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1 
I nvesti gated m ine ral 
properties-The bank as
sists chemical company 
in location and acquisi
tion of properties around 
the world. In assaying 
potential acquisitions, 
trained Citibank petro
leum engineers helped 
company evaluate engi
neering data. The bank's 
N. Y. office and branches 
rounded up information 
on production and min
eral prospects in the 
Middle East, Africa and 
South America for com
pany's management. A 
Citibank petrochemical 
s p e cialist c ounseled 
with the company on 
technical and marketing 
problems in the industry. 

17 ways 
a chemical company used 

First Na�ional City Bank 
in the last year 

2 
Set up international fi
nance company- T h e  
company wanted t o  ex
pand in Europe but the 
voluntary restraint pro
gram made U. S. funds 
unavailable. Citibank's 
E u r o p e a n  b r a n c h e s  
help ed t h e  chemical 
company organize an in
ternational finance sub
sidiary to raise money 
where it was needed. 

3 
Negotia ted major te rm 
loan-Citibank was prin
cipal lender and agent 
for a number of other 
banks participating in a 
majo r credit  for the 
chemical company ... 
handled negotiations, 
paperwork, details. 

4 
900 credit checks- Citi
bank reported on credit 
and personal reliability 
of potential customers 
and raw material sup
pliers over 900 times in 
the last year ... an aver
age of 3 orts, a day. 

5 
Top level counsel- Sen

i o r  C i t i b a n k  off i c e r s  
from overseas and New 
York discussed alterna
t i v e  ways of raising 
money for a new foreign 
subsidiary with com
pany's president, at his 
headquarters. 

6 
Pension plans-Citibank 
is trustee for the com
pany's foreign and do
mestic pension plans. 

7 
Lo ca ted real e s ta te 
abr oad -The company 
wanted to find and buy 
land on a Caribbean is
land. Citibank's branch 
in the area saved com
pany time and trouble 
with introductions to a 
local real estate agent, 
the Minister of Housing, 
the Minister of Finance 
.and Tourism. 

8 
Financed new plants
The company planned 
installations in Europe 
and Latin America. Each 
plant and country pre
sented different financ
ing problems, most of 
them familiar to Citi
bank's local branches 
overseas. Branch officers 
were able to detail sev
eral solutions, including 
direct Citibank loans, 
transfer of company 
funds from other coun
tries, Eurodollar loans, 
local finance companies. 

9 
Bid bond in Brazil-The 

h e m i ca l  c o m pa ny 
wanted to sell salt to the 
Brazilian government 
which buys only on a 
bid bond basis. Citibank 
in New York immedi
a t e l y  w i r e d  i t s  Ri o 
branch to issue the nec
essary credit. 

10 
Engineered individual" 
i z ed ca s h  collecti o n  
systems - Each o f  the 
company's divisions and 
s u  b s i d i a r i e s  -h e a v y  
chemicals, synthetic fi
bers, plastics, etc.-has 
distinct product distri
bution and cash flow 
problems. Together with 
company's t r e a s u r e r, 
Citibank designed both 
domestic and overseas 
cash collection programs 
tailored for the divi
sions. Company has cut 
float, increased investa
ble funds and income 
from interest. 

11 
Personal services - Citi
bank financed personal 
n e e d s  of transferred 
company employees ... 
expedited loans through 
correspondent banks ... 
arranged to negotiate 
check"s of Hong Kong 
e m p l o y e e s  at l o c a l  
branch, avoiding usual 
wait for clearance of 
U.S. checks ... Brussels 
branch helped locate 
home rental for trans
ferred senior officer. 

12 
Kept c heckbo o k  ba l 
anced - U s i n g  p u n c h  
cards and data process
ing equipment, the bank 
reconciled an average of 
5,500 company checks 
each month. 

13 to 17, etc. 
Important routine serv
ice s - Citibank supplied 
personalized letters of 
introduction for travel
ling personnel ... bought 
CD's, commercial paper 
through Citibank's Wall 
Street money desk ... 
transf e r r e d  funds all 
over the world ... sent 
Monthly Economic Let
ter and in-depth studies 
of business conditions. 

We welcome inqu i r ies 
about the many ways 
your company can use 
First Na tional City Ban k. 
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Don't talk to them about "99% perfect:' Up there 
it's 100% or it's no show. Because these men live by 

the principle of "Zero Defects:' Just like ITT. 

You'll never convince a flying aerial
ist that some error is inevitable. His 
standard is perfection, all the time. 

And that's what "Zero Defects" is all 
about: do it right the first time, all the 
time. 

Many people, intolerant of mistakes 
at home or in the hospital or by a bank, 

allow themselves a certain percentage 
of error at work. 

So, basically, a Zero Defects Program 
strives for a voluntary change in per
sonal attitude-a rejection of the stand
ard of doing it right most of the time. 

Although ITT has always had a "Zero 
Defects" attitude, official programs are 

now being put into effect by ITT's 

worldwide companies. 
Each employee has v oluntarily 

pledged to expect at least as much of 
himself as he does of his family, his 
doctor, his bank. 

International Telephone and Tele

graph Corporation, New York, N.Y. 

ITT 
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. 

With a name 
like General Electric 

who'd expect 
our chemical business 
to be growing at the 
rate of one $5,000,000 
plant addition 

£ 
In the last three years alone we've 

e' �ery our constructed 45 million dollars' worth 

V I 
of chemical plant additions. In fact. 
our percent of chemical investment to 

� 
chemical sales has been three times 
that of the chemical industry as a 

mo nths whole. And big as we are in chemicals 
today, within 10 years the sales from 

• these new plants alone will be twice 
our current chemical business. 
For additional facts on G.E.'s role in 
Chemistry, write to the Chemical & 
Metallurgical Division, General Elec
tric Company. P. O. Box 220. Water
ford. New York 12188. 

GENERAL . ELECTRIC 
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They are beginning to carry a wide variety of products in addition to oil and gas. 

78 RATS, by S. A. Barnett 

The wild species that are so detested by man are worth studying for themselves. 
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· . . prolong the life of your valuable 
stereo records and delicate stylus. 
Due to the offset angle of the car
tridge, and the rotation of the rec
ord, all tone arms have an inherent 
tendency to move inward towards 
the center of the record. This skat
ing force, a definite side pressure 
against the inner wall of the 
groove, is a major cause of poor 
tracking. right channel distortion 
and uneven record wear. It is neu-

tralized by the patented 
anti-skating controls 

featured in three of 
Garrard's new 

a u t o m a t i c  
turntables. 

60 Mk II 
with pre·set 

automatic 
anti·skating 

assembly 
built into 
tone arm 

system. 

$74.50 

LAB 80 Mk II 
with adjustable 

sliding weight anti· 
skating compen· 

sator calibrated 
with '/2 gra m 

markings and 
uilt into the 

tone arm 
system. 

These are three of the five Garrard Automatic T
·
urn· 

tables just introduced. For complimentary copy of 
colorful new Comparator Guide describing all models, 
write Garrard. Dept. GA-427, Westbury. N.Y. 11590. 

4 

THE COVER 

The painting on the cover depicts the laying of a 20-inch oil pipeline (see 
"Pipelines," page 62) as seen through the pipeline itself. The trench and 
the bare-earth areas to the left and right of it comprise the right-of-way 
obtained by the pipeline company. The road at left is used by vehicles and 
the various machines involved in digging the trench, placing the pipe along
side the trench, preparing the pipe by such steps as bending, welding and 
coating, lowering the pipe into the trench and then refilling the trench from 
the bank of earth at the right. The numbers in the section of pipe being 
lowered into the trench are symbols for the size and grade of the pipe. 
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HOVV 

TO CUT 

THE 

"CHATTER" 

AND 

FREEZE 

THE FLASH. 

Frames from FAST AX high-speed camera show flash during interruption of the circuit in low-voltage circuit breaker. \ 
Film was shot without illumination to accentuate flash. 

Undesirable "chatter" or bounce 
can create problems in low-voltage 
circuit breakers. So can excessive 
flash or display given off during 
interruption of the circuit. But Allis
Chalmers solved these problems 
when they designed a new line of 
circuit breakers. How did they do 
it? With a FASTAX high speed mo
tion picture camera. 

In the detection of "chatter" and 
behavior of the contact assembly, 
Allis-Chalmers filmed the circuit 
breaker in action. By stopping the 

motion with high speed photo
graphy, they could study the prob
lem in detail and come up with an 
answer. Then they made a high 
speed film of the amount of flash 
during interruption of the circuit. By 
freezing the flash on film, Allis
Chalmers evaluated the interrupting 
capacity of the circuit breaker. 

FASTAX cameras are available in 
8 mm, 16mm, 3 5mm sizes with 
speed range of 18,000 frames per 
second. (3M also has a full line of 
precision optics. Everything from 

prisms and zoom lenses to tracking 
telescopes. ) For more information 
about Fastax Industrial Photographic 
Products, see your authorized dealer, 
or write: 3M Company, Dept. 
FMA-17, St. Paul, Minn. 55119. 

look to 3M for imagination in image·making! 

FastaX3!D 
INDUSTRIAL PHOTOGRAPHIC PRODUCTS 

WOLLENSAK OPTICAL PRODUCTS 
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Bendix is the kind 
of company that 

people count on 
automatically. 

Automotive people. The Bendix line of Sheffield gaging systems inspects, classifies and sorts 
1,500 pistons an hour into size classes that vary only 3 ten-thousandths of an inch-all automatically. 
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Drivers. With a Bendix automatic tem
perature control unit in your car, all you 
do is pre-select the temperature you 
want. The unit monitors heat, cooling 
and humidity automatically, 

Mapmakers, Give this Bendix equipment a pair of aerial stereo photos and 
it will automatically draw you a contour map, It's been developed for the 
Rome Air Development Center of the Air Force Systems Command, 

Look at all the automatic devices and 
systems you take for granted today. 
Bendix is behind a good share of them 
-from self-adjusting brakes in cars to 
automatic landing aids in airplanes. 
And more and more manufacturers are 
relying on Bendix automatic inspection 
and assembly machines to increase pro· 
duction, reduce scrap, and improve 
product quality and reliability. Our 
capability in automation demonstrates 
again that the heart of our business is 
creating new ideas and developing them 
to maximum usefulness-whether we're 
serving as creative engineers ... manu
facturers ... or professional problem
solvers for industry and government. 

People who fly. Bendix 
makes automatic flight control 
systems for all types of air
craft: for single-engine private 
planes, through jet-engine 
military and commercial air
craft, to the supersonic trans
ports of tomorrow, 

Lunar voyagers. Bendix-built inertial platforms 
are scheduled to help guide NASA's Saturn Vand 
three astronauts to the moon before 1970, Our 
platforms helped guide Saturn 1 and 1 B flightstoo, 

�nclY 
WHERE IDEAS 
UNLOCK 

CORPORATION THE FUTURE 
FISHER BUILDING, DETROIT, MICH. 48202 

CREATIVE ENGINEERING FOR 0 AUTOMATION 0 OCEANICS 0 SPACE 0 MISSILES 0 AVIATION 0 AUTOMOTIVE 
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LETTERS 

Sirs: 
I was pleased to see William C. Liv

ingston's article on solar magnetic fields 
in your November issue and to read his 
lucid account of the elements of the 
theory of the sun's magnetic cycle that 
I had published in 1961. 

The purpose of this letter is mainly to 
call attention to a draftsman's error that 
originated in the second of three dia
grams in Figure 5 of my paper (Astro
physical Journal, Vol. 133, pages 572-
587, 1961) and that seems to have been 
carried over to Figure 6 (a, b, c) of Liv
ingston's article (page 58). According to 
the theory, the twist of the submerged 
magnetic-flux ropes should have at all 
times predominantly one sign (that of 
a right-hand screw) south of the sun's 
equator, and vice versa; the twist should 
not reverse where the flux rope breaks 
the surface and a bipolar magnetic re
gion is formed, as in the diagram. 

. According to the model, the flux ropes 
become twisted through the shearing or 
overriding effect of the (supposedly) 
shallow material of the equatorial belt 
of the sun (the well-known "equatorial 
acceleration"). This part of the theory 
finds confirmation, as I pointed out in 
my paper, in the finding of G. E. Hale 

8 
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(Nature, Vol. 119, page 708, 1927) and 
later R. S. Richardson (AstrophYSical 
Journal, Vol. 93, page 24, 1941) that a 
majority of chromo spheric filamentary 
whirls surrounding sunspots in the 
Northern Hemisphere have the same 
sense of spiraling independent of the 
magnetic polarity of the spot or of the 
parity of the ll-year sunspot cycle, and 
that the opposite sense of spiraling pre
vails in the Southern Hemisphere. Hale 
(1927) showed that the prevailing sense 
of rotation of the chromo spheric whirls 
is as if the equatorial edge of the central 
spot moves ahead in the direction of the 
sun's rotation. 

Perhaps I may also point out that sev
eral features of the theory were devel
oped as a result of extended observations 
with the magnetograph by Harold D. 
Babcock between 1952 and 1960. One 
crucial finding was that bipolar mag
netic regions on the sun's surface are 
compact and intense when first formed, 
but that they disappear by expanding; 
this, as was emphaSized in 1961, neces
sarily implies that the sun is continually 
expelling magnetic-flux loops that ex
pand outward into interplanetary space . 

HORACE W. BABCOCK 

Mount 'Wilson and Palomar 
Observatories 

Pasadena, Calif. 

Sirs: 
In the article "Time-sharing on Com

puters," by R. M. Fano and F. J. Cor
bat6 [SCIENTIFIC AMERICAN; September, 
1966] it is stated that Christopher 
Strachey first proposed a time-sharing 
system in 1959. This implies a faster 
development than actually occurred. 

I have been unable to find a reference 
earlier than my article in the March 
1957 issue of Automatic Control, which 
stated: 

"One or several computers, much 
larger than anything presently contem
plated, could service a multitude of 
users. They would no longer rent a com
puter as such; instead they would rent 
input-output equipment, although as far 
as the operation will be concerned they 
would not be able to tell the difference. 
Using commutative methods, just as 
motion pictures produce an image every 
so often for apparent continuity, entire 
plant operations might be controlled by 
such super-speed computers. Few com
puter manufacturers will deny the fea
sibility, even today, of super-speed and 
interleaved programs." 

There is another reference prior to 

Strachey's paper of June, 1959. This is 
an article by W. F. Bauer in Proceedings 
of the Eastern Joint Computer Confer
ence (December, 1958), where he pro
posed: 

"Each large metropolitan area would 
have one or more of these super com
puters. The computers would handle a 
number of problems concurrently. Or
ganizations would have input-output 
equipment installed on their own prem
ises and would buy time on the com
puter much the same way that the av
erage household buys power and water 
from utility companies." 

If any of your readers do know ear
lier references, I would appreciate being 
made aware of them. 

R. W. BEMER 

Computer Department 
General Electric Company 
Phoenix, Ariz. 

Sirs: 
It has been brought to our attention 

that our article entitled "Time-sharing 
on Computers" in the September 1966 
issue of Scientific American gave the in
correct impression that the work at the 
M.LT. Computation Center had its sole 
root in the paper presented by Christo
pher Strachey at the 1959 UNESCO 
Congress. In fact, the idea of time-shar
ing a large computer grew simultaneous
ly and independently at the M.LT. Com
putation Center. The implementation of 
a time-sharing system was proposed in 
an internal memorandum by Professor 
John McCarthy, dated January 1, 1959, 
entitled "A Time-sharing Operator Pro
gram for Our Projected IBM 709." Stra
chey's paper is, to our knowledge, the 
first formal publication that proposed 
and discussed in substantial detail the 
design of a general-purpose time-shar
ing system. Of course, computers al
ready had been time-shared for special 
purposes, as in the SAGE air defense 
system in the early 1950's. General-pur
pose systems, however, did present a 

host of new, difficult problems. Thus 
there is no question that Strachey's pa
per had a very significant effect on the 
development of general-purpose time
sharing systems at M.LT. as well as else
where. 

R. M. FANO 
F. J. CORBATO 

Massachusetts Institute 
of Technology 

Cambridge, Mass. 
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Charles Mahon. Earl Stanhope 
(1753-1816) 

Woodcarving by William Ransom 
Photographed by Max Yavno 

"To Stanhope belongs the honour, and it is a very high honour, of being the first 
(probably) to attempt the solution of logical problems by a mechanical method. There 
may be some difference of opinion as to how far he succeeded, but there can be none 
as to the ingenuity of the attempt. The contrivances of earlier logicians, more especially 
the circles of Euler, probably prepared the way; but Stanhope did undoubtedly take a 
very important step in advance when he conceived and constructed his Demonstrator."1 

I Robert Harley, Mind. v. 4, p. 208, 1879. 

INTERACTIONS OF DIVERSE DISCIPLINES 

Stanhope imposed classical geometry and a mathematical scale on a small block of 

mahogany, producing a simple device which could represent the relationship of two 

premises to each other. Today, the classical disciplines, interacting with the new man

agement and behavioral sciences, can solve many complex problems of governments 

and industry. Twelve years ago Planning Research Corporation began the successful 

use of this approach to problem solving, employing multidisciplined teams. 

Of the more than 500 professional staff members at Planning Research, the largest 

number are engaged in solving computer system problems. The Corporation is a prime 

source for automated management and command systems, for information storage and 

retrieval systems, for widely used machine language programs, and for real-time and 

time-sharing computer programs. In industry, Planning Research provides complete 

system services, from initial analysis and system design of the data processing problem 

to unbiased recommendation of appropriately engineered hardware, the required pro

gramming, the checkout, and the turnover of the completed software system. For par

ticulars write to Dr. Alexander Wylly, Vice President for Computer Sciences. 

PLA NNING RESEARCH CORPORATION 
Home office: 1100 Glendon Avenue, Los Angeles, California 90024 
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With the 12th mission completed, the 
objectives of the Gemini program 
have been met. Space technology has 
taken a giant step toward the moon. 
All Gemini Rights were powered by 
Titan II, the Air Force rocket launch 
system developed by our Martin divi
sion. Now Martin is moving on to 
other space projects, including orbital 
launchings with Titan III, five times 
more powerful than Titan II. 

It has been just 22 months since 
that morning in March when Ameri
cans sat transfixed in front of their TV 
sets and watched as Virgil Grissom 
and John Young first rode a Titan II 
rocket into space. 

To prepare Titan for that moment, 
thousands of men and women worked 
millions of hours. Hundreds of com
panies were involved. 

