. 

On October 27, 1964-13 months 
after the selection of the South Afri­

can site-our equipment registered the 
first deep-underground observation of 
a sister, or cosmic-ray, muon. Then on 
February 23, 1965, the detectors re­
corded a muon that had traveled in a 
horizontal direction-the first "natural" 
high-energy neutrino had been ob­
served! Since last February we have ob­
served in our equipment some 80 sister 
muons and 10 daughter muons. These 
statistics are beginning to yield the first 
experimental estimate of the interaction 
probability for high-energy neutrinos. 

'Ne have been on the alert for one 
kind of neutrino-produced event in par­
ticular because of its possibly great 
theoretical significance. Such an event 
would be recorded simultaneously in 
two tanks on each side of the detector 
array. An interpretation of this kind of 
event is worth discussing here in some 
detaiL 

One of the most serious questions 
facing theorists studying the weak in­
teraction today has to do with a hypo­
thetical particle called the intermediate 
vector boson, which has been postu­
lated in order to explain the weak in­
teraction in a manner analogous to that 
in which theorists explain the other fun­
damental forces. For example, it is a 
feature of all theoretical models of the 

. strong nuclear force that this force re-
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suIts from an exchange between the 
interacting particles of a third particle­
a meson. This situation can be visual­
ized by imagining two boys playing 
catch on ice skates [see top illustration 
at right]. Each time the ball is thrown 
the thrower recoils, and each time the 
catcher catches he recoils. The exchange 
of the ball produces an apparent re­
pulsive force between the two boys. If, 
as Denys Wilkinson of the University 
of Oxford suggests, the exchange were 
not of a ball but of a boomerang, then 
the force would appear attractive: the 
thrower would aim away from the re­
ceiver, and the receiver would catch 
the boomerang facing away from the 
thrower [see bottom illustration at 
right]. 

The relevance of the analogy is that 
the attraction of two particles in an 
atomic nucleus can be explained by the 
exchange of a particle that is attractive 
to each. The exchanged particle, a 
meson, is said to mediate the interac­
tion. The same idea of a "nonlocal" 
force has been applied by theorists to 
the weak interaction, and the hypotheti­
cal mediating particle is the boson. So 
far experimenters have sought in vain 
for the boson with high-energy particle 
accelerators. As a result of their search 
a lower limit has been set for the mass 
of the boson; if it exists, it must be too 
heavy (more than twice the mass of the 
proton) to be produced at the energies 
currently available in the laboratory. 

The question at issue is: Are the 
cosmic-ray neutrinos energetic enough 
to produce bosons? If bosons exist and 
if they are produced by neutrino inter­
actions in rock, their signature would be 
two nearly parallel muon tracks starting 
from a common origin and penetrating 
the detector elements at two places on 
each side of the detector array [see 
illustration on next page]. If it could be 
demonstrated that the two muons orig­
inated deep enough in the rock, this 
would be the most likely interpretation 
of such an observation. Unfortunately, 
although we have observed an event 
that can be interpreted in this way, it 
was not possible to locate the common 
point of origin with any precision, and 
the interpretation remains ambiguous. 

To date the only other experimental 
evidence that may relate to this im­
portant question is an event reported 
by a group of Indian, Japanese and 
British investigators working in a mine 
in the Kolar goldfields west of Banga­
lore in India. Operating at a depth of 
7,600 feet with a detector somewhat 
smaller than ours, these workers have 
recorded a definite two-track event. As 

t ... -.-.---.----.--------.. -.---.---.. ---.... -, 
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SKATER ANALOGY is an aid to visualizing the theoretical model in which a force is rep­

resented as an exchange between the interacting particles of a third, or mediating, particle. 

The exchange of a ball produces an apparent repulsive effect between the two skaters. Each 

time the ball is thrown the thrower recoils, and each time the catcher catches he recoils. 
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ATTRACTIVE FORCE can be represented using the skater analogy by substituting a 

boomerang for the ball. The thrower aims away from the receiver, and the receiver catches 

facing away from the thrower, producing an apparent attractive force. The boomerang vari­

ation of the skater analogy was suggested by Denys Wilkinson of the University of Oxford. 
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EVIDENCE for the existence of the intermediate vector boson, the hypothetical mediating 

particle of the weak interaction, would be provided by the observation of two nearly paral. 

leI muon tracks, starting from a common origin (an atmospheric.neutrino interaction with 

surrounding rock) and penetrating two detector elements in each row. Two events that can 

be interpreted as resulting from such a muon pair have been detected, one by the authors' 

group and another by an experimental group in India, but it is entirely possible to interpret 

these findings without involving the boson. Boson is designated W + in this decay mode. 

they point out, however, their result can 
be interpreted without involving the 
boson. The two tracks may be produced 
by a neutrino-produced pion-muon pair, 
the same phenomenon that frustrated 
those who sought the boson with high­
energy accelerators. 

In order to find an answer to this 
question our equipment has been im­
proved in various ways and is in the 
process of being enlarged to a total 
length of 220 feet to increase its sensi­
tivity. In addition, work has begun on 
the construction of a new, slightly deep­
er laboratory at the same site, in which 
we plan to operate an elaborate spark­
chamber system for obtaining more pre­
cise directional information regarding 
sister- and daughter-muon fluxes. The 
sensitivity of the new spark-chamber 
system will be at least four times that of 
the original scintillator array. 

� this stage in our experiments we 
have no evidence for natural neu­

trinos other than those from the atmo­
sphere, although what we have observed 
may include a small admixture of neu­
trinos from outer space. As the detec­
tion systems increase in size and angu­
lar resolution, we should be able to 
search more sensitively for these elusive 
messengers. Jack W. Keuffel of the Uni­
versity of Utah is engaged in building 
a large muon detector that has interest­
ing possibilities in this regard. Some of 
us at Case are thinking of a 100,000-
ton spark-chamber array deep under­
ground. Mining technology can now 
provide laboratory space for such an 

48 

array at a depth of 15,000 feet. Better 
still would be a detector on the moon 
to escape the background of atmospher­
ic neutrinos. Such a colossal lunar-based 
detector would necessarily be made 
largely of materials found on the moon. 
Fortunately there are several more im­
mediate possibilities. 

It turns out that if we were to lower 
our sights, so to speak, from the high­
energy range to the range of from six 
million to 15 million electron volts, our 
present South African laboratory would 
be particularly well suited, by virtue of 
its extremely low background of cosmic­
ray particles, for "seeing" the sun by 
means of the neutrinos it emits. Accord­
ing to current theoretical models of the 
sun, one of the by-products of the nu­
clear reactions that power the sun is an 
unstable isotope of boron (boron 8) that 
undergoes beta decay to yield electron­
type neutrinos with energies up to 14 
million electron volts. It has been calcu­
lated that the intensity of such neutrinos 
striking the earth is on the order of 10 
million per square centimeter per sec­
ond. Although the beta decay of boron 
8 is responsible for only a small fraction 
of the total energy produced by the sun, 
it is particularly attractive to prospec­
tive neutrino astronomers because of all 
the sources of solar neutrinos only this 
one is energetic enough to stand out 
above the natural background flux. 

At a mine in South Dakota, Raymond 
J. Davis, Jr., of Brookhaven is engaged 
in building a giant radiochemical detec­
tor that should be able to detect the 
predicted flux of electron-type neu-

trinos from the sun. This experiment, 
like ours, employs an inverse beta-decay 
process, although at lower energies; in 
it the neutrino interacts with the nucle­
us of a chlorine atom to produce an 
unstable atom of argon 37. The chlorine 
nuclei are contained in a 100,000-gal­
Ion tank of tetrachloroethylene (CtCI4), 
an ordinary cleaning fluid. The elec­
trons from the decaying argon-37 atoms 
are detected by an array of Geiger 
counters. A count rate of about five per 
day would be important evidence for 
the influence of electron -type neu trinos 
from the sun. Other detectors working 
on the inverse-beta-decay principle, but 
counting each event as it occurs rather 
than using the radiochemical approach, 
are under construction in the U.S. by 
members of the Case group. 

Another approach that may provide 
direct evidence of the presence of boron 
8 in the sun employs the process of 
elastic scattering of electrons by solar 
neutrinos. The phenomenon of elastic 
scattering of neutrinos by electrons was 
predicted by Richard P. Feynman and 
Murray Gell-Mann of the California 
Institute of Technology and by Robert 
E. Marshak and E. C. G. Sudarshan of 
the University of Rochester. Although 
it is generally believed to exist, such 
scattering has not yet been observed in 
the laboratory. In this process the elec­
tron-type solar neutrinos give the target 
electrons a "kick," which can be mea­
sured by a detector. The energy of the 
neutrinos can then be deduced from 
the magnitude of the kick. Since the 
target electrons can only be kicked a few 
inches at most, they must be located 
within the detector itself. The expected 
number of such kicks due to low-energy 
solar neutrinos has been estimated at 
some 10 per year for every 1,000 gallons 
of scintillating liquid. It now appears 
feasible to construct suitable detectors 
in this energy range, and a pilot model 
is already under construction at our 
South African site. 

vVe are now on the verge of studying 
neutrinos from the sun, and in the next 
year or two these observations should 
decide whether the current model of 
the sun is correct or requires modifica­
tion. It is difficult to predict the future 
of neutrino astronomy, but it seems 
likely that what began 35 years ago as 
an ingenious apology for an untraceable 
loss of energy will eventually enable 
physicists not only to probe the funda­
mental forces of nature on the sub­
atomic scale but also to reveal much 
about processes at the center of the sun 
and perhaps more distant celestial 
events as well. 
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Cozy 

In putting lecture slides together, regular 
projection facilities are no longer re­
quired. The new self-contained KODAK 
READYMATIC Viewer works quite cozily 
in close quarters, is silent, weighs only 
7 pounds, sets up instantly, can be 
obtained for less than $50 from the 
nearest convenient camera shop. Have 
the department get one. 

Take a crack at chemistry 
Unless read carefully, this is going to 
sound as though we claim that all it 
takes to be a chemist is a total outlay of 
$58.70 for a box of EASTMAN CHROMA­
GRAM Sheet and an EASTMAN CHROMA­
GRAM Developing Apparatus. The chem­
ical profession can rest confident that 
hardly anybody who matters would 
believe us. 

We are really saying that heads-up 
scientific workers who don't think of 
themselves as chemists and who don't 
always have a full-fledged real chemist at 
their beck and call are now in a position 
to take a crack at thin-layer chromatog­
raphy, one of the more potent weapons 
in the profession's kit when it comes to 
fine separations among closely similar 
compounds. The CHROMAGRAM system 
eliminates certain aspects of witchcraft 
from thin-layer chromatography, even as 
the fellow who started our whole com­
pany took enough witchcraft out of 

photography to make every man a pho­
tographer while still leaving photography 
enough of a profession to afford fine 
livings for many more skilled practi­
tioners than were in it 80 years ago. 

Distillation Products Industries (Division 
of Eastman Kodak Company), Rochester, 
N. Y. J 4603, from whom you can order the 
complete outfit quoted above, has had the 
temerity to put together 4 pages of type on 
the nature of thin-layer chromatography by 
the CHROMAGRAM system, part of a packet of 
TLC procedures for the separation of: 
amino acids, dibasic acids, glycerides, 

cis-trans isomers of fatty acid esters, 
serum lipids, 2,4-dinitrophenylhydrazones, 

fat-soluble vitamins, tocopherols, choles­

terol and cholesterol esters, pesticides, 

antioxidants, some common dyes, photo­

graphic developing agents, and ball-point 

inks. A request for the TLC packet (which 
should perhaps precede placement of the 
order) puts one on the mailing list for more 
procedures and further TLC news. 

Prices subject to change without notice. 

If the press that printed this magazine could pack 
information as tightly as photography can, the micro­
fiche crudely reproduced here actual size would 
convey all the facts not only about the microfiche 
system itself but also about all the other RECORDAK 
systems for information storage and retrieval that 

might be better for your purposes than microfiche. 
Certain prominent aircraft manufacturers and certain 
airlines they serve would argue, however, that for 
handling something like maintenance information 
there is no better system than microfiche, or, as we 
call it, the RECORDAK MICRO-FILE Filmcard. 

We can even go so far as to send the 98 pages full size upon indication of interest to 
Recordak Co (770 Broadway, New York City 10003), Business Systems Markets Division of Eastman Kodak Company, 

which company attempts to serve many different fields of interest as sensibly as possible 

\ Kodak \ 
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PHOTOGRAPHIC SCIENCES USE 
20 RIEGEL ENGINEERED PAPERS 

Photography would be too expen­
sive for the average man if it 
weren't for paper ... many varie­
ties which have highly technical 
properties developed by imagina­
tive research. Riegel alone makes 
over 20 specialty items for the 
photographic and facsimile indus­
tries. Some have chemical purity, 
radioactive cleanliness. Many, 
have functional impregnations 
and/ or coatings. 
What Riegel does for these criti­
cal applications we can do for 
you. Viz.: charcoal filled papers, 
electrically conductive papers, 
filtration papers, heat and/or age­
resistant papers, film/foi I/paper 
combinations. Papers with fibers 
of glass, ceramics, plastics, 
asbestos, jute, cotton, rope, and, 
of course, wood. Some that seal 
with just a kiss of heat ... some 
that stick to practically nothing! 
If you've any problem that paper 
may solve, write Riegel Paper 
Corporation, Box 250, Murray Hill 
Station, New York, N. Y. 10016. 

TECHNICAL PAPERS 

VERSATILITY 
pap�; RIEDEL 

Coal Power v. Nuclear 

T
wenty-four years after the first 
controlled release of nuclear ener­
gy, U.S. utilities are operating a 

dozen nuclear power plants with a total 
installed generating capacity of about 
1,000 megawatts. This is about half of 
one percent of the nation's total electric 
generating capacity. It is estimated that 
over the next decade nuclear power will 
be capturing between 10 and 15 per­
cent of the new steam-electric-plant 
market and that by the early 1980's 
about 35 percent of all new steam-elec­
tric plants will be nuclear. These esti­
mates are provided by Arthur D. Little, 
Inc., the Cambridge, Mass., industrial 
consulting firm. 

The nation's first "full scale" nuclear 
plant went into operation in 1957 at 
Shippingport, Pa. Not intended to be 
economically competitive, it generates 
60 megawatts of electric power. Today 
several nuclear plants with a capacity 
of about 200 megawatts each are pro­
ducing electric power at a cost of about 
one cent per kilowatt-hour, a figure 
only slightly higher than that for con­
ventional power in the same areas. 

The most optimistic cost projection 
based on available technology was re­
cently made for the Jersey Central 
Power and Light Company. It is esti­
mated that its proposed Oyster Creek 
plant, with a designed capacity of 515 
megawatts, will produce power at about 
half a cent per kilowatt-hour, and that 
when capacity is stretched to 620 mega­
watts, the power cost will drop to al­
most .4 cent. 

The fuel with which nuclear fuel 

SCIENCE AND 
competes in most of the U.S. is coal. At 
its designed capacity the Oyster Creek 
plant will produce power slightly more 
cheaply than a coal-fired plant burning 
coal priced at 26 cents per million 
British thermal units, or just about the 
average price paid by all U.S. utilities. 
vVhen the Oyster Creek plant is 
stretched to 620 megawatts, coal would 
have to be available at 20 cents per 
million b.t.u. to be competitive. The 
latter figure would make nuclear power 
competitive with coal in many sections 
of the country. The analysts for Arthur 
D. Little believe that the average price 
of coal will probably drop by as much 
as 25 percent in the next decade. chiefly 
as a result of lower transportation costs, 
but that the drop will be more than 
offset by continued improvements in 
nuclear-power technology. 

Quasars (Cant.) 

Q uasars-quasi-stel1ar radio sources­
continue to hold the center of the 

stage in astronomy. At a recent meeting 
on the observational aspects of cosmol­
ogy, sponsored by the University of 
Miami, astronomers were told (1) of a 
quasar whose apparent speed of reces­
sion exceeds that of any other known 
object, (2) of new measurements show­
ing that the radio output of some qua­
sars is changing rapidly, (3) of the first 
observational evidence that at least one 
quasar is a remote object and not mere­
ly a nearby one receding at high veloc­
ity and (4) of a direct measurement, 
aided by a quasar, of the amount of 
neutral (un-ionized) hydrogen in inter­
galactic space. 

The fastest-receding object was re­
ported by Margaret E. Burbidge of the 
University of California at San Diego, 
Using the 120-inch reflecting telescope 
at the Lick Observatory, she found a 
quasar that is receding at 81 percent of 
the velocity of light, slightly exceeding 
the 80 percent velocity of recession 
previously reported for the quasar 3C 9. 

The remoteness of such objects can 
only be guessed at, but it is believed to 
be on the order of five billion to 10 
billion light-years. 

W. A. Dent of the Radio Astronomy 
Observatory of the University of J\tlichi­
gan reported that at the radio wave­
length of 3.75 centimeters the output 
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of the quasar 3C 273 had increased 42 
percent over the past three years. In 
the same period the output of the 
quasars 3C 279 and 3C 345 had de­
creased 48 percent and 36 percent re­
spectively. Dent also reported a 40 
percent increase over three years in the 
radio output of NGC 1275, which is not 
a quasar but a type of radio-emitting 
galaxy. This was the first finding of a 
pronounced variation in the output of a 
radio source other than a quasar. 

Prior to Dent's observations it was 
known that quasars have a variable 
light output, but it was thought that the 
radio output originated in a much 
larger volume and would therefore be 
more constant. Alan T. Moffet of the 
California Institute of Technology re­
ported that the variations in the radio 
output of 3C 273 cut off sharply at 
wavelengths between 21 and 31 centi­
meters. He deduced from this that the 
quasar may have a diameter of no more 
than about 13 light-years. If 3C 273 is 
as remote as it is assumed to be, its 
angular diameter, as viewed from the 
earth, must be only about .001 second 
of are, which would be a factor of 100 
below the resolving power of observa­
tional techniques now available to radio 
astronomers. 

Evidence that 3C 273 is truly remote 
and not merely a nearby object that is 
receding at high velocity was presented 
by J. A. Koehler of the Arecibo Ob­
servatory in Puerto Rico. Using the 
210-foot radio telescope at Parkes in 
Australia, he found that some of the 21-
centimeter radiation from 3C 273 had 
apparently been absorbed by a cloud of 
neutral hydrogen that may be associated 
with the Virgo cluster of galaxies, which 
is estimated to be about 40 million 
light-years away. 

J. E. Gunn of the California Institute 
of Technology reported that he and 
Bruce A. Peterson had been able to 
estimate the total amount of neutral 
hydrogen in intergalactic space by ob­
serving radiation that had originated in 
the ultraviolet part of the spectrum in 
the quasar 3C 9, but had been shifted 
by the Doppler effect so that it reached 
the earth in the visible part of the 
spectrum. The radiation concerned was 
the Lyman-alpha radiation emitted by 
hydrogen atoms at a wavelength of 
1,216 angstroms. A portion of this ra-

Simulation of 
space environments 

. another new technology that is moving forward 

faster with HVEC Particle Accelerators 

This simulation of micrometeoroid im­
pact on steel ... by accelerating micron­
sized carbonyl spheres to hypervelocity 
... is one of the many down-to-earth ways 

HVEC Particle Accelerators are being 
used to research the effects of space 
environments on components and men. 

Aerospace researchers find HVEC Part­
icle Accelerators particularly useful for: 

• Space radiation simulation 

• Radiation damage studies 

• Development of radiation-resistant 
sol id-state devices and components 

• Production of radiation - resistant 
plastic materials 

• Precision calibration of radiation 
detectors 

HVEC Particle Accelerators - with their 
precisely controllable energy, intensity, 

and low energy-spread with freedom of 
particle choice - are ideally suited for 
appl ied nuclear research. 

For more deta i Is on particle accelerators, 
write High Voltage Engineering Corpora­
tion, Burlington Mass. or HVE (Europa) 
N.V., Amersfoort, The 'Netherlands. Sub­
sidiaries: Electronized Chemicals Corpo­
ration, Ion Physics Corporation. 

High Voltage Engineering produces a complete line of particle accelerators ranging from 300·keV to 30 MeV. 

� HIGH VOLTAGE 
., ENGINEERING 
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Whatkindof 
"speedotneter" 
dow-eneed 
for a safe landing 
on the tnoon? 

It's called an electroluminescent 
velocity accumulator. Apollo astro­
nauts will watch it closely as their 
landing craft descends to the 
moon's surface. 

This vitally important device 
uses an electroluminescent display 

made by Sylvania which has no 
moving parts, so changes in gravity 
won't affect its accuracy. Large, 
clear speed figures are lighted by 
electroluminescence-which creates 
l i g h t  by m e a n s  of p h o s p h o r s  
"excited" i n  a n  electrical field. 

'!\Thy electroluminescence? Be­
cause "EL" saves space, runs cooler 
and requires less power than con· 
v e n t i o n a l  f i l a m e n t  l i g h t i n g. 
There's nothing fragile to break 
or shake loose-under heavy shock 
or punishing vibration. 

A compact display system that 
Sylvania is helping to build into 
Project Apollo. The idea grew 

naturally out of 15 years of experi­
ence with EL systems and devices. 
(\!\Te've produced over 20 minion 
EL lamps since 1950.) This is how 
Sylvania directs the experience and 
world-wide system capabilities of 
GT&E to serve the nation. 

Sylvania Electronic Systems, 
Div i s i o n  of S y l v a n i a  E l e c t r i c  
Products Inc., 4 0  Sylvan Road, 
Waltham, Massachusetts 02154. 

G1&E 
GENERAL TELEPHONE & ELECTRONICS 
Total Communications from a single source through 

SYLVANIA ELECTRONIC SYSTEMS 
GT&E SUBSIDIARIES: Telephone Operating Cos . •  GT&E Laboratories ' GT&E International ' General Telephone Directory ' Automatic Electric ' Lenkurt Electric ' Sylvania Electric Products 
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diation would be absorbed by neutral 
hydrogen atoms in intergalactic space. 
Gunn computed that at the time the 
Lyman-alpha radiation left 3C 9, sev­
eral billion years ago, the amount of 
neutral hydrogen in space was about 
one atom in 1010 cubic centimeters, or 
about 100,000 atoms in one cubic kilo­
meter. If this value is correct, it indi­
cates that most of the matter in the uni­
verse was then in some fmm other than 
neutral hydrogen-perhaps in the form 
of ionized hydrogen. 

Transferable Drug Resistance 

Recent experiments have provided 
new information on an extraordi­

nary but little-known phenomenon: 
transferable drug resistance. The fact 
that some fmms of resistance to antibi­
otics by microorganisms are "conta­
gious" was discovered by Japanese 
workers in 1959. They found that re­
sistance in a given species is not neces­
sarily the result of a chance mutation in 
that species, followed by natural selec­
tion of the resistant strain. Instead, the 
genetic determinants for resistance­
and usually for multiple resistance to 
several antibiotics-can be transferred 
from the cells of one strain of bacteria 
to cells of another strain or of another 
species, genus or even family, and can 
therefore appear suddenly and on a 
large scale in previously drug-suscep­
tible organisms. 

The Japanese investigators showed 
that in the intestinal bacterium Shigella 
dysenteriae the acquisition of resistance 
depends on the transfer of an extra­
chromosomal genetic element, located 
in the cytoplasm of the cell, during the 
cell-to-cell mating process known as 
conjugation. Apparently this element 
has two functional parts: the resistance 
determinant itself and a transfer factor 
that gets it from one cell to another. 
The two are linked genetically, and the 
intact unit is required for the transfer 
of resistance. 

Now E. S. Anderson and M. J. Lewis 
of the Central Public Health Labora­
tory in London have reported in Na­
tllre and the British Medical Journal that 
in the intestinal bacterium Salmonella 
typhil11t1Tium either extrachromosomal 
transfer factors or extrachromosomal 
but nontransferable resistance determi­
nants can often exist alone in different 
naturally occurring strains. When the 
two kinds of element meet in a cell, a 
tl'ansferable resistance factor is formed. 
Anderson and Lewis mix three cultures: 
a drug-sensitive S. typhimurium that 
carries a transfer factor, a resistant S. 

typhimurilll11 that carries no transfer 
factor and an Escherichia coli that car­
ries neither a transfer factor nor a resist­
ance detelminant. The result is that the 
transfer factors migrate into the cells of 
the resistant strain and combine with 
their resistance detelminants; the com­
plexes are transferred to the E. coli cells, 
which acquire transferable resistance. 
By varying the experiment, the transfer 
factors can be made to migrate from 
sensitive donor cells to a resistant strain 
where they mobilize resistance determi­
nants, and then to return to confer trans­
ferable resistance on the previously sus­
ceptible donor cells. 

Resistance transfer has been shown 
to take place in the intestines of animals 
and human beings. There the frequent 
presence, particularly in farm animals, 
of an antibiotic would favor the selec­
tive multiplication of organisms bearing 
the proper resistance factor. Anderson 
and Lewis have noted a sharp increase 
in the prevalence of multiple antibiotic 
resistance in cultures of a certain type 
of S. typhil11urill1ll that infects cattle 
as well as human beings, and they sug­
gest that this may be due to the free 
use of antibacterial drugs in livestock 
rearing. 

Compromise 

In the years since \Vorld \Var II the 
administrators of U.S. universities 

have been chronically troubled by the 
problem of how to provide facilities for 
classified research while avoiding what 
McGeorge Bundy has called "the ham­
pering and restrictive inRuence of secret 
work." Some institutions have adopted 
a policy of banning secret research ex­
cept in time of all-out war. (Bundy's 
statement was made in defense of 
Harvard University's policy, which falls 
in this category.) Other universities have 
actively sought contracts for such re­
search; still others have adopted a 
middle position. 

The University of Pennsylvania has 
been pressed to define its policy by a 
group of students and faculty members 
who allege that university laboratories 
are being used for research in biological 
warfare and for other classified projects. 
The group states that secret work is in­
compatible with an atmosphere of frce 
inquiry and that work "designed to turn 
knowledge willfully to destructive ends 
violates the moral principles and com­
promises the intellectual integrity of 
the university." The Faculty Senate has 
voted against a resolution condemning 
paramilitary research, but it has upheld 
the other aspect of the group's position 

by resolving that only unclassified work 
-in which "free publication of the re­
sults cannot be restricted by the grant­
ing or contracting agency" -should be 
pelmitted at the university. 

The preSident of the university, Gay­
lord P. Harnwell, has said that he 
regards the Senate action as being ad­
visory rather than binding. The uni­
versity administration is now consider­
ing a plan whereby classified projects 
would be moved to a private Science 
Center now being built near the uni­
versity campus. The university is the 
largest stockholder in the Science Cen­
ter, which has been designed to accom­
modate secret work. According to its 
executive vice-president, Jean Paul 
Mather, the center will provide "maxi­
mum security with minimum policing" 
for those who conduct such work. 
Mather observes that the Science Cen­
ter will enable faculty members to con­
tinue classified investigations simply by 
"changing hats." 

Jet Travel and Body Clocks 

A series of tests carried out by the 
Federal Aviation Agency has sub­

stantiated the common complaint of air 
travelers that swift transition through 
several time zones disturbs their bodily 
and even their mental functions. The 
tests may result in changes of schedule 
for the crews on certain types of in­
ternational Right. Moreover, the tests 
have implications for the proposal to 
build supersonic airplanes that would 
travel even faster than today's jets. 

The tests involved healthy male 
volunteers, who were carried by jet air­
plane from the U.S. to such cities as 
Tokyo, �lanila and Rome, passing 
through as many as 10 time zones. As a 
control to make sure that the effects 
resulted from changes of time and not 
merely from jet travel, there was a 
Right from Washington, D.C., to Santi­
ago, Chile; it covered a long distance 
but was all in the same time zone. On 
the outbound Rights that crossed a num­
ber of time zones the passengers under­
went physiological changes-in heart 
rate, temperature and perspiration-that 
persisted for several days. They also 
showed a deterioration, for about a day, 
in mental acuity as indicated by dif­
ficulty in doing simple problems in 
arithmetic and by slowed responses to 
sensory stimuli. Similar effects appeared 
on the return trips but did not last as 
long. In contrast, the Right to Chile 
produced only a sense of fatigue. 

The F.A.A. plans to give the tests to 
some pilots on the New York-Rome 
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INSTANT H2 
FROM H20 

in your lab, 
as you need it! 

Ii2 
• 

+ 

t 

t 

• 99.999999% pure 
• Bone dry 

--

• No hazards of stored H2 
• 150 mljmin S.T.P.-Pressures to 

60 psig 
Ii Order direct with our guarantee 

Just pour water into the Elhygen Elec­
trolytic Hydrogen Generator and turn it 
on. Get a supply of ultra-pure H2 at 60 
psig, continuously and automatically. 
One liter of water produces nearly 1000 
liters of H2 ... enough for 100 hours of 
continuous operation per liter. Ideal for 
chromatographs using hydrogen as a 
carrier gas, and other lab uses. Operat­
ing cost: less than 2¢ / I 00 liters! Com­
pare with cost of cylinders of standard 
purity! Model shown produces up to 150 
ml/min. Compact. Only 12i,4" x 23" x 
13Y2". Easily installed! Send check or 
purchase order. Backed by our national 
reputation in the field, you must be satis­
fied or money refunded. 

HOW IT WORKS 
The Elhygen Hydrogen Generator pro­
duces H2 by dissociating water and 
diffusing H2 through a palladium mem­
brane which acts as the cathode. Just 
add water periodically. Normally no 
other maintenance required. Extra safe! 
Made by leading manufacturer of indus­
trial hydrogen separators. 
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run in March. Sheldon Freud, an Air 
Force psychologist who has worked on 
the testing, said that the reaction of the 
passengers made it important to test 
the crews. "These men are responsible 
for the lives of millions of passengers 
every year," he said. Freud also raised 
a question about supersonic Rights, 
which will be at least twice as fast as 
today's jet flights: "Will we have to rest 
twice as long afterward? Is it worth 
while getting over there in such a 
hurry?" 

Dangerous LSD? 

Indiscriminate and widespread use of 
the hallucinogenic drug d-Iysergic 

acid diethylamide (LSD) has' brought 
an increase in hospital admissions for 
adverse reactions to the drug, according 
to three psychiatrists at the New York 
University School of Medicine. Writing 
in The New England Journal of Medi­
cine, William A. Frosch, Edwin S. 
Robbins and Marvin Stern report on 12 

of the 27 patients treated for such reac­
tions at Bellevue Psychiatric Hospital 
during a four-month period last year. 
All the patients had had some degree of 
personality difficulty before taking the 
drug; five were already "definitely psy­
chotic." Their LSD-induced symptoms 
fell into three general categories: seven 
of them had acute panic reactions, three 
experienced reappearance of "drug" 
symptoms some time after having last 
taken LSD and three developed pro­
longed, overt psychoses. One man who 
was treated for panic was subsequently 
readmitted with a recurrence of symp­
toms. 

According to the authors, panic is a 
common aspect of the LSD experience, 
but it rarely leads to hospitalization. 
The patients admitted with panic re­
actions all recovered quickly, but pos­
sible long-term effects have not been 
evaluated. Of the three recurrence 
cases, two patients experienced such 
LSD-induced symptoms as deperson­
alization and perceptual distortions a 
month or two after taking the drug; a 
third, who had been a heavy user of 
LSD but had not taken the drug for 
more than a year, kept having episodes 
of catatonia and hallucinations. All three 
were discharged after treatment but 
"were much more incapacitated than 
they had been before the LSD experi­
ence." As for the three patients who 
developed extended psychoses after a 
single experiment with LSD, they had 
all suffered from "extended schizo­
phrenia" beforehand and had tried other 
drugs before LSD. At the time of ad-

mISSIOn one patient was paranoid and 
two were catatonic. Two were dis­
charged after a month without marked 
improvement and a third had to be 
transferred for long-term treatment. 

Frosch, Robbins and Stern suggest 
that LSD is now being ingested not 
only for "kicks" but also by anxiety­
ridden people who think it will help 
them, in some cases as a substitute for 
psychotherapy. "Because of the wide­
spread use of LSD," they write, "we 
hope that the deleterious effects will 
be evaluated in juxtaposition to the 
more optimistic claims of its enthusi­
asts." 

The Omen of the Oxtail 

The central religious rite of ancient 
Greece-animal sacrifice-is portrayed 

on thousands of vases and is prominent 
in Greek literature, but not much is 
known about it. One of the few con­
crete facts is that very little of the sacri­
fice was "received" by the divinity in­
volved; the parts of the animal that 
ended up in the altar fire were mainly 
fat and bones. Intrigued by this custom, 
Michael H. Jameson of the Department 
of Classical Studies at the University 
of Pennsylvania recently undertook a 
survey of depictions of Greek sacrificial 
fires. Many of the vase paintings showed 
a peculiar curved object rising from the 
altar flames. This object had been vari­
ously interpreted in the past; modern 
scholars have generally agreed that it 
represents the sacrificed animal's tail 
or some other section of the vertebrae. 
It has not been apparent, however, 
what the object symbolizes, or whether 
it literally rose from the flames. 

Jameson found a literary clue. In a 
comedy by Aristophanes a man making 
a sacrifice is asked, "How is the tail 
doing?" He replies, "It's doing fine." An 
ancient commentary on this passage ex­
plains that the Athenians perceived 
omens in the behavior of the tail. 
Jameson then decided to perfOlID an 
experiment. He built an altar of con­
crete blocks in his backyard, bought an 
oxtail, put firewood on the altar and the 
tail on the firewood. After the fire had 
burned for a time he witnessed an un­
ambiguously auspicious omen: the tip 
of the tail rose into the air and within 
10 minutes duplicated the curvature of 
the object in the vase paintings. Jameson 
concludes that the Greek priests, having 
noticed this response of the animals' 
vertebral muscles to heat, found it con­
venient to tell their congregations that 
a rising tail was proof of a successful 
sacrifice. 
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PARABLE TO A PACK OF REGULAR SIZE CIGARETTES 

New Ultra-Compact 

UHF antenna diplexers 

for use in the 2.2 to 2.3 6Hz 

frequency range 

• Allen-Bradley high frequency laboratories are pioneering 
the development of antenna multiplexers for use at ultra­
high frequencies. The two diplexers for the 2.2 to 2.3 CHz 
band shown above are representative of Allen-Bradley's high 
frequency capability. These diplexers are rugged-designed 
to withstand acceleration of 15 C's; shocks of 100 C's 
(1 msec.); and vibration of ±:1O C's (30-2000 Hz). They're 
hermetically sealed for use at unlimited altitude and are 
stable over the temperature range from _50° to + 170°F. 
The power handling capacity per channel is 20 watts. 

Allen-Bradley engineers will be pleased to work with you. 
Please write: Allen-Bradley Co., 1204 South Third Street, 
Milwaukee, "Vis. 53204. Export Office: 630 Third Avenue, 
New York, N. Y, U.S.A. 10017. 

DOUBLE REJECTION CAVITY TYPE OIPLEXER 

TYPICAL RESPONSE CURVES 

WITH ONE REJECTION 
CAVITY PER CHANNEL 

40 

�30 30db 
� 

WITH TWO RE.JECTION 
CAVITIES PER CHANNEL 

50 

40 

z � 30 
g 
z 
o � 20 

MIN. 
N 46db -

ALLEN - BRADLEY 
965·1"'9 QUALITY ELECTRONIC COMPONENTS 
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THE LUNG 

This elaborately involuted tissue of aIr sacs and blood vessels serves 

to exchange gases between the aIr and the blood. In nlan the total 

area of the mernbrane between the two systems IS 70 square meters 

Each year an adult human inhales 
and exhales between two million 
and five million liters of air. Each 

breath consists of about half a liter of 
air, 20 percent of which is molecular 
oxygen (02); the air swirls briefly 
through a maze of branching ducts 
leading to tiny sacs that comprises a 
gas-exchange apparatus in which some 
of the oxygen is added to the blood. The 
apparatus I am describing is of course 
the lung: the central organ in the sys­
tem the larger land animals have 
evolved as a means of supplying each 
of their cells with oxygen. 

Oxygen is essential to most fOlms of 
life. A one-celled organism floating in 
water requires no complex apparatus to 
extract oxygen from its sluTolllldings; 
its needs are satisfied by the process 
of diffusion-the random movement of 
molecules that results in a net flow of 
oxygen from regions of abundance to 
regions of scarcity. Over very short dis­
tances, such as the radius of a cell, the 
dilIusion of oxygen is rapid. Over larger 
distances diffusion is a much slower 
process; it cannot meet the needs of any 
many-celled organism in which the dis­
tance between the source of oxygen and 
the most remote cell is greater than half 
a millimeter. 

The evolution of large animals has 
therefore required the development of 
various special systems that deliver oxy­
gen from the surrounding medium to 

ARTERIAL SYSTEM of the human lung 

(opposite page) is revealed by X.ray pho. 

tography following the injection of a radio· 

opaque fluid. The finest visible branches ac. 

tually subdivide further into capillaries 

from five to 10 microns in diameter tbat 

surround the lung's 300 million air sacs. 

by Julius H. Comroe, Jr. 

each of the animal's cells. In higher 
vertebrates such as man this system 
consists of a gas pump (the thorax) and 
two fluid pumps (the right and left ven­
tricles of the heart). The fluid pumps 
are linked to networks of capillaries, 
through the walls of which the actual 
exchange of gas molecules takes place. 
The capillary network that receives its 
blood from the left ventricle distributes 
oxygen throughout the body. The net­
work that receives its blood from the 
right ventricle serves a different pur­
pose. In it the actions of the fluid pump 
and the gas pump are combined to ob­
tain the oxygen needed by the body 
from the surrounding atmosphere. 

This integrated system works in the 
following manner. The expansion of the 
thorax allows air to flow into ducts that 
divide into finer tubes that terminate in 
the sacs called alveoli. The rhythmic 
contraction of the right ventricle of the 
heart drives blood from the veins 
through a series of vessels that spread 
through the lung and branch into cap­
illaries [see illtl stration on opposite 
pagel. These blood-filled pulmonary 
capillaries surround the gas-filled alveo­
li; in most places the membrane sepa­
rating the gas from the blood is only a 
thousandth of a millimeter thick. Over 
such a short distance the molecules of 
oxygen, which are more abundant in 
the inhaled air than in the venous blood, 
diffuse readily into the blood. Con­
versely the molecules of the body's 
waste product carbon dioxide, which is 
more abundant in the venous blood than 
in the inhaled air, diffuse in the oppo­
site direction. In the human lung the 
surface area available for this gas ex­
change is huge: 70 square meters-some 
40 times the surface area of the entire 
body. Accordingly gas can be trans­
ferred to and from the blood quickly 
and in large amounts. 

The gas exchange that occurs in the 
lungs is only the first in a series of 
events that meet the oxygen needs of 
the human body's billions of cells. The 
second of the two liquid pumps-the 
left ventricle of the heart-now distrib­
utes the oxygenated blood throughout 
the body by means of arteries and arte­
rioles that lead to a second gas-exchange 
system. This second system is in reality 
composed of billions of individual gas­
exchangers, because each capillary is a 
gas-exchanger for the cells it supplies. 
As the arterial blood flowing through 
the capillary gives up its oxygen mole­
cules to the adjacent cells and absorbs 
the cells' waste products, it becomes 
venous blood and passes into the col­
lecting system that brings it back to the 
right ventricle of the heart [see illustra­
tion on next pagel. 

The customary use of the term "pul­
monary circulation" for that part of the 
circulatory system which involves the 
right ventricle and the lungs, and of 
the term "systemic circulation" for the 
left ventricle and the balance of the cir­
culatory system, seems to imply that 
the body has two distinct blood circuits. 
In actuality there is only one circuit; 
the systemic apparatus is one arc of it 
and the pulmonary apparatus is the 
other. The systemic part of the circuit 
supplies arterial blood, rich in oxygen 
and poor in carbon dioxide, to all the 
capillary gas-exchangers in the body; it 
also collects the venous blood, poor in 
oxygen and rich in carbon dioxide, from 
these exchangers and returns it to the 
right ventricle. The pulmonary part of 
the circuit delivers the venous blood to 
the pulmonary gas-exchanger and then 
sends it on to the systemic part of the 
circuit. 