Martin brought these many diverse 
talents and skills together to form a 
highly effective team. Under Martin 
management, the team designed and 
manufactured all the rockets which 
powered the two unmanned and ten 
manned flights. 

NASA and its Gemini team made 
space history. 

They demonstrated that rocket 

launch vehicles can operate with a 
very high degree of safety, reliability 
and precision. 

An d t h a t  l o n g-d u r a t i o n  spa ce 
flights-Gemini 7 was in space 14 days 
-are possible both from a life-support 
and psychological standpoint. 

And that space rendezvous and 
docking present no problems. 

And that astronauts can survive 
outside their spacecraft and perform 
useful work. 

Titan II established a tradition of 
meeting tough challenges during the 
12 flights. On the lIth mission, for ex
ample, the Titan had to be launched 
within 2 seconds of its schedule to 
rendezvous with the Agena. The flight 
went like clockwork. 

This tradition is being carried for
ward by Titan III. Martin also is 
applying its proven management and 
technical capabilities to other ad
vanced space projects. 

The several divisions of Martin Marietta 
produce a broadly diversified range of prod
ucts, includi n g  mi ssi le  systems, sp ace 
launchers, nuclear power systems, space
craft, electronic systems, chemicals and con
struction materials. Martin Marietta Cor
poration,277 Park Avenue, New York, N. Y. 

NlARTIN WlARIEII� 

II 
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THE 5.5. WHITE 
AIRBRA5IVE® UNIT 

The Airbrasive is not the way to 
open your breakfast egg. But it is 
often the only way to cut many ex
tremely hard, fragile materials. 

Look around your production line 
or lab to see where you can use the 
Airbrasive. A tool that can make 
tricky cuts in an empty egg-shell 
can surely do jobs you previously 
thought impossible. 

The secret lies in a finely con
trolled stream of abrasive particles 
gas-propelled through a precise 
nozzle. This stream cuts or abrades 
or cleans without shock, heat, or 
vibration. 

Use it to make cuts as fine as 
0.005" .. . remove surface coatings ... 
adjust microminiature circuits ... de
bur tiny parts ... and many more 
delicate tasks. The cost is low. For 
under $1,000 you can set up your 
own Airbrasive cutting unit. 

Send us samples of your "im
possible" jobs and let us test them 
for you at no cost. 

SEND FOR 

BULLETIN 6407A 

Complete 
information. 

S. S. WHITE COMPANY 

INDUSTRIAL DIVISION 
Dept. SA. 201 East 42nd Street. N.Y .• N.Y. 10017 

Telephone 212 661-3320 

S.S.WHITE 
® 
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50 AND 100 
YEARS AGO 

II SCmllfncAmlcAN II 
JANUARY, 1917: "However long the 

world war may last, it is probable that 
the closing months of the year 1916 
will mark the highest peak of German 
accomplishment. That this great mili
tary power will fight with valor and 
skill to the very end of the war, what
ever be its length, goes without saying, 
but the growing belief that the crushing 
of little Rumania will mark the last suc
cessful offensive of the Central Powers 
has been strengthened by their sudden, 
absolutely unexpected move in the di
rection of peace. The conviction that 
Germany has reached the maximum of 
her possible achievement is based upon 
the conviction that if she is beaten it 
will be because of her failure in man
power; and there are many indications 
that the diminution in numbers and de
cline in quality of her effectives, rela
tive to that of the combined armies of 
the Entente, has already begun." 

"The past 12 months have witnessed 
the keenest rivalry between the aircraft 
designers and builders of the Entente 
and Teuton camps. The earlier months 
saw the ascendancy of the Fokker 
monoplane on the Western fighting 
front, contemporaneous perhaps with 
the Teuton command of the air; but to
ward the middle of the year the British 
and French constructors came to the 
fore again with superior fighting ma
chines, reestablishing the undeniable 
supremacy of Allied airmen in France, 
Flanders and Alsace. Several types of 
swift, highly flexible battleplanes have 
made their appearance on the fighting 
fronts as an effective answer to the Fok
ker, among thel,TI the Spad monoplane 
of Bleriot with a speed said to surpass 
that of all other flying machines. But the 
credit for the year's only innovation be
longs to the British constructors, for it 
was in England that the odd combi
nation dirigible-aeroplane machines, or 
'blimps,' were conceived, constructed 
and adopted. These diminutive dirigi
bles are now being used successfully for 
scout and patrol duty over the waters of 
the British Isles." 

"A recent address by Prof. T. E. 
Mason called attention to the immense 
amount of mathematical research that is 
going on in the world, as evidenced by 
the growth of mathematical literature. 
A very conservative estimate would 
place the number of contributions to 
mathematics published each year at 
about 2,000, not including works that 
contain no new matter. It is estimated 
that during the first 15 years of the 
present century the published results of 
mathematical research amount to about 
one-fifth as much as during all time 
before." 

"Mr. Harlow Shapley reports that a 
star in the southern globular cluster 
Messier 9 (NGC 6,333) shows a con
spicuous short-period variation, with a 
range exceeding a magnitude. As the 
photographic magnitude of this star at 
its maximum is less than 16.5, it is prob
ably the faintest variable star thus far 
discovered." 

JANUARY, 1867: "Dr. Jenner in his 
remarks on Nov. 12th at the opening 
session of the London Epidemiological 
Society, of which he is President, ad
vocated the introduction of sanitary sci
ence as a regular part of a liberal edu
cation. We would go further and urge 
its adoption as an element of common
school education in its simpler laws and 
principles, and in its philosophy as 
an essential of professional education, 
equally with chemistry, for example. 
Dr. Jenner's arguments are abundantly 
forcible for our conclusion. The diffi
culty in the present state of general edu
cation of spreading practical sanitary 
knowledge and of inducing men to act 
so as not to destroy themselves and their 
neighbors is all but insuperable. Con
stant and indefatigable iteration on the 
part of the few-line upon line, precept 
upon precept, example on example, 
warning on warning-offer the only hope 
of gradually awakening and instructing 
the present generation with regard to 
the common laws of health and disease. 
The next generation might be and 
should be better indoctrinated. Mean
while every press and every public in
structor of whatever kind should give 
prominence to the daily lessons of 
experience and science on this all
important subject." 

"Modern discoveries of the correla-
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Report from 

BELL 
LABORATORIES Molecular-gas lasers 

Bell Laboratories research physicist C. K. N. Patel with his experimental "flowing gas" 

laser. The glowing tube contains nitrogen in which electrical discharge is taking 

place. The active gas flows through the other, similar-sized tube and the gases meet 

in the optical cavity. Here, energy is transferred to the active gas through collision. 

NOBLE-GAS 

LASERS 

UPPER LASER LEVEL 

LASER 
OUTPUT 

LOWER LASER lEVEL 

MOLECULAR-GAS 

LASERS 

When a laser operates through energy stored in 

electron orbits (left),  a comparatively large 

amount is wasted through the long return to 

ground state. But, when energy is stored in vibra

tions and rotations within a molecule (right), the 

percent wasted is much smaller. 

The experimental setup which led to 

development of today's most powerful 

and efficient CW laser. Nitrogen, carry

ing vibrational and rotational excita

tion, mixes with the active gas within 

the optical cavity. Here, energy is 

transferred to the active gas through 

collision. 

MOLECULAR GAS 

+ 
!�: 
q": 

GASES 
OUT 

To produce a photon in a gas laser, 
an atom or molecule reduces its energy 
by dropping from the "upper laser 
level" to the "lower laser level" (graph). 
From the lower level, the energy usually 
decreases to absolute minimum

"ground state"-before the atom or 
molecule can emit another useful 
photon. This second drop is waste: 
incoherent light and heat. 

Lasers using noble (atomic) gases, 
like helium-neon or argon, are partic
ularly wasteful in this respect. But a 
laser using molecular gases, such as 
carbon dioxide, would operate at lower 
energy levels and produce less waste 
radiation. 

In investigating new infrared lasers, 
therefore, scientist C. K. N. Patel of 
Bell Laboratories employed molecular 
gases. To experiment with them, he 
invented a new kind of laser (photo and 
figures) in which the active (radiation
emitting) gas flows continuously into 
the optical cavity. There it meets a flow 
of nitrogen, which is excited by an 
electrical discharge in a separate tube. 
In this way, molecules in the active gas 
are raised to an upper laser level by 
the transfer of vibrational energy from 
nitrogen molecules. This prevents the 
electrical discharge from breaking 
down the active gas. 

With this technique, Patel demon
strated lasers based on carbon mon
oxide, carbon dioxide, nitrous oxide, 
and carbon disulphide. He found that 
carbon dioxide has the highest effi
ciency, about 15 percent compared 
with less than 0.1 percent from previous 
gas lasers. 

Carbon dioxide has another advan
tage. It is the only known molecular gas 
that is chemically stable enough to 
function even if the discharge takes 
place within it. So in this instance, the 
"flowing-gas" technique is not required. 

Patel also found that the addition of 
certain gases, such as helium, in
creases the efficiency of the carbon 
dioxide laser. Such lasers have been 
built with continuous outputs of more 
than 1000 watts at wavelengths of 10.6 
microns (infrared). 

.. Bell Telephone Laboratories @" 
. 

"""T"'" Research and Development Unit of the Bell System 
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AC METROLOGY WILL 

NEVER BE TH·E SAME 

AFTER THE FLUKE 931A, 
THE FIRST TRUE RMS 

DIFFERENTIAL VOLTMETER. 

About 90% of all ac voltage measurements are made to deter

mine the rms value of the input waveform. Prior to the introduc

tion of the Model 931A, accurate rms measurements could only 

be made by ac to dc comparison with a thermal transfer standard. 

An accurate "true rms" voltmeter simply didn't exist. 

Now, you can measure the rms value of any input ac waveform 

to 0.05% from 30 Hz to 50 KHz with only slightly lower accuracies 

up to 500 KHz. 

Other features include a voltage range of 0.01 to 1100 volts, 10:1 
crest factor, high input impedance, battery operation for complete 

portability and isolation from ground loops, digital readout with 

automatic lighted decimal, and linear recorder output. The null 

meter indicates percent deviation from the dialed voltage. Ten per
cent overranging minimizes range switching. 

This recent advance in state-of-the-art measurement is another 

example of the Fluke product philos-

ophy, "standards lab performance in 

I E I portable instruments." For informa- FLU K 
tion about Model 931A, please write -

Box 7428, Seattle, Washington 98133. 

tion of forces have elevated the cosmo
gonical hypothesis of Laplace to a 
theory. As now accepted, this nebular 
theory holds that all atoms in the be
ginning were diffused through infinite 
space, but by the action of gravity col
lected and arranged around different 
centers of attraction, they now consti
tute the millions of suns and the plan
etary system." 

"Besides 'the thousand natural shocks 
that flesh is heir to' smokers are liable to 
peculiar attacks upon the senses of sight 
and hearing and on the faculties of will 
and memory. Paralysis of the optic 
nerve, and torpor, coldness and hissing 
noises in the ear, premonitory of paraly
sis of the auditory nerve, are the forms 
in which nicQtine attacks these two or
gans. Medical observers have often re
marked the failure of memory and also 
a general characteristic of irresolution or 
indecision in habitual smokers. Excep
tions are abundant, but this pathological 
characteristic of the drug is undisputed." 

"A friend who has recently visited the 
pneumatic passenger tube in process of 
construction in the bed of the Thames 
reports the work rapidly approaching a 
successful completion. The simplicity 
and undoubted feaSibility of this mode 
of transit have already, we are told, 
prompted the organization of a com
pany of heavy capitalists for the pur
pose of laying tubes from New York to 
Brooklyn and Jersey City and from the 
lower to the upper end of Manhattan 
Island. Wilder predictions have been 
uttered-and fulfilled-than that some of 
the men who assisted at the laying of 
the Atlantic cable may live to see the 
tubular sub-marine railway in operation 
alongSide of it." 

"In 1866 the expenses of the city of 
Paris amounted to $46,000,000. In re
turn for this seemingly large expendi
ture the Parisians had the cleanest and 
best governed city in the world, to
gether with an astonishing development 
of great improvements, in the opening 
of broad spacious streets and in the 
erection of splendid public buildings. 
New York City expends about $18,-
000,000 and gets in return dirty streets, 
a brutalized swindling political ring 
and no improvements that are worth 
mentioning. During the past 10 years 
enough money has been stolen from our 
burdened tax-payers to have furnished 
this city with museums, art galleries, 
monuments, etc., that would have at
tracted the attention of the whole 
world." 
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(Advertisement) 

ELIMINATING INCLUSIONS 

Modern techniques that remove harmful oxides from molten steel 

greatly improve steel quality. One method involves adding 

metallic elements. The newest is the vacuum degassing process. 

Q
uality is an elusive term, and qual
ity in steel is particularly so. 
While steel quality, in general, 
can easily be described in terms 

of satisfactory performance of the end 
product, a really accurate definition 
must include a detailed analysis of the 
entire steelmaking process. A quality 
steel, then, is the culmination of pains
taking care and attention at every step 
in the process, from the molten steel to 
the product delivered to a customer's 
plant. The processing begins with the 
melting of a heat of steel. In the basic 
steel industry, this is accomplished in 
electric arc, basic oxygen, or open hearth 
furnaces. While each of these melting 
processes has its own individual char
acteristics, they have one thing in com
mon, the presence of dissolved gases in 
the molten steel, notably hydrogen, ni
trogen, and oxygen. 

Hydrogen is not a problem of any 
general consequence in plain carbon 
steels. However, it can be a critical 
problem in large forging ingots where 
it can give rise to the defect known as 
flaking. Nitrogen may or may not be de
sirable depending upon the specific steel 
that is being melted. Oxygen is rarely 
regarded as beneficial, and the inexora
ble laws of thermodynamics dictate 
that it can be present in molten iron in 
amounts up to as much as 0.16 percent 
by weight, in commercial practice. 

As steel solidifies in an ingot mold, 
oxygen is rejected from solution. When 
this happens, bubbles of carbon monox
ide may form and rise up through that 
portion of the ingot which is still liquid. 
Oxygen which does not react with car
bon in this manner ultimately reacts with 
iron or other metallic elements in the 
steel to form liquid or solid oxides, gen
erally termed inclusions. Some of these 
will rise through the liquid steel, form
ing a slag, but some inevitably are en
trapped in the body of the ingot. In 
order to minimize the presence of oxide 
inclusions in the steel, metallic elements 
which have a great affinity for oxygen 
are usually added to the furnace or the 
ladle. Silicon and aluminum are prime 
examples. When added at the ladle or 
furnace stage, these elements quickly 
form oxides. The steel is molten and 

by R. A. Walsh, Research Manager 

sufficient time is allowed for the oxides 
to levitate and thus escape from the 
melt. The oxygen which remains dis
solved in the molten steel is thus low
ered and the amount of oxide inclusions 
precipitating in the ingot when it so
lidifies is proportionately reduced. This 
can be expressed typically as: 

Fe + 2Al + 4 Q --+- FeO·AI20a (1) 

which simply says that aluminum and 
oxygen dissolved in molten iron com
bine with each other to form hercynite. 
When more than one metallic deoxidizer 
is present, the situation becomes more 
complex. For instance, manganese and 
silicon together are capable of produ
cing a lower oxygen level than either 
used alone. Other combinations such as 
silicon-aluminum or manganese-alumi
num-silicon exhibit a similar trend. Not 
only is the dissolved oxygen content of 
the steel affected, but the chemistry and 
physical nature of the deoxidation prod
ucts vary according to the specific de
oxidizers used. 

Another method of deoxidizing or de
gasifying steel is vacuum degassing. In 

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

this process, molten steel is exposed to 
a vacuum which favors the reaction: 

C + O --+- CO 
- -

(2) 

Reactions of the type represented by 
equation (1) are little affected by pres
sure, but in equation (2) the product 
of the reaction is carbon monoxide, a 
gas. For reaction (2) 

acxao=K 
Pco 

and at 1600°C, K�2xl0-3. If we 
have, say, an 0.2 percent C melt and 
have a partial pressure of CO of an at
mosphere and assume for simplicity that 
activities equal weight percent, then 

[%0] 2.0Xl0-3xl 
0.2 

=10-2 

But if we expose the same steel to a 
vacuum of say 76 microns Hg, then 

76x 10-3 
[%0]=2.0XI0-3�

.2 
760 

=10-6 

Such extremely low oxygens are not at
tained in practice for a number of rea
sons; among them, melt-crucible reac
tions, fen'ostatic pressure of the melt 
and factors associated with the nuclea
tion of the CO bubble. 

The example illustrates clearly, how
ever, the manner in which vacuum 
serves to promote deoxidation through 
the formation of CO. 

Youngstown has recently installed a 
vacuum degassing unit as the latest step 
in a continuing search for better under
standing of deoxidation phenomena, 
improved practice, and stringent control 
in production. 

The work in eliminating inclusions 
is only a small part of the constant re
search going on 24 hours a day at 
Youngstown's research center. If you 
believe Youngstown can help you, call 
at your convenience. Or, write Depart
ment 251C6. 
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This astronomer studies 
the moon's orbit for clues 
to the universe. 

What's he doing at IBM? 

Dr. Wallace J. Eckert has developed a theory of lunar motion that pre

dicts the path of the moon 100 times more accurately than ever before. 

But, in comparing his theory with precise observations of the moon, 

Dr. Eckert finds a small difference in the rate of rotation of the moon's 

orbital plane. No one knows why. 

"It's an intriguing problem," says Dr. Eckert. "When we find the an

swer, it's more than likely we will have improved our understanding of 

the laws of nature." Computers are speeding that process. 

Dr. Eckert was one of the first men to apply computers to the solu

tion of scientific problems. And he has had a major role in guiding other 

scientists in their use. In fact, his work in this field and his theory of lunar 

motion earned him an award from the National Academy of Sciences that 

has been given only 19 times in 92 years. 

The computer's potential as a problem-solving device in science is 

just being tapped. To push the computer to its limits, IBM has scientists 

in many fields-men like Dr. Eckert. IBM 
® 
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HISTORIC first picture of the earth taken from vicinity of moon. 
Picture, shot by NASA's Lunar Orbiter, gives vivid close-up 
view of cratered lunar surface. Lunar Orbiter, designed and 
built by Boeing, was first U.S. spacecraft to orbit the moon and 
to photograph far side of moon. Lunar Orbiter I flew and 
maneuvered flawlessly throughout its mission. It photographed 

thousands of square miles along moon's equator to help NASA 
select best landing sites for America's Apollo astronauts. Boeing 
scientists and engineers, with NASA personnel, controlled Lunar 
Orbiter's flight. NASA's Langley Research Center is Orbiter's 
systems manager. Orbiter II was launched Nov. 6 to photograph 
13 additional areas for possible use as moon landing sites. 

Capability has many faces at Boeing 

PGH (Patrol Gunboat-Hydrofoil), designed and 
being buil t by Boeing, will be first of its kind for 
U.S. Navy. Propulsion is by water-jet engine. 

NASA's Apollo/Saturn V moon rocket, largest, 
most powerful in world, is moved on a transporter 
as large as a baseball diamond. Boeing builds first 
stage booster, generating thrust equivalen t to 160 
million hp and provides systems engineering and 
integration support on entire Saturn V system. 

NEW ERA in jet travel will be ushered in by Boeing 
747, now being built. Boeing 747 will carry up to 
490 passengers and be first jet with promenade-deck 
roominess, staterooms, lounges. 747 will fly faster 
(625 mph) than today'sjets. Already ordered by: Air 
France, American, BOAC, Continental, JAL, Luft
hansa, Northwest. Pan American. TWA. United. 
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THE AUTHORS 

BURKE M. SMITH ("The Poly
graph") is associate professor of neurol
ogy and psychiatry (clinical psychology) 
and chief clinical psychologist at the 
School of Medicine of the University of 
Virginia. He received all his formal edu
cation in Durham, N.C., where he was 
born; after progressing through the pub
lic schools he went to Duke University, 
where he obtained a bachelor's degree 
in biology in 1934, a master's degree in 
psychology in 1937 and a doctorate in 
psychology 10 years later. From 1947 to 
1960 he was with the Veterans Admin
istration, first as chief clinical psycholo
gist at the mental hygiene clinic in Dur
ham and then as chief of the clinical 
psychology service at the Veterans Ad
ministration Hospital in Roanoke, Va. 
He has held his present positions since 
1961. Smith writes that most of his 
research activities "would come under 
the heading of psychophysiological" and 
that he is working now on "a compara
tive study of the effects of several drugs 
on the behavior of patients in inter
views." 

GEOFFREY EGLINTON and MEL
VIN CALVIN ("Chemical Fossils") are 
respectively senior lecturer in chemistry 
at the University of Glasgow and pro
fessor of chemistry at the University of 
California at Berkeley. Eglinton ob
tained a Ph.D. from the University of 
Manchester in 1951. He writes: "I once 
mountaineered in the Alps and the 
Rockies but now feel nervous peering 
through the protective glass at the top 
of the Empire State Building." Calvin, 
winner of �he Nobel prize for chemistry 
in 1961 for his work in elucidating the 
chemical pathways of carbon in photo
synthesis, is a member of the President's 
Science Advisory Committee and a for
eign member of the Royal Society. He 
was graduated from the Michigan Col
lege of Mining and Technology in 1931 
and received a Ph.D. from the Univer
sity of Minnesota in 1935. From 1935 to 
1937 he was a research fellow at the 
University of Manchester; he joined the 
faculty of the University of California 
at Berkeley as an instructor in chemis
try in 1937. 

JOE BEN WHEAT ("A Paleo-Indian 
Bison Kill") is professor of natural his
tory at the University of Colorado and 
curator of anthropology at the Univer-

Some things any optical 
microscope can do. 

Other things some can do. 

A few things a few can do. 

This one 
does 

the most. 
The Wild* 
M-20 
Research Microscope 

Photoautomat EPI Attachment Drawing Tube Projection Head 

Illustrated are a few of the numerous accessory combinations. Permits every 

observation method for your field of research. Pr ecisely. Conveniently. 

Wri te for Bulletin M-20 

*First name in a complete line of instruments for Surveying, Photogrammetry 

and Microscopy. 

WILd 
HEERBRUGG 

WILD HEERBRUGG INSTRUMENTS, INC. 
FARMINGDALE, NEW YORK 11735 

Full In Canada: Wild of Canada Ltd., 
Factory Services 881 Lady Ellen Place. Ottawa 3, Ontario 
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The III Expanding CirCle 
or TeChnOlOgy ... 

Sell-Calibrating, 
Non-Contact Measuring 
StoDs Product and 
System Errors 

BY 
GEORGE 

FOSTER 

Non-contact measuring instruments with the 
characteristics of self-calibrating mechanical 
voltmeters have long been needed for design 
data, quality control and predictive measure
ments in manufactu ri ng. Today, Reliance 
ITl has t h e s e  abilities. ITl also has the 
methodology required for applying them on a 

wide scale. 

Automatic Tool 
Tip Positioning 

By sensitizing a collar on a numerically con
trolled lathe, an ITl non-contact measuring 
device positions and controls tool tip position 
to within .000050 of an inch. The measuring 
device can also measure tool tip wear. This 
technology can be applied to measurement of 
the piece during cutting. 

Eliminate "Wobble" 
in Rotating Shafts 

This methodology, applied to a rotating shaft 
or rotor, can spot and measure wobble any
where along its length. Accurate measure
ments can also be taken of rotating tires, 
heavy machinery couplings and grinding 
wheels. 

Zero Defects 
In Moving Parts 

Individual parts are checked for dimensional 
accuracy as they pass by an ITl non-contact 
system at a rate of twenty pieces per second. 
Accuracy within .00010 of an inch can be 
achieved. 

Non-contact instrumentation can measure 
shock effects on products, flutter in moving 
strip or web, and chatter, vibration and slip 
in production equipment. 

ITl, an advanced technology arm of Reliance 
research and development, will apply its 
abilities such as non-contact measuring to 
your problems under the terms of a "guaran
teed-results" contract. For more information, 
write or call George Foster, Director, Instru
ment Technology laboratory, Reliance Electric 
and Engineering Co., 1078 E. Granville Road, 
Columbus, Ohio 43224, Phone: 614/885-0421 

[i]ITL 
RELIANCE ELECTRIC AND 

E NGI NEE RI NG COM PANY 
Builders of the Tools of Automation .·1 ••• 
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sity of Colorado Museum. He was grad
uated from the University of California 
at Berkeley in 1937 and obtained a Ph.D. 
from the University of Arizona in 1953. 
Wheat has done archaeological work 
with three agencies of the Federal Gov
ernment-the Works Progress Adminis
tration, the Smithsonian Institution and 
the National Park Service-and has been 
involved in a number of archaeological 
expeditions. He taught at the University 
of Arizona before joining the faculty of 
the University of Colorado in 1953. 
Wheat writes that he "first became in
terested in archaeology at about the age 
of nine through collecting arrowheads 
and other artifacts from the sand dunes 
near the town of Van Horn, Tex." 

E. J. JENSEN and H. S. ELLIS 
("Pipelines") are research officers with 
the fuels division of the Research Coun
cil of Alberta. Jensen, a native of Copen
hagen, was graduated from the Techni
cal University of Copenhagen in 1942 
and worked in private industry in Den
mark and Sweden before moving to Can
ada in 1954. He did research on coal be
fore taking up his present work on the 
development of pipelines for transport
ing solids. Ellis was graduated from 
the University of London in 1938 and 
worked in England for several years be
fore moving to Canada. Both authors 
have spent the past six years on research 
in the transport of slurries and capsules 
in pipelines and have written extensive
ly on the subject. 

S. A. BARNETT ("Rats") is a senior 
member of the department of zoology 
at the University of Glasgow. He took a 
first in zoology at the University of Ox
ford in 1937 and remained there doing 
research on chemical embryology. Dur
ing and after World War II he did re
search for the British government on 
pest control and helped to fight plague 
in the Mediterranean region. He went to 
the University of Glasgow in 1951. His 
particular research interests are the 
physiology of social stress in wild rats 
and the physiology, behavior and genet
ics of breeding mice in an environment 
kept at -3 degrees centigrade. His book 
Instinct and Intelligence is scheduled for 
publication in the spring. 

MARTIN POPE ("Electric Currents 
in Organic Crystals") is associate profes
sor of chemistry at New York Universi
ty. He was graduated from the City Col
lege of the City of New York in 1939. 
After four years of military service he 
resumed his studies in 1947, obtaining 

a doctorate in physical chemistry from 
the Polytechnic Institute of Brooklyn in 
1950. He spent five years in industrial 
employment before going to New York 
UniverSity, where he has worked in the 
radiation and solid-state laboratory o( 
the physics department. He writes that 
some of the work described in his arti
cle "has been carried out with the col
laboration and assistance of H. Kall
mann; other aspects of this work enjoyed 
the collaboration and assistance of R. 
Laupheimer, J. Burgos, J. Giachino and 
S. Fox." 

MARTIN GARDNER ("Can Time Go 
Backward?") has conducted the "Mathe
matical Games" department of SCIEN
TIFIC AMERICAN since December, 1956. 
That is only one of his numerous activi
ties. He has written several books (in
cluding Relativity for the Million, The 
Ambidextrous Universe and The Anno
tated Ancient Mariner), compiled three 
books from his "Mathematical Games" 
columns and edited two other books. 
His extensive writings include short sto
ries. He is also keenly interested in mag
ic as a hobby. Born in Tulsa, Okla., 
Gardner was graduated in 1936 from 
the University of Chicago, where his 
major subject was philosophy. His first 
work was as a reporter for the Tulsa 
Tribune and then, until World War II, 
he was in the public relations depart
ment of the University of Chicago. After 
service in the Navy during the war he 
began his career as a free-lance writer. 

ROBERT W. LEADER ("The Kin
ship of Animal and Human Diseases") is 
associate professor of comparative pa
thology at Rockefeller University and 
head of the university's laboratory of 
comparative pathology. Leader, who de
scribes himself as "a native of the rain 
forest of the State of Washington," 
obtained the degree of doctor of veteri
nary medicine from Washington State 
University in 1952. After postdoctoral 
work there and at the University of Cal
ifornia at Berkeley he spent several years 
on the faculty of Washington State Uni
versity, beginning as assistant professor 
and ending as professor of veterinary 
pathology. In 1965 he was invited to 
establish the laboratory of comparative 
pathology at Rockefeller University. 

RUDOLF E. PEIERLS, who in this 
issue reviews The Conceptual Develop
ment of Quantum Mechanics, by Max 
Jammer, is Wykeham Professor of The
oretical Physics at the University of Ox
ford. 
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o makes 
technology meet 
the threat-
to assure fleet 
electronic warfare 
readiness? 

Sylvania does. By literally living 
with the Navy - aboard ship - to 
understand "real world" condi
tions for fleet operational require
ments. 

To meet these requirements on 
a quick reaction basis, we main-

tain a constant program of threat 
analysis - opposing threats with 
the latest advances in the state of 
the art. 

Sylvania has demonstrated its 
capability to design, develop, test, 
integrate, install and manage Navy 
electronic warfare systems. Pro
grams vary in complexity from 
simple add-ons to major electronic 
systems with complex command 
and control. 

One such Sylvania-developed 
family of systems is being deployed 
today. 

Now, we're ready to take on new 
tasks. Ready for quick reaction 
priority requirements. Ready to 

assist in obtaining and maintain
ing operational readiness for fu
ture fleet requirements. 

Contact Marketing Manager, 
Sylvania Electronic Systems, P. O. 
Box 188, Mountain View, Califor
nia 94040. 

Sylvania Electronic Systems, Di
vision of Sylvania Electric Prod
ucts Inc., 40Sylvan Road,Waltham, 
Massachusetts 02154. 

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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Now you get a high-speed tape or card system with a plated wire memory. 

The Univae9300 is the second unit in a series 
of interlinking computers. 

(You know: you start with any one, and simply 
build on it as your computer needs grow.) 

The Univac 9300 brings you from punched 
cards to magnetic tape data processing in one small 

inexpensive step. It's the first high-speed tape system the small computer 
user can afford. 

It can read, write, and compute at the same time. 
It can run one or two peripheral tape programs and the main 

program at the same time. 
It gives you reliability, efficiency, '7-"=-'-".-'-""-=7-'-'-'-':b-""--"" "'-'''''--''�= 

And far faster management control. Plus the opportunity to grow 
smoothly, without disturbing your business in the process. 

How can it do so much? Part of the answer is a remarkable 
wire memory that only Univac has-and that you'll find only within 

the Univac 9000 family. 
The Univac 9300 is just a small step away from the next higher 

model in the series. 
So that when you're ready to grow, 

your computer capability will be, too. 
Need more information, call us. 
Please. 

UNIVAC 
DIVISION OF SPERRY RAND CORPORATION 
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The Po1ygraph 
The use of such an instruTnent as a "lie detector" raises two types 

of question: scientific and ethical. Some answers to the first kind 

of question clearly point to the greater significance of the second 

The Bedouins of Arabia once re
quired conflicting witnesses to lick 
a hot iron; the one whose tongue 

was burned was considered to be lying. 
The ancient Chinese, it is said, made 
someone who was being questioned 
chew rice powder and spit it out; if the 
powder was dry, the suspect was guilty. 
In ancient Britain a suspect who could 
not swallow a "trial slice" of bread and 
cheese was also found guilty. All these 
tests were based on the early observa
tion of a physiological change that often 
accompanies emotional tension: the flow 
of saliva decreases and the mouth be
comes dry. Today too physiological 
changes are sometimes taken as a sign 
that the person in whom the changes 
occur is not "telling the truth." The 
changes are measured-rather more ac
curately than by a hot iron, rice powder 
or bread and cheese-by the device 
called the polygraph or, quite incorrect
ly, the "lie detector." Such devices are 
used in law enforcement and private in
vestigation and by government and in
dustry for checking the reliability of 
employees. In the past few years both 
the methods of "lie detection" and the 
polygraph itself have been subjected to 
increasingly critical scrutiny. 

In reality the use of the polygraph in 
the effort to detect deception is only one 
rather special application of one version 
of a broad class of instruments. The 
word "polygraph" correctly describes 
any device that writes a number of 
things, that is, an instrument that re
cords several events or processes at once. 

by Burke M. Smith 

A device that simultaneously records 
temperature, humidity and barometric 
pressure is a polygraph; so is one that 
records engine revolutions and oil pres
sure. The telm is commonly applied, 
however, to instruments that record vari
ous measurements of physiological activ
ity in medical diagnosis, personality 
studies and other psychological or physi
ological research. The "lie detector" 
polygraph is a simple version of such an 
instrument. 

"uing" is a complex phenomenon with 
philosophical and psychological 

aspects beyond the scope of this article. 
The ordinary concept of lying, on which 
investigative polygraphy is based, is that 
the ·liar knows his assertion is a lie, that 
he lies deliberately and purposefully and 
that his effort at deception is accom
panied by one or more emotional re
sponses such as guilt, anxiety and fear. 
These emotional responses are accom
panied by physiological responses-the 
most obvious are changes in salivation, 
heart rate, breathing and skin tempera
ture-under the involuntary control of 
the autonomic nervous system. (Many of 
these responses are also, although to a 
lesser extent, under voluntary control, 
a fact that complicates lie detection.) 
Some of the grosser physical manifesta
tions of emotional tension are hesitation, 
stammering, fidgeting, perspiration and 
reddening of the face. It is such clues 
that almost automatically come to the 
mind of anyone who is trying to decide if 
someone else is telling the truth. 

The first attempt to record with in
struments the phYSiological accompani
ments of the emotional experience of ly
ing was made in 1895 by the Italian 
criminologist Cesare Lombroso. He mea
sured changes of pulse rate and blood 
pressure in suspected criminals who 
were being interrogated, and reported 
some success in identifying guilty indi
viduals. In 1914 another Italian, Vittorio 
Benussi, announced that he was able to 
connect changes in the rate of breathing 
with deception. The following year Wil
liam Moulton Marston, a criminal lawyer 
and a student of the American psycholo
gist Hugo Munsterberg (who had sug
gested the possibility of detecting lies 
by recording physiological changes), un
dertook research at Harvard University 
into the correlation between lying and 
changes in systolic blood pressure. He 
reported successful results in 1917. Dur
ing World War I a National Research 
Council committee proposed that his 
method be applied in counterintelli
gence work, but the idea was not pur
sued. It did, however, attract the atten
tion of John A. Larson, a police officer 
with psychological training, who in 1921 
constructed the forerunner of the pres
ent "lie detector" polygraph. It made a 
continuous recording throughout an in
terrogation of the three processes dealt 
with by Lombroso, Benussi and Mar
ston-blood pressure, pulse rate and res
piration. Leonarde Keeler, an associate 
of Larson's on the police force in Berke
ley, Calif., refined the device and went 
on to develop polygraph-interrogation 
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techniques in the crime detection labora
tory at Northwestern University. 

The Keeler instrument, in one version 
or another, has become the standard 
commercial polygraph: a simple, com
pact and often portable machine that 
records pulse rate, relative blood pres
sure, the rate and depth of breathing and 
often the resistance of the skin to the 
conduction of electricity. The cardiac 
variables-pulse rate and relative blood 
pressure-are picked up by a pressure 
cuff such as physicians use to take ab
solute blood pressure, placed around the 
upper arm and inflated so as to impede 
but not quite cut off circulation. Changes 
in the pressure of the blood flowing 
through the brachial artery are trans
ferred to the recording pen by the col
umn of air in a rubber tube; individual 

pulses show up as more rapid fluctua
tions superposed on the blood-pressure 
curve. The rate and depth of breathing 
are sensed by an accordion-like pneu
matic device fastened around the chest. 
Skin resistance, variously referred to as 
galvanic skin response (GSR), psycho
galvanic response (PGR) and electro
dermal response (EDR), is detected by 
two electrodes placed on the fingers or 
other parts of the hand. A small elec
tric current, made to flow through the 
electrodes and through an arbitrary re
sistance and a galvanometer, varies with 
changes in the resistance of the skin. The 
skin response is associated with the 
sweating of the palms that comes with 
tension but is not due simply to increased 
activity of the sweat glands. Its exact 
nature is still under investigation, but it 

apparently involves a number of elec
trical changes in the skin, including po
larization of the sweat gland membranes. 