This combination of two functions 
not only provides <In adequate exchange 
of oxygen and carbon dioxide but also 
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LUNG 

THREE PUMPS operate the lungs' gas·exchange system. One gas 

pump, the thorax (see illustration on opposite page), moves from 

five to seven liters of air (color) in and out of the lungs' air sacs 

every minute. At top left these alveoli are shown without their 

covering of pulmonary capillaries, which are shown at center left. 

One fluid pump, the heart's right ventricle, forces from 70 to 100 
cubic centimeters of blood into the pulmonary capillaries at each 
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contraction. This blood (light gray) is low in oxygen and high in 

carbon dioxide; oxygen, abundant in the air, is diffused into the 

blood while carbon dioxide is diffused from the blood into the air. 

Oxygenated and low in carbon dioxide, the blood (dark gray) then 

reaches the third pump, the left ventricle, which sends it on to the 

systemic capillaries (example at bottom of illustration) that deliver 

oxygen to and collect carbon dioxide from all the body's cells. 
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supplies a variety of nutrients to the 
tissues and removes the products of tis­
sue metabolism, including heat. Com­
plex regulatory mechanisms ensure 
enough air flow and blood flow to meet 
both the body's overall needs and the 
special needs of any particular part of 
the body according to its activity. 

The Respiratory System 

To the physiologist respiration usu­
ally means the movement of the thorax 
and the flow of air in and out of the 
lungs; to the biochemist respiration is 
the process within the cells that utilizes 
oxygen and produces carbon dioxide. 
Some call the first process external res­
piration and the second internal respira­
tion or tissue respiration. Here I shall 
mainly discuss those processes that oc­
cur in the lung and that involve ex­
changes either between the outside air 
and the gas in the alveoli or between 
the alveolar gas and the blood in the 
pulmonary capillaries. 

The structure of the respiratory sys­
tem is sometimes shown in an oversim­
plified way that emphasizes only the 
conducting air path and the alveoli. 
The system is far more complex. It origi­
nates with the two tubes of the nose (the 
mouth can be regarded as a third tube), 
which join to become one: the trachea. 
The trachea then subdivides into two 
main branches, the right bronchus and 
the left. Each of the bronchi divides 
into two, each of them into two more 
and so on; there are from 20 to 22 
bronchial subdivisions. These subdivi­
sions give rise to more than a million 
tubes that end in numerous alveoli, 
where the gas exchange occurs. There 
are some 300 million alveoli in a pair of 
human lungs; they vary in diameter 
from 75 to 300 microns (thousandths of 
a millimeter). Before birth they are filled 
with fluid but thereafter the alveoli of 
normal lungs always contain gas. Even 
at the end of a complete exhalation the 
lungs of a healthy adult contain some­
what more than a liter of gas; this quan­
tity is known as the residual volume. 
At the end of a normal exhalation the 
lungs contain more than two liters; this 
is called the functional residual capac­
ity. When the lungs are expanded to 
the maximum, a state that is termed the 
total capacity, they contain from six to 
seven liters. 

More important than total capacity, 
functional residual capacity or residual 
volume is the amount of air that reaches 
the alveoli. An adult human at rest in­
hales and exhales about half a liter of 
gas with each breath. Ideally each 

INHALATION takes place when the thorax expands, thus forcing the lungs to enlarge and 

bringing the pressure of the gas within them below atmospheric pressure. The expansion 

(top left) is principally the work of the diaphragm but also involves the muscles of the rib 

cage (detail at bottom left). Exhalation occurs when passive relaxation reduces the size 

of the thorax (top right), thereby raising the gas in the lungs to greater than atmospheric 

pressure. Only under conditions of stress do muscles (detail at bottom right) aid exhalation. 

breath supplies his two-liter reservoir of 
gas-the functional residual capacity­
with a volume of oxygen equal to the 
volume absorbed from the reservoir by 
the blood flowing through the pulmo­
nary capillaries. At the same time each 
breath removes from the reservoir a 
volume of carbon dioxide equal to the 
volume produced by the body's cells 
and yielded to the lungs by the venous 
blood. The resting adult breathes from 
10 to 14 times a minute, with the result 
that his ventilation-the volume of air 
entering and leaving the lungs-is from 
five to seven liters per minute. The 
maximum human capacity for breathing 
is about 30 times the resting ventilation 
rate, a flow of from 150 to 200 liters 
per minute. Even during the most in­
tense muscular exercise, however, venti­
lation averages only between 80 and 
120 liters per minute; man obviously 
has a great reserve of ventilation. 

The volume of ventilation that is im­
portant in terms of gas exchange is less 
than the total amount of fresh air that 
enters the nose and mouth. Only the 
fresh air that reaches the alveoli and 
mixes with the gas already there is use­
fu!' Unlike the blood in the circulatory 
system, the air does not travel only in 

one direction. There are no valves in 
the bronchi or their subdivisions; in­
coming and outgoing air moves back 
and forth through the same system of 
tubes. Little or no gas is exchanged in 
these tubes. They represent dead space, 
and the air that is in them at the end of 
an inhalation is wasted because it is 
washed out again during an exhalation. 
Thus the useful ventilation obtained 
from any one breath consists of the total 
inhalation-half a liter, or 500 cubic 
centimeters-minus that part of the in­
halation which is wasted in the dead 
space. In an adult male the wasted vol­
ume is about 150 cubic centimeters. 

From an engineering standpoint this 
dead space in the air pump represents 
a disadvantage: more ventilation, which 
necessitates more work by the pump, is 
required to overcome the 30 percent 
inefficiency. The dead space may none­
theless represent a net advantage. The 
use of a single system of ducts for in­
coming and outgoing air eliminates the 
need for a separate set of ducts to carry 
each flow. Such a dual system would 
certainly encroach on the lung area 
available for gas exchange and might 
well result in more than a 30 percent 
inefficiency. 
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DIFFUSION PATH from gas.filled air sac to blood·filled capillary can be extremely short. 

In this electron micrograpb of mouse lung tissne, (l and b are air spaces; between these lies 

a capillary in which there are two red blood cells, c and d. The large light gray mass is the 

nucleus of an endothelial cell. Tbe distances from air space a to red cell d and from air space 

b to red cell c are less than half a micron; tbe diffusion of gases across these gaps is swift. 

Ventilation of the alveoli is not 
enough to ensure an adequate supply of 
oxygen. The incoming air must also be 
distributed uniformly so that each al­
veolus receives its share. Some alveoli 
are very close to the main branchings of 
the bronchi; others at the top and bot­
tom of the lung are 20 or 30 centi­
meters away from such a branch. It is a 
remarkable feat of engineering to dis­
tribute the proper amount of fresh air 
almost simultaneously to 300 million 
alveoli of varying sizes through a net­
work of a million tubes of varying 
lengths and diameters. 

By the same token, ideal gas ex­
change requires that the blood be even­
ly distributed to all the pulmonary cap­
illaries-that none of it should escape 
oxygenation by flowing through shunts 
in the capillary bed. Under abnormal 
circumstances, however, some alveoli 
are poorly ventilated, and venous blood 
flowing through the adjacent capillaries 
is not properly oxygenated. Conversely, 
there are situations when the flow of 
blood through certain capillaries is 
inadequate or nonexistent; in these 
cases good ventilation of the neighbor­
ing alveoli is wasted. 

In spite of such deficiencies, the gas 
exchange can remain effective if the 
defects are matched (if the same re-
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gions that have poor ventilation, for 
example, also have poor blood flow), 
so that regions with increased ventila­
tion also have increased blood flow. 
Two mechanisms help to achieve this 
kind of matching. First, a decrease in 
the ventilation of a group of alveoli 
results in a constriction of the blood 
vessels and a decrease in the blood flow 
of the affected region. This decrease 
is not the result of a nerve stimulus 
or a reflex but is a local mechanism, 
probably initiated by oxygen deficiency. 
Second, a local deficiency in blood flow 
results in a constriction of the pathways 
that conduct air to the affected alveoli. 
The resulting increase in airway resist­
ance serves to direct more of the air to 
alveoli with a normal, or better than 
normal, blood supply. 

The Pulmonary Circulation 

The system that distributes blood to 
the lungs is just as remarkable as the 
system that distributes air. As I have 
noted, the right ventricle of the heart 
receives all the venous blood from every 
part of the body; the contraction of the 
heart propels the blood into one large 
tube, the pulmonary trunk. Like the 
trachea, this tube divides and subdi­
vides, ultimately forming hundreds of 

millions of short, narrow, thin-walled 
capillaries. Each capillary has a diame­
ter of from five to 10 microns, which is 
just wide enough to enable red blood 
cells to pass one at a time. The wall of 
the capillary is less than . 1  micron thick; 
the capillary's length ranges from . 1  to 
.5 millimeter. 

If the pulmonary capillaries were laid 
end to end, their total length would be 
hundreds of miles, but the overall capil­
lary network offers surprisingly little re­
sistance to the flow of blood. In order to 
pump from five to 10 liters of blood per 
minute through the pulmonary system 
the right ventricle needs to provide a 
driving pressure of less than 10 milli­
meters of mercury-a tenth of the pres­
sure required of the left ventricle for 
systemic circulation. With only a small 
increase in driving pressure the pul-. 
monary blood flow can be increased to 
30 liters per minute. 

Although the total surface area pro­
vided by the pulmonary capillaries is 
enonnous, at any instant the capillary 
vessels contain only from 70 to 100 
cubic centimeters of blood. This volume 
is almost identical with the volume 
of blood the right ventricle ejects with 
each contraction. Thus with each heart­
beat the reoxygenated blood in the pul­
monary capillaries is pushed on toward 
the left ventricle and venous blood re­
fills the capillaries. In the human body 
at rest each red blood cell remains in a 
pulmonary capillary for about three­
quarters of a second; during vigorous 
exercise the length of its stay is reduced 
to about a third of a second. Even this 
brief interval is sufficient, under normal 
conditions, for gas exchange. 

Electron microscopy reveals that the 
membrane in the lung that separates 
the gas-filled alveolus hom the blood­
filled capillary consists of three distinct 
layers. One is the alveolar epithelium, 
the second is the basement membrane 
and the third is the capillary endothe­
lium. The cellular structure of these 
layers renders between a quarter and a 
third of the membrane's 70 square me­
ters of surface too thick to be ideal for 
rapid gas exchange; over the rest of 
the area, however, the barrier through 
which the gas molecules must diffllse is 
very thin-as thin as .2 micron. Com­
parison of the gas-transfer rate in the 
body at rest with the rate during vig­
orous exercise provides a measure of 
the gas-exchange system's capacity. In 
the body at rest only 200 to 250 cubic 
centimeters of oxygen diffuse per min­
ute; in the exercising body the system 
can deliver as much as 5,500 cubic cen­
timeters per minute. 
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The combination of a large diffusion 
area and a short diffusion path is re­
sponsible for much of the lung's effi­
ciency in gas exchange, but an even 
more critical factor is the remarkable 
ability of the red blood pigment hemo­
globin to combine with oxygen. If plas­
ma that contained no red cells or he­
moglobin were substituted for normal 
blood, the adult human heart would 
have to pump 83 liters per minute 
through the pulmonary capillaries to 
meet the oxygen needs of a man at rest. 
(Even this assumes that 100 percent of 
the oxygen in the plasma is delivered to 
the tissues, which is never the case.) In 
contrast, blood with a normal amount 
of hemoglobin in the red cells picks up 
65 times more oxygen than plasma 
alone does; the heart of a man at rest 
need pump only about five and a half 
liters of blood per minute, even though 
the tisslles normally extract only from 20 
to 25 percent of the oxygen carried to 
the cells by the red blood corpuscles. 

Thc Nlechallics of Breathing 

J list as water inevitably runs down­
hill, so gases How from regions of higher 
pressure to those of lower pressure. In 
the case of the lung, when the total gas 
pressure in the alveoli is equal to the 
pressure of the surrounding atmosphere, 
no movement of gas is possible. For 
inhalation to occur, the alveolar gas 
pressure must be Icss than the atmo­
spheric pressure; for exhalation, the op­
posite must be the case. There are two 
ways in which the pressure difference 
required for the movement of air into 
the lungs can be created: either the 
pressure in the alveoli can be lowered 

below atmospheric pressure or the pres­
sure at the nose and mouth can be 
raised above atmospheric pressurc. In 
normal breathing man follows the for­
mer course; enlarging the thorax (and 
thus enlarging the lungs as well) enablcs 
the alveolar gas to expand until its pres­
sure drops below that of the slllTollnd­
ing atmosphere. Inhalation follows auto­
matically. 

The principal muscle for enlarging 
the thorax is the diaphragm, the large 
dome-shaped sheet of tissue that is 
anchored around the circumference of 
the lower thorax and separates the 
thoracic cavity from the abdominal 
cavity. When the muscle of the dia­
phragm contracts, the mobile central 
portion of the sheet moves downward, 
much as a piston moves in a cylinder. 
In addition, skeletal muscles enlarge 
the bony thoracic cage by increasing its 
circumference [see illustration on page 
59]. The lungs, of course, lie entirely 
within the thorax. They have no skeletal 
muscles and cannot increase their vol­
ume by their own efforts, but their 
covering (the visceral pleura) is closely 
linked to the entire inner lining of the 
thorax (the parietal pleura). Only a thin 
layer of fluid separates the two pleural 
surfaces; when the thorax expands, the 
lungs must follow suit. As the pressure 
of the alveolar gas drops below that of 
the atmosphere, the outside air flows in 
through the nose, mouth and tracheo­
bronchial air paths until the pressure is 
equalized. 

This kind of pulmonary ventilation 
requires work; the active contraction 
of the thoracic muscles provides the 
force necessary to overcome a series of 
opposing loads. These loads include the 

recoil of the elastic tissues of the thorax, 
the recoil of the elastic tissue of the 
lungs, the frictional resistance to the 
flow of air through the hundreds of 
thousands of ducts of the tracheobron­
chial tree, and the surface forces created 
at the fluid-gas interfaces in the alveoli 
[see "Surface Tension in the Lungs," by 
John A. Clements; SCIENTIFIC AMERI­
CAN, December, 1962] . 

In contrast to inhalation, exhalation 
is usually a passive process. During the 
active contraction of muscles that causes 
the enlargement of the thorax, the tis­
sues of thorax and lungs are stretched 
and potential energy is stored in them. 
The recoil of the stretched tissue and 
the release of the stored energy pro­
duce the exhalation. Only at very high 
rates of ventilation or when there is an 
obstruction of the tracheobronchial tree 
is there active contraction of muscles 
to assist exhalation. 

Artificial ventilation can be produced 
either by raising external gas pressure 
or by lowering internal pressure. Body 
respirators of the "iron lung" type lower 
the pressure of the air surrounding the 
thorax in part of their cycle of opera­
tion. As a consequence the volume of 
the thorax increases, the alveolar pres­
sure falls and, since the patient's nose 
and mouth are outside the apparatus, 
air at atmospheric pressure flows into 
his lungs. Later in the cycle the pres­
sure within the respirator rises; the 
volume of the thorax decreases and the 
patient exhales. 

Other types of artificial ventilation 
depend on raising the external pressure 
at the nose and mouth above the atmo­
spheric level. Some mechanical respira­
tors operate by supplying high-pressure 

RADIOACTIVE TRACERS such as xenon 133 can assess the per­

formance of the two components in the lungs' gas-exchange system. 

Inhaled as a gas (left), the xenon will be unevenly distributed if 

the air ducts are blocked; zones that are poorly ventilated will 

produce lower scintillation-ronnter readings than normal ones 

will. Injected in a solution into the bloodstream (right), the 

xenon will diffuse unevenly into the air sacs if the blood vessels are 

blocked. Such faulty blood circulation also causes low readings_ 
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REGULATION OF BREATHING is controlled not only by the 

lower brain but also by a variety of other receptor and reflex cen· 

ters. Portions of tbe pons and medulla of the lower brain (a) react 

to increases in acidity and carbon dioxide pressure. Other sensitive 
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cells are attached to the aorta and pulmonary artery (c) and the 

carotid artery (d). The spindle receptors of skeletal muscles (e) 

also affect breatbing, as do such external factors as temperature and 

vibration and such psychological ones as anxiety and wakefulness. 

© 1966 SCIENTIFIC AMERICAN, INC



air at rhythmic intervals to the nose or 
mouth or more directly to the trachea. 
In mouth-to-mouth resuscitation the 
person who administers the air conveys 
it to the person who receives it by con­
tracting his thorax and pushing air into 
the other person's lungs. Frogs can push 
air into their lungs by first filling their 
cheeks and then contracting their cheek 
muscles; some people whose respiratory 
muscles are paralyzed but whose head 
and neck muscles are not can learn to 
do this "frog breathing." 

Still another way to increase the 
amount of oxygen available to human 
tissues is to place a hospital patient in 
an oxygen tent, in which the concen­
tration of oxygen is increased, or to sup­
ply oxygen to him in a hyperbaric cham­
ber, in which the total gas pressure is 
increased to two or three atmospheres. 
The extra oxygen that is taken up by the 
blood under these circumstances may 
be of help if the patient's clinical prob­
lem requires for its correction only more 
oxygen in the blood and tissues; such is 
the case, for example, when a patient 
has an infection caused by anaerobic 
bacteria. But supplying oxygen in great­
er than normal amounts does not in­
crease ventilation and therefore cannot 
eliminate more carbon dioxide, nor does 
it increase the amount of blood being 
circulated. In the first instance, help in 
eliminating carbon dioxide is of prime 
importance in cases of pulmonary or 
respiratory disease; in the second, the 
tissues of patients with circulatory prob­
lems need not only more oxygen but 
also the added glucose, amino acids, 
lipids, white blood cells, blood platelets, 
proteins and hOlmones that can only be 
obtained from adequate blood Row. 

The Measurement of Lung Function 

Before the 1950's only a few tests of 
specific lung function had been devised. 
These included measurements of the 
amount of air in the lungs at the end 
of a full inhalation, the amount in the 
lungs at the end of a full exhalation, 
and the maximum amount exhaled after 
a full inhalation; these three volumes 
were known respectively as the total 
lung capacity, the residual volume and 
the vital capacity. In addition, some 
measurements had been made of the 
way in which gas was distributed 
throughout the tracheobronchial tree 
during inhalation by means of observing 
the dilution of a tracer gas such as heli­
um or the exhalation of nitrogen follow­
ing the inhalation of pure oxygen. Since 
the 1950's, however, pulmonary physi­
ologists have developed a number of 

new instruments and test techniques 
with which to measure objectively, rap­
idly and accurately not only lung vol­
ume and the distribution and diffusion 
of gases but also the pulmonary circula­
tion and the physical properties of the 
lung and its connecting air paths. 

One such new instrument is the 
plethysmograph (also known as the 
body box), which can measure the 
volume of gas in the lungs and thorax, 
the resistance to air Row in the bron­
chial tree and even the blood Row in 
the pulmonary capillaries. For the first 
measurement the subject sits in the box 
(which is airtight and about the size of 
a telephone booth) and breathes the 
supply of air in the box through a 
mouthpiece fitted with a shutter and 
a pressure gauge. To measure the vol­
ume of gas in the subject's lungs at any 
moment an observer outside the box 
triggers a circuit that closes the shutter 
in the mouthpiece and then records the 
air pressure both in the subject's lungs 
and in the body box as the subject at­
tempts to inhale; Boyle's law yields a 
precise measurement of the volume of 
gas in the subject's lungs. 

In order to measure the blood Row 
in the pulmonary capillaries the subject 
in the body box is provided with a bag 
that contains a mixture of 80 percent 
nitrous oxide and 20 percent oxygen. 
At a signal the subject inhales a single 
breath of this mixture and holds the 
breath for a few seconds. Nitrous oxide 
dissolves readily in the blood; as its 
molecules diffuse from the alveoli to 
enter the blood Rowing through the pul­
monary capillaries, the total number of 
gas molecules in the alveoli obviously 
decreases. But the nitrous oxide that 
dissolves in the blood does not increase 
the volume of the blood; therefore the 
total gas pressure must decrease as the 
nitrous oxide molecules are subtracted. 
Knowing the total volume of gas in the 
lungs, the volume of nitrous oxide and 
the solubility of nitrous oxide in the 
blood, one can calculate the Row of 
blood through the pulmonary capillaries 
instant by instant. These calculations 
can be used both to measure the amount 
of blood pumped by the heart-and thus 
to arrive at an index of cardiac per­
formance-and to detect unusual resist­
ance to blood Row through the pulmo­
nary capillaries. 

To measure resistance to air Row in 
the bronchial tree the subject in the 
body box is instructed to breathe the 
air about him without any interruption 
while the observer continuously records 
changes in pressure in the box. One 
would expect that in a closed system 

the mere movement of 500 cubic centi­
meters of gas from the supply in the 
box into the lungs of a subject also 
in the box would not bring about any 
overall change in pressure. In actuality 
the pressure in the box increases. The 
reason is that gas can Row only from a 
region of higher pressure to a region of 
lower pressure. The subject cannot in­
hale unless the pressure of the gas in 
his lungs is lower than the pressure of 
the gas in the box; therefore the mole­
cules of gas in his lungs during inhala­
tion must occupy a greater volume than 
they did in the box before inhalation. 
The expansion of the subject's thorax, 
in turn, compresses-and thus is the 
equivalent of adding to-the rest of the 
gas in the body box; the effect is re­
versed as the thorax contracts during 
exhalation. An appropriately calibrated 
record of these pressure changes makes 
it possible for the pressure of the gas 
in the subject's alveoli to be calculated 
at any moment in the respiratory cycle. 
This test can be used to detect the in­
creased resistance to air Row that arises 
in patients with bronchial asthma, for 
example, and to evaluate the effective­
ness of antiasthmatic drugs. 

Another useful instrument for the 
study of lung function is the nitrogen 
meter, developed during World War II 
by John C. Lilly at the University of 
Pennsylvania in order to detect leaks in 
or around aviators' oxygen masks. The 
instrument operates as an emission spec­
troscope, continuously sampling, analyz­
ing and recording the concentration of 
nitrogen in a mixture of gases; its lag 
is less than a tenth of a second. Pul­
monary physiologists use the nitrogen 
meter to detect uneven distribution of 
air within the lung. Assume that when 
one breathes ordinary air, the lungs 
contain 2,000 cubic centimeters of gas, 
80 percent of which is nitrogen. If 
one next inhales 2,000 cubic centimeters 
of pure oxygen, and if this oxygen is 
distributed uniformly to the millions of 
alveoli, each alveolus should now con­
tain a gas that is only 40 percent nitro­
gen instead of the former 80 percent. 
If, however, the 2,000 cubic centimeters 
of oxygen are not evenly distributed, 
some alveoli will receive less than their 
share, others will receive more, and the 
composition of the alveolar gas at the 
end of the oxygen inhalation will be de­
cidedly nonuniform. In the alveoli that 
receive the most oxygen the proportion 
of nitrogen may be reduced to 30 per­
cent; in those that receive little oxygen 
the proportion of nitrogen may remain 
as high as 75 percent. 

It is impossible to put sampling 
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BAFFLE SYSTEM protects the lung's interior from intrusion by 

particles of foreign matter. Hairs in the nose and the convolutions 

of the turbinate bones (a) entrap most particles larger than 10 
microns in diameter. Particles of from two to 10 microns in 

diameter usually settle on the walls of the trachea, the bronchi or 

64 

TRAPPED 
PARTICLES 

the hronchioles, where the escalator action of mucus·covered cilia 

(b) carries them up to the pharynx for expulsion. Particles smaller 

than two microns in diameter reach the lung's air sacs (e). Some 

are engulfed by scavenger cells; others are carried to the nearest 

lymph node. Any that remain .may cause fibrous tissue to form. 
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needles into thousands of alveoli in 
order to determine what mixture of gas 
each of them contains, but the nitrogen 
meter easily samples and analyzes the 
gas leaving the alveoli as the subject ex­
hales. The Rrst part of the exhaled gas 
comes from the outermost part of the 
tracheobronchial tree; it contains pure 
oxygen that has not traveled far enough 
down the conducting air path to mix 
with any alveolar gas. The second part 
of the exhalation shows a rapidly rising 
concentration of nitrogen; it represents 
alveolar gas that has washed some pure 
oxygen out of the conducting air path 
during exhalation and has mixed with it 
in the process. Once the conducting air 
path has been washed clear of oxygen, 
the remainder of the exhalation will be 
entirely"'-alveolar gas. Analysis of the 
amount of nitrogen in the third part of 
the exhalation quickly shows whether 
or not the oxygen is distributed uni­
formly. If the distribution is unifOlID, 
the nitrogen-meter record for this part 
of the exhalation will be a horizontal 
line: from beginning to end the alveo­
lar gas will be 40 percent nitrogen. If, 
on the other hand, the distribution is 
uneven, the nitrogen-meter record for 
the third part of the exhalation will rise 
continuously because the Rrst part of 
the alveolar gas will come from well­
ventilated areas of the lung and the last 
from poorly ventilated ones. In less than 
a minute the nitrogen meter can sepa­
rate individuals with uneven ventila­
tion from individuals whose ventilation 
is normal. 

Having discovered by means of the 
nitrogen meter that a subject suffers 
from uneven ventilation somewhere in 
his lungs, the pulmonary physiologist 
can now use radioactive gases to de­
termine exactly where the unevenness 
lies. The subject inhales a small amount 
of a relatively insoluble radioactive gas 
such as xenon 133 and holds his breath. 
A battery of three radiation counters on 
each side of the thorax measures the 
amount of radioactivity in the alveolar 
gas contained in the upper, middle and 
lower portions of each lung. Well­
ventilated lung areas show a high level 
of radioactivity; poorly ventilated areas, 
a low le'ud. 

Radia'tion-counter readings can also 
be used to measure the uniformity of 
blood flow through the pulmonary capil­
laries. In order to do this the radioactive 
xenon is dissolved in a saline solution 
and the solution is administered intra­
venously. As it flows through the pul­
monary capillaries the xenon comes out 
of solution and enters the alveolar gas. 
A high local concentration of xenon is 

an indication of a good flow of blood in 
that area; a low concentration indicates 
the contrary. 

Another use of radioactive tracers to 
check on blood circulation involves the 
deliberate clogging of some Rne pul­
monary blood vessels. Radioactive al­
bumin is treated so that it forms clumps 
that are about 30 microns in diameter­
a size somewhat larger than the pulmo­
nary capillaries or the vessels that lead 
into them. When the clumps are ad­
ministered intravenously, they cannot 
enter blood vessels that are obstructed 
by disease; instead they collect in the 
parts of the lung with good circulation, 
where they block some of the Rne ves­
sels for a few hours. The whole thorax 
can now be scanned for radioactivity; 
in 10 or 20 minutes the activity of 
the albumin produces a clear image 
in which the regions of the lung with 
good pulmonary blood flow are clearly 
delineated. 

Still another test, which measures the 
rate of gas exchange across the alveolar 
membrane, is made possible by the fact 
that hemoglobin has an extraordinary 
capacity for combining with carbon 
monoxide. The subject inhales a very 
low concentration of this potentially 
toxic gas. The carbon monoxide mole­
cules diffuse across the capillary mem­
branes and combine with the hemoglo­
bin in the red blood cells. Assuming 
a normal amount of blood in the pul­
monary capillaries, the rate at which 
the carbon monoxide disappears from 
the alveolar gas is directly proportional 
to its rate of diffusion. Unlike the some­
what similar test involving nitrous oxide, 
the carbon monoxide test measures only 
the rate of gas diffusion, not the rate 
of capillary blood flow. The affinity be­
tween the gas and the hemoglobin is so 
great that, even if the circulation of the 
blood were briefly halted, the stagnant 
red blood cells could still absorb carbon 
monoxide. A slow rate of carbon mon­
oxide diffusion therefore indicates that 
the alveolar membranes have become 
thickened or that some abnormal fluid 
or tissue is separating many of the 
alveoli from the pulmonary capillaries. 

The Regulation of Ventilation 

The blood and air pumps that feed 
the lung's gas-exchange apparatus must 
be able to vary their performance to suit 
environments that range from sea level 
to high altitudes and activities that 
range from complete rest to violent 
exercise. Whatever the circumstances, 
exactly the right amount of oxygenated 
blood must be provided to meet the 

body's needs; to achieve this result 
responsive decision centers in the body, 
controlling both respiration and circula­
tion, must not only be supplied with 
the necessary information but also pos­
sess the capacity to enforce decisions. 

The Rrst of these respiratory control 
centers was discovered by Cesar Legal­
lois of France in 1811. He found that 
if the cerebrum, the cerebellum and 
part of the upper brain stem were re­
moved from a rabbit, the animal's 
breathing remained rhythmic, but that 
if a small region of the lower medulla 
was damaged or removed, breathing 
ceased. In the century and a half since 
Legallois' time physiologists have con­
tinued to accord this region of the brain 
-a group of interconnected nerve cells 
in the lower medulla-the paramount 
role in the control of respiration. This 
is not, however, the only region of the 
brain concerned with the regulation of 
breathing; there are chemically sensi­
tive regions near the lateral surfaces of 
the upper medulla that call for an in­
crease in ventilation when their carbon 
dioxide pressure or their acidity in­
creases. Some other parts of the me­
dulla, the cerebral cortex and the part 
of the' brain called the pons can also 
influence respiration. 

In addition to these areas in the brain 
a variety of respiratory receptors, inter­
connecting links, pathways and reflexes 
are found elsewhere in the body. Chem­
ically sensitive cells in the regions of 
the carotid artery and the aorta ini­
tiate reflexes that increase respiration 
when their oxygen supply is not suf­
Rcient to maintain their metabolic needs 
or when the local carbon dioxide pres­
sure or acidity increases. Stretch-sensi­
tive receptors in the major arteries act 
through reflexes to increase or de­
crease respiration in response to low or 
high arterial blood pressure. Other re­
ceptors in the circulatory system, sensi­
tive both to chemical stimuli and to 
mechanical deformation, can set off re­
flexes that slow or stop bre·athing. Res­
piration can also be regulated by the 
degree of inflation or deflation of the 
lungs, by the individual's state of wake­
fulness or awareness, by the concentra­
tion of certain hormones in the blood 
and by the discharge of the special sen­
sory receptors known as spindles in 
skeletal muscles (including the respira­
tory muscles themselves). 

vVe still do not know how some or all 
of these central and peripheral com­
ronents interact to achieve the most 
important (and the most frequent) 
change in ventilation: the change that 
takes place when the body's metabolic 
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activity increases. We know that during 
exercise both the body's oxygen con­
sumption and its carbon dioxide produc­
tion increase, and that so does the rate 
of ventilation.  It is therefore logical to 
assume that ventilation is regulated by 
receptors somewhere in the body that 
are sensitive to oxygen or to carbon 
dioxide or to both. A puzzling fact re­
mains: mild and even moderate exercise 
simply does not decrease the amount 
of oxygen or increase the amount of 
carbon dioxide in the arterial blood, yet 
the respiration rate rises. What causes 
this increase, which is enough to satisfy 
both the ordinary needs of the body and 
the extraordinary needs of exercising 
muscles? No one knows. 

The Upper Respiratory Tract 

In the course of taking from four to 
10 million breaths a year each individ­
ual draws into the alveoli of his lungs 
air that may be hot or cold, dry or 
moist, possibly clean but more probably 
dirty. Each liter of urban air, for ex­
ample, contains several million particles 
of foreign matter; in a day a city-dwell­
ing adult inhales perhaps 20 billion such 
particles. What protects the lungs and 
the air ducts leading to them from air 
with undesirable physical characteristics 
or chemical composition? Sensory re­
ceptors in the air ducts and the lungs 
can initiate protective reflexes when 
they are suitably stimulated; specialized 
cells can also engulf foreign particles 
that have penetrated far into the lung. 
The main task of protecting the lungs, 
however, is left to the upper respiratory 
tract. 

The nose, the mouth, the oropharynx, 
the nasopharynx, the larynx, the trachea 
and those bronchi that are outside the 
lung itself together constitute the up­
per respiratory tract. Although the ob­
vious function of this series of pas­
sages is to conduct air to' and from the 
lung, the tract is also a sophisticated air 
conditioner and filter. It contains built­
in warning devices to signal the pres­
ence of most pollutants and is carpeted 
with a remarkable escalator membrane 
that moves foreign bodies upward and 
out of the tract at the rate of nearly 
an inch a minute. Within quite broad 
limits the initial state of the air a man 
breathes is of little consequence; thanks 
to the mediation of the upper respira­
tory tract the air will be warm, moist 
and almost free of particles by the time 
it reaches the alveoli. 

The first role in the conditioning 
process is played by the mucous mem­
brane of the nose, the mouth and the 

pharynx; this large surface has a rich 
blood supply that warms cold air, cools 
hot air and otherwise protects the al­
veoli under a wide range of conditions. 
Experimental animals have been ex­
posed to air heated to 500 degrees 
centigrade and air cooled to -100 de­
grees C. ;  in both instances the trip 
through the respiratory tract had cooled 
or warmed the air almost to body tem­
perature by the time it had reached 
the lower trachea. 

The upper respiratory tract also filters 
air. The hairs in the nose block the 
passage of large particles; beyond these 
hairs the involuted contours of the nasal 
turbinate bones force the air to move 
in numerous narrow streams, so that 
suspended particles tend to approach 
either the dividing septum of the nose 
or the moist mucous membranes of the 
turbinates. Here many particles either 
impinge directly on the mucous mem­
branes or settle there in response to 
gravity. 

The filter system of the nose almost 
completely removes from the air parti­
cles with a diameter larger than 10 
microns. Particles ranging in diameter 
from two to 10 microns usually settle on 
the walls of the trachea, the bronchi 
and the bronchioles. Only particles be­
tween .3 micron and two microns in 
diameter are likely to reach the alveolar 
ducts and the alveoli. Particles smaller 
than .3 micron, if they are not taken up 
by the blood, are likely to remain in 
suspension as aerosols and so are washed 
out of the lungs along with the exhaled 
air. 

Foreign bodies that settle on the 
walls of the nose, the pharynx, the 
trachea, the bronchi and the bronchioles 
may be expelled by the explosive blast 
of air that is generated by a sneeze or 
a cough, but more often they are re­
moved by the action of the cilia. These 
are very primitive structures that are 
found in many forms of life, from one­
celled organisms to man. Resembling 
hairs, they are powered by a contractile 
mechanism; in action each cilium makes 
a fast, forceful forward stroke that is 
followed by a slower, less forceful re­
turn stroke that brings the cilium into 
starting position again. The strokes of a 
row of cilia are precisely coordinated 
so that the hairs move together as a 
wave. The cilia of the human respiratory 
tract do not beat in the open air; they 
operate within a protective sheet of the 
mucus that is secreted by glands in the 
trachea and the bronchi. The effect of 
their wavelike motion is to move the en­
tire mucus sheet-and anything trapped 
on it-up the respiratory tract to the 
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pharynx, where it  can be swallowed or 
spat out. 

The ciliary escalator is in constant 
operation; it provides a quiet, unobtru­
sive, round-the-clock mechanism for the 
removal of foreign matter from the 
upper respiratory tract. The speed of 
this upward movement depends on the 
length of the cilia and the frequency of 
their motion. Calculations show that a 
cilium that is 10 microns long and that 
beats 20 times per second can move the 
mucus sheet 320 microns per second, or 
19 .2  millimeters per minute. Speeds of 
16 millimeters per minute have actu­
ally been observed in experiments. 

In spite of all such preventive mea­
sures some inhaled particles-particu­
larly those suspended in fluid droplets­
manage to pass through the alveolar 
ducts and reach the alveoli. How do 
these deeper surfaces, which have no 
cilia or mucous glands, cleanse them­
selves? The amoeba-like lymphocytes of 
the bloodstream and their larger rela­
tives the macrophages engulf and digest 
some particles of foreign matter. They 
can also surround the particles in the 
air ducts and then ride the mucus 
escalator up to the nasopharynx. Other 
particles may pass into lymphatic ves­
sels and come to rest in the nearest 
lymph nodes. Some remain permanently 
attached to the lung tissue, as the dark­
ened lungs of coal miners demonstrate. 
Many such intrusions are essentially 
harmless, but some, for example parti­
cles of silica, can result in the formation 
of tough fibrous tissue that causes serious 
pulmonary disease. 

The filtration mechanism of the upper 
respiratory tract can thus be credited 
with several important achievements. It 
is responsible for the interception and 
removal of foreign particles. It can re­
move bacteria suspended in the air and 
also dispose of bacteria, viruses and 
even irritant or carcinogenic gases when 
they are adsorbed onto larger particles. 
Unless the filter system is overloaded, 
it keeps the alveoli practically sterile. 
This, however, is not the only protec­
tion the lungs possess. Among the reflex 
responses to chemical or mechanical 
irritation of the nose are cessation of 
breathing, closure of the larynx, con­
striction of the bronchi and even slow­
ing of the heart. These responses are 
aimed at preventing potentially harm­
ful gases from reaching the alveoli and, 
through the alveoli, the pulmonary 
circulation. 

In many animals, for instance, the 
act of swallowing results in reflex closure 
of the glottis and the inhibition of res­
piration. Because the pharynx is a pas-

sageway both for air and for food and 
water, this reflex prevents food or water 
from entering the respiratory passages 
during the journey from the mouth to 
the esophagus. Because the reflex does 
not operate during unconsciousness it is 
dangerous to try to arouse an uncon­
scious person by pouring liquids such 
as alcohol into his mouth. 

When specific chemical irritants pene­
trate beyond the larynx, the reflex re­
sponse is usually a cough combined 
with bronchial constriction. Like the 
swallowing reflex, the cough reflex is 
depressed or absent during unconscious­
ness. It also is less active in older peo­
ple; this is why they are more likely to 
draw foreign bodies into their lungs. 

Bronchial constriction is a response 
to irritation of the air paths that is less 
obvious than a cough. When the con­
centration of dust, smoke or irritant gas 
is too low to elicit the cough reflex, this 
constrictive increase in air-path resist­
ance is frequently evident. Smoking a 
cigarette, for example, induces an im­
mediate twofold or threefold rise in air­
path resistance that continues for 10 to 
30 minutes. The inhalation of cigarette 
smoke produces the same effect in 
smokers and nonsmokers alike. It does 
not cause shortness of breath, as asthma 
does; the air-path resistance must in­
crease fourfold or fivefold to produce 
that effect. Nor has the reflex anything 
to do with nicotine; no increase in air­
path resistance is caused by the inhala­
tion of nicotine aerosols, whereas ex­
actly the same degree of resistance is 
induced by smoking cigarettes with a 
normal (2 percent) or a minimal ( .5  
percent) nicotine content. The reflex is 
evidently triggered by the settling of 
particles less than a micron in diameter 
on the sensory receptors in the air path. 

Other air pollutants-irritant gases, 
vapors, fumes, smokes, aerosols or small 
particles-may give rise to a similar 
bronchial constriction. It is one of the 
ironies of man's urban way of life that 
exposure to the pollutants that produce 
severe and repeated bronchial constric­
tion results in excessive secretion of 
mucus, a reduction in ciliary activity, 
obstruction of the fine air paths and 
finally cell damage. These circumstances 
enable bacteria to penetrate to the 
alveoli and remain there long enough to 
initiate infectious lung disease . They 
are also probably a factor in the devel­
opment of such tracheobronchial dis­
eases as chronic bronchitis and lung 
cancer. Thus man's advances in material 
culture increasingly threaten the air 
pump that helped to make his evolu­
tionary success possible. 
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" POLAROID" A N D  "POLACOLOR"ti) 

1.  Static test of a j et engine at A VCO' s Research and Advanced Development D ivision. 
2. Titan i u m  dioxide magn ified 200X under polarized light. 
3. lOX macrophotograph (of a resistor) used in quality-control tests . 
4. Il lustration of an anemone for a garden catalog. 
5. Automatic butt welder joining bimetall ic  strips into a continuous length . 