J\l.though a few practitioners still call 
the commercial polygraph the "lie. 

detector," it is generally agreed that the 
instrument itself records not lies but 
physiological changes. Any detecting of 
lies is done by the examiner, the person 
who conducts the interrogation. A great 
deal depends, therefore, on the tech
nique of examination, and this varies 
widely with different examiners and dif
ferent "systems." The examining session 
is conducted in an atmosphere that is 
inevitably at least somewhat tense, so 
that the examiner's first effort is to get 
the subject to relax and to explain to him 
in some detail the procedure that will be 

PORTABLE POLYGRAPH is shown with its attachments. The 

corrugated tube at the top left is placed around the chest to mea· 
sure respiration. The cloth cuff (top right) senses blood pressure 

and pulse. The cable and finger electrodes (right) are for the in· 

strument that measures the galvanic skin response. The three pens 

record (top to bottom) respiratory, skin and cardiac responses. 
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followed. Many practitioners conduct 
a rather full preexamination interview 
during which material is gathered for 
neutral "control" questions. Usually all 
the questions that will be asked during 
the examination proper are gone over in 
advance; among other things, this makes 
it possible for the subject to "clear" him
self with regard to the critical questions. 
For example, it is desirable that he first 
admit to having once taken money from 
his little brother or a former employer so 
that he can later give an unequivocal 
answer to a question such as: "Apart 
from what you told me before, have you 
been stealing money?" Throughout the 
period before the examination it is com
mon practice to impress the subject im
plicitly or explicitly with the idea that 
"the machine cannot be beaten." 

Finally the subject is seated in a spe
cial chair and the various sensors are at
tached to him. The polygraph is turned 
on and the recording pens are adjusted 
to a normal base line. Then the series 
of carefully worded questions, each an
swerable by "Yes" or "No," is read to the 
subject; a marker is placed on the record 
for each question and the answer is 
jotted down. In most techniques "criti
cal" questions are interspersed among 
"neutral" ones, the assumption being that 
the machine will record greater fluctua
tions from normal when the subject an
swers critical questions untruthfully. A 
substantial interval-up to a minute or 
so-is allowed between questions so that 
the traces can return to the base line. 
Often the entire examination is repeated 
after a period during which the examiner 
may try to clarify any ambiguous points. 
New questions can be added to achieve 
special objectives. For instance, in a 
"peak of tension" test the examiner can 
try to determine the location of a crime 
by suggesting various sites or progres
sively narrowing circles and watching 
for signs of increasing and decreasing 
tension in the subject. 

Once the record is obtained there are 
several things that can be done with it. 
One practice, which is certainly not rare, 
is simply to show the subject some oscil
lations on the tape, accuse him of a lie 
and thereby elicit a confession. The gen
uine interpretation of a record requires a 
good deal of technique. It is seldom that 
a lie is clearly indicated by distinct 
changes in the cardiac, respiratory and 
galvanic-skin-response traces; the varia
tions are usually small, and often they are 
mutually contradictory. There are vari
ous systems for interpreting records, all 
relying on visual scanning of the traces 
and each taught by a different polygraph 
school or institute. There is considerable 

STYLUS AND 
MOVING PAPER 

LINK AG E 

CENTERING 
ADJUSTMENT 

BELLOWS 

AIR 

INPUT 

RESPIRATION recorder operates by dead-air displacement. An accordion-like tube fitted 

to the subject's chest is connected to the thin-walled metal bellows. As the subject inhales 

or exhales, air (color) is withdrawn from or returned to the bellows, rotating the vertical 

shaft that carries the pen. The pen is centered by moving the bellows assembly manually_ 

Wfflr----...: 

HOUSED BELLOWS 

BLOOD PRESSURE can be recorded by a similar system but requires a "housed bellows" 
to withstand the air pressure in the measuring cuff around the subject's arm. When the cuff 

has been inflated (with the rubber bulb seen in the photograph on the opposite page), the 
pen is centered. Changes in blood pressure affect the volume of the cuff and thus the pres

sure in the bellows_ The pen therefore records the pulse rate and relative blood pressure. 

ELECTRODES 

GALVANOMETER 

RECORDER AMPLIFIER 

WHEATSTONE BRIDGE 

AND BALANCING METER 

SKIN RESPONSE is recorded by a unit that includes a Wheatstone bridge and a galvanom

eter_ The bridge is balanced by adjusting a variable resistance to match that of the subject's 

skin. Any subsequent changes in current across the electrodes are amplified and recorded_ 
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SAMPLES from polygraph records illustrate the variability in 

traces from different subjects and some possible indications of 

emotional responses. A respiratory trace may show variations in 

period (a) or magnitude (b). Blood·pressure curves (made in this 
case by a plethysmograph, which measures blood volume in a 

fingertip, instead of by an upper·arm cuff) can vary widely. An 

intuition involved; as one examiner puts 
it, the analysis is "a Gestalt process." 
Most polygraphers come to prefer one in
dex and may ignore the others; some 
work with instruments that measure only 
two or three of the four usual indexes. 

polygraph operators, of whom there 
are an estimated 2,000 to 3,000 in the 

U.S., vary widely in their general educa
tional background and training in polyg
raphy. Some are college graduates and a 
few are lawyers or have other advanced 
degrees; most are high school graduates 
with no academic background in psy
chology or physiology. For the most part 
they are trained at commercial or Gov
ernment-run polygraph schools for be
tween four and seven weeks. It is pos
sible, however, to take a correspondence 
course instead. There is no general 
agreement among polygraphers on what 
constitutes adequate educational and on-
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the-job preparation, but many believe 
a six-month training course should be a 
minimum requirement. 

Although the polygraph was devel
oped as an aid in police work, enterpris
ing practitioners have long since discov
ered new applications for the device and 
since about 1950 the polygraph has be
come firmly established in industry and 
government. There are some 500 com
mercial polygraph firms. Many compa
nies retain polygraph examiners not only 
to investigate specific losses but also to 
conduct routine preemployment inter
views in an attempt to identify appli
cants with a criminal record, alcoholics, 
homosexuals or people who are likely to 
be disloyal to the company. Some com
panies give a polygraph test before pro
moting an employee. Many companies, 
particularly those whose employees reg
ularly handle money, administer periodic 
polygraph tests "to keep them honest." 

11FtU 

In 1964 and 1965 a Congressional 
subcommittee headed by Representative 
John E. Moss of California investigated 
the use of polygraphs in the Federal 
Government. The committee found that 
19 agencies had a total of at least 512 
polygraphs and 639 authorized opera
tors who had conducted some 20,000 
examinations in 1963. (These figures do 
not include the Central Intelligence 
Agency or the National Security Agency, 
presumably the biggest users.) Some of 
the tests were administered in the course 
of criminal investigations; others were 
for security purposes or simply for per
sonnel screening. The report charged 
that most Federal polygraph operators 
lacked proper qualifications, that admin
istrative controls were weak and that 
employees' rights were frequently vio
lated. The committee concluded: "Poly
graph testing is extensive and growing 
in the Federal Government. All too often 
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RESPIRATION AND SKIN responses are of interest in this record 

from an experiment in which subjects picked a number and then 
tried to conceal its identity from the examiner. In this case the num· 
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ber was 15. The skin·resistance trace (bottom) peaks at 15. Breath. 

ing (middle) is cut short and then slowed (left) or merely slowed 

(right). Anomalous respiration peaks may indicate movement. 

© 1966 SCIENTIFIC AMERICAN, INC



��J 7�f�� r� H l�r��LI 
� .�", t=F=: F" 

f= = 
IH ILt i.M 1M lEi. 
fl!�==,�,(1 ", 1'1 111111, 

ntI I •• illllJl A, INWr 'H"I,Il!"II' Ilf '1111;1', 
i 

'+= Ie, \ 

r I i I I I 1 -( ! - r - I p I 
� ==F r 

t--'-L 
;. l I \ 
l II \ 

Ii I �1i I i 1 ! i , I I 
! ' { i I -f I 7 I T 

1 1 I ] r J ! I e-! I I r ! til , f i 
i I i I ; ! I Ii"-..J 
i I ifi-... + VI 
I , I I I "I , j 

I , \ \ i , \ \ � \ \ \ \ \ 

I 1 I II 11ill III I i I I II " I 
if' 1 1 I I I li 1= T ! 
JL� t � i � I i J 

� 111 1 j f � 1 f I 
�, 1 , i ::-;-"" I 

' :1 \11 --;.. , i 
\ \ , \ \ \ , \ \ \ \ , -

1 1 \ \ \ \ \ \ \ \ \ \ 
1, c\ -. � , \ \ \ \ \ , \ \ \ \ \ \ \ \ \ ' \ \ \ , \ \ il '. \ \ \ \ \ \ \ \ \ ' \ 

emotional response may be indicated by a constriction (el, which 

indicates a decrease in systolic and increase in diastolic pressure, or 

by a general rise in pressure (d). The galvanic skin response, which 

is not superposed like the others on a cyclical curve, may be easier 

to read, as in the "peak of tension" test the result of which is illus· 

trated (e). This response is not dependably present, however. 

it is used on trivial matters." It recom
mended, among other things, that use of 
the polygraph be prohibited "in all but 
the most serious national security and 
criminal cases." Four months later the 
Department of Defense did issue a di
rective sharply reducing the use of the 
polygraph, regulating the conduct of 
examinations and setting higher stan
dards for polygraph examiners. 

Outside the Federal Government the 
polygraph remains largely uncontrolled. 
Evidence from the polygraph record is 
not admitted in any court, but the de
vice can be used freely for investigations 
in most jurisdictions. In 1959 Massa
chusetts adopted a law forbidding em
ployers to require job applicants to take 
a polygraph test as a condition of em
ployment; since then Oregon, California 
and Alaska have passed similar laws. So 
far only Illinois, Kentucky and New 
Mexico have adopted legislation requir-

=t 

ing polygraph operators to be licensed. 
Some of the training schools come un
der the supervision of state regulatory 
boards, but standards vary widely. 

The complaints against investigative 
polygraphy fall into two broad cate

gories: scientific and ethical. Polygraphy 
is sometimes called "scientific lie detec
tion"; its critics often suggest that this is 
a misnomer. A scientific technique, they 
maintain, must rest on a theory and be 
developed through experimentation and 
findings expressed in statistics. It should 
utilize the best tools available and be re
fined through continuing research. None 
of this is true of polygraphy. There is, to 
be sure, a related scientific diScipline: 
psychophysiology. Whereas the standard 
polygraph has not basically changed 
since the 1920's, polygraphs designed 
for research have become much more 
sophisticated. Some of them can record 

data on 20 or more physiological proces
ses at once. Varied and more precise sen
sors have been developed to detect 
physiological changes; electronic cir
cuitry has been introduced to transmit 
the changes through several stages of 
amplification to the recorder; in some 
cases the data can be immediately 
processed and analyzed by computer. A 
broad range of additional physiological 
responses has been investigated: changes 
in brain waves, skin temperature, mus
cle potentials, hand and finger tremors, 
eye movements, pupil diameter, saliva
tion and even stomach motions. 

As research instruments polygraphs 
have produced valuable data on the re
actions of people to various kinds of 
stress, including the effects of drugs as 
well as of emotional stimulation. One of 
the interesting findings is that there are 
large individual differences in respon
siveness to identical stresses. People 
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CARDIAC AND SKIN responses are the most pronounced ones on 

this record made, like the others on these two pages, by Joseph F. 
Kubis of Fordham University. In this test the subject was lying as 

to number 26. The skin response peaks each time the number is 

called; the blood.pressure change (top) is fairly clear the first time. 

The cardiac change at 22 is probably from an arm movement. 
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tend to exhibit repeatable patterns of re
sponse: for one person the cardiovascu
lar system may quite regularly mirror 
emotion most sensitively, whereas an
other person may be primarily a "pul
monary reactor." Moreover, some organ 
systems "adapt"-become less responsive 
-after a number of stimulations. In any 
individual, therefore, certain autonomic 
responses are better indexes of emotion 
than others. This and other findings 
should be of interest to polygraph prac
titioners, but there has apparently been 
little or no crossover from scientific to in
vestigative polygraphy. And the scien
tists, perhaps not surprisingly, have done 
little research bearing directly on the de
tection of deception. 

The lack of research gives rise to the 
major question about investigative po
lygraphy: How well does it work? To be 
effective an instrument or a test must be 
valid and it must be reliable. Validity is 
the extent to which something measures 
what it is supposed to measure: the 
Rorschach test, for example, can be con
sidered a valid test of personality only 
insofar as its results show positive corre
lations with the results of other person
ality tests and with experience. Since the 
polygraph as an instrument measures not 
lies but physiological changes, the ques
tion is how well the results of the total 
polygraph examination-the interroga
tion, the record and the interpretation of 

the record-correlate with objective, in
dependent measures of deception. 

Cood evidence on this question can 
come only from a comparison of exami
nation findings with the results of thor
ough, independent investigations. There 
are no such statistics. In the few cases in 
which effectiveness has been evaluated, 
confessions of guilt or of attempts to de
ceive have been commonly taken as 
criteria for determining validity. The 
trouble with this is that in many cases 
the confession may have come before or 
during the examination, or even after an 
inconclusive examination, which is there
l1pon said to have been conclusive! More
over, it is well known that confessions 
are not always reliable. 

One such case, which I investigated 
with H. B. Dearman, then of the 

University of Virginia School of Medi
cine, involved a young bank manager 
who was subjected to a "routine" poly
graph examination. He showed a violent 
response to the question: "Have you ever 
stolen any money from the bank or its 
customers?" On a peak-of-tension test to 
specify the amount of money stolen, he 
showed strong reactions at the mention 
of the sums $800 and $1,100. He could 
not remember taking any such sum but, 
confused and convinced of the machine's 
infallibility, he confessed to having sto
len $1,000 and told how he must have 

COUNTERMEASURE is illustrated by a reeord from Kubis' series. The subjed lied about 

Humber 27. He oimulated lying about number 22 by teming his toes. The respiratory trace 

I top) shows Ihal he held his hreath as he undertook the first rountermeasure. He was able 

to produI'C sizahle rca .. tions in the rardia.· I middle) and okin-rcoi81anl'e I bottom) traces. 
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done it. The bank's auditors could find 
no such shortage or manipulation, and so 
the manager was referred for psychiatric 
examination. Dearman found that the 
patient had strongly ambivalent feelings 
about his mother and wife and felt guilty 
about personal financial dealings with 
them involving the sums of $800 and 
$1,100. Both the mother and the wife 
were customers of the bank. Dearman 
therefore concluded that it was the 
phrase "or its customers" in the critical 
polygraph question that had elicited the 
violent reaction. 

To test this hypothesis we had a dif
ferent polygraph examiner administer a 
second test with the same questions that 
were used on the first, and also new 
questions in which the words "bank" 
and "customers of the bank" were sepa
rated. Once again the examiner decided 
the manager was lying and was guilty of 
theft. Careful study of the polygraph 
record showed, however, that consistent 
emotional reactivity was displayed only 
to questions in which the word "custom
ers" appeared_ 

Clearly the original polygraph results 
were not valid. It was not deception but 
an autonomic response to unconscious 
attitudes that had caused the strong 
polygraph reactions. The same effect was 
shown on a trivial question included as 
a control: "Do you drink coffee?" The 
manager answered, quickly and truth
fully, "Yes," but the polygraph showed 
a strong emotional reaction_ The young 
Illan could not explain this, but psycho
therapy revealed that coffee-drinking 
had been absolutely forbidden during 
his childhood; the memory of that pro
hibition had been lost or suppressed 
but remained potent. In much the same 
way a confirmed smoker who thinks 
he should stop smoking might respond 
('Illotionally to the question "Do you 
smoke?" In fact, any word that happens 
to have strong emotional connotations 
for an individual and that is included in 
a critical question may elicit a response 
that is erroneously attributed to an at
tempt at deception. 

Therc are other pitfalls that can lead 
to "false positive" or "false negative" in
terpretations of a record. Some people 
are emotionally highly sensitive even to 
supposedly neutral stimuli; others are 
unrcsponsive. A person who be�i2ves 
what he says is true may show no emo
tional resp::mse even when he says what 
is objectively untrue. A pcrson who is 
ashamed of his name may show emotion 
when hc quite truthfully answers "Yes" 
to "Is your name Adolf Schicklgruber?" 

To be eRective a test must be not only 
fundamcntally valid but also reliable, 
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that is, it must be capable of being re
peated by different people and under 
different circumstances and yield about 
the same results. It is difficult to assess 
reliability in polygraphy because there 
are no absolute measures or even any 
hard numbers; there are only ups and 
downs, visually scanned, so that it is im
possible to compare two sets of results 
with any precision. There are certainly 
a number of potential sources of inac
curacy. The instrumentation is relatively 
crude. It is known that reactivity varies 
with the "initial value" of a physiological 
process, but the polygrapher does not 
know that value. Room temperature and 
humidity and the subject's physical con
dition affect the record but are seldom 
taken into account. A badly phrased 
question may complicate an answer (as 
in the case of the "bank or its custom
ers" question put to the bank manager). 
Even the tone of the examiner's voice 
or his manner as he asks a question can 
influence the nature of the response; 
few investigative polygraphers have the 
training, skill, interest or time required 
to recognize and rectify such sources of 
error. Finally, there is the possibility of 
countermeasures. The machine can be 
"beaten" by a subject who either tenses 
some muscles or concentrates on some 
exciting image or thought and thereby 
creates a false-positive response to ob
scure his critical responses. 

In spite of all these problems, a poly
graph interrogation by an experienced 
examiner certainly has a better-than
chance probability of arriving at a cor
rect determination of truth or deception. 
The question is: How much better? 
Polygraphers claim anywhere from 95 to 
100 percent accuracy but, as I have in
dicated, they have no valid statistics to 
support their claims and few scientists 
have sought to investigate the matter. 
Joseph F. Kubis of Fordham University 
did conduct a study of the methods of 
polygraphy in 1962. His major experi
ment involved a sham theft situation: the 
examiners had to distinguish a volunteer 
"thief" from a "lookout" and an "inno
cent bystander" on the basis of poly
graph interrogations. Kubis found that 
the examiners correctly identified the 
volunteers' roles in 73 to 92 percent of 
the cases; in 112 sessions only two "inno
cent bystanders" were incorrectly called 
"thieves." The galvanic skin response 
provided the highest accuracy (about 90 
percent); the respiratory and cardiac in
dicators yielded figures of 60 to 70 per
cent. In another experiment, in which 
parolees were told to lie twice about 
their criminal records, examiners were 
able to detect both lies in 40 percent of 
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MULTICHANNEL RECORDING is illustrated by this record made by Richard A. Stern· 

bach of the University of Wisconsin Medical School, who was measuring autonomic reo 

sponses of children watching a movie. In addition to skin resistance, respiration and 

finger pulse, he recorded stomach movements with a magnetometer that followed the 

motions of a tiny magnet the children swallowed, heart rate wilh an electrocardiograph 

and eye blinks with an electroencephalographic lead that sensed eye.muscle impulses. 

the cases, one lie in 48 percent and 
neither lie in 12 percent. In a counter
measure experiment the subjects were 
able to reduce the examiners' accuracy 
scores from 75 percent in a control test 
to 25 percent by thinking of something 
exciting or upsetting and to 10 percent 
by tensing their toe muscles. 

Beyond the scientific questions about 
polygraph interrogation there are 

the ethical considerations. First of all, io 
say or imply that the machine is infal
lible is to use a lie to detect a lie. To 
elicit admissions through fear of the ma
chine or misrepresentation of its record 
is to force a confession. (Incidentally, al
though evidence based on polygraph re
sults is inadmissible in court, a confession 
obtained in the course of a polygraph 
examination may be admissible.) 

A person undergoing even a routine 

polygraph test may inadvertently re
veal, particularly in the preexamination 
interview, information about himself 
that he would not voluntarily have re
vealed. The polygraph operator is not a 
physician or a lawyer or a priest; he is 
anxious to pass on whatever details he 
can find to his superior or to the man who 
has hired him. If his findings cast doubt 
(rightly or wrongly) on the integrity or 
reliability of his subject or reveal idio
syncrasies or weaknesses, the subject's 
welfare or entire career may be harmed. 
Can such invasions of privacy be justi
fied? It is said that taking a polygraph 
test is voluntary. Is it really voluntary, 
however, if a refusal can be interpreted 
as evidence of guilt or seems likely to 
jeopardize a job? These and similar ques
tions cannot be answered by scientific in
vestigation; they are questions for all cit
izens-including scientists-to consider. 
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CHEMI CAL FOSSILS 
Certain rocks as much as three billion years old have been found 
to contain organic compounds. What these compounds are and how 

they may have originated in living matter is under active study 

I
f you ask a child to draw a dinosaur, 
the chances are that he will produce 
a recognizable picture of such a crea

ture. His familiarity with an animal that 
lived 150 million years ago can of course 
be traced to the intensive studies of 
paleontologists, who have been able to 
reconstruct the skeletons of extinct ani
mals from fossilized bones preserved in 
ancient sediments. Recent chemical re
search now shows that minute quantities 
of organic compounds-remnants of the 
original carbon-containing chemical con
stituents of the soft parts of the animal
are still present in some fossils and in 
ancient sediments of all ages, including 
some measured in billions of years. As a 
result of this finding organic chemists 
and geologists have joined in a search for 
"chemical fossils"; organic molecules that 
have survived unchanged or little altered 
from their original structure, when they 
were part of organisms long since van
ished. 

This kind of search does not require 
the presence of the usual kind of fossil-a 
shape or an actual hard form in the rock. 
The fossil molecules can be extracted 
and identified even when the organism 
has completely disintegrated and the 
organic molecules have diffused into the 
surrounding material. In fact, the term 
"biological marker" is now being applied 
to organic substances that show pro
nounced resistance to chemical change 
and whose molecular structure gives a 
strong indication that they could have 
been created in significant amounts only 
by biological processes. 

One might liken such resistant com
pounds to the hanl parts of organisms 
that ordinarily persist after the soft parts 
have decayed. For example, hydrocar
bons, the compounds consisting only of 
carbon and hydrogen, are comparatively 
resistant to chemical and biological at
tack. Unfortunately many other biologi-
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cally important molecules such as nucleic 
acids, proteins and polysaccharides con
tain many bonds that hydrolyze, or 
cleave, readily; hence these molecules 
rapidly decompose after an organism 
dies. Nevertheless, several groups of 
workers have reported finding constitu
ents of proteins (amino acids and peptide 
chains) and even proteins themselves in 
special well-protected sites, such as be
tween the thin sheets of crystal in fossil 
shells and bones [see "Paleobiochemis
try," by Philip H. Abelson; SCIENTIFIC 
AMERICAN, July, 1956]. 

Where complete destruction of the 
organism has taken place one cannot, of 
course, visualize its original shape from 
the nature of the chemical fossils it has 
left behind. One may, however, be able 
to infer the biological class, or perhaps 
even the species, of organism that gave 
rise to them. At present such deductions 
must be extremely tentative because they 
involve considerable uncertainty. Al
though the chemistry of living organisms 
is known in broad outline, biochemists 
even today have identified the principal 
constituents of only a few small groups 
of living things. Studies in comparative 
biochemistry or chemotaxonomy are thus 
an essential parallel to organic geochem
istry. A second uncertainty involves the 
question of whether or not the biochem
istry of ancient organisms was generally 
the same as the biochemistry of present
day organisms. Finally, little is known of 
the chemical changes wrought in organic 
substances when they are entombed for 
long periods of time in rock or a fossil 
matrix. 

' 

In our work at the University of Cali
fornia at Berkeley and at the UniverSity 
of Glasgow we have gone on the assump
tion that the best approach to the study 
of chemical fossils is to analyze geologi
cal materials that have had a relatively 
simple biological and geological history. 

The search for suitable sediments re
quires a close collaboration between the 
geologist and the chemist. The results 
obtained so far augur well for the future. 

Organic chemistry made its first major 
impact on the earth sciences in 1936, 
when the German chemist Alfred Treibs 
isolated metal-containing porphyrins 
from numerous crude oils and shales. 
Certain porphyrins are important bio
logical pigments; two of the best-known 
are chlorophyll, the green pigment of 
plants, and heme, the red pigment of the 
blood. Treibs deduced that the oils were 
biological in origin and could not have 
been subjected to high temperatures, 
since that would have decomposed some 
of the porphyrins in them. It is only dur
ing the past decade, however, that tech
niques have been available for the rapid 
isolation and identification of organic 
substances present in small amounts in 
oils and ancient sediments. Further re
finements and new methods will be re
quired for detailed study of the tiny 
amounts of organic substances found in 
some rocks. The effort should be worth
while, because such techniques for the 
detection and definition of the specific 
architecture of organic molecules should 
not only tell us much more about the 
origin of life on the earth but also help 
us to establish whether or not life has 
developed on other planets. Further
more, chemical fossils present the or
ganic chemist with a new range of or
ganic compounds to study and may offer 
the geologist a new tool for determining 
the environment of the earth in various 
geological epochs and the conditions 
subsequently experienced by the sedi
ments laid down in those epochs. 

If one could obtain the fossil molecules 
from a single species of organism, one 

would be able to make a direct correla
tion between present-day biochemistry 
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and organic geochemistry. For example, 
one could directly compare the lipids ,  or 
fatty compounds, isolated from a living 
organism with the lipids of its fossil 
ancestor. Unfortunately the fossil lipids 
and other fossil compounds found in 
sediments almost always represent the 
chemical debris from many organisms. 

The deposition of a compressible fine
grained sediment containing mineral 
particles and disseminated organic mat
ter takes place in an aquatic environment 
in which the organic content can be par
tially preserved; an example would be 
the bottom of a lake or a delta. The 
organic matter makes up something less 
than 1 percent of many ancient sedi
ments. The small portion of this carbon
containing material that is soluble in 
organic solvents represents a part of 
the original lipid content, more or less 
modified, of the organisms that lived 
and died while the sediment was being 
deposited. 

The organic content presumably con
sists of varying proportions of the com
ponents of organisms-terrestrial as well 
as aquatic-that have undergone chemi
cal transformation while the sediment 
was being laid down and compressed. 
Typical transformations are reduction, 
which has the effect of removing oxygen 
from molecules and adding hydrogen, 
and decarboxylation, which removes the 
carboxyl radical (COOH ) .  In addition, 
it appears that a variety of reactive un
saturated compounds (compounds hav
ing available chemical bonds) com
bine to form an insoluble amorphous 
material known as kerogen. Other chemi
cal changes that occur with the passage 
of time are related to the temperature to 
which the rock is heated by geologic 
processes. Thus many petroleum chem
ists and geologists believe petroleum 
is created by progressive degradation, 
brought about by heat, of the organ
ic matter that is finely disseminated 
throughout the original sediment. The 
organic matter that comes closest in 
structure to the chains and rings of car
bon atoms found in the hydrocarbons of 
petroleum is the matter present in the 
lipid fraction of organisms. Another po-

. tential source of petroleum hydrocar
bons is kerogen itself, presumably 
formed from a wide variety of organic 
molecules; it gives off a range of straight
chain, branched-chain and ring-contain
ing hydrocarbons when it is strongly 
heated in the laboratory. One would also 
like to know more about the role of bac
teria in the early steps of sediment for
mation. In the upper layers of most 
newly formed sediments there is strong 
bacterial activity, which must surely re-
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suIt in extensive alteration of the initially 
deposited organic matter. 

In this article we shall concentrate 
on the isolation of fossil hydrocarbons. 
The methods must be capable of dealing 
with the tiny quantity of material avail
able in most rocks. Our general proce
dure is as follows. 

After cutting off the outer surface of 
a rock specimen to remove gross con
taminants, we clean the remaining block 
with solvents and pulverize it. We then 
place the powder in solvents such as ben
zene and methanol to extract the organic 
material. Before this step we sometimes 
dissolve the silicate and carbonate min
erals of the rock with hydrofluoric and 
hydrochloric acids. We separate the 

organic extract so obtained into acidic, 
basic and neutral fractions. The com
pounds in these fractions are converted, 
when necessary, into derivatives that 
make them suitable for separation by the 
technique of chromatography. For the 
initial separations we use column chro
matography, in which a sample in solu
tion is passed through a column packed 
with alumina or silica. Depending on 
their nature,  compounds in the sample 
pass through the column at different 
speeds and can be collected in fractions 
as they emerge. 

In subsequent stages of the analysis 
finer fractionations are achieved by 
means of gas-liquid chromatography. In 
this variation of the technique, the sam-
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rings. The two broad classes are then further fractionated. Compounds responsible for indio 

vidual peaks in the chromato gram are identified by mass spectrometry and other methods. 
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pIe is vaporized into a stream of light 
gas, usually helium, and brought in con
tact with a liquid that tends to trap the 
compounds in the sample in varying de
gree. The liquid can be supported on an 
inorganic powder, such as diatomaceous 
earth, or coated on the inside of a capil
lary tube. Since the compounds are alter
nately trapped in the liquid medium and 
released by the passing stream of gas 
they progress through the column at 
varying speeds, with the result that they 
are separated into distinct fractions as 
they emerge from the tube. The temper
ature of the column is raised steadily as 
the separation proceeds, in order to drive 
off the more strongly trapped com
pounds. 

The initial chromatographic separa
tion is adjusted to produce fractions that 
consist of a single class of compound, for 
example the class of saturated hydrocar
bons known as alkanes. Alkane molecules 
may consist either of straight chains of 
carbon atoms or of chains that include 
branches and rings . These subclasses can 
be separated with the help of molecular 
sieves: inorganic substances,  commonly 
alumino-silicates, that have a fine honey
comb structure. We use a sieve whose 
mesh is about five angstrom units, or 
about a thousandth of the wavelength 
of green light. Straight-chain alkanes, 
which resemble smooth flexible rods 
about 4.5 angstroms in diameter, can 
enter the sieve and are trapped. Chains 
with branches and rings. are too big to 
enter and so are held back. The straight
chain alkanes can be liberated from the 
sieve for further analysis by dissolving 
the sieve in hydrofluoric acid. Other 
families of molecules can be trapped in 
special crystalline forms of urea and 
thiourea, whose crystal lattices provide 
cavities with diameters of five angstroms 
and seven angstroms respectively. 

The families of molecules isolated in 
this way are again passed through gas 
chromatographic columns that separate 
the molecular species within the family. 
For example, a typical chromatogram of 
straight-chain alkanes will show that 
molecules of increasing chain length 
emerge from the column in a regularly 
spaced sequence that parallels their in
creasing boiling points, thus producing 
a series of evenly spaced peaks. Although 
the species of molecule in a particular 
peak can often be identified tentatively 
on the basis of the peak's position, a more 
precise identification is usually desired. 
To obtain it one must collect the tiny 
amount of substance that produced the 
peak-often measured in micrograms
and examine it by one or more analytical 
methods such as ultraviolet and infrared 
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spectroscopy, mass spectrometry or nu
clear magnetic resonance. In one case 
X-ray crystallography is being used to ar
rive at the structure of a fossil molecule. 

A new and useful apparatus is one that 
combines gas chromatography and mass 
spectrometry [see illustration at right]. 
The separated components emerge from 
the chromatograph and pass directly into 
the ionizing chamber of the mass spec
trometer, where they are broken into 
submolecular fragments whose abun
dance distribution with respect to mass 
is unique for each component. These 
various analytical procedures enable us 
to establish a precise structure and rela
tive concentration for each organic com
pound that can be extracted from a 
sam pIe of rock. 

H ow is it that such comparatively 
simple substances as the alkanes 

should be worthy of geochemical study? 
There are several good reasons. Alkanes 
are generally prominent components of 
the soluble lipid fraction of sediments. 
They survive geologic time and geologic 
conditions well because the carbon
hydrogen and carbon-carbon bonds are 
strong and resist reaction with water. In 
addition, alkane molecules can provide 
more information than the simplicity of 
their constitution might suggest; even a 
relatively small number of carbon and 
hydrogen atoms can be joined in a large 
number of ways. For example, a satu
rated hydrocarbon consisting of 19 car
bon atoms and 40 hydrogen atoms could 
exist in some 100,000 different structural 
forms that are not readily interconvert
ible. Analysis of ancient sediments has 
already shown that in some cases they 
contain alkanes clearly related to the 
long-chain carbon compounds of the 
lipids in present-day organisms [see il
lustration on next page]. Generally one 
finds a series of compounds of similar 
structure, such as the normal, or straight
chain, alkanes (called n-alkanes); the 
compounds extracted from sediments 
usually contain up to 35 carbon atoms. 
Alkanes isolated from sediments may 
have been buried as such or formed by 
the reduction of substances containing 
oxygen. 

The more complicated the structure 
of the molecule, the more valuable it is 
likely to be for geochemical purposes: 
its information content is greater. Good 
examples are the alkanes with branches 
and rings, such as phytane and choles
tane. It is unlikely that these complex 
alkanes could be built up from small 
subunits by processes other than biologi
cal ones, at least in the proportions 
found. Hence we are encouraged to look 
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for biological precursors with appropri
ate preexisting carbon skeletons. 

In conducting this kind of search one 
makes the assumption, at least at the 
outset, that the overall biochemistry of 
past organisms was similar to that of 
present-day organisms. When lipid frac
tions are isolated directly from modern 
biological sources, they are generally 
found to contain a range of hydrocar
bons, fatty acids, alcohols, esters and so 
on. The mixture is diverse but by no 
means random. The molecules present 
in such fractions have structures that 
reflect the chemical reaction pathways 
systematically followed in biological or
ganisms. There are only a few types of 
biological molecule wherein long chains 
of carbon atoms are linked together; 
two examples are the straight-chain 
lipids, the end groups of which may 
include oxygen atoms, and the lipids 
known as isoprenoids. 

The straight-chain lipids are pro
duced by what is called the polyacetate 
pathway [see illustration on opposite 
page]. This pathway leads to a series 
of fatty acids with an even number of 
carbon atoms; the odd-numbered mole
cules are missing. One also finds in na
ture straight-chain alcohols (n-alkanols) 
that likewise have an even number of 
carbon atoms, which is to be expected if 
they are formed by simple reduction 
of the corresponding fatty acids. In 
contrast, the straight-chain hydrocarbons 
(n-alkanes) contain an odd number of 
carbon atoms. Such a series would be 
produced by the decarboxylation of the 
fatty acids. 

The second type of lipid, the isopre
noids, have branched chains consist
ing of five-carbon units assembled in a 
regular order [see illustration on page 
38]. Because these units are assembled 
in head-to-tail fashion the side-chain 
methyl groups (CH3) are attached to 
every fifth carbon atom. (Tail-to-tail ad
dition occurs less frequently but ac
counts for several important natural 
compounds, for example beta-carotene.) 
When the isoprenoid skeleton is found 
in a naturally occurring molecule, it is 
reasonable to assume that the compound 
has been formed by this particular bio
logical pathway. 

Chlorophyll is possibly the most wide
ly distributed molecule with an isopre
noid chain; therefore it must make some 
contribution to the organic matter in 
sediments. Its fate under conditions of 
geological sedimentation is not known, 
but it may decompose into only two or 
three large fragments [see illustration 
on page 39]. The molecule of chloro
phyll a consists of a system of inter con-
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nected rings and a phytyl side chain, 
which is an isoprenoid. When chloro
phyll is decomposed, it seems likely that 
the phytyl chain is split off and convert
ed to phytane (which has the same num
ber of carbon atoms) and pristane (which 
is shorter by one carbon atom). When 
both of these branched alkanes are found 
in a sediment, one has reasonable pre
sumptive evidence that chlorophyll was 
once present. The chlorophyll ring sys
tem very likely gives rise to the metal
containing porphyrins that are found in 
many crude oils and sediments. 

Phytane and pristane may actually 
enter the sediments directly. Max 
Blumer of the Woods Hole Oceano
graphic Institution showed in 1965 that 
certain species of animal plankton that 
eat the plant plankton containing chloro
phyll store quite large quantities of pris
tane and related hydrocarbons. The ani
mal plankton act in turn as a food supply 
for bigger marine animals, thereby ac
counting for the large quantities of pris
tane in the liver of the shark and other 
fishes. 

An indirect source for the isoprenoid 
alkanes could be the lipids found in the 
outer membrane of certain bacteria that 
live only in strong salt solutions, an en
vironment that might be found where 
ancient seas were evaporating. Morris 
Kates of the National Research Council 
of Canada has shown that a phytyl-con
taining lipid (diphytyl phospholipid) is 
common to bacteria with the highest salt 
requirement but not to the other bacteria 
examined so far. 

This last example brings out the point 
that in spite of the overall oneness of 
present-day biochemistry, organisms do 
differ in the compounds they make. They 
also synthesize the same compounds in 
different proportions. These differences 
are making it possible to classify living 
species on a chemotaxonomic, or chemi
cal, basis rather than on a morphological, 
or shape, basis. Eventually it may be 
possible to extend chemical classification 
to ancient organisms, creating a disci
pline that could be called paleochemo
taxonomy. 