6. Stress-analys is picture of plastic models under 80 psi press ure photographed i n  
polarized light. 

7. Illu stration for a costume j ewelry advertisement. 
8. A diatom from Oamar u ,  New Zealand, magn ified 100X. 
9. Ca1'assius auratus.  

10.  Employee identification picture (one exposu re) made with an Avant QUAD Camera, 
1 1 .  Flu orescence photomicrograph of a cross section of canine tibia, showing th e  s ite 

of active bone growth (69X).  
12. Hardinge S u per-Precision high-speed lathe. 
13. Photomicrograph ( l OOX) of differential staining of starch grains with vegetable dyes. 
14. Pectus excavatu m  operation performed at Andrews Air Force Base Hospital. 

15. P reliminary bonding of ingots in the forming of bimetall ic strips at Metals and 
Controls D ivis ion of Texas Instruments. 

16. H u man larynx section (Trichrome stain) at 1 0 0 X  by Leo Goodman, 
Mallory Institute of Pathology. 

17. Plasma-jet experiment u sed i n  high-temperature research. 
18. Magaz ine i l lustration by advertising photographer, W ingate Paine.  
19. White i ron photographed at 400X u nder polarized l ight. 
20. Gross specimen of a human gall bladder photographed at the Free Hospital for 

Women, B oston. 

2 1 .  Research photomicrograph of a corros ion pit in  cast bronze (50X). 
22. P re-flight check on an F-86 Sabrejet, Massachusetts ANG, 1 02nd Tactical F ighter Wing. 
23. P roboscis of a Calliphora blowfly at a magnification of 100X. 
24. Frictionless ruby bearing (with a gold-plated race) for a missile, lOX macro photograph 

by New Hampshire B all B earing Co. 
25. B eta bromopropionic acid crystals viewed between crossed polarizers (70X). 

Do you still think 60-second Polacolor film is just for snapshots? 
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INTERGRANULAR CRACK caused by stress-corrosion appears 

as a network of heavy black lines running between the grains of 

a specimen of stainless steel in the photomicrograph above. The 

crack arises at the top. The specimen is enlarged 400 diameters. 
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TRANSGRANULAR CRACK also caused by stress·corrosion is 

similarly enlarged 400 diameters in the photomicrograph below. 

The crack's network of lines arises at the top of the micrograph 

and proceeds through interior of grains instead of between them. 
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STRESS-CORROSION FAILURE 

In some chemical environments alloys give way under stresses it \vas 

assumed they could bear. The importance of this phenomenon increases 

with the growing diversity of circumstances in \vhich alloys are used 

M
en have come to stake their lives 

in many ways on the strength 
and reliability of metals. Oc­

casionally, to our dismay, metal struc­
tures give way under stresses they were 
assumed to be able to bear. These sud­
den breakdowns can generally be traced 
to one of three causes: fatigue, which 
results from the repeated application 
of a relatively small stress; creep, a 
slow deformation that usually occurs at 
higher temperatures, and stress-corro­
sion failure, a weakness peculiar to al­
loys in some chemical environments. 
There are other types of failure caused 
by the incompatibility of a metal and its 
environment, but stress-corrosion failure 
is the most widespread and significant. 

Incidents of stress-corrosion failure 
were first recorded in the 19th century 
by jewelers who observed that their 
cheaper gold alloys became brittle when 
exposed to certain solutions containing 
chloride ions. At the beginning of this 
century the phenomenon received wider 
notice when the brass cases of cartridges 
issued to the British army developed 
curious cracks on their arrival in India. 
Because the tendency to crack was 
greatest during the rainy season, the 
weakness was first known as "season" 
cracking. It was eventually shown that 
the cracking was caused by the com­
bined action of traces of ammonia in the 
moist atmosphere and stresses remain­
ing in the cartridge cases from the time 
of fabrication. If either the ammonia 
or the residual stresses were removed, 
the tendency to crack was eliminated. 
Once it was established that stress and 
a corrosive environment must act to­
gether to induce cracking, the more de­
scriptive term "stress-corrosion" cracking 
was adopted. It is now known that 
stress-corrosion affects many alloys and 
has caused the explosion of boilers, the 

by Peter R. Swann 

failure of aircraft parts and metal im­
plants in the human body and costly 
breakdowns in nuclear reactors and 
chemical and manufacturing plants. 
The phenomenon is not restricted to 
metals; it occurs in plastics exposed 
under stress to some organic chemicals, 
and also in glasses subjected to stress in 
the presence of steam. 

I-loW does the environment of an alloy 
initiate a fracture and enable it 

to propagate even under a small stress? 
To this basic question can be added 
many others. Why are metals of high 
purity immune to stress-corrosion crack­
ing? (In some cases only a few hun­
dredths of 1 percent of impurity is re­
quired to make a metal susceptible.) 

Why do some environmental conditions 
cause cracking in one alloy and not in 
others? (Brasses, for example, fail when 
subjected to stress in the presence of 
ammonia, but copper-gold alloys do 
not.) Is the role played by corrosion es­
sential to the failure? In many instances 
the degree of chemical attack from the 
environment is small, and sometimes no 
evidence of corrosion is visible to the 
unaided eye. Research into these ques­
tions has called for the application both 
of physical metallurgy (the study of 
mechanical properties such as strength 
and ductility) and electrochemistry (the 
relation of chemical changes to the flow 
of electricity). Ultimately both disci­
plines are concerned with the nature of 
events taking place on the atomic scale. 

• 

• 

. 
ATOMS AT TIP OF CRACK in a crystalline solid are represented schematically. One the­

ory of stress-corrosion failure holds that certain ions from atmosphere (black) can pene­

trate to atoms at tip of crack and become strongly adsorbed, thus lowering the binding 

energy between these atoms and enabling the crack to propagate at an unusually low stress. 
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Although it is not usually obvious 
from their external shape, solid metals 
are crystalline; that is, their atoms are 
arranged in a regular three-dimensional 
array. In order to visualize how a 
crystalline structure would fracture we 
must consider the arrangements of 
atoms that would prevail at the tip, or 
leading edge, of a crack [see illllstmtiol1 
on preceding page J. The atoms at the 
surface of the crystalline structure are 
not bonded on all sides, and conse­
quently their energy is greater than the 
energy of the atoms inside the structure. 
This excess energy is termed surface 
energy. The atoms at the tip of the 
crack, which are displaced by the stress 

1 

from their normal position, are in an 
intermediate energy state. Their excess 
energy is called elastic energy, and it 
can be increased to the level of surface 
energy by increasing the stress. A 
further increase in elastic energy will 
cause these atoms to move into posi­
tions characteristic of surface atoms and 
will allow the crack to advance a dis­
tance equivalent to the diameter of a 
few atoms. 

The magnitude of the surface energy 
can be measured, and from it the value 
of the stress required to propagate the 
fracture can be calculated. This sim­
plified method of determining the stress 
required for the propagation of a crack 

provides a somewhat low estimate be­
cause it does not take into account the 
fact that metals commonly undergo 
some plastic deformation before frac­
ture. But even if we use the underesti­
mated capacities of metals determined 
by this method, we find that stress­
corrosion failure of an alloy ordinarily 
occurs at stresses of less than a hun­
dredth of the load the alloy is assumed 
to be capable of sustaining. 

I-loW can fracture occur at so small a 
stress? One view is that the chemi­

cal environment has a considerable in­
fluence on the surface energy of the 
susceptible alloy. It is believed that cer-

DISLOCATION is a defect involved in the stress·corrosion crack. 

ing of alloys. The edge dislocation, represented by the inverted 

T·shaped symbol, occurs where a plane of atoms is ahsent from the 

crystal lattice (panel at tap left). When a small shearing force is ap· 

plied, a simple flip in atomic bonding makes the dislocation jump 

one cell to the right (top right). Ultimately the dislocation reaches 

the edge of the crystal, producing a unit slip, or slip step. Plastic de· 

formation of the metal involves many such slip steps in sequence. 
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tain ions in the environment can diffuse 
to the tip of the crack and be adsorbed 
there and on the nearby walls. The ad­
sorbed ions would lower the binding 
energy between surface atoms to the ex­
tent that crack propagation could occur 
at small stresses with little plastic de­
formation. This theory would explain 
the specific effectiveness of stress-corro­
sion environments. For any particular 
alloy only a few ions ordinarily present 
in the environment would be sufficiently 
small to diffuse to the tip of the crack 
(the radius of which would be on the 
order of the distance between the atoms 
of the alloy) and would also be capable 
of being adsorbed to the surface of the 
alloy. The theory holds up when it is 
applied to the environmentally induced 
fracture of nonmetals and to the crack­
ing of pure metals and alloys in the 
presence of liquid metals. It does not 
explain, however, the very slow rates 
of stress-corrosion cracking in water so­
lutions and the absence of such failure 
in pure metals. 

A competing theory of stress-corro­
sion cracking proposes that fracture 
begins and proceeds with the electro­
chemical dissolution of the alloy along 
particularly reactive paths to form pits 
that eventually deepen into tunnels. The 
development of many corrosion tunnels 
would weaken the alloy so that a crack 
could be propagated by a small stress. 
One of the main premises of this theory 
is the existence of paths of enhanced 
reactivity throughout the susceptible 
alloy. After stress-corrosion failure oc­
curs the path of a crack can be ex­
amined; often we find that the crack 
has followed the boundary between the 
adjoining grains, or small single crystals, 
that make up the metal. This inter­
granular fracture is readily explained. 
The distribution of elements in an alloy 
is not homogeneous, and the composi­
tion at or near a given grain boundary is 
different from the average composition 
of the alloy as a whole. Accordingly the 
chemical reactivity of the grain-bound­
ary region is high. 

In many alloys that are susceptible to 
stress-corrosion failure, however, the 
fracture path shows no preference for 
grain boundaries at all. In fact, stress­
corrosion cracks can be produced il� 
large single crystals of the susceptible 
alloys. This type of fracture, called 
trans granular fracture, is not so readily 
explained. Why do cracks propagate 
across the grains in some alloys? In 
an attempt to discover the nature of the 
transgranular paths the author, working 
under J. Nutting at the University of 

DISLOCATION "TANGLES" produced by deforming a specimen of pure copper are en­

larged some 22,000 diameters in this electron micr-ograph. The image of an individual 

dislocation is some 50 atoms in width; in the micrograph each dislocation appears as a short 

dark line. The distribution of tangled dislocations is typical of pure metals and dilute alloys. 

PLANE ARRAYS OF DISLOCATIONS is characteristic of their distribution in many con­

centrated alloys. This electron micrograph enlarges some 20,000 diameters tbe dislocations 

left after deformation of a concentrated copper alloy. The pattern suggests that during de­

formation groups of dislocations move one behind the other on well-defined planes. 
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CORROSION TUNNELS develop from pits on the surface of an alloy that elongate in the 

direction of closest atomic packing (toward bottom right in this case). Tuunels are some 

250 atoms in diameter; this micrograph of an alloy enlarges them some 100,000 diameters. 

LININGS OF TUNNELS, the needle·like objects in this micrograph, were made to cling to 

an oxide replica of a stainless· steel surface while the alloy in which they had formed was 

selectively dissolved. The micrograph was made by N. A. Nielsen at the Experimental Sta· 

tion of E. I. du Pont de Nemours and Company in Wilmington, Del. It indicates that corro· 

sion tunnels are nucleated (that is, they form initially) in rows on the surface of the alloy. 
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Cambridge and later with Howard 
Pickering and David Embury at the 
Edgar C. Bain Laboratory for Funda­
mental Research of the United States 
Steel Corporation in Monroeville, Pa., 
employed the technique of transmission 
electron microscopy to examine sus­
ceptible alloys at magnifications large 
enough to resolve most crystal defects. 

This technique involves reducing the 
specimen to a thickness of about 500 
atoms. Electrons accelerated to high 
velocities can then be caused to pene­
trate the specimen and make visible the 
defects in the crystal lattice. The kind 
of defect of immediate interest to us 
is called a dislocation. Such a defect is 
created when one part of a crystal is 
displaced with respect to the rest [see 
illustration on page 74]. The boundary 
of the region that slips-the dislocation 
line-can be made to move over a crystal 
plane (called a slip plane) by the action 
of an external stress. The growth of the 
slipped region is complete when the dis­
location line passes through the crystal 
surface to form a step. It is the mo­
tion of dislocations that allows a metal 
to be defOtmed in a ductile manner, 
but since the slip associated with each 
dislocation is only of atomic dimensions, 
the motion of billions of dislocations per 
cubic inch of metal is needed to pro­
duce even a slight plastic deformation. 
Fortunately for investigators of metals 
a dislocation is visible in a micrograph 
made with the electron microscope be­
cause the distorted crystal lattice near 
the axis of the dislocation diffracts the 
illuminating electron beam more strong­
ly than the undistorted crystal that sur­
rounds it. The dislocation thus appears 
as a thin dark line. 

Our initial experiments compared the 
structure of deformed copper alloys 

of different composition. Specifically we 
sought to determine why dilute alloys­
that is, alloys containing relatively little 
of the alloying element or elements-do 
not show transgranular cracks when 
they fail by stress-corrosion, whereas the 
more concentrated alloys do. In some of 
the electron micrographs we made we 
observed a striking effect of the con­
centration of the alloying element (or 
elements) on the distribution of disloca­
tions in copper alloys. At a low concen­
tration the dislocations form tangles 
with a cellular configuration; at a con­
centration high enough for transgranular 
stress-corrosion cracks to occur the dis­
locations move one behind the other in 
groups on well-defined planes [see bot­
tom illustration on preceding page]. Ap-

© 1966 SCIENTIFIC AMERICAN, INC



parently transgranular cracks are formed 
only when the deformation takes place 
in this way. 

The correlation of groups of dislo­
cations in planes and the formation of 
transgranular cracks has been found 
to apply to many alloys susceptible to 
stress-corrosion failure. One such alloy 
of iron, which contains chromium, nickel 
and small but important amounts of 
nitrogen and carbon, is a stainless steel 
with a useful property: its crystal struc­
ture changes when the alloy is cooled to 
the temperature of liquid air. The room­
temperature form, called austenite, is 
susceptible to transgranular cracking in 
a solution of boiling saturated magne­
sium chloride, but the low-temperature 
form, called martensite, does not fail in 
the presence of this solution. By slowly 
lowering the temperature we can ob­
tain a specimen of this stainless steel 
that is partially transformed from aus­
tenite to martensite; thus we can direct­
ly compare the distribution of dislo­
cations in the austenite and martensite 
structures. The dislocations of the mar­
tensite structure do not form in planes, 
but dislocations in the austenite struc­
ture do. Since no local changes in chemi­
cal composition can occur during the 
low-temperature transformation from 
austenite to martensite, it is clear that 
susceptibility to stress-corrosion crack­
ing depends on some physical charac­
teristic of the susceptible alloy. 

These early experiments led us to 
suppose that the plai-Je groups of dis­

locations might themselves provide the 
reactive path in cases of trans granular 
cracking. To test this idea we exposed 
specimens of various alloys to stress 
in corrosive environments, so that we 
could observe with the electron micro­
scope the first stage of chemical attack. 
To our disappointment the plane groups 
of dislocations were not attacked pref­
erentially; instead attack occurred ran­
domly over the surface of the suscepti­
ble alloys, taking the form of pits that 
ranged from 20 to 500 atoms in diam­
eter. The pits continued to grow in the 
direction of the most closely spaced 
atoms of the crystal structure, elongat­
ing into tunnels. The rate at which the 
tunnels developed was quite high; it 
was comparable to the known rate at 
which cracks propagate during stress­
corrosion failure. 

Corrosion tunnels have also been re­
vealed in electron micrographs made by 
N. A. Nielsen of the Experimental Sta­
tion of E. I. du Pont de Nemours and 
Company in Wilmington, Del. Nielsen 

" 

/ 

EARLY EFFECT OF CORROSION, the formation of pits (rows of black dots), is shown 

directly on the surface of a stainless steel. The dislocations (black lines) create slip steps 

that serve as nuclei for pits. The slip steps themselves cannot be seen in this micrograph. 

FINAL EFFECT OF CORROSION on a thin specimen of alloy is a slot that pierces it. Cor­

rosion slots are formed by tunnels merging; two appear in this micrograph (white regions). 

SLIP TRACES, the paths made by movement of dislocations, appear as long dark lines and 

dislocations as short vertical lines in this micrograph. A stressed alloy was immersed in a 

solution that liberated tiny particles of platinum (black dots) when it decomposed. The 

presence of these particles near the slip traces indicates an area of enhanced reactivity. 
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UNPROTECTED SURFACE of a freshly deformed stainless-steel specimen was exposed to 

a solution that decomposed so as to liberate platinum particles at the chemically active 

slip steps (straight dark lines)_ Slip steps in any grain of the alloy are approximately paralleL 
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PROTECTED SURFACE of a stainless-steel specimen that had been deformed before it was 

immersed and stressed i� a solution known to cause stress-corrosion failure was also exposed 

to a solution that liberated platinum particles_ These deposited in a random way rather 

than near the slip steps_ It appears that only newly formed slip steps are chemically reactive_ 

78 

developed a technique for examll1l11g 
stress-corrosion cracks in stainless steels 
that involves oxidizing the surface of 
the corroded specimen and then dis­
solving the underlying metal. This pro­
cedure leaves an oxide replica of the 
surface, approximately 200 atoms thick, 
to which any corrosion products would 
adhere. The linings of the tULlI1els are of 
course corrosion products, and so Niel­
sen was able to isolate them and make 
micrographs of them. They appeared as 
long, hollow threads sticking out of the 
oxide replica [see bottom illustration on 
page 76]. The tunnels themselves were 
judged to have formed initially on some 
defect in the crystal structure, and the 
direction of their growth seemed to be 
related to the crystal lattice of the alloy. 
Nielsen's pictures also showed for the 
first time a definite link between the 
corrosion tunnels and the stress-corro­
sion crack itself. In one of his micro­
graphs a network of corrosion tunnels 
can be seen in front of a region in 
which the tunnels had grown together 
to form a transgranular crack. 

The precise nature of the defects that 
provide nuclei, or points of formation, 
for the corrosion tunnels cannot be de­
termined from oxide replicas of the alloy 
surface. This can best be done by ex­
perimenting with thin films of the alloy 
itself. In our laboratory we have stressed 
alloy specimens for a few seconds in a 
boiling saturated solution of magnesium 
chloride and then examined them in 
the electron microscope for signs of 
chemical attack. At the earliest stage of 
nonrandom attack discernible to us the 
nuclei of corrosion tunnels appear as 
horizontal rows of black dots. It is im­
portant to note that the nuclei of the 
corrosion tunnels are not provided by 
the dislocation lines themselves but by 
the slip steps they have created on the 
top and bottom surfaces of the thin 
specimen. Several examples of corrosion 
pits more than 100 atoms deep were 
observed along slip steps after only a 
few seconds of exposure to the stress­
corrosion environment. One micrograph 
we obtained illustrates the final stage 
of crack formation, in which the pits 
have grown together and completely 
penetrated the thin specimen. This 
micrograph helped to dispel our notion 
that the tunnel is nucleated at the plane 
groups of dislocations; clearly nuclea­
tion occurs at the traces of slip planes 
on the surface. 

The sites where the dissolution of the 
alloy actually begins can best be re­

vealed by a technique of platinum "dec-
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oration" that was originally used by 
Nielsen in conjunction with his surface­
replica technique. This method exploits 
the fact that ions of chloroplatinic acid 
will decompose on the surface of an 
alloy adjacent to regions in which the 
metal is being dissolved. The tiny par­
ticles of platinum liberated when this 
decomposition occurs can be detected in 
the electron microscope because they 
strongly scatter the electrons in the illu­
minating beam. When the platinum­
decoration technique is applied to 
stressed thin specimens, the chemical 
activity of the slip steps is demonstrated 
plainly. One can thus observe in the 
same electron micrograph slip traces 
(paths made by the movement of dis­
locations in thin alloy specimens), the 
dislocations that produced them and the 
particles along the slip step [see bottom 
illustration on page 77]. 

Our proposal that slip steps provide 
nuclei for stress-corrosion cracks was 
apparently in conflict with the experi­
mental observation that the density of 
surface slip steps is often 100 to 1,000 
times greater than the density of stress­
corrosion cracks. This discrepancy was 
explained, however, by another experi­
ment involving stainless steels. Stainless 
steels would be very reactive alloys if 
it were not for a thin surface film, 
chemically inert to most environments, 
that forms when such steels are exposed 
to air. This film prevents further cor­
rosion and gives the steels their stainless 
qualities. It seems safe to assume, in 
working with stainless steels, that the 
traces along which corrosion tunnels 
form are precisely those sites where the 
protective film has been broken by the 
formation of slip steps. 

Two stainless-steel specimens were 
electropolished to give them similar sur­
faces and then were deformed under 
stress to produce surface slip steps. The 
first specimen was immersed for one 
minute in a bOiling saturated solution 
of magnesium chloride that had been 
"doped" with chloroplatinic acid to help 
reveal the chemically active sites on the 
surface of the specimen. Using a light 
microscope, we observed the expected 
result: crystals of platinum deposited 
along the surface slip steps in the vari­
ous grains of the alloy [see top illustra­
tion on opposite page]. The second 
specimen was immersed in an undoped 
magnesium chloride solution for one 
minute, after which it was transferred 
to the doped solution for another one­
minute immersion. 'vVe observed that 
the prior immersion in undoped mag­
nesium chloride solution eliminated the 

J 
PROTECTIVE FILM on the surface of an alloy such as a stainless steel can be broken in 

one of two ways, depending on the distribution of the shear (that is, the type of slip) . Fine 

slip (top) exposes a much smaller area of underlying metal than coarse slip ( bottom). 

enhanced reactivity of the slip steps; 
they ceased to be preferred sites of 
platinum decoration [see bottom illus­
tration on opposite page]. We concluded 
from this experiment that the damage 
tq the surface film resulting from the 
slip steps produced by deformation is 
rapidly repaired during exposure to the 
boiling magnesium chloride solution. 
'vVhether dissolution can continue once 
nucleation takes place must depend on 
the rate of film repair compared with 
the rate of film breakdown caused by the 
motion of dislocations. Consequently it 
appears that only slip steps that are 
created during exposure to the cracking 
solution have the potential of nucleating 
and propagating stress-corrosion cracks. 

It is to be expected that the amount 
of damage suffered by the protective 
surface film is determined not only by 
the amount of slip but also by its dis­
tribution. The same amount of slip will 
expose a greater area of unprotected 
surface when all of it occurs on one 
plane (this is called coarse slip) than 
when it is distributed in small amounts 
over several planes (fine slip). It is more 
likely that the surface film would be 
broken in alloys forming coarse slip 
steps. This helps to explain the connec­
tion between the distribution of dislo­
cations and the mode of stress-corrosion 
cracking: those alloys that form plane 
groups of dislocations also form coarse 
surface slip steps. 

The validity of this argument can be 
demonstrated by a simple experiment 
involving a stainless steel that can take 
the form of martensite and austenite. 
First the steel is refrigerated to form a 
martensite structure and deformed to 
produce fine slip steps. Then it is ex­
posed to the platinum-doped solution 
for a few minutes and examined in a 
light microscope. The fine steps are not 
revealed by platinum decoration (the 
chemical attack is randomly nucleated), 
indicating that this structure is resistant 
to stress-corrosion crackin g. \;Yhen the 
austenite version of the alloy is treated 
in the same way, however, it is de­
formed by producing coarse slip steps 
that are chemically active, and this 
structure is susceptible to transgranular 
cracking. 

so far we have been concerned mainly 
with the nature of the nucleation 

site that leads to transgranular stress­
corrosion failure. The equally impor­
tant mechanism by which the corrosion 
tunnel forms at an active slip step is at 
present poorly understood. It is clear, 
however, that when the protective film 
on the surface of stainless steel is rup­
tured by the formation of a slip step, 
atoms of the alloy must come directly 
in contact with the corrosive environ­
ment and can enter into solution to be­
come positively charged ions. The ex­
tent of this reaction is determined by 
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the relative rates of corrosion and re­
pair of the protective film. The fOlma­
tion of a locally high concentration of 
positive metal ions is expected to at­
tract to the slip step chloride ions and 
other negatively charged ions in solu­
tion. In the case of stainless steels it is 
known that chloride ions (and other 
ions of the halogen family) cause a 
breakdown of the protective film. We 
also know that the solubility of the 
elements that compose the steel-iron, 
nickel and chromium-is unusually high 
in the presence of a strong concen­
tration of chloride. The enrichment of 
chlorides in the region of a slip step 

DISLOCATION LINES -�,.---I 

CORROSI ON TUNNEL 

therefore fa\'ors continued localized 
corrosion. 

Another factor must be considered, 
however. The electric potential devel­
oped at the initial corrosion sites tends 
to retard the dissolution of metal in 
nearby areas, and it is thought that 
corrosion pits interfere with one an­
other's growth if they are too closely 
spaced. This factor also tends to pre\'ent 
individual pits from increasing in di­
ameter, and since the planes of a crystal 
in which atoms are most closelv packed 
are the slowest to dissoh-e, the walls of 
the pits will tend to become parallel 
to these planes. These considerations 

might explain why a given corrosion pit 
will grow in the direction in which 
atoms are most closely packed. 

The aim of any investigation into the 
cause of a certain weakness is to dis­

cover a means of overcoming it. The 
results presented in this article indicate 
several possible ways in which we can 
hope to prevent stress-corrosion crack­
ing. The process begins with the physi­
cal rupture of the thin, protective sur­
face film; secondly, the metal atoms at 
the slip step enter the stress-corrosion­
cracking environment as the protective 
film starts to cover the newly exposed 

ACTIVE SLIP PLANE 

STEPS THAT LEAD TO CRACKING of a stainless steel are de· 

picted. Under the action of an applied stress, dislocations moye to 

the surface, forming slip steps that fracture the protective film and 

expose metal ions (represented as M +) to the corrosive environ· 

ment. Chloride ions (Cl-) concentrate at a slip and retard re-for-

mation of the protective film; this enables corrosion pits to elon­

gate and ultimately form tunnels_ The continued motion of 

dislocations on the slip plane prevents these corrosion tunnels from 

becoming inactive. They grow sideways, merging in the final stage 

of the stress-corrosion process (not depicted) to form a crack. 
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metal surface; thirdly, specific ions that 
hinder the formation of the protective 
film are attracted to the slip step and 
corrosion tunnels become nucleated· 
lastly, the motion of dislocations unde;' . 
the action of the applied stress ensures 
the continued growth of the corrosion 
pits. The prevention of any one of these 
important steps in the formation of a 
crack should eliminate susceptibility to 
trans granular stress-corrosion cracking. 

One obvious approach is to try to 
reduce the damage to the protective 
film by using various metallurgical tech­
niques that discourage dislocations from 
gliding in large groups on single planes. 
This approach has met with some suc­
cess in the laboratory, but more must 
be done to develop a commercial alloy. 

Another approach is to try to pre­
vent the dissolution of metal at the 
slip steps. This can be achieved most 
easily by establishing an electric circuit 
in which the current Bows in a direc­
tion opposite to the small currents gen­
erated during the dissolution of metal. 
An alternative method of reducing 
localized corrosion would be to hasten 
the repair of the protective film. In some 
cases this can be achieved by adding 
certain chemicals to the stress-corrosion 
environment. With both of these ap­
proaches it has been shown in the labo­
ratory that the stress-corrosion cracking 
of stainless steels can be prevented un­
der some environmental conditions. 

Given the variety of industrial uses 
of alloys, it is often not possible to con­
trol closely the environment in which a 
given metal will be placed. The most 
desirable methods for preventing stress­
corrosion failure should therefore in­
volve some minor modification of the 
alloy itself. We could, for example, 
add small amounts of alloying elements 
that form insoluble compounds with the 
stress-corrosion environment. The pre­
cipitate formed during corrosion might 
then hinder the growth of corrosion 
tunnels and enable the protective film to 
re-form over the slip step. 

In conclusion it should be mentioned 
that although we have dwelt mainly on 
the problem of the transgranular stress­
corrosion failure of stainless steels, par­
allel experiments in our laboratory and 
in Nutting's laboratory (which is now 
at the University of Leeds) suggest that 
the same mechanism applies to many 
other susceptible alloys. There are also 
indications that the mechanisms of 
intergranular and transgranular stress­
corrosion cracking are basically the 
same, in which case the applicability 
of our findings would be widened. 
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THE HAGFISH 

This primitive animal has teeth on its tongue, secretes a viscid 

slime and can tie itself in a knot. It also has four hearts, the 

nature of which may clarify cardiac function in higher animals 

The reader may find it difficult to 
conceive of a fish that has four 
hearts, only one nostril and no 

jaws or stomach; that can live for 
months without feeding; that performs 
feats of dexterity by literally tying itself 
in knots. The organism nonetheless 
exists; it is called the hagfish. In ap­
pearance it is undistinguished: it is 
an animal Linnaeus classified as an in­
testinal worm and fishermen sometimes 
call the sli�e eel. Tasting strongly of 
fish oil and rubber-like in texture, it is 

by David Jensen 

not considered worth eating by man or 
any other animal predator. For a biolo­
gist, however, the hagfish holds much 
interest. Its anatomy and its habits are 
revealing. As the lowest form of true 
fish and vertebrate, the "hag" offers a 
matchless opportunity to investigate a 
stage in the evolution of vertebrates at 
a most primitive level. 

The hagfishes are undoubtedly a very 
archaic form of life. They belong to 
a class of animals (the cyclostomes, or 
round-mouths) that includes the blood-

HAGFISH RESTS at the bottom of an aquarium tank, its flattened oarlike tail curled into a 

circle. The light patches on either side of the head are the animal's two pigmented eyespots; 

these and a few other photosensitive skin areas allow the virtually blind hagfish to discrimi­

nate only between light and darkness. The animal depends on olfaction and touch rather 

than sight to find the dead or dying fishes that are its usual prey; visible at the front of its 

head are two of the three pairs of fleshy barbels that the hagfish uses to feel its way about. 
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sucking lampreys [see "The Sea Lam­
prey," by Vernon C. Applegate and 
James W. Moffett; SCIENTIFIC AMERI­
CAN, April, 1955]. The hags burrow into 
their prey (usually dead or dying fish) 
and devour the flesh and viscera, leav­
ing only a bag of skin and bones. Al­
though the hagfishes and lampreys are 
obviously primitive and ancient forms, 
unfortunately their ancestry and early 
development cannot be traced back in 
the geological record; no fossils of these 
soft-bodied animals have been found. 
Some investigators believe they may 
have descended from the ostracoderms, 
a group of ancient extinct armored 
fishes, because fossils of those animals 
show some of the same anatomical pe­
culiarities, including a single nostril in 
the middle of the head and the lack of 
a lower jaw or paired fins. The question 
of cyclostome ancestry is far from 
settled, however. 

T he hagfishes are particularly intri-
guing because they remain puz­

zling in many respects in spite of long 
study. Even their method of reproduc­
tion is still a mystery in its details. A 
century ago (in 1864) the Copenhagen 
Academy of Science offered a prize for 
a solution to the questions of how the 
hagfish reproduces; to date no Olle has 
been able to claim the award. 

The hagfish is strictly an ocean 
dweller, living on the sea bottom, prin­
cipally in the temperate latitudes. Its 
habitat is restricted by the requirement 
that the water must be cold and quite 
salty. There are about two dozen species 
of the fish; I shall devote my account 
mainly to the one I know best: a Pacific 
Ocean species, Eptatretus stolltii, which 
inhabits the western continental shelf 
of North America from Alaska to Baja 
California at depths ranging from as 
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a 

c 

FLEXIBILITY of the hagfish is a result of its vertebrate "back· 
bone" being formed entirely of cartilage. This enables it not only 

to curl into such odd configurations as a figure eight (a) but also 

to knot itself in ways tbat serve useful purposes. When the hagfish 

b 

d 

has become coated with slime, for example, it can ruh the slime off 

hy rolling a knot progressively from its tail to its head ( b).  The 

same movement helps the animal to escape capture (c) and to 

apply leverage when tearing at the surface of a food object (el). 
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little as 60 feet to as much as 1,800 feet. 
From its habits one deduces at once 

that the hagfish is a remarkably slug­
gish animal. It spends much of its time 
lying quietly on the sea floor or in a 
burrow in the muddy bottom. (It ap­
pears to dislike sand and to avoid sandy 
areas.) When hungry, it is capable of 
swimming rapidly with a sinuous, snake­
like motion, but normally it is quite 
torpid. Evidently it needs to feed only 
at infrequent intervals; it stores a high 
content of body fat and has a low rate 
of metabolism, abetted by its cold en­
vironmen't. Analysis by Winton Tong 

GILL EXITS 

and his co-workers at the University of 
California at Berkeley has revealed that 
the hagfish produces very little of the 
metabolism-activating thyroid hormone 
thyroxin. In my laboratory at the Uni­
versity of California at San Diego a 
female hagfish has gone as long as sev­
en months without feeding and at the 
end of that time has even laid a full 
quota of eggs (although the eggs were 
infertile). 

As can be expected of an animal 
that lives on the dark sea bottom, the 
hag is almost completely blind. It has 
only rudimentary eyes-two pigmented 

AND PORTAL HEARTS 

cups in its head that serve as retinas­
and a few sensitive skin areas on its 
head and around its cloaca that can 
discriminate light from darkness. In 
compensation for its lack of vision the 
animal has keenly developed senses of 
smell and touch. Serving the sense 
of touch are three pairs of barbels, or 
fleshy tentacles, around the mouth and 
nostril on the front end of the head. 
When the hagfish is hungry, it goes 
hunting for food by raising its head, 
extending its barbels and dilating its 
nostril. It swims along slowly, turning 
its head gently from side to side like a 

AREA OF CAUDAL 

OPENINGS OF SLIME GLANDS CLOACA 

HAGFISH IN PROFILE shows an array of tiny pores along its side 

from head to tail; these are the openings that lead to the slime 

glands, from which a milky fluid exudes when the hagfish is dis­
turhed. The larger opening, to the rear of the 11 visible gill exit 

ducts, is an outlet for any of the water, drawn in through the single 
nostril, that has not been discharged through a gill exit. Hidden 

in this pharyngeal duct is the 12th gill exit. The hagfish's four 

hearts are in the areas outlined in color (see illustration below). 

DORSAL AORTA 

HEAD REGION 

HEAD SINUS 

CARDINAL HEART 

RIGHT ANTERIOR 

VEIN 

BODY MUSCLES, SKIN, SLIME GLANDS 

CAROTID ARTERY 

POSTERIOR HEPATIC VEIN 

ANTERIOR HEPATIC VEIN 

VALVES 

LEFT A ERIOR 

CARDINAL VEIN 

PRIMITIVE CIRCULATORY SYSTEM of the hagfish is shown as 

a block diagram. The system requires four hearts (gray ureas) be­

cause in three major body regions (colored boxes) the blood perco-
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lates through large open spaces before reentering blood vessels; 

this free flow produces a sharp drop in blood pressure on the 

venous side of the circulatory system. The action of the cardinal 
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dog sniffing the air. The fish makes its 
way upcurrent toward a food odor it 
has detected; once it has located the 
food it darts in and feeds voraciously 
and quickly. Hagfishes are primarily 
scavengers on dead or dying fish, but 
they will also eat worms when the 
preferred fare is not available. 

The hagfish makes its entry into the 
body of a fish by means of strong, horny 
rows of teeth on the sides of its tongue 
[see illustration on next page J. Thrust­
ing the tongue outward, it rasps pieces 
of tissue from its quarry. When the 
hagfish needs extra leverage to tear 
flesh out of a larger fish, it loops its 
body into a knot and thereby augments 
the strength of its pull by pressing the 
knot against the side of the fish [see "d" 
in illustration on page 83J. 

The knotting ability of the hagfish, 
altogether unique in the animal king­
dom, serves more than one purpose. 
Among other things, it provides the hag­
fish with a cleaning mechanism. The 
animal's principal means of self-defense, 
which apparently helps to account for 
the fact that it has no known natural 

GUT 
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predators, is its ability to cover it­
self with a slippery slime. When it is 
disturbed or roughly handled, the hag­
fish will exude drops of a milky fluid 
through tiny pores situated in two rows 
along the lower sides of its body from 
the snout to the tip of the tail. On 
contact with the seawater, threadlike 
cells in this fluid break open and, with 
the water, form an extremely tenacious 
slime. In its cocoon of slime the hag­
fish is almost impossible to grasp. After­
ward, however, the animal must free 
itself of the slimy coat lest it suffocate 
because of blockage of its gills and nos­
tril. The supple hagfish accordingly 
loops its body into a half hitch, pulls 
itself through the loop and thus wipes 
off the slime. By the same maneuver 
the animal can generate enough pulling 
power to slide out of a man's grip. The 
hag is rather versatile as a contortion­
ist: in addition to the half hitch it can 
also form a figure-eight loop. 

Let us look closer into the anatomy 
of this remarkable animal. The hagfish 
is only a rudimentary vertebrate. Its 
"backbone" is a notochord, formed en-
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tirely of cartilage; hence its suppleness. 
The average adult Pacific hagfish is 10 
to 15 inches long, with a cylindrical 
body flattened toward the rear end into 
an oarlike tail. On its head are two 
oval spots of light-colored skin that 
signify the location of the "eyes"; 
whether these are seeing organs in the 
early stages of evolution or degenerate 
remains of more complex eyes such as 
lampreys have is not known. Along 
the lower sides of the hagfish behind 
the eyespots are two rows of about a 
dozen whitish dots that are the gill 
openings. Spread more widely over the 
body are the much smaller slime pores, 
the openings of slime glands situated 
inside the body. 

The hag's respiratory system has sev-
eral unusual features. Its main ox­

ygen supply comes from the water 
drawn in through the nostril. On enter­
ing the throat the water is pumped by 
a pair of muscular flaps (the velum) to 
the dozen or so pairs of gill pouches ar­
rayed along the body [see upper illus­
tration on page 87J. There the water 

CAUDAL 

HEART 

TAIL REGION 

CAUDAL VEIN 

and portal hearts (bottom left and center) helps to restore some of 

the pressure lost in the peribranchial and head sinuses; the caudal 

heart (top right) does the same for the venous blood draining from 

the subcutaneous sinus. Where the arterial blood (color) enters a 

labeled box and venous blood (black) leaves it, the organs that are 

specified receive oxygen by means of a normal capillary bed. 
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RASPING TONGUE, set with parallel rows of teeth, lets the hagfish burrow into its prey. 

The hagfish then devours both flesh and viscera until nothing remains but skin and bones. 

flows out of the gill openings by way of 
ducts, while blood Howing in the oppo­
site direction in vessels in the gills picks 
up oxygen from the water. This "coun­
tercurrent system," which facilitates the 
rapid exchange of gases, is common 
in fishes. 

If foreign bodies or slime happen to 
clog the hag's nostril, it emits a power­
ful sneeze to clear the passage. Just 
how this is accomplished is not clear; 
the sneeze is not simply a reversal of 
the velum's inward pumping. It seems 
that the hagfish may be able to obtain 
some oxygen through its skin as well as 
through the nostril-and-gill apparatus, 
because the animal can survive for a 
considerable length of time even when 
its nostril is plugged. 
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The cardiovascular system of the hag­
fish is a curious and complex affair [see 
illustration at bottom of preceding two 
pages]. Its principal organ is the bran­
chial heart, which pumps blood through 
the gills and thence by way of arteries 
to the rest of the body. Assisting this 
main pump are three accessory hearts, 
all on the venous side of the circulation. 
They are necessitated by the peculiar 
fact that part of the hagfish's venous 
circulation is not connected to the arteri­
al side in the ordinary way. In most of its 
organs the animal does possess a typical 
vertebrate circulation-the blood passes 
from the arteries to the veins by way 
of a capillary bed in the nourished 
tissues; this is true of the gills, the gut 
and the body muscles. In certain areas 

of the body, however, there is no cap­
illary bed; instead the arterial blood 
is discharged into large open spaces, 
called sinuses, through which it per­
colates before entering the veins. (An 
"open" circulation of this kind is com­
mon among invertebrates but rare in a 
vertebrate.) The result is that the blood 
pressure on the venous side of the 
animal's circulation is very low. Con­
sequently the three auxiliary hearts are 
required to pump the blood back to 
the branchial heart. Each returns blood 
from separate parts of the body. 

In addition to the four pumps, certain 
muscles of the body take part in driving 
the blood forward. The gill pouches can 
assist the branchial heart by perform­
ing rhythmic contractions that milk the 
blood in the gills toward an aorta and 
the carotid arteries and thence into the 
rest of the body. On the venous side, 
when the animal is active, contractions 
of the body muscles against various 
blood vessels help to squeeze blood 
toward the branchial heart. Strategi­
cally placed throughout the body are 
valves that prevent any backHow. 

Perhaps the most curious aspect of 
this complex circulatory system is that 
the several hearts are not coordinated 
with one another. Each beats at its own 
pace, quite independently of the others. 
Indeed, the hagfish has no sympathetic 
nervous system or any other mecha­
nism that could serve as a general co­
ordinator of these organs. 

rrhe branchial heart itself is a three-
chambered organ consisting of a 

sinus venosus (a cavity to which the 
veins deliver their blood), an atrium 
(the heart antechamber) and a ventricle 
(the pump). Surprisingly, there are no 
coronary arteries to nourish the bran­
chial heart tissues (or the other hearts, 
for that matter). They are nourished 
only by the venous blood that bathes 
them. The branchial heart lies close 
to the animal's two-lobed liver, and it 
pumps its output to the gills by way of 
a ventral aorta. 

Ordinarily when the hagfish is at 
rest, this output is small, the blood 
pressure developed by the branchial 
heart amounting to only about one to 
five millimeters of mercury. When the 
animal's activity requires it, however, 
the heart can increase this pressure to 
about 25 millimeters of mercury. For 
more than half a century, ever since it 
was discovered that there are no nerves 
regulating the beat of the hagfish's 
heart, that fact has been one of the 
main reasons for research interest in 
the animal. How does the hagfish raise 
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its cardiac output to meet increased 
demands? More fundamentally, what 
mechanism is responsible for the rhyth­
mic contractions of the heart muscles 
that constitute its heartbeat? This ques­
tion is particularly interesting because 
the heart of an adult hagfish resembles 
in several basic respects the heart in the 
early embryo of a mammal. Like the 
hagfish heart, the myocardium (muscu­
lar wall) of the mammalian embryo's 
heart contracts rhythmically without 
regulation by nerves. What makes it do 
so? Here we are close to the key to the 
origin of the heartbeat, and the hagfish 
heart, which is large enough for ex­
perimental studies, offers a convenient 
subject for fundamental investigation 
of the question. 

Physiological studies show that the 
stimulus responsible for the increase of 
output by the hagfish's branchial heart 
is an increase in the inflow of ven ous 
blood into the heart. The distension 
of the heart by this augmented load 
produces two effects: it speeds up the 
heartbeat and it causes the heart mus­
cles to contract with more force. Thus 
it obeys the well-known Frank-Starling 
law of the heart observed in the higher 
vertebrates: within limits, the more the 
heart muscle is stretched, the more 
strongly it contracts. 

As for the pacemaking mechanism 
that maintains the rhythm of the hagfish 
heartbeat, a few clues have turned up. 
The ventricle has a comparatively thick, 
spongy wall. Its muscle tissue is striated, 
like the cardiac muscle tissue of other 
vertebrates, but the cells are smaller, 
spindle-shaped and woven together 
loosely in a framework of connective 
tissue. The hagfish heart is amazingly 
tenacious of life. Removed surgically 
from its owner and planted under the 
skin of another hagfish, where it floats 
in normal body fluids, the transplanted 
heart will beat strongly for three weeks 
or longer, as I have found in repeated 
experiments with the branchial heart 
and the portal heart, one of the auxil­
iary pumps in the hagfish. These hearts 
will beat for several days even in or­
dinary seawater or an artificial salt so­
lution similar in composition to sea­
water. Furthermore, tiny fragments of 
the heart tissue can survive dissection: 
they will go on contracting rhythmical­
ly, each at the rate characteristic of the 
tissue from which it was excised. 

From such experiments and explora­
tion of the heart with microelectrodes 
we can draw the conclusion that the 
pacemaker cells responsible for exciting 
the muscular contractions are scattered 
randomly throughout the heart struc-

ture. Occasionally a microelectrode will 
puncture a cell that has electrical char­
acteristics similar to those of cells in the 
specialized pacemaking nodes of the 
hearts of higher vertebrates. The co­
ordinating mechanism that keeps the 
hagfish's branchial heart beating smooth­
ly apparently lies in the sinus venosus; 
this area has a faster inherent rate of 
excitation than the other areas of the 
branchial heart and dominates them. 
Similarly, the coordinating mechanism 

for the portal heart seems to be local­
ized in the last few millimeters of the 
vein from the gut where it enterG the 
heart. 

The portal heart is a tubular affair 
roughly in the shape of a T, one arm 

of the T receiving venous blood from 
the gut and the gonad, the other from 
the head end of the animal. This heart 
pumps the blood through the two lobes 
of the liver. The liver is between the 
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FLOW OF WATER from which the hagfish draws its oxygen enters the single nostril (left). 

When the water reaches the velum, a pair of muscle flaps (center), it is pumped hoth past 

and into a row of gill sacs, 
'
one of which is illustrated in section helow. The hagfish has no 

jaws; the horny teeth with which it rasps its food grow in rows on its protrusible tongue. 
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COUNTERCURRENT FLOW of water and blood in the hagfish gill sac (arrows) facili. 

tates gas exchange that simultaneously adds oxygen to and removes carbon dioxide from the 

fish's blood. The light and dark colors distinguish oxygenated from nonoxygenated blood. 

Countercurrent flow is common in fishes, but only hagfishes have this gill sac arrangement. 
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branchial heart and the portal heart; 
the portal heart lies toward the lower 
right side of the hagfish. Anatomically 
and physiologically the portal heart 
shares many attributes of the branchial 
heart; it is smaller and simpler in struc­
ture, however, and usually beats at a 
faster rate. 

The hagfish's other two hearts can 

be considered true hearts because they 
pump blood. but in structure and 
mechanism of action they differ basical­
ly from the branchial and portal hearts. 
One, cal1ed the "cardinal heart," pumps 
venous blood from the head region; the 
other, called the "caudal heart," is lo­
cated in the tail. The cardinal heart 
consists of a pair of sacs in the head 
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MINOR PUMP, the caudal heart, lies less than half an inch from the end of the hagfish's 
tail. A cartilage rod lies between two valved chambers; paired muscles, attaehed to the rod, 
pass along the outside of the chamhers. Contraction of the left musde «(/) expels hlood 
collected in the right chamber and allows the left chamher to fill; the opposite eontraclion 

(e) empties the left chamber and fills the right one. The caudal heart beats irregularly; un­

like the two nerveless major hearts, it is controlled by nerve impulses from the spinal cord. 
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region of the animal. It has no muscles 
or machinery of its own for producing 
rhythmic impulses; its pumping action 
actually is operated by rhythmic con­
tractions of skeletal muscles that lie out­
side the sacs in the head region. These 
contractions, activated by nerves, com­
press the sacs and thereby squeeze the 
blood in the cardinal veins toward the 
branchial or the portal heart. 

The caudal heart, like the cardinal 
heart, consists of a pair of tiny sacs, 
guarded by valves at their inlets and 
outlets. Between these two small cham­
bers is a rod of cartilage, to which 
are attached two muscles running the 
length of each sac on the outside [see 
lower illltstration at left]. The two mus­
cles contract alternately in an oscil­
lating rhythm, bending the rod first in 
one direction and then in the other, so 
that the two sacs are compressed al­
ternately, as the illustration shows. In 
effect the organ acts as a reciprocating 
pump, pumping blood from each cham­
ber alternately while the other one fills. 
The strangest aspect of the caudal heart 
is its apparent unimportance. To begin 
with, it is so small-about the size of a 
pinhead-that its pumping capacity must 
be very small indeed. Moreover, its 
operation seems to be quite capricious. 
It will stop beating for a time for no 
obvious reason and then start again. In 
sharp contrast to the branchial and por­
tal hearts, the caudal heart is activated 
by nerves, the stimulating impulses 
coming from a reflex center in the spinal 
cord. Stimulation of the hagfish's skin 
will inhibit the caudal heartbeat com­
pletely; so does extreme activity by the 
animal. All in all it appears that the 
caudal heart plays only a minor role 
and is not necessary for the animal's 
survival. Removal of the tail, including 
the caudal heart, apparently does not in­
convenience the hagfish greatly, aside 
from handicapping its swimming. 

Still another, and more important, 
surprise has turned up in the investiga­
tion of the hagfish's hearts. Examining 
the cells of the branchial and portal 
hearts in the Pacific hagfish with the 
electron microscope, I found some large, 
granule-containing cells that looked 
like cells of a gland rather than heart 
cells; independently, Gunnar Bloom and 
his collaborators in Sweden discovered 
the same cells in the branchial and 
portal hearts of the Atlantic hagfish 
(Myxine glutinosa). Experiments re­
vealed that these cells, which lie be­
low the lining of the heart (the endo­
thelium), secrete the common adrenal 
hormones adrenalin and noradrenalin. I 
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have isolated a third heart-stimulating 
substance, probably also a hormone, 
that may possibly be produced by the 
same cells. It seems, then, that the hag­
fish heart is not only a pump but also 
an endocrine gland! Considering that 
the hagfish has no adrenal medulla or 
sympathetic nervous system (the usual 
regulator of the adrenal gland), it is 
indeed strange to find adrenal hormones 
in its nerveless heart. 

Ee the cardiovascular system, the 
hag's digestive system also has its 

striking features. From the throat to 
the anus a long, rather unspecialized 
intestine runs straight through the 
animal. There is no stomach as such; 
the intestine is merely divided into a 
foregut and a hindgut by a circular 
band of muscle behind the throat that 
serves to prevent respiratory water from 
Howing back into the digestive region. 
When the animal feeds, this muscle 
relaxes, enabling food to pass into the 
hindgut. Interestingly enough, as it 
passes through the gut a mass of food 
becomes enveloped in a thin, highly 
permeable coating of cells (like a sau­
sage in its skin), much as in insects. 
This "peri trophic membrane" surrounds 
the waste matter left within it when the 
waste is discharged. 

The lining of the intestine is cor­
rugated by long ridges that increase its 
surface area for the absorption of nutri­
ents. It seems that in the hagfish the 
liver and the gallbladder, judging from 
their comparatively large size, probably 
play active roles, along with the in­
testine, in the digestion of food. The 
hagfish pancreas, unlike that of most 
vertebrates, is divided into two com­
pletely separate parts, one secreting 
digestive juices, the other insulin. The 
hormone insulin presumably regulates 
the blood-sugar level in the hagfish as 
it does in higher vertebrates. Surprising­
ly, however, it has been reported that 
surgical removal of the insulin-secreting 
portion of the hagfish pancreas, which 
in other vertebrates would quickly lead 
to a diabetic condition, does not result 
in any elevation of the sugar level in the 
blood, even as much as five days later. 
This peculiar circumstance remains un­
explained. Another unusual finding is 
that the gut of the hagfish not only is 
a digestive organ but also produces the 
red blood cells. 

One of the most striking demonstra­
tions of the hagfish's primitive physi­
ology is its salt and water balance. The 
salt concentration of its blood is essen­
tially the same as that of the seawater 
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HAGFISH EGGS are much larger than the eggs of more advanced fishes and are produced 

in far smaller numhers. They are nearly an inch long, with tufts of filaments at each end 
that serve to attach them to one another (left) and to the ocean floor; the average number 

of eggs per spawning is 22. At maturity the egg breaks apart along the line of the opercular 

fissure (right) and the hagfish then emerges as a small adult rather than in a larval form. 

in which it lives; in this the hagfish is 
unique among marine vertebrates. The 
reason is that it has only a very primi­
tive kidney. The kidney consists of two 
parts: the pronephros, whose function is 
unclear, and the mesonephros, or kidney 
proper, which filters the blood. This 
organ, however, lacks the tubules that in 
other vertebrates enable the kidney to 
select substances in the blood for excre­
tion or reabsorption into the body; the 
hagfish kidney consists only of Malpigh­
ian corpuscles containing the filtering 
glomeruli. As a result the animal has 
little ability to regulate the excretion of 
salt through its urine, and it cannot 
survive long in water that has either a 
very high or a very low concentration 
of salt; it is barred, for example, from 
living in an estuary where the salt con­
centration is diluted. A few experiments 
suggest that adrenocortical hormones 
are probably responsible for what little 
capacity the hagfish has for regulating 
the osmotic pressure of its blood. 

F inally, the hagfish provokes much 
curiosity by certain enigmas that sur­

round its method of breeding. Judging 
from the tremendous numbers of hag­
fishes found in certain localities, the 
organism's reproduction and survival 
are notably successful, yet details of 
the process are shrouded in uncertainty. 
No hagfish has yet been coaxed into 
prodUCing fertile eggs in the laboratory. 

The female hagfish is usually much 
larger than the male. This observation 
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gave rise to the idea that the animal was 
a protandric hermaphrodite, that is, it 
starts as a male early in life and then 
develops into a female. Detailed in­
vestigation of its development showed, 
however, that when it is young the 
animal is in an "indifferent," or neutral, 
form combining the elements of both 
sexes and that it becomes either a male 
or a female as it matures. 

The hagfish, along with the lamprey, 
is set apart from all other vertebrates 
by the fact that it possesses only a 
single gonad, or sex organ. The gonad 
is an elongated structure that extends 
the length of the animal from just be­
hind the liver to the region of the cloaca 
at the rear; it hangs from a delicate 
membrane on the right side of the in­
testine in the abdominal cavity. In early 
life the forward part of the organ clear­
ly has the nature of an ovary, whereas 
the hind third of its length is composed 
of immature testicular tissue. 'When the 
animal matures, the male or female por­
tion of the gonad develops and the other 
part is repressed, presumably under the 
influence of hormones from the pituitary 
gland, Thus the mature hagfish becomes 
a distinctly differentiated individual: a 
large female with a fully developed 
ovary or a male with a developed testis. 

Neither the male nor the female pos­
sesses any copulatory organ that would 
allow fertilization of the female's eggs 
internally. The eggs must therefore be 
fertilized after they have been deposited 
in the seawater. The female's eggs and 

the male's germ cells are discharged not 
through specific ducts but through open­
ings in the cloaca. 

The eggs are extremely !arge for a 
fish: about an inch long, elliptical in 
shape and covered with a horny shelL 
The egg is yellowish, because it consists 
mainly of yolk. At both ends of the egg 
are tufts of filaments, which serve to 
anchor the eggs to one another and to 
rocks on the sea bottom so that they 
are not washed away from the spawning 
area. We do not know how the fertiliza­
tion of the eggs is accomplished; what 
is clear is that they are not fertile when 
they are freshly laid by the female. 
Accordingly true hermaphroditism is 
ruled out. When the eggs hatch, the 
young emerge not as larvae but as small 
hagfish; in this they differ from the 
lampreys, which pass through a long 
larval stage after hatching. 

Not the least remarkable of the many 
peculiarities of the hagfish is the appar­
ently high survival rate of its young. 
Compared with other fishes, the female 
hagfish is a very small producer. It takes 
many months to develop the eggs with­
in its body, and the average number laid 
at one time is only about 22-very few 
indeed compared with the thousands of 
eggs laid by other fishes at a single 
spawning. Yet the ocean abounds in 
enormous numbers of hagfishes, I my­
self have collected about 29,000 of these 
animals off the Pacific Coast-approxi­
mately 15,000 of them from one com­
paratively small area near San Diego. 
The almost astronomical fecundity of 
other marine organisms is offset by an 
extremely high rate of attrition among 
the eggs and the young, so that rela­
tively few individuals survive to maturi­
ty, Quite evidently the hagfish is a far 
hardier animal. 

One reason may be its remarkable 
immunity to infectious disease. A wound 
in a hagfish will remain clean for weeks 
with no sign of infection (or of healing 
either). This is particularly surprising 
because no one has yet been able to dis­
cover the basis of the immunity. Robert 
A. Good and Ben Papermaster of the 
University of Minnesota School of Medi­
cine have established that hagfishes do 
not manufacture antibodies; indeed, 
they apparently lack the thymus tissue 
that is usually involved in the synthesiS 
of antibodies, I have searched for a pos­
sible antibiotic in the body of the hag­
fish but have failed to find any in its 
slime, skin, blood or body organs. Here 
is one more of the many provocative 
features that make the hagfish a most 
fascinating animal to study. 
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What gives with "compliant redundancy" 
at Western Electric? 

With so much going on today in communica· 
tions, there are often two sides to printed 
circuits. Connecting them and allowing for 
expansion and contraction of the boards, are 
sizable problems. What kind of through 
connection? Flanged eyelets? Solder? Plat· 
ing? No. Eyelets loosen. Solder loosens. Plat· 
ing cracks. Resistance is higher than it 
should be. Performance is off. And so rigid 
are Western Electric's requirements for reo 
liability that a cracked through connector is 
an anathema. Equally rigid, however, are our 
requirements for economy. 

The solution, as worked out by engineers 
of Western Electric and Bell Telephone Labo· 
ratories, satisfies both requirements with 

elegant simplicity. Braid 16 gold'plated 
wires around a silicon rubber core just thick 
enough to press the wires against the edge 
of the hole. Cut off a snippet and stuff it into 
the hole, leaving about 1/16" protruding 
on either side. Spread the wires out, press 
them down, solder. 

Now, with braided wires going through the , 
hole at a slant, they accept expansion and 
contraction of the boards - whence com· 
pliant. And with 16 wires, even if some don't 
connect properly, others will do the job -
whence redundant. Hence the Bell System's 
passions for reliability and economy (and 
Western Electric's as a part thereof) can, in 
a small but not insignificant way, be satisfied. 

f'Ji:\ Western Electric 'eJ MANUFACTURING & SUPPLY UNIT OF THE BEll SYSTEM 
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The Control of Snow Avalanches 

As n10re people and their works push into mountain areas the hazard 

of snowslides lncreases. A number of lnethods have been developed 

both to prevent the slides and to provide protection against theln 

T
he hazard of snow avalanches to 
life and property increases from 
year to year. It is enhanced by the 

general rise in population, which places 
more communities and structures in the 
hazardous areas; by the growing popu­
larity of skiing, which attracts ever more 
thousands to the snowy mountainsides, 
and by the expanding networks of com­
munications-highways, pipelines, pow­
er lines, electronic relay systems-whose 
mountain crossings must be protected. 
Concern about the avalanche problem is 
by no means new, but in recent years 
there has been an intensification of ef­
forts to find effective ways of controlling 
the hazard. Several useful techniques 
have been developed, and other inter­
esting ideas are under study. 

There are two basically different 
types of snowslide, one much more dan­
gerous than the other. They are known 
respectively as "loose snow" avalanches 
and "slab" avalanches [see "Snow Ava­
lanches," by Montgomery M. Atwater; 
SCIENTIFIC AMERICAN, January, 1954]. 
Loose-snow slides occur frequently, but 
they seldcm grow very large or cause 
much damage. It is the slab type of 
avalanche, which sets in motion as one 
massive body a large area of snow, that 
presents the principal menace and is 
the main object of control efforts. 

Investigations of the predisposing 
conditions are focused essentially on the 
structure and nature of the snow itself, 
particularly its cohesion. This. has two 
aspects: on the one hand, the strength 
of bonding between the snow crystals 
within a layer; on the other, the degree 
of bonding of one layer to another. 
Cohesion between the snow particles 
depends in large part on the age and 
nature of the snow crystals, which 
vary conSiderably in form. Crystals of 
certain compact, nonstellar types tend 
to become firmly cemented together. 
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by Edward R. LaChapelle 

Weather conditions also play a part: 
strong bonding between crystals is en­
couraged by wind-packing and by rim­
ing-the accretion of supercooled water 
droplets as the snow is deposited. 

A well-cemented layer of snow can 
cling to the steepest mountainside. 

Whether or not it will do so depends, 
however, on how securely the slab is 
anchored to an underlying layer of snow 
or the ground. This bond may be in­
secure to start with or it may be weak­
ened by certain natural processes. 

A smooth layer of ice under the slab 
can be a highly insecure foundation. 
Such a layer may have been formed by 
freezing rain before the upper snow 
fell. In the sprin g a lubricated layer is 
often produced under the slab by melt­
water that percolates below it. Of the 
various processes that may undermine 
the slab, one of the most treacherous­
a prime cause of dangerous avalanches­
is "constructive metamorphism" of the 
snow. This is most likely to take place in 
comparatively fluffy snow subjected to a 
steep temperature gradient, particularly 
at high altitudes. Such snow sublimates 
-evaporates from the solid state. The 
water vapor is then redeposited within 
the snow layer as new crystals in the 
form of hoar frost. An entire layer may 
be converted to hoar in this way. The 
metamorphosed snow has a fragile 
structure, and any snowfall deposited 
on this "depth hoar" has a precarious 
foundation. A slab on top of depth hoar 
can easily be triggered into an ava­
lanche. 

Any snow layer on a mountainside 
tends to creep gradually down the slope 
under the influence of gravity. Stresses 
develop within the layer, because of var­
iations in its depth and irregularities of 
the terrain, and they generate zones of 
tension. The conditions are then ripe for 

a sudden fracture of the slab. On a 
slope of 30 degrees or more a very slight 
disturbance, even as small as a clump of 
snow falling from a tree, can provide 
the trigger. The slab may crack along a 
long fracture line and start slid in g with 
almost explosive violence. Even a layer 
of soft, new snow, if its bond to the 

TWO METHODS of avalanche control can 

be seen in this photograph made near Davos 

in Switzerland. One method involves alter-
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substratum is sufficiently weak, can be­
have as a slab and break away in this 
fashion. 

A large avalanche of wet snow will 
often strip the entire snow cover from 
the soil and sweep all vegetation be­
fore it. A slide of dry snow sometimes 
generates a huge cloud of snow particles 
that, like a heavy gas, charges ahead 
of the main mass of the avalanche at 
velocities as high as 200 miles per hour. 
This "wind blast" can be powerful 
enough to dislodge a steel bridge or 
mow down a stand of big trees like a 
giant scythe. 

T
he most elementary defense against 
avalanches is to attempt to forecast 

their occurrence so that people and 
transient traffic can be warned to stay 
clear. Although physical studies and 
experience have armed us with many 
clues, avalanche forecasting is still an 
art rather than a science. The variables 
that determine when conditions are ripe 
for the triggering of a slide are nu­
merous and complex. It is difficult to 

measure the mechanical properties of 
snow samples with any precision even 
in the laboratory, because the charac­
teristics of a sample can change rapidly 
while it is being handled. There are, 
however, significant factors that can be 
measured in the field: the density and 
thickness of the snow slab, the size 
of the load compared with the shear 
strength of the substratum, certain pat­
terns of the snow structure. This struc­
ture can be examined by cutting pits 
through the layers or by plumbing them 
with instruments, and a trained observer 
can recognize danger signs such as an 
underlying layer of ice or of snow con­
verted to depth hoar. With information 
thus obtained it is possible to predict 
quite accurately the probability of the 
occurrence of avalanches within given 
areas. It is not possible, however, to 
forecast precisely where and when a 
slide will take place, because of un­
known variables such as the existence 
of creep tensions and the unpredict­
ability of the various natural or man­
made shocks (earth tremors, construc-

tion blasting or the like) that can trigger 
the fracture of a slab. 

The kind of avalanche threat I have 
just described takes some time to 
mature: the formation of the slab and 
its preparation for release are products 
of aging, temperature changes and vari­
ous other slow processes. Quite different 
is the "direct action" type of slab 
avalanche that develops during or im­
mediately after an intense winter snow­
storm. Given certain meteorological 
conditions, such a stOlID can produce 
avalanches of massive proportions. The 
conditions have to do mainly with the 
depth of the snowfall, the density of 
the snow and the action of the wind in 
piling and drifting the snow. The prob­
ability that an avalanche will develop 
can be forecast by means of relatively 
simple measurements made during the 
storm. The two most significant fac­
tors are the precipitation intensity (the 
amount of water, in inches per hour, 
represented by the falling snow) and 
the wind intensity. The combination of 
prolonged high precipitation intensity 

ing the terrain; several structures erected for that purpose appear 

in the background. The other calls for the artificial release of an 

avalanche so as to alter the conditions that might produce a more 

serious slide. Such a technique is illustrated by the puff of snow 

in the foreground, produced by the detonation of an explosive. The 

detonation has caused a slab of snow to fracture and begin sliding. 
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TYPE OF SNOW 

FINE-GRAINED 

RECRYSTALLIZED 

t�l DEPTH HOAR 

RAM RESISTANCE 
(KILOGRAMS) 

0-3 

3-6 

6-9 

9-12 

SNOW STRUCTURE conducive to the formation of a "slab" avalanche, in which a large 

mass of dense snow breaks loose from its position on a slope, is represented schematically 

as it appears at the point of fracture. The bottom layer consists of depth hoar, a recrystal. 

lized snow that provides a precarious foundation for any snow deposited on it. The next 
layer is made up of partly recrystallized snow; everything above that layer is fine· grained, 

wind·drifted snow. The numbers in the key refer to the ram resistance, a measure of snow 

strength that is obtained by driving a rod called a penetrometer into the snow vertically. 
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and high wind is almost always fol­
lowed by a series of spontaneous ava­
lanches. 

Like river floods, snow avalanches 
constitute an annual phenomenon that 
varies in severity from year to year and 
can have catastrophic results. As in the 
case of floods, the necessity of defense 
against avalanches has long been rec­
ognized, and elementary methods of 
control have been practiced in the Alps 
for centuries. These measures have 
usually consisted in building a barrier 
of earth or masonry on the uphill side 
of a house with the object of diverting 
the flow of snow around it. Today there 
are available a number of engineering 
techniques for control of avalanches, 
some providing passive defense (pro­
tection against actual slides), others 
designed to prevent their occurrence. 
Complete and permanent control can 
seldom be achieved, particularly on 
large slide paths, but this ideal can be 
approached if necessity justifies the 
high cost. Such an investment usually 
will be made only for the safety of 
a large industrial installation, a major 
power-transmission line or a community 
of dwellings. Since avoidance is likely 
to be far cheaper than defense, modern 
practice is to locate new construction in 
carefully selected avalanche-free zones 
-if such zones exist in the area in ques­
tion. When the problem is only a mat­
ter of protecting highways or other fa­
cilities used transiently, as it is in most 
mountain areas of the U.S., less costly 
methods may suffice. A relatively inex­
pensive program that reduces the ava­
lanches falling on a highway by 90 per­
cent may, for example, pay for itself by 
the savings in snow-plowing costs. 

Fundamentally there are two different 
ways to prevent or control ava­

lanches: (1) modification of the terrain 
and (2) modification of the snow, which 
includes the deliberate release of slides 
when and where they will do little or 
no harm. The first general method is 
expensive and requires continued main­
tenance, but it is reasonably permanent 
and offers maximum protection. The 
second is comparatively cheap but must 
be applied repeatedly, perhaps many 
times each winter. Modification of the 
terrain is usually chosen when the 
problem is to protect a large area or 
fixed installations; modification of the 
snow is employed most commonly for 
protecting highways and ski slopes. 
Let us consider first the techniques 
developed for terrain modification. 

A naturally rough terrain provides 
good anchorage for the first snow de-
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FRACTURE LINE of a large slab avalanche is conspicuous on the 

upper part of this slope. The avalanche slid on a layer of depth hoar 

CRYSTAL STRUCTURE of snow has much to do with the likeli. 

hood that an avalanche will or will not start in a given area. At left 

are crystals produced by destructive metamorphism, a form of 

change in structure that rounds the grains and creates a snow that 

next to the ground. Below the fracture line are a few blocks of the 

hard snow that made up the slab; they were arrested by rocks. 

stabilizes and gains strength with age. At right are crystals of hoar 

produced in the lower depths of a snow cover hy constructive 

metamorphism, which results in a fragile layer that provides an 

unstable base for later snowfalls and creates avalanche conditions. 
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posited on it; as the snow builds up, 
however, it buries the natural irregu­
larities and becomes a smooth sliding 
platform for a slab formed on it. The 
really effective natural obstacles to mas­
sive snow avalanches are broken terrain, 
ledges of rock, stands of heavy timber, 
narrow gullies and abrupt changes from 
a steep slope to a gentle one. These 
features serve variously to prevent snow­
slides, inhibit their size, channel them 
into narrow paths or reduce their mo­
mentum. Most of the artificial structures 
built to control avalanches are designed 
with the same objectives in mind. 

One of the simplest devices, long 
employed in the Alps, is a ston.e wall in 
the shape of a wedge to shunt the slide 
around a house [see top illustmtion on 
opposite page J. A tall, massive pylon of 
concrete will act in the same way to 
protect a power-transmission tower. To 
shield a wider area, a long wall of earth 
or masonry built diagonally across an 
avalanche path will divert slides in 
much the same way that a curving gully 
does. A barrier constructed straight 
across the path is less effective because 
the basin behind it may soon be filled 
by snow, and in any case a large, fast­
moving slide will leap over the wall. To 

protect highways and railroads, sections 
of the road at the foot of steep slopes 
are commonly covered with strongly 
built snowsheds so that avalanches will 
Row over them. 

Some 15 years ago engineers in Aus­
tria inadvertently discovered an effec­
tive form of construction to brake an 
avalanche. They had built some diver­
sion structures in an avalanche path 
near Innsbruck, and at the end of the 
job they left some mounds of rubble 
nearby. The following winter the first 
avalanche was broken up by the 
mounds before it even arrived at the 
diversion structures. The mounds had 
arrested the slide by splitting it into 
crosscurrents that dissipated much of 
the kinetic energy of the sliding mass. 
The Austrians seized on this discovery 
to build systems of avalanche mounds, 
and since then several such systems 
have been constructed in the western 
U.S., Canada and Alaska to protect 
highways. An attractive feature of the 
mound device is its low cost: a barrier 
to avalanches can be built with a bull­
dozer simply by mounding up earth or 
rubble at the site. On the other hand, 
mounds are less effective with large, 
fast-moving avalanches of dry snow 

(which are partly airborne and so tend 
to Row over the mounds) than with 
avalanches that move mostly along the 
ground. 

One of the most effective techniques 
for preventing major avalanches-de­
signed to strike at the cause, so to speak 
-is the erection of snow-supporting 
structures in the areas where avalanches 
start high on the mountain. These struc­
tures anchor the snow to the mountain­
side, reduce or eliminate zones of stress 
within the snow and arrest any small 
slides of loose snow that may start with­
in the area [see bottom illustmtion on 
opposite page J. Theoretically such a sys­
tem can completely prevent dangerous 
slab avalanches, but in actuality this goal 
is difficult to achieve. Practical defense 
systems usually need to be strengthened 
or extended from time to time as nature 
attacks their weaknesses. The structures 
need not be as massive as the barriers 
built to divert a full-grown avalanche, 
but they must be strong enough to bear 
a heavy load. The forces involved are 
indicated by the fact that even a shal­
low snow cover can bend structural 
steel as it settles. The settlement, in­
ternal deformation and slipping of a 
snow cover on the ground generate 

BREAKER MOUNDS serve to impede avalanches near the Trans­

Canada Highway in British Colnmbia. Austrian engineers dis­

covered the mound technique when they left heaps oi rubble from 

the construction of other avalanche·control structures; the next 

avalanche was broken up by the mounds before it reached the other 

structures. Mounds are now built purposely for avalanche control. 
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forces that can add up to several tons 
of pressure per square meter. 

The structures designed to divert or 
withstand avalanching snow must be 
extremely strong. The thrust of ava­
lanches against flat surfaces in their path 
has been measured as high as 100 tons 
per square meter. The materials gener­
ally used to build passive-defense struc­
tures are stone, reinforced concrete and 
combinations of these with earth fill. 
The active-defense, or preventive, struc­
tures entail the difficulty and cost of 
transporting heavy materials to high 
mountain sites. Efforts are now made to 
use steel, light metals and wood as much 
as possible; intensive engineering re­
search has been done in Switzerland 
and Austria. 

The Swiss Federal Institute for Snow 
and Avalanche Research has long been 
an international leader in the investiga­
tion of avalanche problems. It conducts 
studies in the basic physics of snow and 
ice, in snow mechanics, on the creep 
pressures that develop in slabs and on 
the design of defensive structures and 
techniques. For investigation of the 
forces involved the institute has built an 
artificial avalanche chute equipped with 
many measuring instruments. The chute, 
a metal-floored slide mounted on a 
trussed framework, can be tilted to vari­
ous degrees of steepness. From a gate 
at the top, snow loads of a ton or more 
are released, and their impact against 
a catching plate is measured by strain 
gauges. This testing machine has shown, 
among other things, that sliding snow, 
because of its internal shear strength, 
generates an impact several times great­
er than does liquid water falling the 
same distance. The machine has turned 
up much information that will be use­
ful in designing avalanche barriers and 
deflecting structures. 

At the Federal Material Testing Labo­
ratories in Switzerland, Adolf Voellmy 
has analyzed the effects of sliding snow 
on buildings. He has found that an ava­
lanche often exerts a strong lifting force 
on a building in its path, thereby strip­
ping off the roof or raising a frame 
building from its foundations. These 
findings suggest that the vulnerability 
of buildings to avalanches can be re­
duced by tying them more securely to 
their foundations. 

M
uch of the recent research on de-

fenses against snow avalanches has 
been directed to a search for simple 
methods of prevention. When all is 
said and done, the attempt to control 
avalanches by means of massive physical 
structures is an expensive and only 

WEDGE TECHNIQUE, long in use in the Alps, involves incorporating a wedge on the 

uphill side of a building, as on this church near Davos, to divert a flowing mass of snow. 

A USTRIAN STRUCTURE was designed to prevent the formation of avalanches by helping 

to anchor snow. Made of steel and about 10 feet high, it is located near the Brenner Pass. 
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EXPERIMENTAL INSTALLATION on the Dorfberg at Davos is 

aimed at providing support for a body of snow and hence deter· 

ring avalanches. The two lower structures have instruments to 

measure the pressure of the snow. Effects of the pressure are reo 

WIND BAFFLES constitute another experimental array in Switzer. 

land. They were huilt to create an irregular flow of wind in an area 
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duced by the field of short posts around the nearer structure; these 

posts inhibit the sliding of a snow cover over the wet grass. The up· 

per fence, with horizontal posts, has vertical supporting beams with 

different spacing; its purpose is to test the effects of the spacing. 

where a steady flow tends to build up a slab like mass of snow. Such 

a slab, if it breaks loose, can form a dangerous type of avalanche. 
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partly effective strategy. A barrier that 
breaks up or diverts a slide of snow 
along the ground cannot offer much pro­
tection against the rush of a great snow 
cloud or wind blast, which may cross a 
valley from one side to the other. More­
over, the expensive structures for pre­
venting the start of avalanches cannot 
be built in all the places where impor­
tant hazards exist. Less expensive tech­
niques, therefore, are continually being 
sought. 

One recent innovation, still largely 
in the experimental stage, is the use of 
wind baffies to channel the distribution 
of snow during a storm so that the snow 
will not form a large slab. The baffies, 
usually made of wood, are arrayed to 
face the prevailing storm winds, with 
the object of breaking the wind flow 
into an irregular pattern that will cause 
the snow to be deposited in clumps­
deep drifts alternating with intervals 
of shallow snow or even bare ground. 
Tests have indicated that the baffies 
may be effective in certain climates if 
they are placed in a sufficiently dense 
array, but the method has not been 
widely adopted. 

We are led then to the possibilities 
of preventive action on the snow 

itself, designed to forestall any large or 
destructive slide. One of the oldest and 
simplest strategies is the artificial trig­
gering of small avalanches before the 
potential for a large one has developed. 
Properly applied, artificial release can 
bring down piecemeal the snow load 
deposited along a path where ava­
lanches are likely to occur. Further­
more, in any circumstances the deliber­
ate release of the snow at chosen times 
makes it possible to give adequate 
warning and see that the danger zone 
is cleared. 

One of the important dividends from 
this practice has been the educational 
effect on the public. Comparatively few 
people, after all, ever see a natural 
avalanche; most of the slides fall dur­
ing storms and many of them occur at 
night. The avalanches artificially re­
leased by the U.S. Forest Service in 
western ski areas in recent years, how­
ever, have on occasion been witnessed 
by large crowds. A big slab avalanche 
thundering down a mountainside in 
bright sunlight, sweeping heavy timber 
before it and raising an immense cloud 
of snow dust, is one of nature's most 

. spectacular perfOimances. Anyone who 
sees it gains a new respect for the pow­
er and danger of sliding snow. These 
public demonstrations of artificially trig­
gered slides have improved the response 

to signs warning people to avoid dan­
gerous areas. 

The artificial release of avalanches 
is usually achieved by detonating ex­
plosives at the tension zone of a slab. 
Artillery fire is the safest and most ef­
fective method of cracking a slab that 
is ready to be released, and these opera­
tions no doubt have given many people 
the impression that avalanche control 
consists mainly in artillery battles with 
mountains. Actually it is not always a 
release of an avalanche that is sought; 
an explosion can also test the condition 
of the snow and often has a stabilizing 
effect even when no avalanche falls. 

The Swiss originated the artillery 
technique by firing mortar shells into 
the snow. In the U.S. and Canada the 
preferred weapons are recoilless rifles 
and mountain howitzers, because of 
their longer range and the greater ease 
with which they can be fired accurately. 
The release of an avalanche requires at 
least a 75-millimeter shell; where possi­
ble, 105-mm. weapons are used. Be­
cause armor-piercing shells or high­
angle firing (as from a mortar or howit­
zer) may penetrate too deeply into the 
snow and sometimes result in duds, the 
most effective weapon is a flat-trajectory 
cannon firing shells equipped with fuzes 
that will detonate them at the snow 
surface. A compressed-air cannon simi­
lar to a baseball pitching machine, de­
veloped by experts in the Forest Ser­
vice in cooperation with a manufacturer 
of such machines, is currently being 
tested. This "avalauncher" is capable of 
pitching a two-pound explosive charge 
up to 2,000 yards. Because the explo­
sive does not throw out fragments of 
steel shell-casing, the device is expected 
to replace artillery for use within the 
avalauncher's range. 

The Forest Service has been using 
artillery for controlled triggering of 
avalanches in western ski areas since 
1952. It has proved to be a relatively 
inexpensive and successful method of 
avalanche control for protecting ski 
slopes and mountain highways. At the 
same time much research has been done 
on techniques for striking directly at 
the causes of instability in snow by 
modification of the snow. 

I 
n theory it should not be difficult 

to strengthen snow and stabilize it. 
Snow is a substance particularly sensi­
tive to alteration by mechanical dis­
turbance and other treatments. Com­
pacting it or even simply shaking it 
will initiate sintering, or cementing, of 
the bonds between crystals so that the 
snow hardens in a matter of hours-a 

process known as age-hardening. The 
compaction of snow has indeed been a 
useful practice. Obviously this is not a 
practicable program for an. avalanche 
path covering a wide mountainside, but 
it is feasible for short paths or critical 
spots where large avalanches are most 
likely to start. In some places the pack­
ing caused by skiers sliding repeatedly 
over the snow (a man on skis provides 
a pressure of about 50 grams per square 
centimeter) is sufficient. Where a layer 
of depth hoar has developed under the 
surface this pressure is not enough, but 
such a layer can be strengthened by 
intensive foot-packing; the pressure of a 
stamping boot is more than 300 grams 
per square centimeter. In some ski areas 
where layers of depth hoar are likely to 
form it has become common practice to 
march groups of men back and forth 
over the early-season snowfalls on the 
critical stretches of avalanche paths to 
stabilize the snow against later con­
structive metamorphism. 