Our study of chemical fossils began 
in 1961, when we decided to probe 

the sedimentary rocks of the Precam
brian period in a search for the earliest 
signs of life. This vast period of time, 
some four billion years, encompasses the 
beginnings of life on this planet and its 
early development to the stage of orga
nisms consisting of more than one cell 
[see illustrations on page 33]. We hoped 
that our study would complement the 
efforts being made by a number of work-
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STRAIGHT.CHAIN LIPIDS are created in living organisms from simple two·carbon and 

three·carbon compounds: acetate and malonate, shown here as their acids. The complex bio· 

logical process, which involves coenzyme A, is depicted schematically. The fatty acids (n.al. 

kanoic acid s )  and fatty alcohols (n.alkanols ) produced in this way have an even number of 

carbon atoms. The removal of carbon dioxide from the fatty acids, the net effect of decar· 

boxylation, would give rise to a series of n·alkanes with an odd number of carbon atoms. 

ers, including one of us (Calvin), to 
imitate in the laboratory the chemical 
evolution that must have prec�ded the 
appearance of life on earth. We also saw 
the possibility that our work could be 
adapted to the study of meteorites and 
of rocks obtained from the moon or near
by planets. Thus it even includes the 
possibility of uncovering exotic and alien 
biochemistries. The exploration of the 
ancient rocks of the earth provides a 
testing ground for the method and the 
concepts involved. 

We chose the alkanes because one 
might expect them to resist fairly high 
temperatures and chemical attack for 
long periods of time. Moreover, J. G. 
Bendoraitis of the Socony Oil Company, 
Warren G. Meinschein of the Esso Re
search Laboratory and others had al
ready identified individual long-chain 
alkanes, including a range of isoprenoid 
types, in certain crude oils. Even more 
encouraging, J. J. Cummins and W. E. 
Robinson of the U.S. Bureau of Mines 
had just made a preliminary announce
ment of their isolation of phytane, 
pristane and other isoprenoids from a 
relatively young sedimentary rock: the 
Green River shale of Colorado, Utah 
and Wyoming. Thus the alkanes seemed 
to offer the biological markers we were 
seeking. Robinson generously provided 
our laboratory with samples of the 
Green River shale, which was deposited 
some 50 million years ago and consti
tutes the major oil-shale reserve of the 
U.S. 

The Green River shale, which is the 

remains of large Eocene lakes in a rather 
stable environment, contains a consider
able fraction (.6 percent) of alkanes. 
Using the molecular-sieve technique, we 
split the total alkane fraction into alkanes 
with straight chains and those with 
branched chains and rings and ran the 
resulting fractions through the gas chro
matograph [see illustration at top left on 
page 40]. The straight-chain alkanes ex
hibit a marked dominance of molecules 
containing an odd number of carbon 
atoms, which is to be expected for 
straight-chain hydrocarbons from a bio
logical source. The other fraction shows 
a series of prominent sharp peaks; we 
conclusively identified them as isopre
noids, confirming the results of Cummins 
and Robinson. The large proportion of 
phytane, the hydrocarbon corresponding 
to the entire side chain of chlorophyll, is 
particularly noteworthy. The oxygenated 
counterparts of the steranes and triter
panes (27 to 30 carbon atoms) and the 
high-molecular-weight n-alkanes (29 to 
31 carbons) are typical constituents of 
the waxy covering of the leaves and 
pollen of land plants, leading to the 
inference that such plants made major 
contributions to the organic matter de
posited in the Green River sediments. 

Although the gross chemical structure 
(number of rings and side chains) of the 
steranes and triterpanes was established 
in this work, it was only recently that the 
precise structure of one of these hydro
carbons was conclusively established. E. 
V. Whitehead and his associates in the 
British Petroleum Company and Robin-
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son and his collaborators in the Bureau 
of Mines have shown that one of the 
triterpanes extracted from the Green 
River shale is identical in all respects 
with gammacerane [see illustration all 

page 36]. Conceivably it is produced by 
the reduction of a compound known as 
gammaceran-3-beta-ol, which was re
cently isolated from the common proto
zoon Tetrahymena pyriformis. Other 
derivatives of gammacerane are rather 
widely distributed in the plant kingdom. 

At our laboratory in Glasgow, Sister 
Mary T. J. Murphy and Andrew McCor
mick recently identified several steranes 
and triterpanes and also the tetraterpane 
called perhydro-beta-carotene, or caro
tane [see top illustration all page 43]. 
Presumably carotane is derived by re
duction from beta-carotene, an impor
tant red pigment of plants. A similar 
reduction process could convert the fa
miliar biological compound cholesterol 
into cholestane, one of the steranes found 
in the Green River shale [see same illus
tration on page 43]. The mechanism and 
sedimentary site of such geochemical 
reduction processes is an important prob
lem awaiting attack. 

W H. Bradley of the U.S. Geological 
• Survey has sought a contemporary 

counterpart of the richly organic ooze 
that presumably gave rise to the Green 
River shale. So far he has located only 
four lakes, two in the U.S. and two in 
Africa, that seem to be reasonable candi
dates. One of them, Ylud Lake in Flor-

ida, is now being studied closely. A dense 
belt of vegetation surrounding the lake 
filters out all the sand and silt that might 
othel"',vise be washed into it from the 
land. As a result the main source of sedi
mentary material is the prolific growth 
of microscopic algae. The lake bottom 
uniformly consists of a grayish-green 
ooze about three feet deep. The bottom 
of the ooze was deposited about 2,300 
years ago, according to dating by the 
carbon-14 technique. 

Microscopic examination of the ooze 
shows that it consists mainly of minute 
fecal pellets, made up almost exclusively 
of the cell walls of blue-green algae. 
Some pollen grains are also present. De
cay is surprisingly slow in spite of the 
ooze's high content of bound oxygen and 
the temperatures characteristic of Flor
ida. Chemical analyses in several labo
ratories, reported this past November at 
" meeting of the Geological Society of 
America, indicate that there is indeed 
considerable correspondence between 
the lipids of the Mud Lake ooze and 
those of the Green River shale. Eugene 
McCarthy of the University of California 
at Berkeley has also found beta-carotene 
in samples of Mud Lake ooze that are 
about 1,100 years old. The high oxygen 
content of the Mud Lake ooze seems 
inconsistent, however, with the d mi
nance of oxygen-poor compounds in the 
Green River shale. The long-term geo
logical mechanisms that account for the 
loss of oxygen may have to be sought in 
sediments older than those in Mud Lake. 
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Sediments much older than the Green 
River shale have now been examined 
by our groups in Berkeley and Glasgow, 
and by workers in other universities and 
in oil-industry laboratories. We find that 
the hydrocarbon fractions in these more 
ancient samples are usually more com
plex than those of the Green River shale; 
the gas chromatograms of the older sam
ples tend to show a number of partially 
resolved peaks centered around a single 
maximum. One of the older sediments 
we have studied is the Antrim shale of 
Michigan. A black shale probably 350 
million years old, it  resembles other 
shales of the Chattanooga type that un
derlie many thousands of square miles 
of the eastern U.S. Unlike the Green 
River shale,  the straight-chain alkane 
fraction of the Antrim shale shows little 
or no predominance of an odd number 
of carbon atoms over an even number 
[see middle illustration of three at top of 
pages 40 and 41]. The alkanes with 
branched chains and rings, however, 
continue to be rich in isoprenoids. 

The fact that alkanes with an odd 
number of carbon atoms are not pre
dominant in the Antrim shale and sedi
ments of comparable antiquity may be 
owing to the slow cracking by heat of 
carbon chains both in the alkane COJll
p�nent and in the kerogen component. 
The effect can be partially reproduced 
in the laboratory by heating a sample of 
the Green River shale for many hours 
above 300 degrees centigrade. After 
such treatment the straight-chain alkanes 
show a reduced dominance of odd-car
bon molecules and the branched-chain
and-ring fraction is more complex. 

T he billion-year-old shale from the 
Nonesuch formation at White Pine, 

Mich., exemplifies how geological , geo
chemical and micropaleontological tech
niques can be brought to bear on the 
problem of detecting ancient life. With 
the aid of the electron microscope Elso 
S. Barghoorn and J. William Schopf of 
Harvard University have detected in the 
Nonesuch shale "disaggregated particles 
of condensed spheroidal organic matter." 
In collaboration with Meinschein the 
Harvard workers have also found evi
dence that the Nonesuch shale contains 
isoprenoid alkanes, steranes and por
phyrins. Independently we have ana
lyzed the Nonesuch shale and found that 
it contains pristane and phytane, in ad
dition to iso-alkanes, anteiso-alkanes and 
cyclohexyl alkanes. 

Barghoorn and S. A. Tyler have also 
detected microfossils in the GunHint 
chert of Ontario, which is 1.9 billion 
years old, almost twice the age of the 
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Nonesuch shale. They have reported that 
the morphology of the Gunflint micro
fossils "is similar to that of the existing 
primitive filamentous blue-green algae." 

One of the oldest Precambrian sedi
ments yet analyzed is the Soudan shale 
of Minnesota, which was formed about 
2.7 billion years ago. Although its total 
hydrocarbon content is only .05 percent, 
we have found that it contains a mixture 
of straight-chain alkanes and branched
chain-and-ring alkanes not unlike those 
present in the much younger Antrim 
shale [see third illustration of three at 
top of next ttCO pages J. In the branched
chairi-and-ring fraction we have identi
Red pristane and phytane. Steranes and 
triterpanes also seem to be present, but 
we have not yet established their pre
cise three-dimensional structure. Preston 
E. Cloud of the University of California 
at Los Angeles has reported that the 
Soudan shale contains microstructures 
resembling bacteria or blue-green algae, 
but he is not satisRed that the evidence 
is conclusive. 

A few reports are now available on the 
most ancient rocks yet examined: sedi
ments from the Fig Tree system of 
Swaziland in Africa, some 3.1 billion 
years old. An appreciable fraction of the 
alkane component of these rocks consists 
of isoprenoid molecules. If one assumes 
that isoprenoids are chemical vestiges of 
chlorophyll, one is obliged to conclude 
that living organisms appeared on the 
earth only about 1.7 billion years after 
the earth was formed (an estimated 4.8 
billion years ago). 

Before reaching this conclusion, how
ever, one would like to be sure that the 
isoprenoids found in ancient sediments 
have the precise carbon skeleton of the 
biological molecules from which they are 
presumed to be derived. So far no sam
ple of pristane or phytane-the isopre
noids that may be derived from the 
phytyl side chain of chlorophyll-has 
been shown to duplicate the precise 
three-dimensional structure of a pure 
reference sample. Vigorous efforts are 
being made to clinch the identification. 

ksuming that one can firmly establish 
- the presence of biologically struc
tured isoprenoid alkanes in a sediment, 
further questions remain. The most seri
ous one is: Were the hydrocarbons or 
their precursors deposited when the 
sediment was formed or did they seep in 
later? This question is not easily an
swered. A sample can be contaminated 
at any point up to-and after-the time 
it reaches the laboratory bench. Fossil 
fuels, lubricants and waxes are omni
present, and laboratory solvents contain 
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HYDRO CARBONS IN YOUNG SEDIMENT, the 50-million.year·old Green River shale, 

produced these chromatograms. Alkanes with branched chains and rings appear in the top 

curve, normal alkanes in the bottom curve. The alkanes in individual peaks were identified 

by mass spectrometry and other methods. Such alkanes as phytane and pristane and the pre· 

dominance of normal alkanes with an odd number of carbon atoms affirm that the hydrocar. 

bons are biological in origin. The bimodal distribution of the curves i s  also significant. 

tiny amounts of pristane and phytane 
unless they are specially purified.  

One way to determine whether or not 
rock hydrocarbons are indigenous is  to 
measure the ratio of the isotopes carbon 
13 and carbon 12 in the sample . (The 
ratio is expressed as the excess of carbon 
13 in parts per thousand compared with 

the isotope ratio in a standard: a sample 
of a fossil animal known as a belemnite.) 
The principle behind the test is that 
photosynthetic organisms discriminate 
against carbon 13 in preference to car
bon 12. Although we have few clues to 
the abundance of the two isotopes 
throughout the earth's history, we can 
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IDENTIFI CATION OF SITOSTANE in the Green River shale was accomplished by "trap· 

ping" the alkanes that produced a major  peak in the chromatogram (colored arrow at top 
left on this page) and passing them through the chromato graph·mass spectrometer. As the 

chromatograph drew the curve at the left, three scans were made with the spectrometer. 

Scan 1 (partially shown at right) is  identical with the scan produced by pure sitostane. 
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OLDER SEDIMENTS are represented by 

the Antrim shale (left) , which is 350 mil· 

lion years old, and by the Soudan shale 

(right) , which is 2.7 billion years old. AI. 

kanes with branched chains and rings a gain 

are shown in the top curves, normal alkanes 

at least test various hydrocarbon frac
tions in a given sample to see if they have 
the same isotope ratio. As a simple as
sumption, one would expect to find the 
same ratio in the soluble organic frac
tion as in the insoluble kerogen fraction, 
which could not have seeped into the 
rock as kerogen . 
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NINETEEN·CARBON ISOPRENOID was 
identified in the Antrim shale by using a co.  

injection technique together with a high. 

resolution gas chromatograph. These two 

high.resolution curves, each taken from a 
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in the bottom curves_ These chromatograms 

lack a pronounced bimodal distribution and 

the normal alkanes do not show a predomi

nance of molecules with an odd number of 

carbon atoms_ Nevertheless, the prevalence 

of isoprenoids argues for a biological origin_ 

Philip R Abelson and Thomas C .  
Hoering o f  the Carnegie Institution of 
Washington have made such measure
ments on sediments of various geological 
ages and have found that the isotope 
ratios for soluble and insoluble fractions 
in most samples agree reasonably well. 
In some of the oldest samples, however, 
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much longer trace, show the change i n  height 

of a specific peak when a small amount of 

pure 19·carbon isoprenoid was coinjected 

with the sample. Other peaks can be similar

ly identified by coinjecting known alkanes. 

there are inconsistencies. In the Soudan 
shale, for example, the soluble hydro
carbons have an isotope ratio expressed 
as -25 parts per thousand compared 
with -34 parts per thousand for the 
kerogen. (In younger sediments and in 
present-day marine organisms the ratio 
is about midway between these two 
values: -29 parts per thousand.) The 
isotope divergence shown by hydrocar
bons in the Soudan shale may indicate 
that the soluble hydrocarbons and the 
kerogen originated at different times. 
But since nothing is known of the mecha
nism of kerogen formation or of the alter
ations that take place in organic matter 
generally, the divergence cannot be re
garded as unequivocal evidence of sep
arate origin. 

On the other hand, there is some rea
son to suspect that the isoprenoids did 
indeed seep into the Soudan shale some
time after the sediments had been laid 
down. The Soudan formation shows evi
dence of having been subjected to tem
peratures as high as 400 degrees C. The 
isoprenoid hydrocarbons pristane and 
phytane would not survive such condi
tions for very long. But since the exact 
date, extent and duration of the heating 
of the Soudan shale are not known, one 
can only speculate about whether the iso
prenoids were indigenous and survived 
or seeped in later. In any event, they 
could not have seeped in much later be
cause the sediment became compacted 
and relatively impervious within a few 
tens of millions of years. 

A still more fundamental issue is 
whether or not isoprenoid molecules and 
others whose architecture follows that of 
known biological substances could have 
been formed by non biological processes. 
We and others are studying the kinds 
and concentrations of hydrocarbons pro
duced by both biological and nonbio
logical sources. Isoprene itself, the hy
drocarbon whose polymer constitutes 
natural rubber, is easily prepared in the 
laboratory, but no one has been able to 
demonstrate that isoprenoids can be 
formed nonbiologically under geolog
ically plausible conditions. Using a com
puter approach, Margaret O. Dayhoff of 
the National Biomedical Research Foun
dation and Edward Anders of the Uni
versity of Chicago and their colleagues 
have concluded that under certain re
stricted conditions isoprene should be 
one of the products of their hypothetical 
reactions. But this remains to be demon
strated in the laboratory. 

It is well known, . of course, that 
complex mixtures of straight-chain, 
branched-chain and even ring hydrocar
bons can readily be synthesized in the 

laboratory from simple starting materi
als. For example, the Fischer-Tropsch 
process, used by the Germans as a source 
of synthetic fuel in World War II, pro
duces a mixture of saturated hydrocar
bons from carbon monoxide and water. 
The reaction requires a catalyst (usually 
nickel, cobalt or iron), a pressure of 
about 100 atmospheres and a tempera
ture of from 200 to 350 degrees C. The 
hydrocarbons formed by this process, 
and several others that have been 
studied, generally show a smooth distri
bution of saturated hydrocarbons. Many 
of them have straight chains but lack 
the special characteristics (such as the 
predominance of chains with an odd 
number of carbons) found in the similar 
hydrocarbons present in many sedi
ments. Isoprenoid alkanes, if they are 
formed at all, cannot be detected. 

Paul C. Marx of the Aerospace Cor
poration has made the ingenious sugges
tion that isoprenoids may be produced 
by the hydrogenation of graphite. In the 
layered structure of graphite the carbon 
atoms are held in hexagonal arrays by 
carbon-carbon bonds. Marx has pOinted 
out that if the bonds were broken in cer
tain ways during hydrogenation, an iso
prenoid structure might result. Again a 
laboratory demonstration is needed to 
support the hypothesis. What seems 
certain, however, is that non biological 
syntheses are extremely unlikely to pro
duce those specific isoprenoid patterns 
found in the products of living cells. 

Another dimension is added to this 
discussion by the proposal, made from 
time to time by geologists, that certain 
hydrocarbon deposits are non biological 
in origin. Two alleged examples of such 
a deposit are a mineral oil found en
closed in a quartz mineral at the Abbott 
mercury mine in California and a bitu
men-like material called thucolite found 
in an ancient nonsedimentary rock in 
Ontario. Samples of both materials have 
been analyzed in our laboratory at Ber
keley. The Abbott oil contains a signif
icant isoprenoid fraction and probably 
constitutes an oil extracted and brought 
up from somewhat older sediments of 
normal biological origin. The thucolite 
consists chiefly of carbon from which 
only a tiny hydrocarbon fraction can be 
extracted. Our analysis shows, however, 
that the fraction contains trace amounts 
of pristane and phytane. Recognizing the 
hazards of contamination, we are repeat
ing the analysis, but on the basis of our 
preliminary findings we suspect that the 
thucolite sample represents an oil of bio
logical origin that has been almost com
pletely carbonized. We are aware, of 
course, that one runs the risk of invoking 
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circular arguments in such discussions.  
Do isoprenoids demonstrate biological 
origin (as we and others are suggesting) 
or does the presence of isoprenoids in 
such unlikely substances indicate that 
they were formed nonbiologically? The 
debate may not be quickly settled. 