O ne of the most efficient techniques, 
in terms of the small amount of en­

ergy required, is an operation on the 
slab layer. This consists in breaking up 
the slab, with the aim of relieving the 
stresses of creep tension and thus allow­
ing the slab to settle and establish a 
firm bond to the underlying base. Some­
times a few ski tracks cut through the 
soft snow suffice to prevent the forma­
tion of a continuous slab. To break up 
a hard slab after it has formed the 
Forest Service uses charges of explosive 
in selected places. Often blasting done 
to release an avalanche artificially will 
provide a stabilizing effect by cracking 
a slab and relieving creep tension even 
when no slide actually occurs. 

R. M. Stillman and I, working togeth­
er for the Forest Service, have been 
investigating a new approach to the 
treatment of snow. Its object is to pre­
vent the formation of layers of depth 
hoar, a major cause of large avalanches 
in the Rocky Mountains and elsewhere. 
This approach looks to the modification 
of snow by chemical rather than me­
chanical means. It has been known for 
some time that certain organic mole­
cules poison the growth of ice crystals. 
When these molecules in the vapor state 
attach themselves to the crystals, they 
cause the crystals to grow in odd shapes. 
In our laboratory we found that selected 
organic substances, principally hydro­
carbons with long-chain molecules, had 
certain inhibiting effects on crystals 
growing by sublimation. In the presence 
of 2-octanol in vapor form, for instance, 
the ice crystals grew in the shape of 
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SPACE FLIGHT. At the Boeing Space Center pilots "fly" 
simulated launches, lunar landings and orbital missions such 
as rendezvous and satellite inspection, in support of the nation's 
space exploration programs. Pilots' controls operate through 
computer and TV systems. Extremely realistic space environ-

ment includes simulated sunlight on moon surface and 2300 
identifiable stars represented in celestial sphere. Boeing Space 
Center, newest, most advanced space research center in private 
industry, houses Boeing's many long-time programs involving 
space flight techniques and design of improved spacecraft. 

Capability has n1any faces at Boeing 

NEW BOEING/BENDIX precision approach 
and landing system permits airlines to make 
fully automatic landings in scheduled service. 
Approved by FAA, new system is breakthrough 
in the direction of an all-weather capability. 

BOOSTER recovery techniques, subject of 
recent Boeing study for NASA, explored ways 
to retrieve and reuse giant space boosters. 
Artist's concept shows 140·foot long Saturn V 
Sl-C booster being lowered by parachute. 
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ARMED and armored Boeing/Vertol Chinook 
helicopter is undergoing U.S. Army tests. Fast 
and hard-hitting, new Chinook could reinforce 
air mobile operations, protect troop-carrying 
helicopters in landing zone. Chinook transport 
configuration helicopters are now in Viet Nam. 

BOEliVC 
Spa� Technology. Missiles. Military Aircraft Systems. 701. 720. 721. 
737 JP.liiners • SY5tem� Management . Helicopters . Afari"e Vehides • 
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TYPE OF SNOW 
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CHEMICAL TREATMENT designed to prevent avalanches produced the changes of struc­

ture shown in a comparison of undisturbed snow (left) and snow that has accumulated on 

a plot of ground that was sprayed with benzaldehyde before the first snowfall (right). The 

undisturbed snow has an unstable layer of soft, fragile depth hoar at bottom. In the treated 

plot vapor from the chemical has inhibited the formation of depth hoar and created a bot­

tom zone of snow that is much harder than would be expected in a natural snow cover. 

long, slender needles. Presumably the 
organic molecules attached themselves 
to particular sites on the ice crystal and 
blocked the attachment of water vapor 
molecules to the crystal in certain di­
rections of growth. We then found that 
some organic molecules, notably benz­
aldehyde and N-heptaldehyde, severely 
inhibited along all crystal axes the 
growth by sublimation. 

It took only trace amounts of these 
chemicals to produce the effect. Sup­
pose the chemical was sprayed on snow. 
Would it prevent the formation of depth 
hoar, which norn:ally grows by the 
accretion of sublimated water vapor 
on snow crystals? Laboratory and field 
tests showed that the introduction of 
small quantities of the chemicals in 
snow did in fact severely inhibit or 
completely prevent the development of 
depth hoar. The process was most effec­
tive when the chemical was sprayed on 
the ground before the first snowfall of 
the winter. A few grams of chemical 
per cubic meter of snow was enough to 

block any development of depth hoar in 
the bottom snow up to about 15 centi­
meters above the sprayed ground sur­
face [see illustration above J. 

vVe proceeded then to a further field 
test, to see if chemical treatment could 
prevent avalanches in a path where 
depth hoar and slab fractures commonly 
developed. vVe chose a small avalanche 
path at Berthoud Pass in Colorado and 
sprayed it with ethylene glycol (the 
common antifreeze for automobile radi­
ators), which is not as strong an inhibi­
tor of hoar as the aldehydes but is 
much less toxic. The results of this first 
full-scale test were inconclusive. No av­
alanche occurred in the test path that 
winter (1963-1964), although several 
fell in paths nearby. We found, how­
ever, that a substantial amount of 
depth hoar did develop in the test path, 
and we judged the snow to be danger­
ously unstable. Nonetheless, the chemi­
cal approach looks promising enough to 
encourage a thorough investigation 
its possibilities. 

What 
do you want 

besides 
money 

? 
• 

We're talking about what you can 
hope for from your job - stimula­
tion, challenge, professional growth, 
the solid satisfaction of accom­
plishment. 

A job at Battelle offers all these in 
abundance. S cientists and engi­
neers at all levels of education and 
experience find here-in a 100-per­
cent research atmosphere, near The 
Ohio State University -challenges 
to creativity, deeply satisfying proj­
ects, stimulating association with 
colleagues of stature, and plenty of 
opportunity to grow. 

Practically all sciences and fields 
of engineering are included among 
Battelle activities. Most are con­
tinually represented in the tremen­
dous variety of projects under way 
at all times. 

If you rank job enjoyment and pro­
fessional growth along with money; 
and are one of the one in ten of 
provable superior ability, write for 
more information to Mr. L. G. Hill, 
Battelle; 505 King Avenue, Colum­
bus, Ohio 43201. 

COLUMBUS LABORATORIES 

Battelle 
MEMORIAL INSTITUTE 

An Equal Opportunity Employer 
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SCIENTIFIC NUMISMATICS 

Ancient coins have provided much infonnation about the sites in which 

they were found and about the societies that produced them. They can 

be nlade to yield even Inore information by nlodern statistical methods 

T
he term "numismatics" is normal­
ly associated with the avocation 
of collecting coins. It is well 

known, of course, that the study of 
coins also plays an important role in 
archaeology. Here I should like to set 
forth in general telIDS a mathematical 
approach that can make numismatics 
more of an exact science. With this ap­
proach the archaeologist can add a de­
gree of precision to his study of coins, 
and modern governments can improve 
the procedures with which they control 
their cOinages and even their paper 
currency. 

The archaeologist finds coins useful 
because they are normally issued by a 
governing authority and hence consti­
tute a form of official document. The 
archaeological value of coins arises 
from the fact that they survive to an 
extent unmatched by most other docu­
ments, both because they are physically 

by D. D. Kosambi 

durable and because they have value 
for the members of the society and so 

are likely to be put away in hoards. As 
a result coins have revealed the exis­
tence of cities and even kingdoms that 
are not mentioned in the old literary 
histories. 

Even when an ancient society is 
known from other sources, coins can be 
helpful in various ways. Dated coins­
or those that can be otherwise identified 
with a particular epoch-help the ar­
chaeologist to fix the age of the level 
in which he is digging, to organize the 
chronology of rulers and to establish the 
dates of events commemorated by cer­
tain coins. The designs on coins reveal 
something of the society's religion or 
mythology and reflect the evolution of 
its art. Often the only indication of what 
prominent persons of ancient times 
looked like is provided by the portraits 
on coins. 
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FIVE·MARK SYSTEM was found on the obverse (heads) side of most coins in a hoard un· 

earthed in 1924 in the ruins of Taxila, an ancient Indian city. In each set of five marks the 

first four represented a king; the fifth, an issuing authority such as a crown prince. Often 

the fifth mark in one set became the fourth in another, indicating that a son had succeeded 

his father as ruler. The marks were helpful in establishing the chronology of the coins. 
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This kind of information is obtained 
from coins by the scientific techniques 
of description and classification. A some­
what more complex scientific procedure 
involves assaying the metallic content of 
a coinage over a long period of time in 
order to obtain information about the 
economic history of the society. Such an 
investigation reveals that the French 
sou, which is today a synonym of worth­
lessness, began its career as the solidus, 
a gold coin of the emperor Constantine 
the Great [see illustration on page 105]. 
This coin's steady degeneration through 
16 centuries is a considerable tale in 
itself. Similar work shows that the gen­
tle art of inflation was practiced just as 
ably in antiquity. Plutarch says, and 
archaeology confirms, that Solon the 
Wise reduced those Athenian debts that 
he did not cancel altogether by making 
them payable in drachmas debased by 
27 percent. 

The mathematical approach I have 
in mind goes beyond the scientific 

procedures I have described so far. The 
basic theOlY that makes such an ap­
proach possible was developed only a 
generation ago. This theory, known as 
"the homogeneous random process," ap­
plies to numerous different types of 
natural phenomena that are under the 
influence of many factors of a random 
nature, for example the diffusion of 
molecules of one substance through the 
molecules of another substance, the un­
ceasing zigzag l1!0vement (called Brown­
ian motion) of small particles suspended 
in a fluid, and even the behavior of a 
stock exchange. 

As applied to numismatics, the theory 
embraces several factors relating to the 
weight of coins. In antiquity it was eas­
ier to control the weight of coins than 
the alloy. The reason was that, given 
a good pair of balances, anyone could 
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PUNCH·MARKED COINS of ancient India, similar to those found 

in the Taxila hoard, are depicted. On the obverse side (left) some 

features of the five·mark system sho\vn in the illustration on the 

opposite page are visible. The reverse side (right) of such coins was 

either blank or carried a different system of individualistic punch 

marks. These coins and those in subsequent photographs are in the 

collection of the American Numismatic Society. In all the photo· 

graphs the obverse side is at left and the reverse side is at right. 

weigh the coin quickly and accurately, 
whereas an assay of the metallic con­
tent of the coin called for an expert. 
Hence the weight of a society's coinage 
tended to remain fixed even when the 
coinage was systematically debased in 
metallic content. 

Yet no matter how carefully coins are 
struck in one minting, by the same 
craftsmen using the same technique, 
there is an unavoidable variation in their 
weight. This variation is restricted some­
what by the traditional practice of melt­
ing down the coins that fail to come 

within a certain margin above or below 
the "true" weight. The amount of toler­
ance allowed has been termed "the legal 
remedy." In India before World War II, 
for instance, the legal remedy was 
1/200 of the weight for the standard 
coin: the rupee of silver alloyed with 
1/12 copper and weighing 180 grains. 
The differences in weight of carefully 
minted coins can be determined only 
with very delicate balances. 

When a coin is put into general use, 
it loses a tiny amount of weight when­
ever it is involved in a transaction. 

Mechanical abrasion removes a bit of 
the coin, and the metal is also subjected 
to the chemical action of various com­
mon agents, including the acids pro­
duced by the glands of human skin. In 
short, the coin loses weight by wear. 
Such losses would vary from coin to 
coin even if every coin were handled in 
practically the same way. The fact is, 
of course, that not every coin put into 
circulation at one time is handled in 
the same way over the years, and so the 
variation among coins is increased. 

The net effect of all these variations 

103 

© 1966 SCIENTIFIC AMERICAN, INC



in weight, from both minting and wear, 
can be dealt with by the mathematical 
theory of the homogeneous random 
process. The result of the application of 
this theory to a set of coins in circula­
tion is reflected in the three curves in 
the illustration on page 107. The first of 
them, denoted A, is the familiar Gauss­
ian curve of normal distribution; it re­
flects the fact that a group of coins 
minted by some uniform process has 
such a normal distribution of weights. 
The distribution is truncated because 
coins weighing more or less than the 
tolerated margin of error have been 
excluded by the application of the legal 

remedy, but in practice the resulting 
deviation from a normal distribution is 
negligible unless the minting has been 
singularly slipshod. 

After the coins have been in circula­
tion for a time, the curve of weight dis­
tribution is still normal but has changed 
shape, as is apparent in curve B in the 
illustration. The middle of the curve 
has moved to the right, indicating that 
the average weight of the coins has de­
creased, and the curve is flatter, show­
ing that the variation in weight among 
individual coins has increased. The de­
crease in the average weight and the 
increase in the variation are each strictly 

proportional to the length of time the 
coinage has been in circulation. 

As time goes on the center of the 
curve moves steadily to the right from 
the loss of weight. The average weight 
declines regularly because the average 
loss of weight is the same per unit of 
time, say a year. The curve becomes 
flatter much more rapidly, however, be­
cause the square of the standard devia­
tion increases regularly with time. The 
standard deviation is the distance from 
the center of the curve to the point on 
either side where the curve begins to 
bend the other way. Curve C, reflecting 
a considerable period of circulation for 

DATING OF HOARD at Taxila was made possible by the pres­

ence of coins snch as these. At top is a coin of Alexander the Great, 

who invaded India in 327 B.C. At bottom is a coin of his successor, 

Philip Arrhidaeus, in whose brief reign few coins were issued. 
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a coinage, shows the mean weight to 
have declined further and the variation 
in weight to have increased so much 
that only half of the distribution can be 
portrayed. 

Thus far I have described a situation 
involving a single group of coins minted 
and put into circulation at the same 
time. Suppose one were to take from 
circulation a random sample of coins 
of the same denomination, alloy and 
mint weight but of different date. The 
curve showing the distribution of weight 
in the sample would be asymmetric with 
a long tail to the right, reRecting the 
fact that the older coins have lost more 

weight than the newer ones. The shape 
of such a curve can be calculated theo­
retically, given the proportion of coins 
of each minting together with the gen­
eral rate of wear and the rate of increase 
in variation in weight among individual 
coins. These three constants cannot be 
predicted theoretically; they must be 
obtained by observation for each coun­
try and each denomination of coin. 

There is one more factor that must 
be considered; I have termed it "ab­
sorption." Coins of a group tend to dis­
appear from circulation in a regular 
way that is proportional to the number 
circulating, provided that the rate of 

uisappearance is not affected by some 
abnormal situation. The rate of absorp­
tion is represented by a statistical law­
the same law that applies in the familiar 
geometric progression (2, 4, 8, 16 and 
so on). This is also the law of absorption 
for radiation, the simplest law of bio­
logical mortality, the law for the healing 
rate of wounds and the law of growth 
by compound interest. 

Certain conditions have to be met 
if these mathematical principles are 
to be applied successfully. The coins 
must have been minted accurately 
enough to show only a slight initial vari­
ation in weight. If this is not done, as 

DEBASEMENT OF COINAGE is typified by the gradual transfor­

mation of the solidus (top), a gold coin of the emperor Constantine 

the Great, to the French sou (bottom). At one time "sou" referred 

to the five-centime piece; it now means any coiu of little value_ 
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SLOW ACCUMULATION of coins in a hoard renders inapplicable the mathematical ap· 

proach to numismatics. Such an accumulation is the "Peter's pence" collection at the Vati. 

can, consisting of Anglo.Saxon coins such as this one from the reign of King Offa of Mercia 

(eighth century A.D.). Pilgrims' donations built the collection over many generations. The 

mathematical approach needs coins that have had comparable histories of circulation. 

was often the case with ancient coins of 
the less valuable metals such as copper, 
pewter and billon (gold or silver heavily 
alloyed with a base metal), the effect 
of wear on the weight distribution is 
blurred. Secondly, the circulation of the 
coins must have been normal enough to 
have the proper effect. This condition 
usually excludes gold coins, which are 
often hoarded with a minimum of han­
dling and are also likely to be clipped 
by owners seeking to amass a private 
store of gold. Finally, a sample to which 
the mathematical principles are to be 
applied must consist of a fairly large 
number of coins with comparable his­
tories. Ideally they should be from a 
common hoard. In keeping with this 
condition it is useless to compare sim­
ilar coins of widely divergent histories. 
For example, a coin of the Greek adven­
turer Menander, who founded a king­
dom in India about 125 B.C., turned 
up in a bazaar at Poona in 1942 and 
was accepted as currency; its history 
was plainly different from that of Me­
nander coins dug up by archaeologists 
in various parts of India or that of a 
specimen found in vVales. 

Even if one has access to a hoard 
that fulfills all these conditions, it is 
necessary that the hoard be reasonably 
well preserved so as to be free of en­
crustations that would produce varia­
tions in weight unrelated to the varia­
tions attributable to circulation. If a 
hoard of coins made of a silver-copper 
alloy has been buried in damp soil (as 
happens more often than not in India), 
the moisture slowly draws the copper to 
the surface of the coins, leaving a spon­
gy silver underneath. Some Indian nu­
mismatists have proceeded to strip away 
the copper on the technically impossible 
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supposition that molten copper had 
been poured onto the silver to bring up 
the weight of the coins. 

Some years ago I was fortunate 
enough to have access to a hoard that 
met all these conditions. It was a collec­
tion of about 1,150 pieces of silver found 
in a bronze jar that archaeologists had 
dug up in 1924 in the ruins of Taxila, 
an ancient Indian city in wh�t is now 
Pakistan. The jar and the dry climate 
had preserved the hoard from damage. 
It was possible to date the hoard ap­
proximately by the presence of an un­
worn coin of Alexander the Great, who 
invaded India in 327 B.C., and to date 
it more precisely by a mint-condition 
coin of the emperor who briefly suc­
ceeded Alexander-his half brother 
Philip Arrhidaeus. The condition of the 
coin, taken together with the facts that 
Arrhidaeus issued few coins and that 
Taxila was far from his actual domain, 
justifies the assumption that the coin 
found its way into the jar soon after 
issue. The hoard can thus be dated close 
to 317 B.C., when Arrhidaeus was im­
prisoned and assassinated. There was 
nothing in the archaeological context to 
indicate that the hoard had been de­
posited slowly over a long period of 
years, as is the case with religious de­
posits such as the "Peter's pence" collec­
tion at the Vatican, consisting of do­
nations left annually by generations 
of Anglo-Saxon pilgrims. Therefore it 
seemed reasonable to assume that the 
Taxila coins had had a comparable his­
tory of circulation and that this history 
had come to an end at about the time 
Alexander's local successor Seleukos 
Nikator lost Taxila to an invading army 
from the east. 

Beyond this the coins at first yielded 

little information. Most of them had on 
their obverse (heads) side five punch 
marks with much in common from coin 
to coin. The reverse (tails) side in many 
instances had an entirely different sys­
tem of much smaller punch marks. 
Nothing else was readily evident. The 
hoard therefore presented a difficult 
problem of classical numismatics: the 
arrangement of unidentifiable coins in 
their proper chronological order. It was 
in addressing myself to this problem 
that I began to work out the application 
to numismatics of the mathematical 
principles I have described. 

By way of background to the story of 
my investigation it will be useful to 

describe briefly the historical setting of 
India in the period to which the hoard 
is ascribed. Alexander, whose army was 
reluctant to follow him farther in his 
effort to conquer Asia, retreated from 
India soon after invading it. After his 
departure a Hindu king, Chandragupta 
(called Sandrocottus in Greek records), 
extended his rule over the entire north­
ern part of the Indian subcontinent, ex­
pelling or destroying the Alexandrian 
garrisolls. Chandragupta established the 
seat of his empire at the capital of the 
kingdom of Magadha in what is now 
the Illdian state of Bihar. Thus was 
founded the dynasty called Maurya, 
which lasted from 312 to 178 B.C. The 
most illustrious figure of the Mauryan 
dynasty was Chandragupta's grandson 
Asoka, who reigned for many years, ex­
panded the empire as far west as the 
Greek kingdom of Bactria and by sup­
porting Buddhism gave it a powerful 
impetus in India. 

In the immediate pre-Mauryan period 
the only royal authority strong enough 
to issue coins 011 a large scale was the 
Magadha kingdom. In fact, it is evident 
from a comparison of the punch-marked 
coins of the Taxila hoard that they are 
of the type found in profusion in Ma­
gadha and wherever Magadhan influ­
ence penetrated. The system of five 
marks on the obverse side of the Taxila 
coins is the same as that of the Maga­
dhan royal coinage [see illustmtion on 
page 102]. The first four marks repre­
sent a king; the fifth, an issuing author­
ity such as a crown prince or provincial 
governor. Often the fifth mark in one 
series becomes the fourth in another, 
indicating that a son had succeeded his 
father. 

These marks made it possible to group 
the coins. Then the average weight of 
each group gave its relative chrono­
logical order. It might also be thought 
that the marks would make it possible to 
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set each marking system opposite the 
name of a king and thereby solve the 
whole problem of chronology. The diffi­
culty here lies with the limitations of In­
dian historical records. There are no 
known or decipherable royal inscriptions 
before Asoka. The records of the J ains, 
the Buddhists and the Brahmans often 
call the same kings by different names. 
In any case the names of kings usually 
appear in such records almost incidental­
ly, as part of the inflated, semimystical 
story of some religious figure such as 
the Buddha. There is no mathematical 
theory for this kind of history. 

Considerably more useful were the 
punch marks on the reverse side of 
many coins. These marks, unlike those 
on the obverse side, bore little resem­
blance to one another. They showed all 
the individuality of the ticket punches 
used by conductors on American rail­
roads. A group of coins with identical 
obverse markings might include some 
specimens with blank reverse sides and 
some with from one to more than 20 
of the tiny reverse marks. (When the 
number rose above 20, the marks were 
difficult to count.) 

If one ignores the obverse side and 
merely groups the coins according to 
the number of marks on the reverse, a 
striking fact emerges: the larger the 
number of marks, the lower the average 
weight of the coins [see illustration at 
left on next page J. In other words, the 
reverse marks supplement the loss of 
weight as a sign of age. Evidently the 
reverse marks were correlated in some 
systematic way with the circulation of 
the coins. 

These marks indicate a system of reg­
ular checking of the coinage, probably 
by traders' guilds. The traders were 
simultaneously financiers, bankers and 
dealers in precious metals; they would 
have had good reason to assure them­
selves that a given coin continued to 
adhere to a standard of weight. Pre­
sumably the checking was done at more 
or less regular intervals, apparently 
about every 12 years, indicating that 
the practice began about 500 B.C. 

Both the obverse and the reverse 
marks were valuable as corroborative 
evidence when I undertook to check 
the weight, variation and absorption 
rates of the Taxila coins. Interestingly 
enough, about 95 percent of the coins 
fell in the range of some very accurately 
cut stone weights found in the excava­
tions of two cities much more ancient 
than Taxila: the cities of Mohenjo-Daro 
and Harappa in the valley of the Indus 
River. This great civilization, compara­
ble to that of Sumer and probably con-

temporaneous with it, had vanished 
without apparent trace until it was re­
vealed by digging in 1925. Yet in spite 
of the complete silence of all Indian 
tradition on the existence of the earlier 
civilization the weight standard of the 
Indus valley survived unchanged into 
Mauryan times. 

The weight curve of the Taxila hoard 
has the expected distribution with a 
tail to the right. Moreover, the number 
of coins compared with the number of 
reverse marks follows closely the theo­
retical "absorption" curve [see illustra­
tion at right on next page J. About 70 
percent of the coins survived after each 
checking period, however long that pe­
riod was. These observations suggest 
two things about the economy of Taxi­
la: (1) it was stable for more than 200 
years, as indicated by the regularity of 

A 

B 

circulation reflected in the curves of 
weight loss and absorption of the coin­
age, and (2) the balance of trade ran in 
favor of Taxila, as indicated by the pres­
ence of Magadhan coins in the commu­
nity-coins that could only have come 
in payment for goods originating in or 
shipped through Taxila. 

The same Taxila mound in which the 
hoard I have described was found 

yielded another hoard that was de­
posited at a higher level and hence 
was associated with a later time. The 
coins looked cruder. The system of 
obverse marks remained but the reverse 
marks had disappeared. Although these 
coins were almost in mint condition, the 
variation in weight was decidedly larger 
than that in the blank-reverse (and 
therefore little-used) coins of the earlier 
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DISTRIBUTION CURVES depict the history of circulation of a group of coins carefully 

minted and put into circulation at the same time. Curve A is high and narrow, indicating 

that most of the coins (a preponderance represented by the gray band) are close to the 

"true," or mean, weight. After a period of circulation (B) wear has caused the mean weight 

to decrease and the variation in weight from coin to coin to increase, an increase shown by 

the flattening of the curve. Further circulation augments these effects (C): mean weight 

is lower and variation has increased so much that only half of the distribution is shown. 
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hoard. In addition, the alloy was notably 
debased. 

This second hoard was dated to about 
250 B.C. by a coin of the, Greek king 
Diodotus I, king of Bactria. Thus the 
punch-marked coins of the hoard were 
contemporaneous with Asoka. Although 
his coins had never been identified un­
til these new methods pinned them 
down, it was known that his empire was 
prosperous and spread over the whole of 
modern India and Pakistan and most of 
what is now Afghanistan. The architec­
ture and sculpture of the age were out­
standing. Why, then, should the coinage 
be crude? Was there perhaps some mis­
take in my theoretical approach? 

I was able to answer these questions 
by considering Indian currency that was 
in circulation in 1940 and 1941. At that 
time the rupee was still silver, but its 
copper content had been raised from a 
twelfth to a half. Moreover, the legal 
remedy had been abandoned. Although 
the same mints and machines had fab­
ricated both prewar and wartime coins, 
I was able to pick out new rupees in 
1941 that were above the standard 
weight by more than twice the old tol­
erance limit. Obviously Asoka's empire 
had been short of currency for everyday 
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use, as the government of India was 
during World War II. Silver currency 
in both periods was progressively de­
based, although the ancients-unlike the 
wartime regime of India-never resorted 
to tokens and had no paper currency. 

Having developed my idea of apply­
ing mathematical theory to the study 
of coins, I tested it with coins that were 
circulating in India in 1940 and 1941. 
Much of this work was drudgery; it 
took me about three minutes to weigh 
each of some 7,000 coins on a slow ana­
lytical balance. The tedium was some­
what relieved by the fieldwork involved 
in obtaining a representative sample of 
coins from active circulation. Except in 
three readily explainable cases, the 
weighings produced curves that closely 
fit the theoretical curves. 

The first exception had to do with 
gold sovereigns. They had not been 
legal tender since 1931, although they 
did change hands occasionally between 
hoarders. Even so the fit would have 
been good had it not been for the two 
oldest pieces, which had been used only 
for worship by the family that lent them 
for weighing. Placed in front of the fam­
ily's image of Lakshmi, the goddess 
of wealth, the two sovereigns had re-
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mained untouched for two generations. 
Another exception was the humble 

copper pie, which was then worth 
1/192 rupee and could be found only 
in a few places such as Benares, where 
pilgrims distributed them as "charity" 
to beggars in order to gain merit at the 
lowest possible cost. The friend who 
had supplied me with 1,000 pie coins 
did not have the patience to take them 
all from the marketplace; he supple­
mented those that had been in regular 
circulation with a large number from a 
bank vault, where they had lain unused 
for years. 

Thirdly, the anna pieces were of soft 
metal and in common use. Hence they 
wore more rapidly than any other Indian 
currency. Wear made it impossible to 
read the dates on some of the annas, and 
these pieces had to be removed from the 
sample. They were the most worn and 
therefore the oldest coins; they were also 
the lightest, and their removal from the 
sample raised the average weight of the 
rest of the sample. 

The mathematical approach to nu­
mismatics has applications beyond ar­
chaeology. In this age of vending ma­
chines, pay telephones, turnstiles and 
whatnot the rate of wear of metal cur-
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NUMBER OF PUNCH MARKS NUMBER OF PUNCH MARKS 

AGE AND WEIGHT of coins in the Taxila hoard are closely cor· 

related. The punch marks were put on the back of the coin peri­

odically for checking purposes; hence tbe more punch marks, the 

longer the coin was in circulation. The average loss of weight of 

the coins, resulting from wear, is shown by the diagonal line. 

Square and round symbols represent square and round coins. 
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ABSORPTION OF COINS, meaning their loss from circulation for 

various reasons, shows a close correlation with the number of 

punch marks found on the reverse side of the coins in the Taxila 

hoard. The theoretical curve of absorption is shown in color; the 

broken curve closest to it represents all the punch·marked Taxila 

coins. Other curves represent square and round coins in the hoard. 
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THE N E E 0 Rubbery materials for 
"way-out" reliability. 

THE MATERIAL 
Silastic® brand silicone rubber ... for the life-supporting 

oxygen hose between man and craft; for the heat shield that 

protects against re-entry temperatures exceeding 5,000°F; 
for gaskets, sealants and insulations with superior resistance 
to heat, cold, ozone, oil, high vacuum. 

THE SUPPLIER Dow Corn i ng  

... where top materials men continue to  develop solutions 
to some of the toughest performance problems of this age. 
Our publication, Materials News, gives a bi-monthly preview. 
Get it free ... write Dept. 9702, Dow Corning Corporation, 
Midland, Michigan 48640. 

DOW CORNING 
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YOU HAD TO MISS THE FIRST CHANNEL FLIGHT 

BUT YOU DON'T HAVE TO MISS THE C-SA 

Bleriot's channel crossing in 1909 was a 

landmark in the colorful infancy of aviation. 
It ushered in a whole new era of flight. So 
does the C-SA. A new era in global aviation. 
o Challenges were great in the early days 
of flight. Opportunities were equally big. 
They are bigger still today. USAF's C-SA 
transport, for example, offers the greatest 
opportunity to come along in years. Giant 
in size, the C-SA brings new sophistication 
to aviation transports with such refinements 

1 10 

as Lockheed's distinctive hinged nose 
design. Functioning like a visor, it can be 
raised upward for full-width loading, and 
straight drive-through. 0 C-SA offers long 
term careers to engineers, challenging 
assignments, and plenty of room to grow. 
Opportunity awaits you at Lockheed. An 
opportunity this big may never come again. 
Discover for yourself. And get in on the 
ground floor of aviation's new era. Send 
your resume to Charles E. Storm, Profes­
sional Employment Manager, Lockheed­
Georgia Company, 834 West Peachtree 
Street, Atlanta, Georgia, Department 2-SA. 
Lockheed is an equal opportunity employer. 

LOCKHEED-GEORGIA 
Give your career the biggest lift of all 
Lockheed-Georgia Company, Marietta, Georgia; 

A DI .... islon of Lockheed Aircraft Corporation 
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IMMEDIATE 
OPPORTUNITIES AT 
LOCKHEED-GEORGIA 
ON THE C-SA 
The world's largest jet airlifter 

Engineers and scientists will find 
immediate ground-floor opportun­
ities in the following fields: 

DESIGN 
Structural and Functional 
Servo Mechanisms 

- Hydraulic & Flight Controls 

STRUCTURES ANALYSIS 
Strength 
Loads 
Dynamics 
Weights 

VALUE ENGINEERING 
Production Design 
Value Analysis 
Materials and Processes 
Standards 
Design Manuals 

RELIABILITY ENGINEERING 
Reliability Design Analysis 
Reliability Testing 
Mathematical Analysis 
Flight Safety 

MAINTAINABILITY 

OPERATIONS RESEARCH 

MATHEMATICAL LOFTING 

DEVELOPMENT TEST ENGINEERING 
Structural 
Mechanical 
Metallurgical 
Instrumentation 
Flight Control 

HUMAN ENGINEERING 
Human Factors 
QQPRI 

PRELIMINARY DESIGN 
Avionics 
Cockpit Layout 
Structures 
Mechanical Systems 
Air Conditioning 
Propulsion 
Petal Doors 

SYSTEMS ENGINEERING 
Propulsion 
Mechanical and Hydraulic 
Electrical 
Electronic 
Servo Mechanisms 

- Hydraulic & Flight Controls 

AERODYNAMICS 
Performance 
Stability and Control 
Wind Tunnel 

THERMODYNAMICS 
Air Conditioning and Anti-Icing 
Nacelle Aerodynamics 

APPLICATIONS ENGINEERING 

MANAGEMENT SYSTEMS 
REQUIREMENTS 

ADMINISTRATIVE ENGINEERING 

Send resume to Charles E. Storm, 
Professional Employment Manager, 
Lockheed-Georgia Company, 834 
'Vest Peachtree Street, Atlanta, 
Georgia, Department 266-SA. 
Lockheed is an equal opportunity 
employer. 

C-5A'�� 
LOCKHEED-GEORGIA 
The opportunities don't come any bigger 
lOCkheed-Georgia Company, Marietta, Georgia: 

A Division of Lockheed Aircraft Corporation 

SECOND TAXI LA HOARD was dated approximately by the presence of a coin such as 

this one from the reign of Diodotus I, who was king of the Greek kingdom of Bactria in 

about 250 B.C. Hence the second Taxila hoard was deposited about 75 years after tbe first. 

rency could readily be determined by 
weighing samples, preferably on a much 
larger scale than my own modest efforts. 
Given the rates at which weight de­
creased and variation increased, and the 
weight limit below which a coin would 
be regarded as useless, the rate of re­
placement for every denomination could 
be calculated and the necessary replace­
ment coins minted on a systematic 
schedule. Allowance would have to be 
made for changes in demand, such as 
those resulting from new consumer 
products and from population growth, 
and for loss of coins. 

A second application would be to 
keep track of the number of coins in 
active circulation. This can be tested 
by the same procedure used to estimate 
the fish population of a lake. The fish 
are caught in a net, tagged and thrown 
back. The number of recaptures is 
plotted against the total catch; a simple 
formula then allows a calculation of the 

population. This number, of course, rep­
resents not all the fish but all the fish 
that are susceptible to the particular 
method of capture. 

The "netting" of coins could be done 
by sampling post offices, banks, vending 
machines and stores on a certain day 
throughout the country. Tagging might 
be done by making the coins harmlessly 
radioactive. Then the recapture could 
be detected by a Geiger counter. A 
similar procedure would make it pos­
sible to estimate the amount of paper 
currency in active circulation. The tag­
ging could be done through the serial 
number, which a computer would read 
by electronic methods. The same com­
puter would be programmed to pro­
vide an estimate of the total currency in 
circulation. By these methods a scien­
tifically minded treasury could decide 
on the basis of wear and loss whether 
it was better to issue coins or paper for 
any given denomination. 

COIN OF MENANDER, a Greek who founded a kingdom in India around 125 B.C., is shown. 

A similar coin turned up in the marketplace at Poona in 1942 and was accepted as currency. 

Such a coin could not be used in a mathematical approach to numismatics because it would 

have a history of circulation widely divergent from that of other coins of similar origin. 

III 
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MATHEMATICAL GAMES 
Recreational numismatics, 
or a purse of coin puzzles 

by Martin Gardner 

I
n the preceding article D. D. Kosam­
bi describes some scientific aspects 
of numismatics. Coins also have a 

variety of simple properties that can be 
exploited in recreational mathematics: 
they stack easily, they can be used as 
counters, they can serve as models for 
points on the plane, they are circular 
and they have two distinguishable sides. 
Here is a collection of entertaining coin 
puzzles that require no more than 10 
pennies. They are elementary enough to 
make excellent bar or dinner-table di­
versions, yet some of them lead into 
areas of mathematics that are far from 
trivial. 

One of the oldest and best coin puz­
zles calls for placing eight pennies in a 
rowan the table [see upper illustration 
below] and trying to transform them, in 
four moves, into four stacks of two coins 
each. There is one proviso: on each 
move a single penny must "jump" ex­
actly two pennies (in either direction) 
and land on the next single penny. The 
two jumped pennies may be two single 

coins side by side or a stacked pair. 
Eight is the smallest number of pennies 
that can be paired in this manner. The 
reader will find it a pleasant and easy 
task to solve the problem, but now 
comes the amusing part. Suppose two 
more coins are added to make a row 
of 10? Can the 10 be doubled in five 
moves? Many people, after finding a 
solution for eight, will give up in de­
spair when presented with 10 and re­
fuse to work on the problem. Yet it 
can be solved instantly if one has the 
right insight. Indeed, as will be ex­
plained in this department next month, 
a solution for eight makes trivial the 
generalization to a row of 2n pennies 
(n> 3) , to be doubled in n moves. 

When pennies are closely packed on 
the plane, their centers mark the points 
of a triangular lattice, a fact that under­
lies scores of coin puzzles of many dif­
ferent types. For example, start with 
six pennies closely packed in a rhombus 
formation [at left in lower illustration 
below]. In three moves try to form a 
circular pattern [at right in illustration] 
so that if a seventh coin were placed in 
the center, the six pennies would. be 
closely packed around it. On each move 
a single coin must be slid to a new posi-

The doubling problem 

> 

A close-packing problem 
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tion so as to touch two other coins that 
rigidly determine its new position. Like 
the doubling puzzle, this too has an 
amusing angle when you show it to 
someone. If he fails to solve it, demon­
strate the solution slowly (it will be 
given next month) and challenge him to 
repeat it. But when you put the coins 
back in their starting position, set them 
in the mirror-image form of the original 
rhombus. There is a good chance that 
he will not notice the difference, with 
the result that when he tries to dupli­
cate your three moves, he will soon be 
in serious trouble. 

A good follow-up to the preceding 
puzzle is to pack 10 pennies to form a 
triangle [at left in top illustration on op­
posite page]. This is the famous "tetrac­
tys" of the ancient Pythagoreans and 
today's familiar pattern for the 10 bowl­
ing pins. The problem is to turn this tri­
angle upside down [at right] by sliding 
one penny at a time, as before, to a new 
position in which it touches two other 
pennies. vVhat is the minimum number 
of required moves? Most people solve 
the problem quickly in four moves, but 
it can be done in three. The problem 
has an interesting generalization. A tri­
angle of three pennies obviously can be 
inverted by moving one coin and a tri­
angle of six pennies by moving two. 
Since the 10-coin triangle calls for a shift 
of three, can the next largest equilateral 
triangle, 15 pennies arranged like the 
15 balls at the start of a billiard game, 
be inverted by moving four pennies? 
No, it requires five. Nevertheless, there 
is a remarkably simple way to calculate 
the minimum number of coins that must 
be shifted, given the number of pen­
nies in the triangle. Can the reader 
discover it? 

The tetractys also lends itself to a de­
lightful puzzle of the peg-solitaire type. 
Peg solitaire, traditionally played on a 
square lattice, is an old recreation that 
is now the topic of a considerable lit­
erature (see "Mathematical Games" for 
June, 1962). As far as I know, similar 
problems based on the triangular lattice 
have received only the most superficial 
attention. The simplest starting position 
that is not trivial is the Pythagorean 10-
spot triangle. To make it easy to record 
solutions, draw 10 spots on a sheet of 
paper, spacing them so that when pen­
nies are placed on the spots, there will 
be some space between them, and num­
ber the positions [see bottom illustration 
on opposite page]. 

The problem: Remove one penny to 
make a "hole," then reduce the coins to 
a single penny by jumping. The jumps 
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are as in checkers, over an adjacent coin 
to an empty spot immediately beyond. 
The jumped coin is removed. Note that 
jumps can be made in six directions: 
in either direction parallel with the 
base, and in either direction parallel 
with each of the triangle's other two 
sides. As in checkers, a continuous chain 
of jumps counts as one "move." After 
some trial-and-error tests one discovers 
that the puzzle is indeed solvable, but 
of course the recreational mathemati­
cian is not happy until he solves it in a 
minimum number of moves. Here, for 
example, is a solution in six moves after 
removal of the coin on spot 2: 

1. 7-2 
2. 9-7 
3. 1-4 
4. 7-2 
5. 6-4,4-1, 1-6 
6. 10-3 

There is, however, a better solution in 
five moves. Can the reader find it? If 
so, he may wish to go on to the 15-
spot triangle. The novelty company S. S. 
Adams has been selling a peg version of 
this for years under the trade name 
Ke Puzzle Came, but no solutions are 
provided with the puzzle and I do not 
know the minimum answer. Two 11-
move solutions are given in Maxey 
Brooke's collection of coin puzzles, Flln 
for the Money. Are there bettcr ones? 
Although I cannot reply to all letters, I 
shall report if any readers solve the 
IS-spot triangle in fewer than 11 moves. 