There is little doubt, in any case, that 
organic compounds of considerable 

variety and complexity must have accu-
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mulated on the primitive earth during 
the prolonged period of non biological 
chemical development-the period of 
chemical evolution . With the appearance 
of the first living organisms biological 
evolution took command and presumably 
the "food stock" of non biological com
pounds was rapidly altered. If the 
changeover was abrupt on a geological 
time scale, one would expect to find evi
dence of it in the chemical composition 
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of sediments whose age happens to 
bracket the period of transition. Such a 
discontinuity would make an intensely 
exciting find for organic geochemistry. 
The transition from chemical to biologi
cal evolution must have occurred �arlier 
than three billion years ago. As yet, how
ever, no criteria have been established 
for distinguishing between the two types 
of evolutionary process. 

We suggest that an important distinc
tion should exist between the kinds of 
molecules formed by the two processes. 
In the period of chemical evolution auto
catalYSis must have been one of the dom
inant mechanisms for creating large 
molecules. An autocatalytic system is one 
in which a particular substance promotes 
the formation of more of itself. In bio
logical evolution, on the other hand, two 
different molecular systems are involved: 
an information-bearing system based on 
nucleic acids and a catalytic system 
based on proteins .  The former directs 
the synthesis of the latter. A major prob
lem, subject to laboratory experiment, is 
visualizing how the two systems origi
nated and were linked. 

The role of lipids in
' 
the transition 

may have been important. Today lipids 
form an important part of the mem
branes of all living cells .  A. I. Oparin, the 
Russian investigator who was among the 
first to discuss in detail the chemical 
origin of life, has suggested that an es
sential step in the transition from chemi
cal to biological evolution may have been 
the formation of membranes around 
droplets, which could then serve as 
"reaction vessels." Such self-assembling 
membranes might well have required 
lipid constituents for their function, 
which would be to allow some com
pounds to enter and leave the "cell" 
more readily than others. These mem
branes might have been formed nonbio
logically by the polymerization of simple 
two-carbon and three-carbon units. Ac
cording to this line of reasoning, the 
compounds that are now prominent con
stituents of living things are prominent 
precisely because they were prominent 
products of chemical evolution. We 
scarcely need add that this is a contro
versial and therefore stimulating hy
pothesis. 

What one can say with some confi
dence is that autocatalysis alone seems 
unlikely to have been capable of produc
ing the distribution pattern of hydrocar
bons observed in ancient Precambrian 
rocks, even when some allowance is 
made for subsequent reactions over the 
course of geologic time. That it could 
have produced compounds of the ob
served type is undoubtedly possible, but 
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it seems to us that the observed pattern 
could not have arisen without the opera
tion of those molecular systems we now 
recognize as the basis of living things. 
Eventually it should be possible to find 
in the geological record certain molecu
lar fossils that will mark the boundary 
between chemical and biological evolu
tion. 

J�:lOther and more immediate goal for 
the organic geochemist is to attempt 

to trace on the molecular level the direc
tion of biological evolution. For such a 
study one would like to have access to 
the actual nucleic acids and proteins 
synthesized by ancient organisms, but 
these are as yet unavailable (except per
haps in rare instances) . We must there
fore turn to the geochemically stable 
compounds, such as the hydrocarbons 
and oxygenated compounds that must 
have derived from the operation of 
the more perishable molecular systems. 
These "secondary metabolites," as we 
have referred to them, can be regarded 
as the signatures of the molecular sys
tems that synthesized them or their close 
relatives. 

It follows that the carbon skeletons 
found in the secondary metabolites of 
present-day organisms are the outcome 
of evolutionary selection . Thus it should 
be possible for the organic geochemist 
to arrange in a rough order of evolu
tionary sequence the carbon skeletons 
found in various sediments.  There are 
some indications that this may be fea
sible. G. A. D.  Haslewood of Guy's Hos
pital Medical School in London has pro
posed that the bile alcohols and bile acids 
found in present-day vertebrates can be 
arranged in an evolutionary sequence : 
the bile acids of the most primitive orga
nisms contain molecules nearest chemi
cally to cholesterol, their supposed bio
synthetic precursor. 

Within a few years the organic geo
chemist will be presented with a piece of 
the moon and asked to describe its or
ganic contents. The results of this analy
sis will be awaited with immense curi
osity. Will we find that the moon is a 
barren rock or will we discover traces of 
organic compounds-some perhaps re
sembling the complex carbon skeletons 
we had thought could be produced only 
by living systems? During the 1970's and 
1980's we can expect to receive reports 
from robot sampling and analytical in
struments landed on Mars, Venus and 
perhaps Jupiter. Whatever the results 
and their possible indications of alien 
forms of life, we shall be very eager to 
learn what carbon compounds are pres
ent elsewhere in the solar system. 

HO 
CHOLEST EROL 

j, R EDUCTION IN S E D I M ENT 

CHOLESTA N E  

P -CAROT E N E  

t R E D U CT I O N  I N  S E D I M ENT 

CAROTAN E 

TWO ALKANES IN GREEN RIVER SHALE, cholestane and carotane, probably have been 

derived from two well·known biological substances : cholesterol and beta-carotene_ The 

former is  closely related to the steroid hormones ; the latter is  a red pi gment widely dis

tributed in plants_ These two natural substances can be converted to their alkane form by 

reduction : a process that adds hydrogen at the site of double bonds and removes oxygen. 

< 

C 18H38 11 -0CTA D ECA N E  

< ClO C13 C15 C18 
C1 1  C14 C16 

C19H40 P R I STAN E  

EFFECT O F  HEATING ALKANES i s  t o  produce a smoothly descending series o f  products 

( normal alkenes )  i f  the starting material is a strai ght-chain molecule such as n-octadecane_ 

( The term "alkene" denotes a hydrocarbon with one carbon-carbon double bond . )  If, how

ever, the starting material is an isoprenoid such as  pristane, heating it to 600 degrees centi

grade for _6 second produces an irregular series of  alkenes because of the branched chain_ 

Such degradation processes may take place in deeply buried sediments. These findings were 
made by R.  T_  Holman and his co-workers at  the Hormel Institute in Minneapolis, Minn_ 
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A Paleo - Indian Bison Kill 

Some 8/jOO years ago a group of hunters on the Great Plains 

stampeded a herd of buffaloes into a gulch and butchered them. 

The bones of the animals reveal the event in remarkable detail 

When one thinks of American 
Indians hunting buffaloes, one 
usually visualizes the hunters 

pursuing a herd of the animals on 
horseback and killing them with bow 
and arrow. Did the Indians hunt buf
faloes before the introduction of the 
horse (by the Spanish conquistadors in 
the 16th century) and the much earlier 
introduction of the bow? Indeed they 
did. As early as 10,000 years ago Paleo
Indians hunted species of bison that are 
now extinct on foot and with spears. 
My colleagues and I at the University 
of Colorado Museum have recently ex-

DENVER 

by Joe Ben Wheat 

cava ted the site of one such Paleo
Indian bison kill dating back to about 
6500 B.C. The site so remarkably pre
serves a moment in time that we know 
with reasonable certainty not only the 
month of the year the hunt took place 
but also such details as the way the 
wind blew on the day of the kill, the di
rection of the hunters' drive, the highly 
organized manner in which they butch
ered their quarry, their choice of cuts 
to be eaten on the spot and the prob
able number of hunters involved. 

The bison was the most important 
game animal in North America for mil-
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SITE OF THE KILL is 140 miles southeast of Denver. It is named the Olsen·Chubbuck 

site after its discoverers, the amateur archaeologists Sigurd Olsen and Gerald Chubbuck. 
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lenniums before its near extermination 
in the 19th century. When Europeans 
arrived on the continent, they found 
herds of bison ranging over vast areas, 
but the animals were first and fore
most inhabitants of the Great Plains, 
the high, semiarid grassland extending 
eastward from the foothills of the Rocky 
Mountains and all the way from Canada 
to Mexico. Both in historic and in late 
prehistoric times the bison was the 
principal economic resource of the In
dian tribes that occupied the Great 
Plains. Its meat, fat and bone marrow 
provided them with food; its hide fur
nished them with shelter and clothing; 
its brain was used to tan the hide; its 
horns were fashioned into containers. 
There was scarcely a part of the animal 
that was not utilized in some way. 

This dependence on big-game hunt-
ing probably stretches back to the 

very beginning of human prehistory in 
the New World. We do not know when 
man first arrived in the Americas, nor do 
we know in detail what cultural baggage 
he brought with him. The evidence for 
the presence of man in the New World 
much before 12,000 years ago is scat
tered and controversial. It is quite 
clear, however, that from then on Paleo
Indian hunting groups, using distinc
tive kinds of stone projectile point, 
ranged widely throughout the New 
World. On the Great Plains the princi
pal game animal of this early period 
was the Columbian mammoth [see 
"Elephant-hunting in North America," 
by C. Vance Haynes, Jr.; SCIENTIFIC 

AMERICAN, June, 1966]. Mammoth re
mains have been found in association 
with projectile points that are usually 
large and leaf-shaped and have short, 
broad grooves on both sides of the base. 
These points are typical of the complex 
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BONES OF BISON unearthed at the Olsen·Chubbuck site lie in a 

long row down the center of the ancient arroyo the Paleo.Indian 

hunters utilized as a pitfall for the stampeding herd. The bones 

proved to be the remains of bulls, cows and calves of the extinct 

species Bison occidelltalis. Separate piles made up of the same 

types of bones (for example sets of limb bones, pelvic girdles or 

skulls) showed that the hunters had butchered several bison at a 

time and had systematically dumped the bones into the arroyo in 

the same order in which they were removed from the carcasses. In 

the foreground is a pile of skulls that was built up in this way. 
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PROJECTILE POINTS found at the site show a surprising diver· 

gence of form in view of the fact that all of them were used simul· 

taneously by a single group. In the center is a point of the Scotts· 

bluff type. At top left is another Scottsbluff point that shows some 

of the characteristics of a point of the Eden type at top ri ght. At 

bottom left is a third Scottsbluff point; it has characteristics in 

common with a point of the Milnesand type at bottom right. Re· 

gardless of form, all the points are equally excellent in flaking. 
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of cultural traits named the Clovis com
plex; the tool kit of this complex also 
included stone scrapers and knives and 
some artifacts made of ivory and bone. 

The elephant may have been hunted 
out by 8000 B.C. In any case, its place 
as a game animal was taken by a large, 
straight-horned bison known as Bison 
antiquus. The first of the bison-hunters 
used projectile points of the Folsom 
culture complex; these are similar to 
Clovis points but are generally smaller 
and better made. Various stone scrapers 
and knives, bone needles and engraved 
bone ornaments have also been found in 
Folsom sites. 

A millennium later, about 7000 B.C., 
Bison antiquus was supplanted on the 
Great Plains by the somewhat smaller 
Bison occidentalis. The projectile points 
found in association with this animal's 
remains are of several kinds. They dif
fer in shape, size and details of Raking, 
but they have some characteristics in 
common. Chief among them is the tech
nical excellence of the Raking. The Rake 
scars meet at the center of the blade to 
form a ridge; sometimes they give the im
pression that a single Rake has been 
detached across the entire width of the 
blade [see illustration on opposite page J. 
Some of the projectile points that belong 
to this tradition, which take their names 
from the sites where they were first 
found, are called Milnesand, Scottsbluff 
and Eden points. The last two kinds 
of point form part of what is called 
the Cody complex, for which there is a 
fairly reliable carbon-14 date of about 
6500 B.C. 

paleo-Indian archaeological sites fall 
. into two categories: habitations and 

kill sites. Much of our knowledge of the 
early inhabitants of the Great Plains 
comes from the kill sites, where are found 
not only the bones of the animals but 
also the projectile points used to kill 
them and the knives, scrapers and other 
tools used to butcher and otherwise 
process them. Such sites have yielded 
much information about the categories 
of projectile points and how these cat
egories are related in time. Heretofore, 
however, they have contributed little to 
our understanding of how the early 
hunters actually lived. The kill site I 
shall describe is one of those rare ar
chaeological sites where the evidence 
is so complete that the people who left 
it seem almost to come to life. 

Sixteen miles southeast of the town 
of Kit Carson in southeastern Colorado, 
just below the northern edge of the 
broad valley of the Arkansas River, lies 

a small valley near the crest of a low 
divide. The climate here is semiarid; 
short bunchgrass is the main vegetation 
and drought conditions have prevailed 
since the mid-1950's. In late 1957 wind 
erosion exposed what appeared to be five 
separate piles of bones, aligned in an 
east-west direction. Gerald Chubbuck, 
a keen amateur archaeologist, came on 
the bones in December, 1957; among 
them he found several projectile points 
of the Scottsbluff type. Chubbuck noti
fied the University of Colorado Museum 
of his find, and we made plans to visit 
the site at the first opportunity. 

Meanwhile Chubbuck and another 
amateur archaeologist, Sigurd Olsen, 
continued to collect at the site and ul
timately excavated nearly a third of it. 
In the late spring of 1958 the museum 
secured permission from the two dis
coverers and from Paul Forward, the 

. . .. . . . . . . 
. 

• I 

owner of the land, to complete the ex
cavation. We carried out this work on 
summer expeditions in 1958 and 1960. 

The Olsen-Chubbuck site consists of 
a continuous bed of bones lying within 
the confines of a small arroyo, or dry 
gulch. The arroyo, which had long since 
been buried, originally rose near the 
southern end of the valley and followed 
a gently undulating course eastward 
through a ridge that forms the valley's 
eastern edge. The section of the arroyo 
that we excavated was some 200 feet 
long. Its narrow western end was only 
about a foot and a half in depth and 
the same in width, but it grew progres
sively deeper and wider to the east. 
Halfway down the arroyo its width was 
five feet and its depth six; at the point 
to the east where our excavation 
stopped it was some 12 feet wide and 
seven feet deep. At the bottom of the 
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BISON STAMPEDE was probably set off by the Paleo·Indian hunters' close approach to the 

grazing herd from downwind. Projectile points found among the bones of the animals at the 

eastern end of the arroyo (bottom) suggest that some hunters kept the bison from veering 
eastward to escape. Other hunters probably did the same at the western end of the arroyo. 
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SECTION AND PLAN of the Olsen·Chubbuck site show how the 
remains of the dead and butchered bison formed a deposit of bones 

that lined the center of the arroyo for a distance of 170 feet (color 
at top) . One part of the site had been excavated by its discoverers 

arroyo for its entire length was a chan
nel about a foot wide; above the chan
nel the walls of the arroyo had a 
V-shaped cross section [see top illustra
tion on page 50]. 

Today the drainage pattern of the 
site runs from north to south. This was 
probably the case when the arroyo was 
formed, and since it runs east and west 
it seems certain that it was not formed 
by stream action. Early frontiersmen 
on the Great Plains observed that many 
buffalo trails led away from watering 
places at right angles to the drainage 
pattern. Where such trails crossed ridges 
they were frequently quite deep; more
over, when they were abandoned they 
were often further deepened by erosion. 
The similarity of the Olsen-Chubbuck 
arroyo to such historical buffalo trails 
strongly suggests an identical origin. 

The deposit of bison bones that filled 
the bottom of the arroyo was a little 

more than 170 feet long. It consisted of 
the remains of nearly 200 buffaloes of 
the species Bison occidentalis. Chub
buck and Olsen unearthed the bones of 
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an estimated 50 of the animals; the 
museum's excavations uncovered the 
bones of 143 more. The bones were 
found in three distinct layers. The bot
tom layer contained some 13 complete 
skeletons; the hunters had not touched 
these animals. Above this layer were 
several essentially complete skeletons 
from which a leg or two, some ribs or 
the skull were missing; these bison had 
been only partly butchered. In the top 
layer were numerous single bones and 
also nearly 500 articulated segments of 
buffalo skeleton. The way in which these 
segments and the single bones were dis
tributed provides a number of clues to 
the hunters' butchering techniques. 

As the contents of the arroyo-particu
larly the complete skeletons at the bot
tom-make clear, it had been a trap into 
which the hunters had stampeded the 
bison. Bison are gregarious animals. 
They move in herds in search of forage; 
the usual grazing herd is between 50 
and 300 animals. Bison have a keen 
sense of smell but relatively poor 
vision. Hunters can thus get very close 
to a herd as long as they stay down-

wind and largely out of sight. When the 
bison are frightened, the herd has a 
tendency to close ranks and stampede 
in a single mass. If the herd encounters 
an abrupt declivity such as the Olsen
Chubbuck arroyo, the animals in front 
cannot stop because they are pushed by 
those behind. They can only plunge into 
the arroyo, where they are immobilized, 
disabled or killed by the animals that fall 
on top of them. 

The orientation of the skeletons in 
the middle and lower layers of the Ol
sen-Chubbuck site is evidence that the 
Paleo-Indian hunters had initiated such 
a stampede. Almost without exception 
the complete or nearly complete skele
tons overlie or are overlain by the skele
tons of one,. two or even three other 
whole or nearly whole animals; the 
bones are massed and the skeletons are 
contorted. The first animals that fell 
into the arroyo had no chance to escape; 
those behind them wedged them tighter 
into the arroyo with their struggles. 
Many of the skeletons are sharply twisted 
around the axis of the spinal column. 
Three spanned the arroyo, deformed into 
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before the author and his associates began work in 1958; this area 

is represented by the 20·foot gap in the deposit. The shallow inner 

channel at the bottom of the arroyo can be seen in the plan view 

(bottom); outlines show the locations of 13 intact bison skeletons. 

an unnatural U shape. Ten bison were 
pinned in position with their heads down 
and their hindquarters up; an equal num
ber had landed with hindquarters down 
and heads up. At the bottom of the ar
royo two skeletons lie on their backs. 

The stampeding bison were almost 
certainly running in a north-south di
rection, at right angles to the arroyo. 
Of the 39 whole or nearly whole skele
tons, which may be assumed to lie in 
the positions in which the animals died, 
not one faces north, northeast or north
west. A few skeletons, confined in the 
arroyo's narrow inner channel, face due 
east or west, but all 21 animals whose 
position at the time of death was not af
fected in this manner faced southeast, 
south or southwest. The direction in 
which the bison stampeded provides a 
strong clue to the way the wind was 
blowing on the day of the hunt. The 
hunters would surely have approached 
their quarry from downwind; thus the 
wind must have been from the south. 

We have only meager evidence of the 
extent to which the stampede, once 
started, was directed and controlled by 

the hunters. The projectile points found 
with the bison skeletons in the deepest, 
most easterly part of the arroyo suggest 
that a Ranking party of hunters was 
stationed there. It also seems a reason
able inference that, if no hunters had 
covered the stampede's western Rank, 
the herd could have escaped unscathed 
around the head of the arroyo. If other 
hunters pursued the herd from the rear, 
there is no evidence of it. 