If one penny rolls around anothcr 
penny without slipping, how many 
times will it rotate in making one revolu­
tion? One might guess the answer to be 
one, since the moving penny rolls along 
an edge equal to its own circumference, 
but a quick experiment shows that the 
answer is two; apparently the complete 
revolution of the moving penny adds an 
extra rotation. Suppose we roll the pen­
ny, without slipping, from the top of 
a six-penny triangle [see illustration at 
top left on next page 1 all the way around 
the sides and back to the starting posi­
tion. How many times will it rotate? It is 
easy to see from the picture that the 
penny rolls along arcs with a total dis­
tance (expressed in fractions of full cir­
cles) of 12/6, or two full circles. There­
fore it must rotate at least twice. 
Because it makes a complete revolution, 
shall we add one more rotation and say 
it rotates three times? No, a test dis­
closes that it makes four rotations! The 
truth is that for every degree of arc 
along which it rolls it rotates two de-

Trioll.gle-in'ver:-;;Qn problel1t 

grees. We must double the length of 
the path along which it rolls to get the 
correct answer: four rotations. vVith 
this in mind it is easy to solve other 
puzzles of this type, which are often 
found in puzzle books. Simply calculate 
the length of the path in degrees, multi­
ply by two and you have the number 
of degrees of rotation. 

All of this is fairly trivial, but there 
is a beautiful theorem lurking here that 
has not been noticed before to my 
knowledge. Instead of close-packing the 
coins around which a coin is rolled, join 
them to form an irregular closed chain; 
the illustration at top right on the next 
page shows a random chain of nine pen­
nies. (The only proviso is that as a 
penny rolls around it without slipping, 
the rolling coin must touch every coin in 

2 

4 

the chain.) It turns out, surprisingly, 
that regardless of the shape of a chain 
of a given length, the number of rota­
tions made by the rolling penny by the 
time it returns to its starting position 
is always the same! In the nine-penny 
case the penny makes exactly five rota­
tions. If the penny is rolled inside the 
chain, it will make exactly one rotation. 
This is also a constant, unaffected by 
the shape of the chain. Can the reader 
prove (only the most elementary geom­
etry need be used) that for any closed 
chain of n pennies (n > 2) the number 
of rotations of the moving penny, as 
it rolls once around the outside of the 
chain, is constant? If so, he will see im­
mediately how to apply the same proof 
to a penny rolling inside a chain of n 
coins ( n > 6) as well as how to derive 

3 

5 6 

7 8 9 10 
Triangular solitaire 
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A rotation problem 

a simple formula, for each case, that 
expresses the number of rotations as a 
function of n. 

Pennies are also convenient markers 
for working on what in the puzzle ReId 
are called "tree-planting problems." For 
example, a farmer wishes to plant nine 
trees so that they form 10 straight rows 
with three trees in each row. If the 
reader is familiar with projective geom­
etry, he may notice that the solution [see 
bottom illustration on this page] could 
be taken as a diagram for the famous the­
orem of Pappus: If three points A, B, C 
are located anywhere along one line, 
and three points D, E, F are located 
anywhere on a second line (the two 
lines need not be parallel as here), the 
intersections G, H, I of opposite sides 
of the crossed hexagon AFBDCE will 
be on a straight line. The Pappus the­
orem therefore guarantees nine three­
point lines; the 10th line is added by 
adjusting the Rgure to bring points 
B, H, E into line. Tree-planting puz­
zles tie in with an aspect of projective 
geometry called "incidence geometry" 
(a point is incident to any line passing 
through it, and a line is incident to 
any point it passes through). Harold L. 
Dorwart of Trinity College has just pub­
lished a splendid popular introduction to 
this subject, The Geometry of Incidence 
(Prentice-Hall), which I recommend to 
readers of this department. On page 
146 he cites two tree-planting problems 
-25 trees in 10 rows of six to a row 
and 19 trees in nine rows of Rve to 
a row-both of which are solved by 
inspecting the Rgure for the famous 
projective theorem of Desargues. Tree­
planting problems lead into deep com­
binatorial waters. No one has yet dis­
covered a general procedure by which 
all problems of this kind can be solved, 
and the ReId is therefore riddled with 
unanswered questions. 
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Now back to our pennies. It turns out 
that 10 of them can be arranged to form 
Rve straight lines, with four in each 
line. (It is assumed, of course, that 
each line must pass through the centers 
of the four coins on it.) The illustra­
tion on page 116 shows Rve ways it 
can be done. Each pattern can be dis­
tOlted in an inRnity of ways without 
changing its topological structure; they 
are shown here in forms given by the 
English puzzlist Henry Ernest Dudeney 
to display bilateral symmetry for all of 
them. There is a sixth solution, topolog­
ically distinct from the other Rve. Can 
the reader discover it? 

Many coin puzzles combine a bit of 
mathematics with "catch" features that 
make them excellent quickies of the 
"bar bet" type. For example, arrange 
four pennies in a square formation on 
the bar and bet someone you can change 
the position of only one penny and pro­
duce two straight rows with three pen­
nies in each row. It looks impossible, 
but the solution is to pick up a penny 
and put it on top of the penny diagonal­
ly opposite. Here are two more penny 
catches: First, arrange three pennies 
as shown in the top illustration on page 
118 and challenge someone to put pen-

A surprising invariance theorem 

ny C between A and B so that the three 
coins lie in a straight line-without 
moving B in any way, without touching 
A with his hands, with any part of his 
body or with any object and without 
moving A by blowing on it. For yet an­
other bet, draw a vertical line on a 
sheet of paper. The challenge is to 
position three pennies in such a way 
that the surfaces of two heads are whol-

Tree-planting problem lind PlIPPUS' theorem 
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A world of experience 

MICROWAVE 

Collins microwave is bringing 
telephones, telegraphy and TV 
to 100 million new subscribers 
..... in Thailand, Mexico, Sweden, Syria, Tai­

wan, Venezuela. 

Jungles, deserts, mountains and adverse 

weather ... all obstacles to installation of con­

ventional wirelines and poles ... are spanned 

by microwave in long-distance hops. 

In the U.S., too, Collins microwave serves 

millions in a variety of ways ... telephone com­

panies, large and small ... pipelines ... rail­

roads ... television ... education ... aviation 

... and general industry. 

Collins capability and leadership in the 

field of microwave is another application of 

Information Science. 

COMMUNICATION / COMPUTATION / CONTROL 

m�� 
COLLINS 

�W# 
COLLINS RADIO COMPANY / WORLD HEADQUARTERS / DALLAS. TEXAS 
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THE 
ENCYCLOPEDIA 

SCIENCE 
SUPPLEMENT 

Here is the whole story of an exciting 
year of science progress in one compact, 
lavishly illustrated volum�reated by 
the editorial staff of Encyclopedia 
Americana and Grolier, Inc. 

The Encyclopedia Science Supplement 
has been especially designed for: stu­
dents who must keep abreast of science 
progress; teachers who need a reliable 
source of scientific knowledge; everyone 
interested in science today. 

Its 448 fact-filled pages contain over 
50 authoritative articles. Informative 
articles covering the major fields of the 
year's scientific developments in arche­
ology • biology • earth sciences • man 
and his world • physical sciences • phy­
chology • space exploration · technology. 

This BIG science review is welcomed 
by students, parents, educators. Here is 
the record of man's giant strides during 
the past year. A record you can share 
through the pages of this lavish volume. 

Just fill out and return the coupon 
below. No need to send money now. Pre­
view the Encyclopedia Science Supple­
ment for seven days FREE. You are 
under no obligation. Only after you agree 
that this book should be on your library 
shelves, will the low price of $5.95 apply . 

•••• ••• ••••• MAIL COUPON NOW •••••••••••• 

AMERICANA INTERSTATE CORP., MUNOELEIN, ILL. 60060 
Please send me for 7 days free eKamination the 1965 Encyclo­
pedia Science Supplement. I will return it after 7 days and 
owe nothing or I'll send you just $5.95 plus a few cents for 
shipping and handling for full payment. 

I understand that by keeping my copy, you will register me to 
receive automaticallY, future editions of the Science Supplement. 
1t will be mailed to me at my guaranteed price 30 days after I 
receive an announcement of the latest edition. I can cancel this 
at any time. 

Name ____________ ��� ____ ------------
(Please Print> 

Address ______________________________ _ 

Cily ___________ State ___________ Zip ______ _ 

Signature Phone No. ---------

(Must be signed by adult.> 

o SAVE. Enclose check for $5.95 and we pay shipping and 
handling. Same free trial privilege with full refund. Illinois 
residents please add 24c sales tax. 

This offer available in Canada. Canadian residents mail coupon 
to Illinois address. Shipment of books and all services will be 
handled within Canada. 

13 
..............................•......... 
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ly to the right of the line and the sur­
faces of two tails are wholly to the 
left of the line. Both bar bets, and all 
preceding problems, will be answered 
next month. 

The first of last month's numerology 
problems was to explain the curious 

number 32650494425, which appears 
on page 331 of The Scientist Speculates: 
An Anthology of Partly-Baked Ideas, 
edited by 1. J. Good. What could be a 
simpler way to half-bake a pi than to 

add the 10 digits, in the order shown, 
to pi's first 10 decimals: 

3.1415926535 
.1234567890 

3.2650494425 , 

The two numbers formed by the 10 
digits that have the largest product 
are 96,420 and 87,531. Among pairs of 
numbers that have the same sum the 
pair with the largest product is the pair 
most nearly equal. This rule leads us 

Five ways to plant 10 trees in five rows of four each 
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to solve the problem by taking the digits 
in descending order, starting two num­
bers with 9 and 8, then annexing the 
remaining digits by pairs, the larger 
of each pair always joining the smaller 
of the two numbers: 9 and 8, 96 and 
87, 964 and 875, and so on. 

The number 8549176320, produced 
by the indexer named Betty, is simply 
the 10 digits in alphabetical order. 
(Note also that the letters in "Betty" 
are alphabetized.) 

Harry Hazard's cryptarithm multi­
plication problem 

LYNDON 
B 

JOHNSON 

has the unique answer 

570140 
6 

3420840. 

�tters received concerning the short 
problems of last November con­

tained many surprises. A number of 
readers solved the problem of finding 
formulas for the smallest number of 
unit lines that must be removed to "kill" 
all squares in a square matrix of odd or 
even order. George Brewster, John W. 
Harris and Andrew Ungar were the first 
U.S. readers and D. J. Allen and John 
Dickson were the first British readers 
to draw a single diagram that could be 
extended to display all solutions rather 
than separate diagrams for the odd and 
even cases. Many readers, attacking the 
companion problem of creating "rec­
tangle-free" patterns, pointed out that 
the L-tromino plays in this problem 
the same role the domino plays in the 
square-free problem. Harris achieved 
the lowest records, using a procedure 
that can be continued to all higher 
orders: three unit lines for the order-two 
square, seven for order-three, 11 for 
order-four,. 18 for order-five, 25 for 
order-six, 34 for order-seven and 43 for 
order-eight. His order-eight pattern is 
shown at the bottom of the next page. 

Stephen Barr's problem of finding 
three sets of cocircular poin ts in a pic­
ture of randomly dropped rectangles 
and disks proved to be better than 
he realized. J. K. Baillie, Richard A. 
Brouse, David E. Casteel, Larry Fisher, 
G. R. Gamertsfelder, Robert E. Hurley, 
Joseph C. Hyl, Thorn Sulanke and Rob­
ert L. West wel:e the first to call atten­
tion to a fourth set of co circular points. 
Referring to the diagram given in 
December, the four points are A, the 
unmarked intersection immediately be­
low A on the right, B and the unmarked 

LIBRARY AUTOMATON 

Spinoff from research in automata theory at Sandia may someday help 
solve industry's infOl:mation-retrieval problems. A library automaton 
is under study in the Mathematics Departments which, if fully devel­
oped, would provide quick access to any part of a large file, given 
any identifying quotation from the part being sought. 

The diagram above illustrates the basic idea in a hypothetical library 
containing the phrases aabaa, abb, bab, and their parts. To determine 
if a phrase is in the library and if other terms follow it, begin at m 
and follow the lines letter by letter. If you complete your phrase before 
encountering the black square, the phrase is in the library; otherwise 
it is not. Information related to the phrase is indicated by lines 
between the black square and the point representing completion 
of the phrase. 

This is just one of many special projects of Sandia's Mathematics 
Departments. The departments are concerned with a variety of appli­
cations of mathematical research to Sandia's immediate and long­
range interests, particularly in the areas of applied mathematics, 
statistics, computer science, and systems analysis. 

Sandia Corporation is a prime contractor to the U.S. Atomic Energy 
Commission for nuclear weapons research and development. If you 
are graduating with outstanding scholastic achievements in math­
ematics, engineering or the physical sciences, Sandia Corporation 
would like to arrange an interview. Your Placement Director can 
tell you when recruiters will be on your campus. Sandia is a Plan 
for Progress company and an equal opportunity employer. U.S. 
citizenship is required. 
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At Long Last-Graphic Solutions to Myriad Equations 
A FANTASTIC NEW BUSINESS TOOL 

Checks, Measures, Experiments, Solves 

MOIRE PATTERNS KITS 
1000's OF INDUSTRIAL APPLICATIONS 

Square (Kit liB") S piral (Kit "B") 

Incredible new tool or visual technology. :rvIeasures 
changes in rotary motion as small as a billionth DC a de­
gree . .. and displacement or a trillionth of a centimeter 
-less than the diameter or an atom! Creates fantastic 
visual effects. Now used by researchers, deSigners, in­
ventors. Employed with uncommon success in packag­
ing, textiles and graphic arts. Forms basis fOf "OP­
ART". "OP-DESIGNS··. "OP-EQUATIONS". Range 
of math problems from simple arithmetic to calculus of 
vectors. Measures diffraction pattern movement pro­
duced by lasers. Gauges diffusion of molecules in solu­
tion or heat waves. Evaluates liquid lIow, stress lines, 
distortion of metals. Effects elastic moduli. ELements 
used Include eQul-spaced linear, logarithmic and cir­
cular rulings. Developed and Simplified lor business and 
scientific uses by Dr. Gerald Oster, Brooklyn Poly. lnst. 
Kit contains: 8 basic patterns on both clear acetate In 
lantern slide size-3Yi" x 4" (.020" thick) and white 
Kromekote coated one slde-3�" x 4Yil" (.012" thick); 
two pieces 3M" x 4" 150-dot screen on Him: copy of Dr. 
Oster's book, "The Science of Moire Patterns"-an in­
troduction to this new world of visual technology. 
Stock No. 10,119-5 (Kit A) ..... .......... $8.50 Ppd. 
Stock No. 60,464-5 (Without book) . . . $6.50 Ppd. 

See the Stars, Moon, 
Planets Close Up! 

3" ASTRONOMICAL 
REFLECTING TELESCOPE 
60 10 180 Power-Famous MI. 

Palomar Type! An Unusual Buyl 
See the Rings or Saturn, the 
rascinating planet I\lars, huge 
cratcrs au the Moon, Phases of 
Venus. Equatorial mount with 
lock on both axes. Aluminized 
and overeoated 3'" diamcter 

high-speefl fllO mirror. Telescope comes equipped with a 
60X eyepiece and a mounted Uarlow Lens. Optical Finder 
Telescope included. Hardwood portable tripod. FREE with 
Scope: Valuable STAR CHART plus 272-page ""IAND­
BOOK OF HEAVgN�" pLus "HOW TO USE YOUR 
TELESCOPE" BOOI<. 
Stock No. 85,050-5 • . . ................. 529,95 Postpaid 

4V.,' Astronomicol Reflector Telescope! 
255 Power. New Vibration Free Metal Pede6tal Mount. 
Stock No. 85,105-S • • • .  . ........ 575.50 F.O.B. Barrington. N, J. 

SUPERB 6' REFLECTOR TELESCOPEI 
Inc. electric clock drive, 6ettinll: circlell, eQuatorial mount, pede�tal halle. 
4 eyeroiec",8 ror up to 576X. Tenon bearings. 
Stock No. 85,08G-S . • • • • • • . • • . . . .  5199.50 F,O.B, Barrington, N. J. 

WOODEN SOLID PUZZLES 
) 2 DifTerent puzzles that wlll 
stimulate your ability to think 
and reason. Here is a fascinat­
Ing assortment of wood puzzles 
that will provide nours or plea­
sure . Twelve dltTerent puzzles, 
animals and geometric forms 
to take apart and reassemble, 
give a chance for all the famIly, 

young and old, to test skill, patience and, best of ail, to 
stimulate ability to think and reason while having lots 
of fun. Order yours now. 
Stock No. 70 .205 -5 .................. 53.00 Postpaid 

SOLVE PROBLEMS! TELL F ORTU NE SI PLAY GAME S I 
NEW WORKING MODEL 

DIGITAL COMPUTER 
ACTUAL MINIATURE VERSION 

OF' GIANT ELECTRONIC 
BRAINS 

Fucinatina: new see-throulth model computer 
actually lIolves problems, teachee computer 
fundamentaill. Adds, lIubtrnct�. multiplie&, 6hifts, complements. carriell, 
memorizell, counts, comparell. l!eQuences. Attractively colored. ria:id "lllll­
tin parh eallily a6sembled. 12· x 3!-i· x 4�'C. Incl. �tep·by·step a�lIembly 
diall:rnms. 32·page instruction book covering operation. comtouter lanll:uall:e 

��i:::/N!�tio:l8f:�g:��.rr::�� ·
. �����e

.�� .��� .l.� �����:�����.$5.98 Ppd. 

Make Your Own Powerful Astronomical Telescope 

Stock No. 
70,003·5 
10,004-5 
70,005-5 
70,006-5 
10,007·S 

GRIND YOUR OWN 
A S TR O N O MICAL MIR­
ROR. Kits contain fine an­
nealed pyrex mirror blank. 
tool, abrasives, diagonal 
mirror and eyepiece lenses. 
You can bulld Instruments 

to hundreds of dollars. 
Dlam. Mirror Thlckne.. Price 

4}(" �.. $ 1.50 
G" 1" 11.95 
8" l'i· 19,50 

���.. ��: �g:;� J 
Ppd. Ppd. Ppd. 

f.o.b. Barrington 
MAIL COUPON FOR FREE CATALOG' 

I Completely New 1966 Edllion 

I
I I 148 Pages-Nearly 4000 Bargains ,�.:� I 
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NOW AVAILABLE IN FULL COLOR 
Walt 'til you see the fantastic rainbow o[ color-all 8 
patterns in Deluxe Kit "A" In full transparent colors, 
red, yellow and blue. Complete Instructions. 
Stock No. 60.530-S . ... .. . (Kit A) ........ $12.50 Ppd. 

NEW DE LUXE EXPERIMENTERS' MOIRE KIT "B" 
Eight new. totally different black and white patterns. 
including 30 line logarithmic spiral (ilLustrated above­
most compelling of aU figures): Coarse sines: 65 line 
sines: perspective squares: medium grating: Gaussian 
grating: converging circles; elliptical zone plate; plus 
instructions by Dr. Oster. 
Stock No, 10,190-5 ...................... $6.00 Ppd. 
NEW MOl RE KIT "B" IN COLOR. 8 new patterns 
above in red, yellow and blue; with inst. by Dr. Oster. 
Stock No. 60,531.5. . . . ....... 512,50 Ppd. 
NEW JUMBO 20' x 25' MOIRE: PATTERNS. Excel­

lent lor displays and signs. Write for details and prices. 

MOl RE:: PATTERN ACCESSORY KIT. For addition­
al experiments. Contains metallic baUoon. calcite, two 

r��d��te��Zrs�ciig�ct�a��rl�is�n
a
e;���:���o�ly!lnJl

e
�l

.
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Stock No. 60.487-5. . .... $8.00 Ppd. 

WAR SURPLUS! AMERICAN-
MADE 7XSO BINOCULARS 

Big savings I Brand newl Crystal­
clear vlewlng-7 power. Every opti­
cal element Is coated. An excellent 
night glass-the size recommended 
for satellite viewing. Individual eye 
focus. Exit pupil 7 mm. Approx. 
field at 1,000 yds. is 376 ft, Carry­
ing Case Included. American 7x50's 
normally cost $274.50. Our war 

surplus price saves you rcal money. 
Stock No. 1544-5 . . . . . . .  , ...... , ., .onty $74.80 Ppd. 

7 x 35 AMERICA N  MADE BINOCULARS 

Stock No. 964-5 .. " .'., ............... , .555.00 Ppd. 
6 x 30 B inoculars-similar to above and a terriOc bargalD. 
Stock No. 963-5 .... , ., ............... , , .$40.00 Ppd. " SCIENCE TREASURE CHESTS 

Selence Treasure Chest-Extra·powcrCul mag­
nets, polarizing filters, compass, one· way mirror 
film, prillm, diffraetion grating Dnd lots of othcr item� 
for hundreds of thrilling experiments. plus a Ten·Lens 
Kit for making telescope�, micro�cope�, etc. Full ill-

,_ etructions included. 
Stock No. 70,342-5 . . . . . . . . . . . . • . .  55.50 Postpaid 
Science Treasure Chest DeLu.e-Everything in 
Che�t above plus exciting additional items ror more 

advanced experiments including crYlltal-lI:rowing kit. electric motor. 
molecular models eet, first-surface mirrors, and lots more. 
Stock No. 70,343-5 , . • . • . . .  ,.... . ........ 510,50 Postpaid 

Brand New, Industrial Surplus 

. NICKEL-CADMIUM CELLS AND BATTERIES 
Buy 01 the Year! 

These hard-to-get, lightweight. 1.2V nickel-cadmium cells 
in rugged nylon calles have 4-amp. hour capacity. Hundreds 
of uses in induetrial labs. engineering depts .• Bchool Ilcience 
and Ilhop courlle8. Can !!etve as emer"ency power BUpplies, 
1I0urces of power for electro magnets. test modeill. burglar 
alarms. telephone 6yetemS, communications equipment. 
Ulleful for experiments with St. Louis motor. the ripple 
tank:. Wheatstone bridge. etc. Cells have almost unlilrilled 
life. will undergo thou8ands of discharge-charll:e cyclcs with 

practically no deterioration. Quickly charged-K hour with proper 
equipment. Minimum maintenance; just add a few drops of water each 
year. Smail amount of electrolyte u�ed; cell sealed to prevent losa. De­
livers almoet lOU% of output at below freezinll: temperatures where output b reduced 50? in lead-acid cells. No corrosive fumes given off under 
any IItate of charge. Can't be damall:ed by accidental charging in re­
verse (but not recommcnded). Cell meas. 6'" x 2'" x K'" thick. 6!-i oz. 
Stud-type terminals on top 1-"'''' apart, marked for polarity; 6-32 
thread. nuts and lock: washers. 
Stock No. 40,798-5.. . .... Sl.95 Ppd. 
ONE G-VOLT NICKEL-CADMIUM BATTERY. 5 cells in atainlellil 
steel, IItrap-type casing. Convenient power source for Edmund's war 
surplus sniperllcope (No. 85,157). 6'" x 2'" x 4". Wt. approx. 21bl!. 
Stock No. 70,77G-S .... ............................... 515.00 Ppd. 
7.2 VOLT NICKEL-CADMIUM BATTERY WITH CHARGER KIT. 
Assemble your own portable battery power 8upply with built-in charger. 
Excellent for portable movie licht. Six-cell battery in etainle88 steel, 

��r����rte� ��ajn��t��;��! ��:�r��r�er�ir����ggrn��ra�i!ri��d)d 
w1��rlill�i

r�� 
tects against overcharginc of battery. Complete with wire, switch. line 
cord. hardware and inlltructionll. 6'" x: IY x 2"', Wt. approx. 2 Ibs. 
Stock No. 70,177-S..... • .$25.00 Ppd. 

!tevolutionary Technological Breakthrough in 
LIVING UNDER WATER 

Underwater An. Nest Used 
'0 Dramatize Development 

Sensational new development may 
be lorerunner to underwater CIties, 
the day man will live under the sea. 
SiLlcone Rubber Membrane enables 

ants (and other creatures) to live and breathe normally 
by obtaining life giving oxygen from water even 

though ant nest is submerged and sealed otT completely 
from atmosphere, \Vhen ants consume oxygen In nest, 
pressure decreases below that of oxygen pressure In the 
water-allows oxygen lrom water (but not water) to 
pass through membrane. Nest comes complete with 
sand, food, certificate to be returned for supply of ants. 
Complete instructions. SUpply limited. Use your 
aquarium or order ours, Usted below. 
Stock No. 70,801.5 

(Ant nest, membrane, instr.) . . , ...... $8.15 Ppd. 
2l-'z GALLON PLASTIC AQUARIUM 
Stock No. 90,014-5., . . " " "  .. , ... , ... , .$1.95 Ppd. 

O_D,. IIY' HOCIf NU"",,, SIND CHICI( 0_ ""ONn OIlD,. SAT/SiACrlON GUA_AN",D' 

EDMUND SCIENTIFIC CO., BARRINGTON, NEW JERSEY 
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A B c 

A three-penny bar bet 

corner just above B. A line joining B 
and the point below A is the diameter 
of a circle on which the other two points 
lie, since each is the vertex of a right 
angle subtending the diameter. 

John A. Fotheringham, David B. Hall, 
Glenn M. Roe, John S. Steadman, Phil­
lip Stein, James E. Stuart and Sylvia 
Young were the first to defend the 
police commissioner in the problem 
about testing for the poison glass. Re­
gardless of the number of glasses, the 
most efficient testing procedure is to 
divide them as l!earIy in half as possible 
at each step and test the glasses in 
either set. When the probabilities are 
worked out, the expected number of 
tests of 129 glasses, if the halving pro­
cedure is followed, is 7.0155+. But if 
a single glass is tested first, the expected 
number is 7.9457+. This is a rise of 
.930+ test, so the commissioner was al­
most right in considering the mathe­
matician's procedure a waste of one 
test. Only if there had been 129 glasses, 
however, do we have a plausible ex­
cuse for the error, so, in a way, the 
problem was correctly answered even 
by those readers who proved that the 
mathematician's test procedure was in­
efficient. 

Many readers wrote to say that STY, 
sty, would not be the last common word 
to appear In the anagram dictionary 
that was the subject of the first problem 
last November. It would be followed by 
su, us. 

Rectangle-killing on the order-eight lattice 
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What's a beautiful car like you 
Winning rallies, what else? In this 

case it's the East African Safari, 

considered the world's roughest test 

of a stock car. Cars have to plow 

through hub-deep mud, dodge angry 

elephants and smash through under­

brush to finish the tortuous 3000-
mile course. And very few do finish. 

In the 1965 Safari, for example, only 

16 out of 85 cars finished - five of 

them Peugeots ! 21 out of 94 starting 

cars managed to cross the finish line 

in 1964-six of them Peugeots! And 

the year before that 7 out of 84 fin­

ished - three of them Peugeots! 

Peugeots score so well under difficult 

conditions because they're built to 

last. The y're known as The Inde­

structibles. You can buy one of the 

seven best made cars in the world for 

surprisingly littie. Think about it. 

For brochure or overseas delivery, write 
Peugeot, Inc., Department SA-7 
97-45 Queens Blvd., Rego Park, N. Y., 

" �r�:!;XG�Ua;r
. 

doing in a place like this? 
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THE AMATEUR SCIENTIST 

Conducted by C. L. Stong 

Small animals such as the so-called 
water flea are unusually engross­
ing when they are heard as well as 

seen. This is evident if one puts an ani­
mal of this size on the stage of a low­
power microscope and connects the ani­
mal to a loudspeaker-a task less difficult 
than it sounds. Any animal can actuate 
a sensitive amplifier and loudspeaker 
because the electrical discharge that 
accompanies the functioning of animal 
cells is common to animals of all sizes. 
Richard F. Wheeler, a student at Foot­
hill Junior College in Los Altos, Calif., 
has assembled the appropriate appara­
tus and has conducted experiments in 
amplifying the sounds made by very 
small animals. He has worked particu­
larly with Daphnia, which is commonly 
called a water flea but is actually a tiny 
crustacean. He has also made simulta­
neous sight-and-sound observations of 
Cyclops (another genus of water flea), 
mosquito larvae and such microscopic 
animals as rotifers, paramecia, vorticel­
lae and ostracods. 

How to record and listen to the electrical 

signals produced by microscopic animals 

The cell of an animal has been 
likened to a simple insulated container 
of electrons, or negative charges. Posi­
tive ions in the surrounding fluid are 
attracted by the electrons to the external 
surface of the insulating membrane. 
Hence an electrostatic field, or potential 
difference, exists across the membrane. 
When the cell is in the resting state, the 
membrane exhibits good insulating prop­
erties: it is quite impetmeable to all ions. 
External forces, either electrical or 
chemical, can lower the resistance of the 
membrane, however, with the result 
that both electrons and ions migrate 
through the wall and combine. The 
movement of such charges constitutes 
an electric current that sets up a poten­
tial difference throughout the fluid in 
the cell and its environment. A dis­
charge of one cell can trigger the' dis­
charge of its neighbors and so initiate 
a current pulse of substantial magni­
tude. The resulting pulse of voltage can 
be detected by appropriate electrodes, 
such as a pair of silver wires, placed 
anywhere in the fluid. 

Following the discharge, the mem­
brane recovers its insulating property 
and metabolic processes restore the ini­
tial charged condition to the cell in 
preparation for the next cycle. The en­
tire interval of discharge and recovery 
may be no more than a few thou-

sandths of a second. Although the en­
ergy liberated by even a large group of 
cells is small with respect to that flow­
ing from a flashlight battery, it is more 
than enough to operate a loudspeaker 
system of the kind used for reproducing 
phonograph recordings. In making elec­
trocardiograms of water fleas, Wheeler 
has measured potentials of 20 to 600 
millionths of a volt across silver elec­
trodes placed near a Daphnia. This is a 
substantial "signal" in terms of modern 
electronics. 

glQ5S capilldry tf,· � microscope 
objective 

In many cases sight alone will be in­
sufficient for observing the activities of 
such small animals. For example, the 
observer watching a specimen of Daph­
nia under a microscope will see water 
streaming along one side of the animal 
at fairly high velocity. The cause of the 
motion is not easy to detect by eye un­
less the animal has been killed and 
stained; it then becomes evident that 
the motion must arise in limblike struc­
tures adjacent to the mid ventral sec­
tion. Such a specimen, however, is ob­
viously incapable of movement. This is 
where the loudspeaker becomes valu­
able. You can learn what is going on as 
you watch a living specimen of Daph­
nia, or one of the other animals, and 
listen to it at the same time. If you 
include in the experimental setup a 
stroboscopic ("strobe") lamp, a photo­
cell, a camera, a pen recorder, a mag­
netic-tape recorder and an oscilloscope, 
you will be able to obtain a detailed 
account of the water flea's behavior. I tube 

��� 
chlorided .:;ilver 

electrodes 

I 

four cover 

�1�s5es assembled 
with dental sticky wax 

Arrangement of electrodes for detecting bioelectric potentials 

120 

vVheeler writes that his in terest in 
recording bioelectric potentials from 
small animals began with an article 
in this department (January, 1962). He 
continues: "The author dealt mainly 
with the technical problems of picking 
up potentials from large animals such 
as fishes and did not dwell on the de­
velopment of the miniature electrodes 
that must be used for connecting an 
amplifying apparatus to animals of mi­
croscopic size. The article raised three 
questions in my mind. If bioelectric 
potentials can be successfully detected 
and recorded from small crustaceans 
such as those discussed in the article, 
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can they also be detected and recorded 
from protozoans? If the potentials from 
protozoans can be recorded, can the 
records be used for investigating ciliary 
movement? Finally, does the presence 
of systematically controlled currents in 
protozoans suggest the existence of a 
nervous system on the molecular level? 

"For apparatus I bought some instru­
ments, borrowed others and made the 
rest. I built a Faraday cage: a box 
lined with copper screening that could 
be connected by wire to a water pipe 
for shielding the recording electrodes 
from electrical interference. During the 
course of the experiments the box 
turned out to be too small for the equip­
ment, so I borrowed a larger one from 
the physiology department of Stanford 
University. 

"The lamp used for lighting the stage 
of the microscope operated on alter­
nating current that interfered with the 
signal from the specimens. To eliminate 
this source of noise I constructed a 
direct-current power supply for the 
lamp. Perhaps the most useful piece of 
accessory equipment was a special am­
plifier that powered the loudspeaker. 
This unit enabled me to follow the elec­
trical signals by ear while observing the 
movements of the animal and so elimi­
nated the necessity of shifting my eyes 
alternately from the specimen to the 
pen recorder. 

"Most of my time and effort during 
the construction phase of the experi­
ment went into the development of suit­
able microelectrodes. None of the avail­
able electrode systems that are normally 
used for picking up bioelectric poten­
tials from gross tissue was adequate; 
therefore I had to improvise my own. 
The first arrangement consisted of four 
needles from an electroencephalograph. 
I paired them, spaced the two needles 
of each pair about three millimeters 
apart and inserted the pairs on opposite 
sides of a piece of three-millimeter, 
clear-plastic tubing that was closed at 
one end. I hoped to trap the animal in­
side the tubing, between the tips of the 
needles. 

"The arrangement did not prove satis­
factory because of difficulty in making 
a good mechanical attachment to the 
needles. Moreover, an air bubble was 
invariably trapped in the closed end of 
the tube. Subsequent changes in tem­
perature caused the trapped air to ex­
pand and contract, with the result that 
the drop of water containing the speci­
men migrated slowly beyond the nee­
dles that were intended to serve as 
electrodes. 

"Several arrangements that involved 
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placing metallic foil in open containers 
were then tried. In one system a flve­
milliliter beaker was lined with four 
equal rectangles of aluminum foil. A 
fifth sheet of foil was placed on the 
bottom of the container and a sixth 
sheet, supported above, made contact 
with the upper surface of the fluid. 
The arrangement was intended to local-

ize potentials in three dimensions from 
larger animals sllch as tropical fishes, 
mosquito larvae and water boatmen. 
The scheme worked rather well with 
large specimens and merits further de­
velopment. On the other hand, it is 
quite sensitive to vibration, which ap­
pears as noise in the electrical system. 
The system is much too large for Daph-

tl% 
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nia and similar small specimens in which 
I am primarily interested. 

"Other electrode schemes consisted of 
suspending a drop of water containing 
the specimen between the ends of two 
needles or between small holes in two 
closely spaced sheets of tinfoil. The 
drop suspended between the needles by 
surface attraction evaporates too rapid­
ly for practical use. It is also relatively 
insensitive and difficult to assemble. The 
drop suspended between sheets of tin­
foil is a sensitive electrical pickup and 
can be lighted from below for micro­
scopic observation, but the curvature 
of the upper surface of the water acts 
as a convex lens that grossly distorts 
the image. The distortion can be pre­
vented by placing thin sheets of glass, 
such as microscope cover slips, in con­
tact with the upper and lower surfaces 
of the drop and cementing the glass to 
the foil with sealing wax that has a 
low melting point, such as the sticky 
wax used by dentists. This structure is 
somewhat difficult to put together, but 
it works. 

"Various arrangements were also tried 
that involved placing conducting wires 
and foils at the sides of microscope 
slides and cover slips. Most were in­
sensitive because of the large separa­
tion of the electrodes. Electrodes in 
the fOlm of foil strips cemented to 
the microscope slide proved to be sen­
sitive to vibration and hence acted as 
generators of noise. 

"The most successful and generally 
useful electrodes Rnally devised con­
sist of silver wires thrust into the ends 
of a glass capillary tube with a bore 
about two millimeters in diameter. The 
tube is supported in water in a glass 
cell made of cover slips. The assembly 
is mounted on a microscope slide. The 
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Circuitry of the audio amplifier 

glass cell, capillary tube and slide are 
attached with sticky wax [see illustra­
tion on page 120]. 

"The specimen occupies the space be­
tween the ends of the wires inside the 
capillary. To improve the chemical sta­
bility of the electrodes the inner ends 
of the silver wires are cleaned, con­
nected to a lJ�-volt dry-cell battery and 
immersed for about 15 minutes in a 
solution of approximately one part of 
hydrochloric acid to 25 parts of dis­
tilled water. The polarity of the elec­
trodes is then reversed and, with the 
wires still immersed in the dilute acid, 
the current is applied for another 15 
minutes. Incidentally, cover slips can 
be broken into particular shapes and 
dimensions easily if they are Rrst scored 
lightly with a diamond point. 

"In air the capillary tube acts as a 
cylindrical lens that distorts the image 
of the specimen. The distortion can be 
minimized by Riling both the tube and 
its surrounding cell with water; this 
is successful in spite of the fact that 
the refractive index of water is sub­
stantially lower than that of glass. A 
better optical match could be achieved 
by RIling the cell with a solution, such 
as glycerol, that has a refractive index 
approaching that of glass. Care should 
be taken, however, to avoid contaminat­
ing the water inside the tube with glyc­
erol and so damaging the specimen. All 
specimens are nOlmally observed in dis­
tilled water. 

"Electrodes of this type for use with 
protozoans must be made smaller, both 
to prevent the animals from swimming 
out of the space between the ends of the 
wires and to reduce the spacing be­
tween the electrodes, thus improving 
the sensitivity. I Rrst select silver wire 
of the desired size. The material can 

+300 V, 50 ma 

�o mf 
50V 

be bought from jewelry manufacturers. 
"The wire is placed in a convenient 

length of capillary tubing, which is 
then heated to a soft state in the flame 
of a gas burner. The tube is promptly 
stretched so that the bore shrinks to the 
diameter of the wire over a length of 
about two centimeters. After cooling, 
the glass is immersed in a bath of nitric 
acid until the metal is etched away. 
The glass tube is then Rtted with wire 
electrodes. The completed electrode as­
sembly can be attached to a micro­
manipulator for observation under a 
low-power stereoscopic microscope or 
placed on the stage of a conventional 
high-power microscope. I connect the 
silver electrodes to a coaxial cable that 
transmits the input signal to a pream­
plifier. The outer conductor of the cable 
is grounded to the wire screening of the 
Faraday cage. 

"Although this electrode configura­
tion has resulted in a number of satis­
factory recordings, I am still trying to 
improve it. At present, for example, I 
am placing thin-RIm gold electrodes on 
microscope slides by evaporating the 
metal in a vacuum. This arrangement 
has developed exceptionally strong sig­
nals. I also plan to use half-silvered 
slides. With the animal between two 
transparent but electrically conduct­
ing slides the whole problem of simul­
taneously achieving large surface area 
and good visibility may be solved. 

"The opportunity to experiment with 
the thin-RIm packages intended for use 
as integrated circuits is also tempting. 
Some of these devices have as many 
as 10 miniature electrodes that termi­
nate in an area of only a few square 
millimeters [see "Microelectronics," 
by William C. Rittinger and Morgan 
Sparks; SCIENTIFIC AMERICAN, Novem-
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ber, 1965]. This area could be flooded 
with solution and sealed with a cover 
slip. Rejects are fairly easy to procure. 
Unwanted circuits can be etched off 
the assemblies with the combination 
of concentrated nitric and hydrofluoric 
acid that is designated by the code 
number CP-S. 

"In general the instruments used for 
amplifying and displaying the signal 
operate in two groups. The group in­
side the shielded box includes the speci­
men cell, microscope, camera, strobe 
lamp, photocell and preamplifier. The 
unshielded group consists of the oscil­
loscope and an associated camera .for 
photographing the display; a frequency 
meter, a pen recorder, a loudspeaker 
and an associated audio amplifier; a 
carrier amplifier that feeds a 400-cycle 

current modulated by the signal to a 
magnetic tape recorder, and a demodu­
lator for recovering the signal. The car­
rier is necessary because my tape re­
corder does not respond to frequencies 
as low as those of the signal. 

"The eyepiece of the microscope is 
accessible for viewing the specimen 
without opening the shielded box. When 
the strobe lamp is flashed for making a 
photomicrograph of the specimen, the 
photocell picks up the light and trans­
mits a voltage pulse to the oscilloscope 
and the recorders. The pulse appears as 
a timing mark on all displays and cor­
relates the position of all visible parts of 
the specimen with the electrical poten­
tials present at the instant the picture is 
made. 

"It is rather easier, I find, to gather 

the data than to interpret it. I have re­
corded and definitely identified elec­
trocardiograms of Daphnia [see top il­
lustmtion on next page]. The graph of 
individual beats is roughly similar in 
shape to the discharge of a single cell. 
The large pulse on the left side of 
the record may have been caused by a 
twitch of the water flea's antennae, al­
though I was not watching the animal 
when this feature appeared. The pulse 
rate of Daphnia is about 600 beats per 
minute. On the other hand, the animal's 
heart occasionally stops and then re­
sumes beating. The reason for this is 
puzzling unless the pause serves as an 
interval of rest and recovery. 

"Respiration is likewise interrupted 
from time to time. Its frequency varies 
in such a way as to suggest that some­
thing is acting as a feedback mecha­
nism, but I have no idea what the 
mechanism could be. The accompanying 
illustrations [below] show respiration 
potentials at two intervals. The vertical 
lines on both graphs represent time in­
tervals of .2 second per centimeter and 
the horizontal lines indicate signal po­
tentials of 200 millionths of a volt per 
centimeter. The straight graphs below 
each contain a timing 'pip' that registers 
as an upward excursion of the pen at 
the instant the photomicrographs are 
made. The upper and lower pictures 
correspond respectively to the top and 
bottom graphs. The eye of this female 
specimen appears at the extreme right 
and the brood pouch, containing seven 
eggs, is at lower left. The faint, fuzzy 
object immediately to the right of the 
eggs is the heart. The respiration rate of 

Views of Daphnia coincident with respiration signals 
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With artificial satellites already launched and 
space travel almost a reality, astronomy has 
become today's fastest growing hobby. 
Exploring the skies with a telescope is a 
relaxing diversion for father and son alike . 

. UNITRON's handbook contains full.page 
illustrated articles on astronomy, observing, 
telescopes and accessories. It is of interest 
to both beginners and advanced amateurs, 

CONTENTS INCLUDE: 
Observi"1 the sun, moon, planets and wonders of the sky • 
Constellation map • Hints for observers. Gloss,ry of telescope 
terms • How to choose a telescope • Astrophotolraphy 

UNIT!?ON 
INSTRUMENT COMPANY· TELESCOPE SALES DIV. 
66 NEEDHAM ST., NEWTON HIGHLANDS 61, MASS. 

I Please rush to me, FREE 01 charge, I 
,UNITRON'S OBSERVER'S GUIDE and TELESCOPE, 

I CATALOG # 6·S , 
I , 
I I 
I �ru I 
I : I Street I 
I I 
L� __________ ..!t: ____ J 

There are three numbered statements 
in this box. 

2. Two of these numbered statements 
are not true. 

3. The average increase in I,Q. scores of 
those who learn to play WFF 'N PROOF 
is more than 20 pOints. 
Is statement No, 3 tru 

Connecticut 
Please send me . . .  WFF'N PROOF 
gamels @ $6.25 each (including $.25 
for postage and handling). I enclose 
$ .................... and understand that if I 
am not completely satisfied, I can re­
turn the kit in 10 days for a full re­
fund of the purchase price. 

Name 

Address , .. . . 

City ... ................ State ............ Zip . 

Refund and return privileges guaranteed! 
Dealer Inquiries Invited 
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this specimen varied from a high of 270 
per minute (as shown by the upper 
graph) to approximately 210 per min­
ute (as shown by the second recording). 
The signal strength averages about 80 
millionths of a volt in both. 

"When respiration and pulse are sus­
pended at the same time, it is possible 
to make a clear recording of Daphnia's 
antenna movements. Each movement 
occupies only about 20 thousandths of a 
second on the average [see middle il­
ltlstration below]. Graphs of respiration 
and pulse that occur simultaneously are 
not particularly meaningful, but an ex-

ample is included [see bottolll illustra­
tion below]. 

"I have devoted far more time to the 
study of Daphnia than to other orga­
nisms, although recordings of several 
other animals have been made. The an­
tenna movements of the water Rea Cy­
clops, an organism responsible for trans­
mitting worm infections to humans, 
generates action potentials that closely 
resemble those of Daphnia [see top il­
lustration on page 127]. O�tracods, on 
the other hand, make recordings of ac­
tion potentials that appear to be asso­
ciated with muscle twitches [see middle 

Electrocardiogram 0/ water flea sllperposed on respiration graph 
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Advanced 
Engineering Assignments 

at Boeing 

An advanced discipline with far-reaching 
significance (Advanced Bare Base Sup­
port Technology) is under development 
at The Boeing Company. The problem is 
operating and maintaining sophisticated 
aircraft systems under austere con­
ditions. The solution lies, in part, in the 
application of technologies not normally 
associated with aircraft ground support. 

Boeing's research and study contracts in 
this field are providing unique career 
advancement opportunities in research 
and development of V/STOL site prepa­
ration, command control, test and 
checkout, security systems, facilities 
base activation, ground handling and 
transportation, and aircraft servicing and 
fueling. Assignments are in the follow­
ing areas: 

Electronics: MS or BSEE and 5 or more 
years experience in: digital circuit 
design, testing and measurement, in­
tegrated circuit application, systems 
integration and functional testing. 

Communications Systems Engineering: 
MS or BSEE and 5 or more years ex­
perience with: radio communications 
systems, airborne, portable, point to 
point, mobile equipment and antenna 
systems. 

Motion Detection: MS or BSEE and 3 or 
more years experience with: burglar 
alarms, doppler radar, seismographs, 
gas detection and infrared systems. 

Mechanical Engineering: MS or BSME and 
5 or more years experience with: de­
sign and development of aircraft 
mechanical ground handling and serv­
icing equipment. 

Facilities: MS or BS in Civil Engineering 
and 3 or more years experience in soil 
mechanics, design and/or experience 
in military shelters, construction 
equipment and utilities requirements 
and installations. 

Plastics: MS or BS in Chemistry or Chemi­
cal Engineering and 5 or more years 
experience with: development and 
application of plastic materials for 
structures, surfacing and reinforcing; 
high temperature ablative shields; 
thermo setting, rigid foam and fiber­
glas reinforced materials. 

Test Equipment Design: MS or BSEE and 
5 or more years experience with: 
design and development of complex 
electronic test equipment for ad· 
vanced aircraft, missiles and space 
vehicles; analysis of system test re­
quirements for both analog and digital 
systems; preparation of test specifica­
tions and operational acceptance test 
requirements. 

Metallurgy: MS or BS in Metallurgical 
Engineering and 3 or more years ex­
perience with development of alloys 
for high temperature applications, 

metal forming techniques, heat treat­
ing, welding and brazing. 

Applied Chemistry: MS or BS in Chemical 
Engineering and 3 or more years ex­
perience with: development of rapid 
curing plastic materials; design and 
testing of synthetic materials to meet 
environmental extremes. 

These assignments are with Boeing's 
Airplane Group Developmental Projects, 
located at Seattle, Washington. You'll 
enjoy unlimited recreational, entertain­
ment and cultural activities, including 
year-round golf, boating and fishing. Only 
an hour's drive separates sea-level and 
ski-level; rugged 14,41O-foot Mt. Rainier 
and the tranquility of 172 San Juan 
Islands are each within three hours of 
your home. Seattle-area schools are top­
ranked, and the city's Opera House, 
Repertory Theater, Pacific Science 
Center, and Symphony have gained na­
tional acclaim. 

Please contact. by collect telephone call. 
Mr. Robert Lane or Mr. L. A. Fleishman 
in Seattle at 655-3779 (Area Code 206). 
If you prefer to write. please send your 
resume to Mr. Thomas Sheppard. Airplane 
Group. The Boeing Company, P. O. Box 
707 - CAC. Renton. Washington 98055. 

LlIIE'IAI'L; 
AIRPLANE GROUP 

Commercial Airplane Division 
Military Airplane Division 

An Equal Opportunity Employer 
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Up and down, up and down, back and forth, back and 

forth, rest a minute, growl, back and forth, back and forth. 

Charlie Potts was captured in 1958. The recruiters 

picked him right out of the top three percent of his class. 

He was talented, ambitious, bright, a real trophy. 

Up and down, up and down. 

Maybe it was the routine. Maybe it was getting too many 

points for what you did, not how you did it. Charlie got 

less and less curious about the job he was doing. And soon 

he forgot about freedom and inventiveness and doing the 

things he was meant to do. 

Back and forth, back and forth. 

Charlie almost remembers how it was supposed to be. If 

he could just get free ... 

If you see Charlie, teU him we have the key: Fresh, crea­

tive air to breathe and room to move. We believe in setting 

talent loose. Giving a man the freedom to make a killing if 

he can, the right to starve if he fails. It's not always 

comfortable, but it's fun. 

We have openings in research, development, engineer­

ing, production, sales, marketing, you name it. Call Norm 

Skelton at (415) 962-2705 or write him at Fairchild 

Semiconductor, 313 Fairchild Drive, Mountain View, 

California. An equal opportunity employer. 
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Signals associated with antenna movements 0/ Cyclops 

Spikes believed to represent muscle twitches 0/ an ostracod 

illustration above J. These organisms are 
enclosed by a pair of opaque shells that 
make it difficult to associate an action 
potential with the functioning of a spe­
cific organ. 

"My electrocardiograms of mosquito 
larvae are cluttered somewhat by 'noise' 
generated by other muscle. These dis­
turbances could doubtless be minimized 
by situating the animal with respect to 
the electrodes in a position that would 
emphasize its heart action. This would 
require more patience than I have yet 
summoned. Even so, the heartbeats are 
obvious on the graph and easy to count. 
The accompanying graph [see bottom 
illustration above J is relatively unclut­
tered by muscle noise. The pulse rate 
averages approximately 360 beats per 
minute. 

"Although action potentials of several 
protozoans have been detected, I have 
not yet succeeded in making recordings 
worthy of publication. The technical 
difficulties of recording bioelectric po­
tentials seem to vary inversely with the 

Electrocardiogram 0/ mosquito larva 

size of the animal. Potentials have been 
recorded from a paramecium when it 
collides with an object, stops and 
changes direction. The graph shows 
merely a spike, or pulse. An electrode 
assembly of greater sensitivity would 
doubtless deliver the continuous signal 
that according to theory must be pres­
ent in the water. 

"Impulses have also been detected 
from colonies of vorticellae. This ani­
mal resembles a minute, inverted bell 
equipped with a slender handle or stalk 
by which it is normally attached to bot­
tom sediments. A muscle-like fibril spi­
rals down the stalk. When the fibril is 
stimulated, it contracts violently, jerk­
ing the entire organism downward to 
the base of the stalk. The pulses I de­
tected appear to be associated with 
these abrupt contractions, but my col­
ony gave out before I could verify the 
effect, much less analyze it. 

"In performing these experiments I 
have had a lot of help and encourage­
ment from fellow members of our Ama-

teur Research Center, Inc., a group of 
science enthusiasts some of whom live 
as far away as Berkeley and San Jose, 
a distance of about 60 miles. We have 
assembled a collection of instruments 
that are available to members on loan. 
In addition we hold regular seminars 
and publish a modest bulletin that re­
ports our activities both as individuals 
and as a group. We plan to expand our 
facilities, and we hope to set up a pro­
gram that will enable specially quali­
fied amateurs to work at the center 
during summer months while holding 
part-time jobs that we would help to 
find in local industry. We welcome new 
members, even from across the country, 
and encourage the organization of simi­
lar groups everywJ.1ere. Our group is 
sponsored by the American Society of 
Safety Engineers. We shall be glad to 
correspond with anyone who would like 
to know more about our activity. Our 
address is: Amateur Research Center, 
Inc., Box 2337, Stanford University, 
Stanford, Calif. 94305." 
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FREE! 
Either of these famous reference works 
(value to $29.95) with membership in 

The Library of Science 
HANDBOOK OF PHYSICS.The most authoritative and com­
prehensive single volume on basic physics. Sections by 89 
outstanding specialists, 784 charts, diagrams, tables. 1520 
pages. Covers all aspects: mechanics, nuclear physics, optics, 
etc. Edited by E. U. Condon and Hugh Odishaw. 

List Price $25.00 
VAN NOSTRAND'S SCIENTIFIC ENCYCLOPEDIA. The 
celebrated classic of scientific reference in a completely re­
vised, expanded edition. Up-to-date information on the 
major fields of technology and science. Prepared by 33 out­
standing authorities, 1800 pages. 14,000 articles. Over 1400 
illustrations. List Price $29.95 

-and choose any one of the fine books below as your first Selection at reduced Member's Prices . • •  

1. THE NATURE OF THE CHEMICAL 

BOND. Linus Pauling. The Nobel Prize­
winning scientist analyzes structural 
chemistry in this enlarged edition of a 
famous work. List Price $8.85. Mem­
ber's Price $6.50. 
2. MASERS AND LASERS. M. Brother­
ton. Brilliant, non-technical survey of 
the principles and applications of masers 
and lasers - and their impact on science. 
List Price $8.50. Member's Price $5.95. 
3. ASTRONOMY. Fred Hoyle. Pano­
ramic view of astronomical achievement 
over the centuries. \Vith over 400 strik­
ing illustrations and diagrams. List Price 
$12.95. Member's Price $8.95. 
4. THE NEW MATHEMATICAL LIBRARY. 

Five superb paperbound volumes by dis­
tinguished mathematicians dealing with 
Geometric Transformations, Continued 
Fractions, Graphs, other topics not usu­
ally treated in depth. List Price $9.75. 
Member's Price $6.95. 
5. THE ANCIENT SUN KINGDOMS. 

Victor W. von Hagen. Lavishly illus­
trated volume capturing the lost splen­
dor and magnificence of the Aztec, Inca, 
and Maya civilizations. List Price $15.00. 
Member's Price $7.95. 

6. THE NATURE OF SOLIDS. Alan 
Holden. Lucid, penetrating exploration 
of the theory and applications of solid­
state physics. Covers heat, symmetry, 
quantum mechanics, etc. List Price $6.95. 
Member's Price $5.75. 
7. MATHEMATICS DICTIONARY. James 
& James. The indispensable reference 
work containing definitions of over 
70,000 terms, concepts, and relation­
ships in mathematics. List Price $1'5.00. 
Member's Price $9.95. 
8. THE AMBIDEXTROUS UNIVERSE / 
ELEMENTARY PARTICLES. A Dual 
Selection. Martin Gardner's analysis of 
the "downfall" of parity in physics -
plus an outstanding account of atomic 
structure by Nobel Prize-winner Chen 
Ning Yang. List Price $9.45. Member's 
Price $6.95. 
9. CHAMBERS' TECHNICAL DICTION­

ARY. Edited by Tweney & Hughes. The 
leading technical dictionary - a 1,028-
page volume defining over 60,000 terms 
in 120 branches of science and tech­
nology. List Price $7.95. Member's 
Price $5.95. 
10. PHYSICAL THEORY OF THE LIV­

ING STATE. Gilbert N. Ling. A provoca­
tive theory of life phenomena, as well as 

a bold statement of principles derived 
from the study of simple systems. List 
Price $17.50. Member's Price $12.95. 
11. THE ARCHITECTURE OF MOLE­

CULES. Linus Pauling's lucid, authori­
tative guide to the world of electronic 
structure, coupled with 57 full-page, full 
color drawings by Roger Hayward. List 
Price $10.00. Member's Price $7.50. 
12. HUMAN BEHAVIOR. Berelson & 
Steiner. The celebrated "inventory" of 
1,045 scientifically substantiated facts 
about how man behaves in vital experi­
ences. List Price $11.00. Member's Price 
$7.95. 
13. MATHEMATICS FOR THE PHYSI­

CAL SCIENCES. Herbert S. Wilf. A 
unique integration of seven major mathe­
matical disciplines that bear directly 
upon problems and issues in the physi­
cal sciences. List Price $7.95. Member's 
Price $5.95. 
14. PROBABILITY THEORY AND ITS 

APPLICATIONS. William FeHer. The 
single most important introduction to 
probability theory and its fundamental 
concepts - extensively illustrated with 
typical problems. List Price $9.75. Mem­
ber's Price $6.95. 

Library of Science 59 Fourth Ave., New York, N. Y. 10003 
Enroll me as a member of the Library of Science and 

send the Introductory Gift and first Selection indicated 
below. I may return both books in 10 days and owe 
nothing. Otherwise, bill me only for my first Selection at 
reduced Members' Price plus postage. As a member I 
need take as few as 3 more Selections during the next 
12 months from scores offered at Members' Prices. I will 
receive a Bonus Book of my choice after every fourth 

• largest selection of outstanding books covering new developments, 
achievements, and innovations in science and· technology: books on 
mathematics, physics, chemistry, astronomy, computer technology, 
other major areas 

Selection. First Selection (circle one) o Handbook of Physics Value: $25.00 1 2 3 4 5 6 7 8 
o Van Nostrand's Scientific 

Encyclopedia Value: $29.95 9 10 11 12 13 14 

NAME ......................................... . 

ADDRESS ...................................... . 

CITy ............... STATE ...... ZIP CODE ..... . 
Please be sure to insert correct zip code. SA2 
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• free monthly Announcements of selections, featuring reviews by 
such distinguished authorities as Warren Weaver,. Harlow Shapley, 
Rene Dubos, and Martin Gardner 
• reduced Member's Prices-with savings up to 40% on all books 

• free Bonus Books after every fourth purchase 
• no fees or dues. Members need accept as few as three more selections 
during the next twelve months, from over 200 significant works to be 
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by Stephen Toulmin 

ASPECTS OF SCIENTIFIC EXPLANATION 
AND OTHER ESSAYS IN THE PI-IILOSO­
PHY OF SCIENCE, by Carl G. Hempel. 
The Free Press ($12.50). 

I
n his book Consciollsness and Society 
the Harvard historian Stuart Hughes 
has mapped the decline of self­

conRdent 19th-century positivism. Up 
until 1890 (it had seemed) the New­
tonian program of physics and chemistry 
demanded completion by an equally 
"mechanomorphic" psychology and so­
ciology, but from then on a new gen­
eration of men such as Sigmund Freud 
and Max Weber set about transforming 
psychological and social thought. For 
the Rrst time scientists and philosophers 
were compelled to turn the mirror on 
themselves, and to acknowledge how 
deeply they were implicated in the very 
events about which they had hitherto 
claimed an "objective" knowledge. In 
this way was born that general concept 
of "the observer" which, in the hands of 
Albert Einstein and Werner Heisenberg, 
has similarly transformed the episte­
mology of physics. 

Seen against this background (Hughes 
remarks) , the rise of "logical empiricism" 
in the 1920's, with "the young philoso­
phers-scientists of the Vienna Circle . . .  
taking up again-under the banner of 
intellectual liberation-positions that had 
apparently been deRnitively abandoned 
thirty years earlier," had a certain irony 
about it. Although the thinkers of the 
new school were happy to unload some 
of their grandfathers' "metaphysical 
rubbish," for example rejecting as super­
stition the belief in a natural necessity 
other than logical necessity, they re­
vived the conviction that "scientiRc ob­
jectivity" was in principle an attainable 
ideal. The Rrst step toward it, they be­
lieved, was "to fuse the methods of phi­
losophy and mathematics and by so do­
ing to bring greater rigor into the 
conceptual framework of both." The 

BOOKS 
Are the principles of logical empiricism 
rele(Jant to the actual work of science? 

proper program for a scientific philoso­
phy, including a philosophy of science, 
would be to concentrate on "those prob­
lems alone that could be formulated 
without ambiguity in logical or symbolic 
language." That was the general pro­
gram that has been followed ever since, 
in different ways, by Rudolf Carnap, 
Hans Reichenbach, Carl G. Hempel and 
their disciples. Since most of the leading 
Rgures in the movement came to the 
U.S. in the 1930's, logical empiricism 
now represents a significant stream in 
American philosophy. 

Forty years after its birth the move­
ment that began in Vienna has had time 
to show results, and there could be no 
better opportunity for reappraising its 
achievements than that provided by the 
appearance of the new collection of Carl 
Hempel's essays. Hempel is as honest, as 
careful and as thorough an exponent of 
the method as one could ask. Moreover, 
he is, within the limits of his funda­
mental convictions, an entirely reason­
able man who will go to painstaking 
lengths in the effort to meet the objec­
tions of his philosophical opponents and 
to reconcile them with his own points of 
view. Accordingly "Peter" Hempel, as 
he is familiarly known, is almost alone in 
the jungle of American academic philos­
ophy as a man without enemies. It is a 
pleasure to salute him here, and to con­
gratulate him on his many merits as a 
philosopher, notably on his patience, his 
tolerance and his awareness that mono­
logue is not enough. Since he is a rea­
sonable and tolerant man, he will be 
content if his views are treated with 
serious attention, and he will know bet­
ter than to demand uncritical agree­
ment. Therefore I feel free to raise here 
some fundamental doubts about the 
whole program with which he has been 
associated. 

First of all, it is necessary to describe 
his new book. During the 20 years be­
tween 1940 and 1960 Hempel published 
nearly a dozen sizable papers, begin­
ning with a much debated article en­
titled "The Function of General Laws in 
History" and culminating in "Studies 
in the Logic of Explanation," prepared in 

collaboration with Paul Oppenheim. In 
these papers he applied certain central 
theses about the logic of scientific argu­
ment to a variety of Relds and topics, 
for example "ideal types" in sociology, 
"functional" analysis in anthropology 
and the classification of mental disor­
ders. The first two-thirds (330 pages) of 
the new collection reprints the papers 
together with Hempel's own brief retro­
spective comments on them. The re­
maining 166 pages comprise the single 
comprehensive essay that gives its title 
to the book. This essay draws together 
into one systematic exposition all the 
main strands in Hempel's philosophy of 
science and his answers to the chief ob­
jections commonly made against his po­
sition. The title essay displays both a 
novel degree of technical polish in the 
presentation of Hempel's own theories 
and a certain added flexibility in deal­
ing with the counterarguments. In gen­
eral, however, his position emerges un­
altered; except on points of detail it will 
not be necessary here to differentiate 
the middle-period Hempel of the 1940's 
and early 1950's from the vintage Hem­
pel of the past 10 years. 

About the more peripheral essays not 
much need be said. At their best, as in 
the comparison of "functional equiva­
lence" in anthropology with "convergent 
adaptation" in organic evolution, they 
can be very illuminating. In their weak­
er moments, as in his discussion "Sci­
ence and Human Values," the thought 
is somewhat diluted. But it is by his 
systematic philosophy of science that 
Hempel will wish to be judged, and 
that means judged by three things: (1) 
his "logic of conRrmation," (2) his analy­
sis of "explanation" and (3) his account 
of the "general laws" to which, in his 
view, all sound scientific explanations 
must appeal. These general laws, he in­
sists-and this is the single most charac­
teristic element in his entire philosophy 
of science-can have a genuine explana­
tory force only if they have the appro­
priate "logical form." As he puts it, they 
must have either "the universal condi­
tional form (x)(Fx = Gx) asserting that 
any instance of F is an instance of G" or 
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"the basic statistical form .. .  to the effect 
the statistical probability for an event of 
kind F to be also of kind G is r, or that 
p(G,F) = r for short." A genuine expla­
nation is then a demonstration that some 
such general law relates the phenome­
non in question (the "explanandum"), 
either universally or with a determinate 
frequency, to the conditions of its oc­
currence. 

Here it will be useful to clarify Hem­
pel's conception of the role of logic 
in the appraisal of scientific reasoning. 
Like many contemporary logicians, he 
limits himself to criticizing the argu­
ments by which scientific results are 
justified ex post facto. Although certain 
scientific methods and procedures may 
be more "reasonable"-even in some 
sense more "rational"-than others, sci­
entific discoveries are "psychologically 
guided and stimulated by antecedent 
knowledge of specific facts . . .  not logi­
cally determined by them." Hence the 
process of discovery is a matter for 
"methodology" or "pragmatics" and is 
not amenable to logical criticism. The 
"rules of inductive inference" apply 
only after a discovery is made, when a 
scientist seeks to validate his new in­
sights for others, by presenting them as 
legitimate conclusions from his observa­
tional data. The challenge to the logi­
cian (as Hempel stated it in 1945) con­
sists in the fact that "while criteria of 
valid deduction can be and have been 
supplied by formal logic, no satisfactory 
theory providing general criteria of con­
firmation and disconfirmation [for sci­
entific hypotheses] appears to be avail­
able so far." His 20 years of effort have 
gone toward filling in this lacuna, which 
he has seen throughout as a defect 
within formal logic. 

Yet one is immediately compelled to 
ask: How could this task ever have been 
merely a matter of improving our for­
mal logic? The question of what kinds 
of argument carry weight in real-life 
natural sciences-and \vhy-is extremely 
complex, and the relevance to those 
sciences of, say, the formalism of Rus­
sell and Whitehead's Principia Mathe­
matica is something that needs to be 
demonstrated in specific detail, not 
taken for granted. That, however, is a 
necessity that Hempel, far from satis­
fying, seems barely to acknowledge. 
For instance, he speaks in his first essay 
about "the language of science" and we 
discover only from the small print in a 
footnote that this phrase refers, not to 
any actual mode of discourse to bc 
found in The Physical Review or the 
Journal of Experimental Biology, but to 
"the lower functional calculus with in-
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dividual constants . . .  universal and ex­
istential quantifiers for individual vari­
ables, and the connective symbols of 
denial, conjunction, alternation, and im­
plication." 

Since Hempel does not provide in 
this book an adequate account of how 
his theory is supposed to apply to real 
science, we must try to construct an 
answer for ourselves. Evidently the 
analysis of "explanation" and the criteria 
of "validity" that form the heart of 
Hempel's philosophy are not meant to 
apply to the arguments of real-life 
scientists as they stand. At the very 
least those arguments must be recast in 
a "suitably formalized language that 
provides for quantificational notation," 
with "every extra-logical term . . .  char­
acterized either as primitive or as de­
fined, each defined term possessing a 
unique definition in terms of primi­
tives." '<\lith this qualification, however, 
Hempel was prepared in 1958 to de­
clare emphatically that "the decisive 
requirement for every sound explanation 
remains that it subsume the explanan­
dum under general laws." It is true that 
he seems to take back this declaration 
in a 1964 postscript, which (recalling 
his alternative, statistical mode of ex­
planation) complains that "some com­
mentators seem to attribute to me the 
view that all adequate scientific ex­
planations must be . . .  by deductive sub­
sumption under laws." But it is clear 
from the new title essay that he still 
regards "universal conditionals" and 
"statistical frequencies" as between 
them exhausting the entire range of 
legitimate explanatory principles. 

Alternatively, then, are Hempel's 
logical patterns intended as abstract 
idealizations? Pointing in this direction 
is one passage in the new essay, in 
which he concedes that "the construc­
tion of our models therefore involves 
some measure of abstraction and of logi­
cal schematization." If this is his inten­
tion, we are faced with a different prob­
lem: that of seeing how the proposed 
formal idealization can be set in analogy 
beside the actual record of argument 
preserved in the conceptual history of 
the real-life natural sciences. This is not 
a problem to be set aside. When New­
ton undertook to replace the earlier in­
tuitive notions of effort (or impulse), 
bulk (or weight) and quantity of motion 
by the formalized concepts of force, 
mass and momentum, the burden of 
proof was on him to demonstrate, spe­
cifically and in detail, the intellectual 
profits to be gained by doing so. If logi­
cians correspondingly wish to replace 
our working conceptions of "validity," 

"confirmation," "proof" and the like by 
formalized substitutes, the burden lies 
on them to demonstrate the exact bear­
ing and advantages of this exchange. 

Here also Hempel is silent. Anyone 
familiar with the actual sciences knows 
that there are crucial differences in 
form, function and implications be­
tween, say, Boyle's law, Mendel's laws, 
Newton's laws of motion and of gravita­
tion, the laws of thermodynamics and 
Heisenberg's principle of uncertainty. 
A philosopher of science can surely be 
asked to do some justice to the true 
variety of the kinds of general explana­
tion, modes of argument and levels of 
discourse in which all these different 
"laws" figure. Hempel's formal schema­
tizations smooth out these differences 
without comment or apology. He in­
troduces variety into his examples sim­
ply by switching between "all ravens 
are black" on page 12, "all storks are 
red-legged" on page 105 and "all robins' 
eggs are greenish-blue" on page 266. 
These are the kinds of sentences he calls 
"laws of nature"! When critics confront 
him with counterexamples from the ac­
tual history of scientific thought, his re­
sponse is oddly cavalier. The Darwinian 
account of the origin of species, for ex­
ample, could be matched against his for­
mal models only by the unrealizable re­
quirement that we know vastly more 
about the prehistoric course of events 
than we actually do know. Does this 
mean so much the worse for the Hem­
pelian models? No, it means so much 
the worse for the Darwinian theory and 
for the "widespread tendency to over­
estimate" the capacity of Darwinism 
to "account for . . .  the evolutionary se­
quence." Note that in refusing the term 
"explanation" to the theory of mutation 
and natural selection Hempel has in 
mind no shortcomings of a biological 
nature. All he objects to is the failure 
of paleontological reasoning to conform 
to his own a priori patterns. 

Only at two points does Hempel come 
significantly close to admitting that his 
method requires a broader justification. 
These are both to be found in the 1958 
essay called "The Theoretician's Dilem­
ma: A Study in the Logic of Theory 
Construction." This 50-page discussion 
faces with considerable frankness a 
paradox into which Hempel's approach 
appears to lead him: the conclusion 
that, if the primary aim 'of science is 
"establishing predictive and explanatory 
connections among observables," then 
appeals to "hypothetical entities" are 
either unsound or unnecessary. (If these 
appeals do succeed in drawing our at­
tention to "connections among observ-
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University surveys indicate: 

STARTING SALARIES 

OF ENGINEERS 

ARE DECEPTIVELY HIGH 

By James M. Jenks 

T
WO SEPARATE STUDIES of the salaries made by college 
graduates appear to contradict the commonly held 

belief that engineers today make out better financially 
than their classmates who major in non-technical 
subjects. 

Both surveys were conducted by large universities. 
The first polled graduate engineers; the second, com­
pany executives. And both resulted in identical find­
ings! That is, the average engineer today - despite a 
deceptively high starting salary-climbs fast but not far. 

The need for technically trained men in recent years 
has exceeded the supply to such an extent that com­
panies have been forced to bid for their services-to 
actually set-up "recruiting" offices on college campuses 
all over the country. Thus, starting salaries have gone 
up and up. But the income ceiling for these technically­
trained men is lower than that for managerial personnel. 

Despite the substantial head start engineers have, the 
differential in money earned over a ten-year period 
averages out at $7,000 more for the management man. 

And from the tenth year on, the administrator's salary 
obviously outstrips that of the engineer by a wider and 
wider margin. 

This, of course, is not to say that engineering students 
would be wise to shift to the study of business adminis­
tration-or that working engineers face a bleak future. 
Quite to the contrary, the continuing growth of tech­
nology means that men with technical backgrounds are 
as ideally qualified for the highest rewards industry has 

to oHer-if they also have a knowledge of the under­
lying principles of business. 

FREE . • •  "FORGING AHEAD IN BUSINESS" 
If you want to avoid the thorny barriers to success -

if you're ambitious, determined to move up fast - send 
today for the Institute's 32-page descriptive booklet, 
"Forging Ahead in Business." 

It explains what a man mu'st know today to make 
$15,000 or more a year ... what he must do to accumu­
late this knowledge. It tells why men of equal ability 
fare so diHerently in the race for better jobs and bigger 
salaries. It analyzes the causes of failure ... the reasons 
for success. And it outlines an executive-training pro­
gram which is so complete and so scientific that each 
day subscribers are brought a little closer to a mastery 
of business procedures. 

There's no charge for "Forging Ahead in Business." 
And no obligation ... other than the obligation to read 
it thoughtfully, and decide for yourself whether the 
training it describes is meant for you. To obtain your 
complimentary copy, simply fill out and return the 
coupon. It will be mailed to you promptly. 

ALEXANDER HAMILTON INSTITUTE 
235 East 42nd Street, New York 17, New York 

r----------------------
ALEXANDER HAMILTON INSTITUTE 
Dept. 687, 235 East 42nd Street 
New York 17, New York 
In Canada: 57 Bloor St., W., Toronto, Ontario 

Please mail me, without cost or obligation, your 32·page book 
"Forging Ahead in Business." 

' 

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

Firm Name . . . . . . • . . • • . . . • • • • • • • • • • • • • . • • • • • • . • • . • •  
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L _____________________ � 

© 1966 SCIENTIFIC AMERICAN, INC



ANNOUNCING A NEW 
LABORATORY MANUAL 
in general chemistry 

specifically designed 

for the better-prepared 

students of today! 

Chemical Principles 

in the Laboratory 

HARPER W. FRANTZ formerly at Pasadena City College; Lecturer, University of Utah 

and LLOYD E. MALM University of Utah 

An advanced, quantitative approach to the fundamental principles of chemistry is 
embodied in this new manual, which requires a higher level of work than was pre­
viously desirable, or even possible, in many beginning college science courses. 

The level of the manual is ideal for students who have taken improved high school 
chemistry courses such as those prepared by the CHEM Study and CBA programs 
sponsored by the National Science Foundation. (Lloyd E. MaIm was both Assistant 
Director of the CHEM Study program and Editor of the CHEM Study laboratory 
manual, Chemistry, An Experimental Science.) 

The manual may be used in laboratory courses in general chemistry that include 
much of the fundamental work of standard quantitative analysis courses, as well as 
in more conventional courses in which principles are emphasized. 

Two versions of the manual are available, one with standard report forms like those 
in earlier Freeman manuals in general chemistry, and the other, designed for inde­
pendent laboratory reports, without report forms . 

• 
W. H. FREEMAN AND COMPANY 660 Market Stree( San Francisco, California 94104 

Warner House, 48 Upper Thames Street, London E. C. 4 
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abIes," we can thereafter dispense with 
them; if they fail to do so, we can do 
without them from the start!) In point 
of fact this paradox is a genuine conse­
quence of interpreting along strict Hem­
pelian lines all the "regularities" and 
"general connections" with which na­
tural sciences are concerned. Hempel 
escapes from it only by allowing that, 
over and above his initial function ("to 
establish deductive connections between 
observation sentences"), "hypothetical 
entities" have certain additional "heuris­
tic" or "extra-logical" functions. Yet he 
never quite brings himself to face the 
deeper truth, namely that the "dilemma" 
in question is not a dilemma for the the­
oretician at all-what scientist ever 
thought twice about it? It arises only for 
the logical empiricist himself, being cre­
ated by his own insistence that all sig­
nificant theoretical propositions must be 
of the fOims (x)(Fx = Gx) and p(G,F) 
= r. A healthier reaction to the dilemma 
might well have been to see it as a re­
ductio ad absurdum of the formal mod­
els themselves. 

In the course of this particular argu­
ment Hempel again has occasion to 
switch our attention from the "scientific 
theories" we encounter in real life to 
the kind of "axiomatized systems" that 
are to be found in formal logic. For once 
it occurs to him to refer us to some ac­
tual cases in which scientific arguments 
have been deliberately "axiomatized." 
Yet the only instance he cites of an at­
tempt by a natural scientist to axioma­
tize his own science is the work in bio­
logical theory of J. H. Woodger of the 
University of London. No example 
could be more unfortunate for Hempel's 
purpose. Woodger's proposed axiomati­
zation of genetics could have been-if 
his professional colleagues had taken 
serious notice of it-a major obstacle to 
progress in the science. Like a good 
logical empiricist, he interpreted theo­
retical statements in genetics as univer­
sal or statistical 'correlations between 
observable macroscopic characters in 
animal populations. Next he set about 
redefining the term "gene" as an "inter­
vening variable" in the system of formal 
theorems linking such observable char­
acters. In this way he played down 
almost en tirely the cytological and bio­
chemical theories from which genetics 
had so much to gain. Even heuristically 
axiomatization was in this case a handi­
cap rather than a help. 

What, then, are the logical empiricists 
setting out to achieve? The answer to 
that question, I suspect, lies somewhere 
back in the Vienna of the 1920's where 
the movement originated. This much, at 

any rate, should be clear by now: For 
all its mathematical costume, the funda­
mental motives of Hempel's analysis are 
philosophical rather than scientific. Yet 
what pattern of philosophical preoccu­
pations emerges from his new book? 
Above all, I think, a certain Platonism, 
not in the open assertion of hidden 
entities as much as in the mathematiza­
tion of scientific criticism. Hempel's pro­
gram requires that at every point in 
scientific argument the living, context­
dependent utterances of scientists be 
replaced by articulations of unambigu­
ous sentences, permanently qualified by 
the explicit specification of time and 
place. Only such timeless "sentential 
facts and events," he declares, can 
significantly be "explained." 

Science emerges from this treatment 
not as an intellectual activity having a 
life and momentum of its own and gov­
erned by regulative concepts (force, 
conservation, information and the like) 
that shape the very patterns of theory 
and explanation. It emerges, rather, as 
a bare logical skeleton whose articu­
lation may be quasi-mathematical­
and accordingly more "permanent"-but 
whose formalization is purchased at the 
price of abstraction from the actual 
intellectual enterprise we call natural 
science. Whereas a century ago a 
philosopher such as William Whewell 
could see the philosophy of the induc­
tive sciences as being inescapably 
bound up with their conceptual history, 
the logical empiricists of the 20th cen­
tury dream instead of a "logic of sci­
ence" that can escape the clutch of 
history. In my view the dream is a vain 
one. 

To what end is this Platonizing di­
rected? Here I can rely only on guess­
work. In several places Hempel insists 
on the necessity for "objectivity" in 
stating the criteria of "validity" in 
scientific argument, but the only hint of 
what the "subjectivity" against which 
he is fighting might be comes from 
occasional passing and scornful refer­
ences to, for instance, "neovitalism." 
Surely there must be more to it. Per­
haps Stuart Hughes is right. Perhaps, 
having purged 19th-century positivism 
of naive mechanomorphism, the philoso­
phers of the Vienna Circle remained as 
nostalgic as ever for the objective cer­
tainties of the Newtonian world view. 
It is (as Hughes implies) somewhat iron­
ic that the philosophy of logical em­
piricism should have flourished beside 
the science of Einstein and Heisenberg, 
Karl Lorenz and Norbert Wiener. With­
in 20th-century natural science the in­
tellectual momentum has all been 

toward a greater involvement of the 
"observer" and the "observed," toward 
a deeper awareness of science as an ac­
tivity rather than a mere formalism. So 
the reorientation toward self-conscious­
ness that was characteristic of European 
social thought between 1890 and 1930 
has also done much to transform our 
natural science. This change is scarcely 
to Hempel's liking. Einstein and Wiener 
get two perfunctory allusions in his 500 
pages; Heisenberg and Lorenz are not 
mentioned. Once the very principles of 
natural science begin to involve the 
context of observation, and hence the 
interactions of the scientist and his sub­
ject matter, the logical empiricist can 
no longer hope to build up, from the 
analysis of real-life science, the kind of 
eternal structure of articulated sen­
tences to which the work of men such 
as Euclid and Newton had accustomed 
him. No alternative remains except for 
him to construct his axiomatic systems 
for their own sake, in scholastic isola­
tion from the historical development of 
real-life natural science, and, when the 
gap between the two becomes too bla­
tant to ignore, to blame the scientists 
for not formulating their explanations 
"according to the rigorous standards of 
modern logic." 

The resulting technical virtuosity may 
fill the reader with astonishment, but it 
is the virtuosity of a medieval disputa­
tion. Its place is less in the real world 
of scientific inquiry, where the painful 
elaboration of more adequate concepts 
and theories resists formalization in 
such elementary terms, than in the man­
darin world of Hermann Hesse's Glas­
perlenspiel. This is not to say that the 
Emperor wears no clothes at all. It is 
just that his costume is formal and 
hieratic, leaving him free to perform 
certain purely liturgical rituals but dis­
abling him from participating in the 
more varied and historically developing 
activities of workaday science. 

Short Reviews 

THE EARLIER LETTERS OF JOHN STU-
ART MILL, 1812-1848, edited by 

Francis E. Mineka. University of To­
ronto Press ($20). To all doting parents 
who, because their small son is a wizard 
at the "new" mathematics or wins the 
public-speaking medal at school, are 
convinced he is a genius, it might be 
well to show a copy of the first recorded 
letter of John Stuart Mill written to his 
friend and protector Jeremy Bentham 
on July 28, 18 12, when Mill was two 
months past his sixth birthday. The 
letter reads: "My Dear Sir, Mr. Walker 
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is a very intimate friend of mine, who 
lives at No. 31 in Berkeley Square. I 
have engaged him as he is soon coming 
here, first to go to your house, and get 
for me the 3.d and 4.th volumes of 
Hooke's Roman history. But I am re­
capitulating the l.st and 2.d volumes, 
having finished them all except a few 
pages of the 2.d. I will be glad if you 
will let him have the 3.d and 4.th vol­
umes. I am yours sincerely." When Mill 
finished reading Hooke, he wrote a 
learned essay of some 1,500 words on 
the history of Rome that, among other 
things, was adorned with critical foot­
notes addressed to such matters as the 
Greek spelling of certain names in 
Langhorne's Plutarch. 

This letter begins an admirable col­
lection edited by Francis E. Mineka and 
published by the University of Toronto 
Press as part of a projected edition of 
Mill's writings. The letters cover a 36-
year period up to the appearance in 
1848 of Mill's Principles of Political 
Economy, by which time he had be­
come an eminent public figure and his 
correspondence had taken on more of a 
public character. There are short letters 
of no consequence and longer ones 
filled with not much more than chit­
chat-although Mill was not what one 
would call a chitchatty man. There are 
also long letters to friends and intimates 
of his youth and early manhood, includ­
ing Thomas Carlyle, John Sterling, Gus­
tave d'Eichthal, Auguste Comte, Alexis 
de Tocqueville and William Johnson 
Fox. These are of extraordinary interest 
for the light they throw on Mill's inter­
nal conRicts and intellectual struggles, 
the breadth of his grasp and thought, 
and for what they tell us about leading 
literary and political figures of his time. 

Mill is remembered as an economist, 
a philosopher and a social reformer. To 
these pursuits he made contributions of 
a high order; he was always passion­
ately committed and brilliant. But read­
ing these letters, together with his auto­
biography, one is equally struck by his 
essential goodness as a man and by his 
capacity in the midst of severe emo­
tional difficulties to carry on his work­
even to redouble his efforts. For Mill, as 
he once wrote Carlyle, the sovereign 
antidote to melancholy was to be able 
to do "something," to have, as he said, 
"a choice of work." This meant, for 
example, to write a treatise on logic as 
a form of happy leisure, away from 
"pettinesses," personal cares, politics 
and reform. In the House of Commons 
Benjamin Disraeli once depicted Mill a� 
"the finishing governess," and Mill's 
biographer St. John Packe said, not un-
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justly, that he had "the Victorian's pas­
sion for liberating the human mind from 
everything including sex." It is equally 
true, as the letters show, that Mill's 
magnificent intellect was ceaselessly ap­
plied to the task of enlightening under­
standing and bettering man's condition. 

EXPERIMENTAL RESEARCHES IN ELEC-
TRICITY, by Michael Faraday. Do­

ver Publications, Inc. ($15). There is 
reprinted in these two volumes the 
three-volume edition of Faraday's Ex­
perimental Researches originally pub­
lished between the years 1839 and 
1855. This work is one of the master­
pieces of scientific literature, setting 
forth with wonderful clarity and in ex­
plicit detail the step-by-step records of 
Faraday's investigations and discoveries, 
among them electromagnetic induction 
(which John Tyndall proclaimed as "the 
greatest experimental result ever ob­
tained ... the Mont Blanc of Faraday's 
own achievements"), the laws of elec­
trolysis, the identities of different forms 
of electricity, the electrical capacities of 
various substances, the effect of mag­
netism on polarized light and diamag­
netism. The books have been unac­
countably out of print for a century and 
secondhand copies were not to be had 
except at an exorbitant price. 

THE DAWN OF ASTRONOMY, by J. Nor-
man Lockyer. The M.LT. Press 

($2.95). Norman Lockyer (1836-1920) 
was one of the major British astronomers 
of his time, a pioneer in solar and stel­
lar spectroscopy and the inaugurator 
of the famous British journal Nature, 
which he edited from 1869 until his 
death. He was a man of many inter­
ests and idiosyncratic tendencies; for 
instance, after he had for some years 
been director of the solar physics lab­
oratory at the Royal College of Sci­
ence in London he suddenly left it and 
removed the instruments to his estate 
at Sidmouth, where he founded his own 
observatory. He turned his attention 
after 1890 to a problem that had also 
attracted Newton, the problem of bring­
ing in astronomy to assist the chronology 
of history. In this connection he jour­
neyed to Egypt to examine ancient 
monuments and in 1894 published a 
book, here reprinted in soft covers, that 
combines what Giorgio de Santillana 
describes as "fanciful speculations" 
about the origins of astronomy with 
"equally imaginative reconstructions of 
Egyptian history, ancient totemism, and 
the like." His primary aim was to show 
the astronomical character of Egyptian 
religion by means of architectural mea-

surements and astronomical calculations 
and to demonstrate how these are rep­
resented in the "divine language" of 
inscriptions and literary texts. Egyptolo­
gists, archaeologists and philologists 
paid scant attention to his conclusions, 
and a later book of his on Stonehenge 
fared no better. Now, almost half a 
century after his death, interest in his 
views and his forgotten books has been 
reawakened by the work of Gerald S. 
Hawkins of Boston University. Haw­
kins, using an electronic computer to 
correlate his data, has reexamined the 
question of the chronology and design 
of Stonehenge. He has concluded that 
the monument was oriented to achieve 
certain astronomical alignments on the 
summer solstice and that Lockyer's in­
ferences are "substantially correct for 
1500 B.C." Thus the question remains 
open, and there is reason to believe that, 
in spite of the speculativeness of many 
of Lockyer's ideas, he may have been 
onto something real in certain of his 
opinions about the astronomical basis of 
the Egyptian and Celtic religions. 

THE OXFORD COMPANION TO AMERI-
CAN LITERATURE, by James D. Hart. 

Oxford University Press ($12.50). A 
revised and enlarged edition of this ex­
cellent companion for students and gen­
eral readers that not only encompasses 
the leading authors of literature past 
and present, "popular and polite," but 
also treats major nonliterary aspects of 
the American mind and the American 
scene as these are reRected and inRu­
enced by American literature. For ex­
ample, one finds such entries as the 
Museum of Modern Art, the Gastonia 
strike, Haverford College, the Roman 
Catholic Church in America, The 
Springfield Republican, the Hell-Fire 
Club and the Group Theatre as well 
as "The Secret Life of Walter Mitty," 
Eudora Welty, James Abram Garfield, 
ErIe Stanley Gardner, Scribner's Month­
ly, The Member of the Wedding, Er­
nest Hemingway and Clare Boothe 
Luce. 

NEW INTRODUCTORY LECTURES ON 
PSYCHOANALYSIS, by Sigmund 

Freud, translated by James Strachey. 
W. W. Norton & Co., Inc. ($4.50). 
Newly translated from the German and 
edited by James Strachey, these lec­
tures first published in 1932 were in­
tended as a supplement to Freud's 
earlier Introductory Lectures on Psycho­
analysis (1915-1917) and as a synopsis 
of a number of important psychoana­
lytic subjects. They were addressed, as 
Freud remarks in his preface, "to the 
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SPECIAL OFFEB! 
Send for This Invaluable 

Reference Book for 10 Days' Trial 

"nd Get" Second Book Absolutely FREE! 

Just flll out and return the coupon below to examine 
the long-awaited Third Edition of Goodman and Gilman's 
THE PHARMACOLOGICAL BASIS OF THERAPEUTICS' 

The coupon also entitles you to a FREE COPY of Irving B. Perlstein's 
widely-discussed book, DIET IS NOT ENOUGH. This second book is yours 
to keep even if you decide to return THE PHARMACOLOGICAL BASIS 
OF THERAPEUTICS. 

"The need for (this) book, which for a quarter of a century has occupied an easy-to­
reach place on the desk of most physicians, has grown as the number and specificity of 
drugs have proliferoted."-Med ical World News 

NEW FEATURES in the THIRD EDITION 

of THE PHARMACOLOGICAL BASIS OF THERAPEUTICS 

Edited by Louis 5. Goodman, University of Utah College of Medicine, Salt Lake City, 
and Alfred Gilman, Albert Einstein College of Medicine 

of Yeshiva University, Bronx, New York 

• Detailed information on hundreds of 
new drugs that have appeared in the last 
10 years-with emphasis on their thera­
peutic use -including: antibiotics, drugs 
used in psychotherapeutics, new agents 
for the treatment of hypertension, endo­
crinological treatment 

advances in medicine - virtually every 
page brought up-to-date by 42 pharma­
cological and clinical specialists under 
the editorial supervision of Doctors 
Goodman and Gilman 

• A completely revised index making it 
easy to find information on a specific 
agent - bibliographies of thousands of 
entries including up-to-date references 

• A total re-interpretation of drug action 
and use from the viewpoint of important 

BONUS BOOKI For ordering now 
you will receive without obligation 
DIET IS NOT ENOUGH, the much 
talked-about book by Irving B. Perl­
stein, M.D. The book is yours to keep 
-or pass along to your patients­
whether or not you decide to keep 
Goodman and Gilman. But hurry­
there are a limited number of these 
books. 

THE MACMILLAN COMPANY 
it t t'i-'�.i. 0 <'o 'C ,(S � % ,yvlm'lkl 
60 FIFTH AVENUE, NEW YORK 10011 

• New chapters and new material on 
such diverse subjects as drug addiction, 
drug abuse, drugs used in the treatment 
and prevention of atherosclerosis 

• And -as in earlier editions-the thor­
ough correlation of pharmacology with 
related medical sciences 

1965, 1785 pages 

r----------------------------------, 
The Macmillan Company, 60 Fifth Avenue, New York 10011 
Attention Professional Service Desk: 

Please send me the edition of THE PHARMACOLOGICAL BASIS OF THERAPEUTICS, 
Third Edition, I have indicated below, 

o 34484 Regular Edition (buckram bound) $22.50. 
o 34485 Deluxe Edition (simulated leather binding, colored end papers, top stain and 

protective slip case) $29.50. 
I understand that the book is fully returnable within 10 days if I am nat completely 

satisfied. 

Name' ________________________________________________ __ 

Address ______________________________________________ _ 

City _____________________ State' ____________ ......LZip Cade ______ _ 

(Note, books used in connection with your work are tax deductible) 

L ______________________ � ___________ � 

135 
© 1966 SCIENTIFIC AMERICAN, INC



multitude of educated people to whom 
we may perhaps attribute a benevolent, 
even though cautious, interest in the 
characteristics and discoveries of the 
young science." The volume forms part 
of the standard edition of Freud's writ­
ings under Strachey's general editorship. 

1"lIIE COLLECTED MATHEMATICAL PA-
PERS OF HENRY JOHN STEPHEN 

SMITH, edited by J. W. L. Glaisher. 
Chelsea Publishing Company ($27.50). 
A two-volume reprint of the collected 
papers, first published in 1894, of 
H. J. S. Smith, Savilian Professor of 
Geometry at Oxford from 1860 to 1881. 
Smith was that rare bird, a fine classical 
scholar and a first-rate mathematician. 
It was a common story at Oxford that 
Smith, being uncertain after he had 
taken his degree whether he should de­
vote himself to classics or to mathe­
matics,  solved his indecision by tossing 
a coin. Throughout his professional life 
he was not only admired for his in­
tellectual abilities but also loved by his 
colleagues and by students in the uni­
versity for his kindness, his equable 
manner, his wit and his willingness to 
give generously of his time to any per­
son or cause that needed his help. 
Smith's mathematical output was not 
large, but it was elegant and of quality. 
It includes his celebrated report to the 
British Association for the Advance­
ment of Science on the theory of num­
bers and also papers on geometry and 
elliptic functions-representing his ma­
jor interests in mathematics. 

NTOMOBILES AND AUTOMOBILING, by 
Pierre Dumont, Ronald Barker and 

Douglas B. Tubbs. The Viking Press 
($35) .  A picture history of automobiles 
and automobiling from the beginning to 
the late 1930's. The text is supported 
by 56 pages of vivid, unhackneyed 
photographs concerned with the natural 
history of cars and drivers and 200 ren­
derings in color of such incomparable 
vehicles as the 35-horsepower Mercedes 
of 1 90 1, the Fiat touring car of 1904, 
the 90-horsepower Renault of 1906 
(which won the first Grand Prix), the 
Silver Ghost Rolls-Royce of 1908, the 
28-horsepower Lanchester of 1909 (em­
bodying the unprecedented, but later 
widely copied, ideas of its inventor) ,  
the  �'1 ercer Raceabout of 1913 (noted 
for its delicacy of control and ability to 
hold the road), the six-horsepower Peu­
geot 13ebe, the nautical-looking Pan­
hard and Levassor Sport of 1914 with 
its skiff body, the incomparable Stutz 
Bearcat of 1914, the exquisitely en­
gineered Hispano-Suiza of 1921, the 

1 3 6 

exotic Duesenberg Model J, the sev­
eral impossible and magnificent Bugat­
tis, the supercharged Alfa Romeo of 
1930 (with its timeless perfection of 
form and fitness of purpose), the 4.5-
liter Bentley (the last of the "vintage 
big fours") and so on and on. One comes 
away from this book with two con­
victions: first, that no car made today is 
mechanically better than or aesthetical­
ly equal to the great machines of 30, 40 
and even 50 years ago; second, that this 
is the best book ever published on the 
subject. Buy it, even if you have to skip 
the next payment on your own set of 
wheels. 

THE PRINCIPALL NAVIGATIO:\'S, VOl-
AGES AND DISCOVERIES OF TI-IE EN­

GLISH NATION, by Richard Hakluyt; 
edited by David Beers Quinn and Ra­
leigh Ashlin Skelton. Cambridge Uni­
versity Press ($35). Hakluyt's two-vol­
ume collection of voyages, first issued 
in 1589, is a famous work of Eliza­
bethan history and literature and a 
great chronicle of the adventures of 
the English navigators whose voyages 
did so much to make known the over­
seas lands. Many people are acquainted 
with the book, primarily through the 
second version that Hakluyt published 
in three volumes in 1.'598-1600 and that 
has often been reprinted. The later edi­
tion contains more material, but it was 
"sifted, scrubbed or pruned" so that 
the fresh flavor of the original was to 
some extent lost; if the second edition 
is more credible, the first is nearer to 
the events described and more vivid 
and effective. It is for this reason that 
the Hakluyt Society has prepared an 
uncommonly handsome facsimile of the 
1589 edition, offering it with a useful 
bibliographical introduction by Quinn 
and Skelton and a new index. This is 
a desirable memento that should find 
a ready welcome among scholars, bib­
liophiles and cultivated readers. 

PARMENIDES, by Leonardo Tanin. 
Princeton University Press ($10). 

This book on the pre-Socratic philoso­
pher Parmenides gives the Greek text of 
surviving fragments of his writings to­
gether with a translation and extensive 
commentaries. Paxmenides' doctrine of 
being, which insisted that nonbeing 
is impossible and unthinkable, that dif­
ference cannot exist, that process and 
change are illusory and therefore that 
all attempts to describe the world are 
impossible, was a source of king-sized 
headaches to Plato, Aristotle and other 
philosophers of antiquity and is no less 
baffling, however sterile it may seem, 

to modern thinkers. Tanin wades 
through the large literature of philoso­
phers and critics and attempts to pin 
down exactly what Parmenides said 
and what he meant. A grueling but en­
grossing labor. 

CATS OF THE VVORLD, by Armand 
Denis. Houghton Mifflin Company 

($5 .95) .  An illustrated account of the 
36 members of the cat family, includ­
ing the lions, leopards and cheetahs of 
East Africa, the tigers and lions of 
India, the bobcat, lynx and jaguarundi 
of America and the Tibetan Pallas's 
cat. The author, who lives in Nairobi, 
has had extensive field experience. 

Notes 

SOCIETY AND SCIENCE, edited by 
�Iaurice Goldsmith and Alan Mackay. 
Simon and Schuster ($6). A better than 
average Festschrift honoring the ap­
pearance in 1939 of J. D .  Bernal's in­
fluential book The Social Function of 
Science, with contributions by Lord 
Snow, P. M. S. Blackett, Peter L. Ka­
pitza, Joseph Needham, J. B. S .  Hal­
dane, N. \Y. Pirie, R. L. M. Synge and 
others. 

MECHANICS, MOLECULAR PHYSICS, 
HEAT, AND SOUND, by Robert Andrews 
Millikan, Duane Roller and Earnest 
Charles Watson. The M.LT. Press 
($3.45). A soft-cover reissue of one of 
the best and most widely used physics 
textbooks, its particularly lucid exposi­
tion made doubly attractive by abun­
dant historical information. 

MR TOMPKINS IN PAPERBACK, by 
George Gamow. Cambridge UniverSity 
Press ($1.95). In this paperback are 
combined two of Gamow's well-known 
and well-liked scientific whimsies, Ml' 
Tompkins in Wonderland and Ml' 
Tompkins Explores the Atom, brought 
up to date and including more stories 
on advances in physics and related fields 
(fission and fusion, the steady-state uni­
verse and elementary particles) that 
were made after the books were orig­
inally published. 

CARDANO : TIlE GAMBLING SCHOLAR, 
by Oystein Ore. Dover Publications, 
Inc. ($1.60) . A paperback reprint of a 
good biography of the 16th-century 
physician, mathematician, astrologer, 
alchemist, gambler and whatnot, re­
viewed at length in these columns in 
1953. 

THE AMERICAN SOLDIER: ADJUST-
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MENT DURING ARMY LIFE and THE 
AMERICAN SOLDIER: COMBAT AND ITS 
AFTERMATH, by Samuel A. Stouffer 
and others. John Wiley & Sons, Inc. 
($5.90) . A republication in inexpensive 
form of the first two volumes of a noted 
series of studies prepared and edited 
under the auspices of the Social Science 
Research Council. 

SPACE, TIME AND ARCHITECTURE : THE 
GROWTH OF A NEW TRADITION, by Sig­
fried Giedion. Harvard University Press 
($ 12.50) . The fourth edition of this 
widely appreciated work includes Giedi­
on's essay "Architecture in the 1960's: 
Hopes and Fears ."  

ELECTRONS AND WAVES, by John R. 
Pierce. Doubleday & Company, Inc. 
($ 1.25) . The first eight chapters of 
Pierce's Electrons, Waves and Messages, 
Originally published in 1956 and now 
brought up to date, this little paper­
back is a good introduction to the study 
of electronic techniques and communi­
cation. 

THE HOLMES-EINSTEIN LETTERS, ed­
ited by James Bishop Peabody. St. Mar­
tin's Press, Incorporated ($ 12.50) .  An 
urbane, gracious and reflective series 
of exchanges (1903-1935) between two 
thoroughly civilized men: Justice Oli­
ver Wendell Holmes and Lewis Ein­
stein, an American diplomat. 

HANDBOOK OF CHEMISTRY AND PHYS­
ICS. The Chemical Rubber Company 
($ 16) .  The 46th edition of this indis­
pensable handbook has been enlarged 
and revised. 

STUDIES ON OCEANOGRAPHY, edited 
by Kozo Yoshida. University of Wash­
ington Press ($20) . A Festschrift dedi­
cated to Koji Hidaka, the first director 
of the Ocean Research Institute of the 
University of Tokyo and an important 
contributor to oceanography. 

ADVANCES IN ASTRONOMY AND ASTRO­
PHYSICS: VOLUME III, edited by Zdenek 
Kopal. Academic Press Inc. ($ 14) . In­
cluded in the third volume of this series 
are articles ranging from such topics as 
the abundance of the elements in the 
solar atmosphere to the main features 
of modem cosmology. 

ORIENTAL ARCHITECTURE IN COLOR, 
by Werner Speiser. The Viking Press 
($22.50) .  A survey of Islamic, Indian 
and Far Eastern architecture from Jeru­
salem to Kyoto with a brief text by 
Speiser and 112 colorplates. 
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Shoot electric current 
through an exposed nerve 

of a dead frog's leg and 
it'll twitch. 
BIG DEAL 

We're not knocking the importance of laboratory work in high school biology. 
On the contrary, it's an integral part of BSCS GREEN VERSION HIGH 
SCHOOL BIOLOGY. Indispensable, in fact. But it is laboratory work in its most 
important sense. Not the ritualistic repetition of time-worn activities with 
results known in advance. Not sterile "kitchen table" exercises that restrict, 
rather than broaden, students' appreciation of investigation as a means to 
gaining significant knowledge in science. 

With BSCS GREEN VERSION HIGH SCHOOL BIOLOGY experiments, the labora­
tory becomes a place where failure can teach a student just as much as 
success. These experiments help students understand just what science 
really is-what kind of people scientists are. 

RAND McNALLY INVITES YOU TO TRY 
3 BSCS GREEN VERSION HIGH SCHOOL BIOLOGY 
EXPERIMENTS WITH YOUR CLASS FOR $1.00 
To let you and your students experience, first hand, the kind of lab work 
emphasized, we would like your students to try three important experiments 
from BSCS GREEN VERSION HIGH SCHOOL BIOLOGY. 

An experiment kit has been developed that includes tomato and tobacco 
seeds, various chemicals, a detailed laboratory procedures manual and all 
other important materials for performing classroom experiments examining 
Competition Between Two Species of Plants . .. Chemoreceptors in Man 
... and Heredity and Environment. 

One suggestion. Our supply of kits is limited. So to avoid disappointment, 
return your kit order today. Please enclose $1.00 to cover the cost of postage 
and handling. 

BSCS GREEN VERSION: HIGH SCHOOL BIOLOGY • RAND MCNALLY & COMPANY 
-------------------------------------
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BSCS GREEN VERSION: HIGH SCHOOL BIOLOGY 

RAND MCNALLY & COMPANY 
P.O. Box 372 / Chicago, Illinois 60645 
Please send me the laboratory kit of three experiments from BSCS GREEN 
VERSION HIGH SCHOOL BIOLOGY: Competition Between Two Species of Plants 
- Chemoreceptors in Man - Heredity and Environment. I enclose $1.00. 

Name _________________ __________ __ 

Schoo 1 ___________________________________________ ________ _ 

School Address ________________________ _ 

CitY----__________________ State _______________ Zi p Code ______ _ 
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gy, Vol. 10, No. 2, pages 129-151; 
October, 1963. 

ON CIRCULATORY CONTROL MECHA­
NISMS IN THE PACIFIC HAGFISH. Carle­
ton B. Chapman, David Jensen and 
Kern Wilden thaI in Circulation Re-

search, Vol. 12, No. 5, Part I, pages 
427-440; May, 1963. 

THE CONTROL 
OF SNOW AVALANCHES 

CONTHIBUTION TO THE THEORETICAL 
FOUNDATIONS OF AVALANCHE DE­
FENSE CONSTRUCTION. Edwin Bucher. 
U.S. Army Corps of Engineers, 
Snow, Ice and Permafrost Research 
Establishment, Translation No. 18, 
February, 1956. 

THE MECHANISM OF AVALANCHE RE­
LEASE. Andre Roch. U.S. Army 
Corps of Engineers, Snow, Ice and 
Permafrost Research Establishment, 
Translation No. 52, April, 1956. 

SNOW AND ITs METAMORPI-IISM. H. 
Bader, R. Haefeli, E. Bucher, J. 
Neher, O. Eckel and C. Thams. U.S. 
Army Corps of Engineers, Snow, Ice 
and Permafrost Research Establish­
ment, Translation No. 18, FeblUary, 
1956. 

SCIENTIFIC NUMISMATICS 

THE EFFECT OF CInCULA TION UPON 
THE WEIGHT OF METAL CURRENCY. 
D. D. Kosambi in Current Science, 
Vol. 11, No. 6, pages 227-231; June, 
1942. 

ON THE OHIGIN AND DEVELOPMENT OF 
SILVER COINAGE IN INDIA. D. D. 
Kosambi in Current Science, Vol. 10, 
No. 9, pages 395-400; September, 
1941. 

STATISTICAL METHODS FOR RESEARCH 
WORKERS. R. A. Fisher. Oliver and 

.. Boyd, 1946. 
UBER DIE ANALYTISCHEN METHODEN 

IN DER W AHHSCHEINLICHKEITSRECH­
NUNG. A. Kolmogoroff in Mathemati­
sche Annalen, Vol. 104, No.3, pages 
415-458; 1931. 

MATHEMATICAL GAMES 

FUN FOR THE MONEY. Maxey Brooke. 
Charles Scribner's Sons, 1963. 

PLAY MATHEMATICS: MATHEMATICAL 
PUZZLES WITH GRADED EXERCISES. 
Harry Langman. Hafner Publishing 
Company, Inc., 1962. 

THE AMATEUR SCIENTIST 

BIOELECTHICITY. E. E. Suckling. 
McGraw-Hill Book Company, 1961. 

ION TRANSPORT ACROSS MEMBRANES. 
Edited by H. T. Clarke. Academic 
Press Inc., 1954. 

MEDICAL ELECTRONICS. G. E. Donovan. 
Butterworth & Co. (Publishers) Ltd., 
1953. 

Scientific & Technical 
BOOKS FROM THE 

SOVIET UNION 
in English translation 

Alexeyev, V.-Quantitative Analysis . . .. . $4.00 
Dzeiepow, B. S., Pcker, L. K.-Decay 

Schemes of Radioactive Nuclei ... 780 pp. 8.00 
Filonenko-Borodich, M.-Theory of Elasticity 2.50 
Glinka, N.-General Chemistry ...... 695 pp. 6.00 
Kitaigorodsky, A.-Introduction to Physics, 

(1963) .......................... 719 pp. 5.00 
Kondratyev, V.-The Structure of Atoms and 

Molecules, (1963) ................ 530 pp. 3.2 5 
Kostcnko, M. et al.-Electrical Machines, 

2 Vols .............................. set 6.75 
Pavlov, B.-Organic Chemistry ...... 568 pp. 4.2 5 
Sushkov. V.-Technical Thermodynamics, 

(1964) .......................... 396 pp. 3.00 
Suvorov. I.-Higher Mathematics, (1963) 

............................... 313 pp. 2.50 
Bykov, K. M.-The Cerebral Cortex and the 

lnternal Organs .................. 459 pp. 4.50 
Bykov, K. M.-Textbook of Physiology 

. . . . . . . . . ..... . . . ..... 763 pp. 8.00 
Koltypin, A. ct al.-Children's Diseases, 

(1963) .......................... 532 pp. 3.75 
Morozov, G., Romasenko, V.-Neuropathol-

ogy and Psychiatry . . . . . . . . . . . . . . . . . . . 2.2 5 
Platonov, K.-The Word as a Physiological 

and Therapeutic Factor . . . . . . . . .. . .. . . .. 6.95 
Puchkovskaya, M.-Corneal Transplantation 

in Complicated Leukomas ......... 210 pp. 2.00 
Kompaneyets, A. S.-Theoretical Physics 

. . .. . . .. . ...... . . . ........... 592 pp. 3.50 
Kassirsky, I., Plotnikov, N.-Diseases of 

Warm Lands ................... .467 pp. 3.50 
Piskunov, N.-Differential and Integral 

Calculus ........................ 895 pp. 5.2 5  

Average shipping charges approx. /0% for 
postage and handling. Order by mail. 

WRITE FOR COMPLETE CATALOG. 

FOUR CONTINENT BOOK CORP. 
DEPT. 640, 156 FIFTH AVENUE. NEW YORK, N.Y. 10010 

WORLD'S LARGEST 

ASTRONOMICAL MAGAZINE 

Keep informed on astronomy and space! 

Each month SKY AND TElESCOPE brings you 

the latest news from the frontiers of the uni­

verse as well as nearby happenings. Stars ... 

galaxies ... observatories • • .  history­

these are just a few facels of this copiously 

illustrated magazine. Regular departments 

include telescope making, observing projects 

and reports, books, amateur doings, and news 

notes. Each month feature articles explore in 

depth many topics-the moon's far side, 

Mariner pictures of Mars, the evolution of 

galaxies, and much, much more. 

Subscription in the U. S. A. and Posses­

sions. $6.00 one yea r; $11.00 two yea rs. 

Write for free copy of BOOKLET SC giving 

overseas subscription rates and describing 

SKY PUBLICATIONS. which include books on 

telescope making and observing; star at/ases, 

catalogues, and charts; teaching aids; sets of 

photographs of celestial wonders; and the Har­

vard books on astronomy. 

SKY PUBLISHING CORPORATION 

Harvard College Observatory 

Cambridge. Mass. 02138 
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ANY FOUR' 
of these 33 best-sellers, ALL $1 reference works, even sets for 

if you join the Guild now and agree to accept only four 
selections or alternates during the coming year 

274. THE MAGUS 
John Fowles 
(Publisher's 
edition, $7.95) 

128. THOSE WHO LOVE 
Irving Stone 

(Publisher's 
edition, 56.95) 

251. THE HONEY 
BADGER, Robert 
Ruark (Publisher's 
edition, $6.95) 

I.· ··: · 
. , 

. " 

. 

THE 
nlKOVSIIIY 

PlI'EIIS 
OW�P£NK�IV 

272. THE PENKOYSKIY 
PAPERS 
Dleg Penkovskiy 
(Pub. edition. $5.95) 

275. THE COMEDIANS 
Graham Greene 
(Publisher's 

154. THE COMPLETE 
WORKS OF WILLIAM 
SHAKESPEARE 

122. IS PARIS BURNING? 
Larry Collins &: 

257. A GIFT OF JOY 
Helen Hayes 
(Publisher'S 
edition, $4.95) edition, $5.75) 2 volumes 

Dominique Lapierre 
(Publisher's 
edition, $6.95) 

72. THE VIKINIi BOOK 151. THE MAN WITH , 163. WAGING PEACE 108. RAND McNAllY'S 

OF POETRY, 2 volumes THE GOLOEN GUN Dwight D. Eisenhower WORLD ATLAS FOR THE 

(Not available in Ian Fleming (Publisher's HOME (Publisher's 

Canada.) (Pub. edition, $4.50) edition, $6.95) edition, $5.95) 

117. THE DOUBLEDAY 110. THE COMPLETE 676. The Rockwells' 28. FAMILY TREASURY 
BOOK Of INTERIOR HOMEOWNER Complete Guide to Of CHILDREN'S 
DECORATING, Albert Robert Schwartz & SUCCESSfUL STORIES, 2 volumes 
Kornfeld (Publisher's Hubbard H. Cobb GARDENING (Pub. edition, $6.95) 
edition, $11.95) (Pub. edition, $5.95) (Pub. edition, $6.50) 

NOTE: Guild editions are sometimes reduced in size. 

but texts are full·length-not a word is cut! 

Literary Guild of America, Inc. 
Dept. 62-SUX, Garden City. N. Y. 

Please enroll me as a trial member of the literary Guild and send me 
the FOUR books or sets whose numbers I have printed in the four boxes 
at the right. Bill me only $1 plus shipping for all four. If not delighted, 
I may return them in 10 days and this membership will be cancelled. 

I do not need to accept a book every month - only as few as four a 
year - and may resign any time after purchasing four books. All selec­
tions and alternates will be described to me in advance in the Guild's 
free monthly "Preview." and a convenient form will always be provided 
for my use if I do not wish to receive a forthcoming selection. You will 
bill me the special Guild price for each book I take. This will always be 
at least 40%. often as much as 60%, below the price of the publisher's 
edition. (A modest charge is added for shipping.) For each four monthly 
selections or alternates I accept, I may choose a valuable bonus book 
from the special bonus catalog. 

o 
o 
o 
o 

Mr. 
� r��

-------------- --;CIP:::I -ea-se--=-pr-:-; nC-:- tl 

If you wish to charge all 
books to your credit card, 
give account number: 

Addres.; _________________ _ o Diners' 0 Am Express 

City ___________ .Zone ___ State __ # ______ _ 
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If under 18, 
have parent sign here: _____________________ _ 
Canadian Enquiries write to address above. For your convenience, books will be shipped from 
our Canadian office. Offer good in Continental U.S.A. and Canada only. 39-G721 

Size 13" x 121J2". 250 pages. 227 photos. 
(Publisher's edition, $14.95) 

I�'''''_'''�'O' 
i 
1 

t .-1i:iLiu..;..I 
291. THE AUTOBIOG· 
RAPHY Of MALCOLM X 
(Pub. edition, $7.50) 

270. THE LIFE Of 
DYlAN THOMAS, Con· 
stantine FitzGibbon 
(Pub. edition, $7.95) 

281. THOMAS 
Shelley Mydans 
(Publisher's 
edition, $5.95) 

37. THE MAKING OF 
THE PRESIDENT 1964 

BRUCE 
CATTON 

-
A STILLNESS 

AT 
APfOMATIO 

L 
1. ARMY OF THE 
POTOMAC TRILOGY: 

118. INTERN 
Doctor X 
(Publisher's 
edition. $5.95) 

278. PORTRAIT: 
ADLAI E. STEVENSON 
Alden Whitman 
(Publisher's 
edition, $5.95) 

208. THE MAKING OF 
THE PRESIDENT 1960 
Theodore H. White 
The J.F.K. election 
(Pub. edition, $6.95) 

Mr. lincoln's Army. 
Glory Road, Stillness at 
Appomattox. 3 volumes 
(Pub. edition, S12.50) 

54. SHORT NOVELS 

OF JOHN STEINBECK 
(Publisher's 
edilLon, $6.00) 

172. YES I CAN: 
The Story of 
Sammy Davis, Jr. 
(Pub. ed., $6.95) 

245. THE GREEN BERETS 255. THE MEMOIRS 
Robin Moore Of AN AMNESIAC 
(Publisher S Oscar Levant 
edition, $4.95) (Pub. edition, $5.95, 

284. THE BILLION 150. SARKHAN 

DOLLAR BRAIN William J. Led�rer 
Len Deighton & Eugene Burdick 
(Pub. edition, $4.95) (Pub. edition, $5.50) 

271. AT PLAY IN THE 
FIELDS OF THE LORO 
Peter Matthiessen 
(Pub. edition, $5.95) 

47. OUR NATURAL 
WORLD, Hal Borland 
(Publisher'S 
edition, $9.95) 

T
illS U>lUSUAL OFFER cannot be repeated. John Fitzgerald Kennedy 
. . . As We Remember Him is a lavish book and an expensive 

one. Because of its cost, we can include it just this once as part 
of the Guild's introductory offer. 

Nothing like John Fitzgerald Kennedy ... As We Remember Him 
has ever been attempted before. It was "written" by 53 of the 
people who were closest to him throughout his lifetime. 

Guild members were informed about this unique book before it 
was published-and those members who ordered it have already 
received it at the special members' price of $6.95 instead of the 
publisher's price of $14.95. This is typical of the guaranteed sav­
ings Guild members enjoy on important new books: at least 40%. 
often as much as 60%. below the price of the publishers' editions. 

Recently, for example, Guild members were offered new books 
such as The Life of Dylan Thomas for $3.50 instead of $7.95 in the 
publisher's edition; Is Paris Burning?, for $2.95 instead of $6.95. 
They were described before publication in the Guild's free monthly 
Preview and sent to members who wanted them immediately upon 
publication. Your only membership obligation is to accept four 
books during the coming year. from among the 20 or more offered 
each month. And for every four you buy, you may choose a free 
bonus book. 

There has never been a better time to try Guild membership. 
To join, send no money now. Just mail the coupon. 

LITERARY GUILD OF AMERICA. Inc .• Garden City. N. Y. 
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Unique alumina lapping compound used 
to produce optically perfect satellite windows 

The camera system of a satellite sees through a quartz window that protects the camera's 

own lenses. The window must be optically perfect. It must have adequate strength, yet must 

be as thin as possible to save weight. 

Controlled grinding procedures using Microgrit* WCA Precision Lapping Powders are in 

regular use today by manufacturers of satellite windows, camera lens systems, telescope 

mirrors, instrument lenses and prisms and other precision optics. 

This unique abrasive, a development of Micro Abrasives Corporation, Westfield, 

Massachusetts, has a Mohs' hardness of 9. Each particle is an individual aluminum oxide crystal 

having a disc-like shape that gives shallow, even, plane-like cuts. In lapping or grinding 

operations this enables rapid stock removal with an absolute minimum of substrate damage. 

In the case of satellite windows, these properties have eliminated costly spoilage due to 

scratching, and have increased window tensile properties to permit thinner and 

lighter sections of equal or greater strength. 

A patented process, Microgrit WCA was developed from a special Alcoa'" Alumina. Alcoa, 

largest supplier of alumina, produces a complete range of types, grades and sizes. And, to apply 

alumina most effectively and explore new uses, specialists at Alcoa Research Laboratories 

work constantly with manufacturers in most basic industries. This assistance is available to 

you. Write Aluminum Company of America, 911-B Alcoa Building, Pittsburgh, Pa. 15219. 

Alcoa Brings You Action Drama At Its Best . .  , "THE FBI," Sunday Evenings, ABC-TV. 
*Registered Trademark of Micro Abrasives Corporation. m 

ALCOA 
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shaping new links in 
man/computer communications ... 

Lockheed Missiles and Space Company uses 
CONTROL DATA® 3200 real-time computer system 
to study new science of biotechnology 

Coupled with a complex space vehicle simulator, this 
real-time computer system implements advanced 
studies into the physiological and psychological effects 
on men, of exposure to spacecraft environment. Out­
side the sealed simulator a CONTROL DATA 3200 

digital system accepts and processes data pouring in 
from the analog system ... sets up and scores tests 
performed on subjects ... distributes display informa-
tion to peripheral areas. 

The computer was selected on the basis of its high 
memory speed and overall throughput rates, and oper­
ates in the real-time m6de as a multi-programmed proc-

\ 

3200 potentials include ... 

• High-speed data handling 
ideal for real-time and hy­
brid computer applications. 
Broad instruction reper­
toire. Modular, expandable 
I/O communications sys­
tems. Core-to-core transfer 
capabilities between com­
puters. Stand-up or desk­
type consoles . 

• Choice of floating point 
arithmetic hardware . . . 
BCD arithmetic hardware 
... easily added core stor­
age. Multiple I/O com­
munications channels with 
6, 12 or 24-bit parallel data 
transfer . . . add-on arith­
metic-and-control proc­
essor modules. 

essor. Any of several programs involving biotechnology 
tests and simulated space flight and reconnaissance mis­
sions can be run in parallel, through its system of inter­
rupts and priorities. Thus the 3200 is a vital contributor 
to Lockheed's Manned Simulation Program. 

For information on ways Control Data computer sys­
tems can better meet your own special real-time and 
data-processing requirements, see your Control Data 
representative today. Or 
write to our Minneapolis, 
Minnesota address direct, 
Department E-26. 

CONTROL DATA 
CORPORATION 

8100 34th AVE. so., MINNEAPOLIS, MINN. 55440 
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