Even if the hunters merely started 
the stampede and did not control it 
thereafter, it 

·sufficed to kill almost 200 
animals in a matter of minutes. The 
total was 46 adult bulls and 27 imma
ture ones, 63 adult and 38 immature 
cows and 16 calves. From the fact that 
the bones include those of calves only a 
few days old, and from what we know 
about the breeding season of bison, we 
can confidently place the date of the kill 
as being late in May or early in June. 

As we excavated the bone deposit 
we first uncovered the upper layer con
taining the single bones and articulated 
segments of skeleton. It was soon appar
ent that these bones were the end result 

of a standardized Paleo-Indian butcher
ing procedure. We came to recognize 
certain "butchering units" such as fore
legs, pelvic girdles, hind legs, spinal 
columns and skulls. Units of the same 
kind were usually found together in 
groups numbering from two or three to 
as many as 27. Similar units also 
formed distinct vertical sequences. As 
the hunters had removed the meat from 
the various units they had discarded the 
bones in separate piles, each of which 
contained the remains of a number of 
individual animals. In all we excavated 
nine such piles. 

Where the order of deposition was 
clear, the bones at the bottom of each 
pile were foreleg units. Above these 
bones were those of pelvic-girdle units. 
Sometimes one or both hind legs were 
attached to the pelvic girdle, but by 
and large the hind-leg units lay sep
arately among or above the pelvic units. 
The next level was usually composed of 
spinal-column units. The ribs had been 
removed from many of the chest verte
brae, but ribs were still attached to 
some of the other vertebrae. At the top 
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EXCA V ATION at the eastern end of the arroyo reveals its V-shaped cross section and the 

layers of sand and silt that later filled it_ The bone deposit ended at this point; a single 

bison shoulder blade remains in place at the level where it was unearthed (lower center)_ 

BISON SKULL AND STONE POINT lie in close association at one level in the site_ The 

projectile point (lower left) is of the Scottsbluff type_ The bison skull, labeled 4-F to re

cord its position among the other bones, rests upside down where the hunters threw it_ 
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of nearly every pile were skulls. The 
jawbones had been removed from most 
of them, but some still retained a few 
of the neck vertebrae. In some instances 
these vertebrae had been pulled forward 
over the top and down the front of the 
skull. When the skull still had its jaw
bone, the hyoid bone of the tongue was 
missing. 

lie the various butchering units, the 
single bones were found in clusters 

of the same skeletal part: shoulder 
blades, upper-foreleg bones, upper
hind-leg bones or jawbones (all broken 
in two at the front). Nearly all the jaw
bones were found near the top of the 
bone deposit. The tongue bones, on the 
other hand, were distributed through
out the bed. About 75 percent of the 
single foreleg bones were found in the 
upper part of the deposit, as were near
ly 70 percent of the single vertebrae. 
Only 60 percent of the shoulder blades 
and scarcely half of the single ribs were 
in the upper level. 

The hunters' first task had evidently 
been to get the bison carcasses into a 
position where they could be cut up. 
This meant that the animals had to be 
lifted, pulled, rolled or otherwise moved 
out of the arroyo to some flat area. It 
seems to have been impossible to re
move the bison that lay at the bottom 
of the arroyo; perhaps they were too 
tightly wedged together. Some of them 
had been left untouched and others had 
had only a few accessible parts removed. 
The way in which the butchering units 
were grouped suggests that several bi
son were moved into position and cut 
up simultaneously. Since foreleg units, 
sometimes in pairs, were found at the 
bottom of each pile of bones it seems 
reasonable to assume that the Paleo
Indians followed the same initial steps 
in butchering that the Plains Indians 
did in recent times. The first step was to 
arrange the legs of the animal so that it 
could be rolled onto its belly. The skin 
was then cut down the back and pulled 
down on both sides of the carcass to 
form a kind of mat on which the meat 
could be placed. Directly under the skin 
of the back was a layer of tender meat, 
the "blanket of flesh"; when this was 
stripped away, the bison's forelegs and 
shoulder blades could be cut free, expos
ing the highly prized "hump" meat, the 
rib cage and the body cavity. 

Having stripped the front legs of 
meat, the hunters threw the still-articu
lated bones into the arroyo. If they fol
lowed the practice of later Indians, they 
would next have indulged themselves 
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by cutting into the body cavity, remov
ing some of the internal organs and 
eating them raw. This, of course, would 
have left no evidence among the bones. 
vVhat is certain is that the hunters did 
remove and eat the tongues of a few 
bison at this stage of the butchering, 
presumably in the same way the Plains 
Indians did: by slitting the throat, pull
ing the tongue out through the slit and 
cutting it off. Our evidence for their 
having eaten the tongues as they went 
along is that the tongue bones are found 
throughout the deposit instead of in one 
layer or another. 

The bison's rib cages were attacked 
as soon as they were exposed by the 
removal of the overlying meat. Many 
of the ribs were broken off near the 
spine. The Plains Indians used as a ham
mer for this purpose a bison leg bone 
with the hoof still attached; perhaps the 
Paleo-Indians did the same. In any case, 
the next step was to sever the spine at a 
point behind the rib cage and remove 
the hindquarters. The meat was cut away 
from the pelvis (and in some instances 
simultaneously from the hind legs) and 
the pelvic girdle was discarded. If the 
hind legs had been separated from the 
pelvis, it was now their turn to be 
stripped of meat and discarded. 

After the bison's hindquarters had 

been butchered, the neck and skull were 
cut off as a unit-usually at a point just 
in front of the rib cage-and set aside. 
Then the spine was discarded, presum
ably after it had been completely 
stripped of meat and sinew. Next the 
hunters turned to the neck and skull 
and cut the neck meat away. This is 
evident from the skulls that had verte
brae draped over the front; this would 
not have been possible if the neck meat 
had been in place. The Plains Indians 
found bison neck meat too tough to eat 
in its original state. They dried it and 
made the dried strips into pemmican by 
pounding them to a powder. The fact 
that the Paleo-Indians cut off the neck 
meat strongly suggests that they too 
preserved some of their kill. 

I f the tongue had not already been re-
moved, the jawbone was now cut 

away, broken at the front and the 
tongue cut out. The horns were broken 
from a few skulls, but there is little evi
dence that the Paleo-Indians broke open 
the skull as the Plains Indians did to 
take out the brain. Perhaps the most 
striking difference between the butcher
ing practices of these earlier Indians 
and those of later ones, however, lies in 
the high degree of organization dis
played by the Paleo-Indians. Historical 

accounts of butchering by Plains Indi
ans indicate no such efficient system. 

In all, 47 artifacts were found in as
sociation with the bones at the Olsen
Chubbuck site. Spherical hammerstones 
and knives give us some idea of what 
constituted the hunter's tool kit; stone 
scrapers suggest that the bison's skins 
were processed at the site. A bone pin 
and a piece of the brown rock limonite 
that shows signs of having been rubbed 
tell something about Paleo-Indian orna
mentation. 

The bulk of the artifacts at the site 
are projectile points. There are 27 of 
them, and they are particularly signifi
cant. .Most of them are of the Scottsbluff 
type. vVhen their range of variation is 
considered, however, they merge grad
ually at one e'nd of the curve of variation 
into Eden points and at the other end 
into Milnesand points. Moreover, among 
the projectile points found at the site 
are one Eden point and a number of 
Milnesand points. The diversity of the 
points clearly demonstrates the range of 
variation that was possible among the 
weapons of a single hunting group. 
Their occurrence together at the site is 
conclusive proof that such divergent 
forms of weapon could exist contempo
raneously. 

How many Paleo-Indians were pres-

INTACT SKELETON of an immature bison cow, uncovered in the 

lowest level of the arroyo, is one of 13 animals the Paleo-Indian 
hunters left untouched. The direction in which many bison 

faced suggests that the stampede traveled from north to south. 
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ent at the kill? The answer to this ques
tion need not be completely conjectural. 
We can start with what we know about 
the consumption of bison meat by 
Plains Indians. During a feast a man 
could consume from 10 to 20 pounds of 
fresh meat a day; women and children 
obviously ate less. The Plains Indians 
also preserved bison meat by drying it; 
100 pounds of fresh meat would provide 
20 pounds of dried meat. A bison bull of 
today yields about 550 pounds of edible 
meat; cows average 400 pounds. For an 
immature bull one can allow 165 pounds 
of edible meat, for an immature cow 
lIb pounds and for a calf 50 pounds. 

About 75 percent of the bison killed at 
the Olsen-Chubbuck site were complete
ly butchered; on this basis the total 
weight of bison meat would have been 
45,300 pounds. The Bison occidentalis 
killed by the Paleo-Indian hunters, how
ever, was considerably larger than the 
Bison bison of modern times. To com
pensate for the difference it seems rea
sonable to add 25 percent to the weight 
estimate, bringing it to a total of 56,640 
pounds. To this total should be added 
some 4,000 pounds of edible internal or
gans and 5,400 pounds of fat. 

A Plains Indian could completely 
butcher a bison in about an hour. If we 

"BLANKET OF FLESH" 2 HUMP MEAT 3 RIB MEAT AND 

INNER ORGANS AND FRONT LEGS 

4 PELVIC GIRDLE 5 HIND LEGS 6 NECK MEAT 

AND TONGUE 

BUTCHERING METHODS used by the Paleo-Indians have been reconstructed on the dual 

basis of bone stratification at the Olsen-Chubbuck site and the practices of the Plains Indi

ans in recent times_ Once the carcass of the bison ( slteleton at top) bad been propped 

up and skinned down the back, a series of "butchering units" probably were removed 

in the order shown on the numbered outline figures_ The hunters ate as they worked_ 
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allow one and a half hours for the dis
section of the larger species, the butcher
ing at the Olsen-Chubbuck site would 
have occupied about 210 man-hours. In 
other words, 100 people could easily 
have done the job in half a day. 

To carry the analysis further addition
al assumptions are needed. How long 
does fresh buffalo meat last? The ex
perience of the Plains Indians (depend
ing, of course, on weather conditions) 
was that it could be eaten for about a 
month. Let us now assume that half of 
the total weight of the Olsen-Chubbuck 
kill was eaten fresh at an average rate of 
10 pounds per person per day, and that 
the other half was preserved. Such a di
vision would provide enough fresh meat 
and fat to feed 150 people for 23 days. 
It seems reasonable to assume that the 
Paleo-Indian band was about this size. 
One way to test this assumption is to cal
culate the load each person would have 
to carry when camp was broken. 

The preserved meat and fat, together 
with the hides, would have weighed 
about 7,350 pounds, which represents a 
burden of 49 pounds for each man, wom
an and child in the group (in addition to 
the weight of whatever other necessities 
they carried). Plains Indians are known 
to have borne loads as great as 100 
pounds. Taking into account the likeli
hood that small children and active hunt
ers would have carried smaller loads, a 
49-pound average appears to be just 
within the range of possibility. 

A band of 150 people could, however, 
have eaten two-thirds of the kill fresh 
and preserved only one-third. In that 
case the fresh meat would have fed them 
for somewhat more than a month. At the 
end the meat would have been rather 
gamy, but the load of preserved meat 
per person would have been reduced to 
the more reasonable average of 31 
pounds. 

One possibility I have left out is that 
the Paleo-Indians had dogs. If there 
were dogs available to eat their share of 
fresh meat and to carry loads of pre
served meat, the number of people in 
the group may have been somewhat less. 
In the absence of dogs, however, it seems 
improbable that any fewer than 150 peo
ple could have made use of the bison 
killed at the Olsen-Chubbuck site to the 
degree that has been revealed by our ex
cavations. Whether or not the group had 
dogs, the remains of its stay at the site 
are unmistakable evidence that hunting 
bands of considerable size and impres
sive social organization were supporting 
themselves on the Great Plains some 
8,500 years ago. 
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The hope of doing each other some good prompts these advertisements 

Disclosure 
If there weren't so many pretty girls around wearing 
pretty, bright-colored things, we wouldn't have done 
as well as we have with KODACHROME Film. The 
dyes in the film have to get themselves synthesized in 
situ after the shutter has operated, but some of the 
dyes in the clothes, which the dyes in the film try to 
ape, we synthesize in large reaction kettles in compe
tition with other textile dye makers, who also know a 
thing or two. The pressure from them to keep our 
dyestuff quality and reproducibility high and our 
costs low makes us think hard whether we want to 
give away any tricks. We have decided that our share
owners have more to gain than to lose by the follow-
ing disclosure � 

Microfilm outfit 
We are modern marketers. We are in "systems" right up to our re
ceding hairlines. We have organized a Business Systems Markets 
Division and have assigned it to sit down with any respectable organi
zational management to recommend whether and how microfilming 
can most effectively and economically simplify its information-handling 
pf'Oblems. "Don't just peddle the merchandise," we warn the men. 
One of the last stands of the old ways, then, is represented by the fol

lowing advertising approach. We here 
assume that why you want a porta
ble micro filmer, a portable microfilm 
reader, and/or a little microfilm proc
essing machine for a corner of the 
office is none of our business. The 
very same Business Systems Markets 
Division, Eastman Kodak Company, 
Rochester, N. Y. 14650, is ready to 
supply literature on the equipment 
and to accept orders. 

� The case contains a RECORDAK 
Portable Microfilmer weighing 24 
pounds. The device accepts docu
ments up to 12 inches wide and of 
any length. It can microfilm 60 let
ter-size documents in one minute
on two rolls of 1 6mm film simultane
ously if you like. Gets its juice from 
a regular AC outlet. 

� This RECORDAK PROSTAR Film Proc
essor needs no darkroom. Just 1 * 
minutes after you put exposed film 
in, out it comes at 5 or 10 feet per 
minute, dry and processed to archi
val standards. It takes 16mm or 35-
mm film, 2 feet to 1 00 feet, two sep
arate 16mm rolls at a time if you 
like. 

�This case contains a RECORDAK 
Portable Film Reader and 18,000 
documents on microfilm. The reader 
takes less than 20 seconds to set up. 
It weighs 20 pounds and enlarges 
16mm microfilm 20 times on a 
bright 9" x 12" screen. It runs on 
its own internal battery. It runs on 
AC house current. It also runs when 
plugged into the lighter socket in 
an automobile. Press the button and 
race the film until an index mark 
reaches the right number on the 
edge of the screen. 

INSTATECH Camera Outfit 

Thin-layer chromatography has 
now become so straightforward 
that an operator can be taught 
to use this supersensitive tech
nique of separations chemistry 
to mind the progress of his chlo
rination and cut it off after every 
bit of his p-nitroaniline has re
acted and before any tetra
chloroquinone has formed. He 
does it with EASTMAN CHRO
MAGRAM Sheet and that little 
EASTMAN CHROMAGRAM De
veloping Apparatus at the left, 
both of which can be purchased 
by one and all from Distillation 
Products Industries, Rochester, 
N. Y. 1 4603 (Division of East
man Kodak Company). 

Place any work of nature or of man within this frame and 
press the button. 

If it won't fit in the frame, hold -the camera this chain's length 
away and press the button. 

No lighting to arrange. No exposures to calculate. No focus
ing. No fumbling to load film-just drop in a 126 film car
tridge, basis of the incredibly popular system that makes pho
tography cheap by cutting out mistakes. Even less chance for 
mistakes here than when snapshooting places and people. * 

You may be less than pleased to learn about this. You may 
feel that vivid slides and prints that capture fine details of in
teresting objects are becoming too easy to make, too common. 

The new KODAK INSTATECH Camera, the above equipment that fits it 
for its two working distances, 5 flashcubes good for the 20 shots in a 
KODAK EKTACHROME-X Film cartridge, such a cartridge, and 
a pair of batteries are offered as an outfit for $49.75 by Lester A. 
Dine, inc., 2080 Jericho Turnpike, New Hyde Park, N. Y.l1041. 

-Dentists, surgeons, and other professionals whose pro
fession is not photography actually do use this equip
ment on people-in their own professional way. In fact, 
it was designed for them. 

Price does not include local taxes and 
is subject to change without notice. 
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What Makes Some 
Businesses Better 
Than Others 

't 
• 

RESOURCES: The first 
part of a partnership in the 

fast-moving metalworking field 
is thinking ability ... brains ... 

objectives ... knowing what 
to make and how to promote 

it. Simple and true, every 
word of it! But what else? 

and SOURCES: 
No one makes everything 
they use in manufacturing 

for America's industry. 
They need sources of supply 

where quality and value 
support them in times of 

emergency as in routine needs. 

TMI, short for 
Tube Methods Inc., is one of 

America's foremost 
sources of the finest 

quality specialized cold 
drawn stainless steel and 

alloy tubing, .050" to 1.250" O.D. 
Our customer list proves it. 

TUBE METHODS Inc. 
We are always busy ... never too 
busy to confer with you when you 
are on a source search for better small 
diameter tubing. If the experience 
serving the pioneering rims of avia
tion and sp ace exploration plus 
nuclear energy applications plus com
plex instrumentation and power de
velopment is what you need ... you 
need TMI. We're ready, too. Tube 
Methods Inc., Bridgeport, Montgom
ery County, Penna. 19405. Phone 
215 .. 279-7700 or Telex 510-660-0140. 
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The Space Treaty 

W
ith the approval by the UN 
General Assembly of an inter
national treaty on the peaceful 

uses of "outer space, including the moon 
and other celestial bodies," the first rules 
have been established governing man's 
activities beyond his own planet. The 
treaty provides that no signatory shall 
place nuclear weapons in orbit around 
the earth or in space and prohibits all 
military activities on the moon and oth
er celestial bodies. It affirms that the ex
ploration of space is "the province of all 
mankind," provides for "freedom of sci
entific investigation" in space and estab
lishes principles of cooperation and mu
tual assistance. 

The treaty has its roots in two UN 
resolutions passed in the fall of 1963 
after the signing of the partial-test-ban 
treaty. One resolution called on the na
tions not to place nuclear weapons in or
bit and the other put forward a set of 
"legal principles" applying to space ex
ploration. Last spring the U.S. and the 
U.S.S.R. submitted proposals for a treaty 
to the 28-nation UN Committee on the 
Peaceful Uses of Outer Space. The treaty 
was drafted by a legal subcommittee in 
Geneva during the summer; the final 
language was negotiated in a series of 
meetings between American and Russian 
representatives in New York. It is open 
for ratification by all countries, whether 
or not they are members of the UN. 
President Johnson, who called the treaty 
"the most important arms control devel
opment" since the test-ban agreement, 
said he would submit it to the Senate for 
early ratification. 

SCIENCE AND 
The text begins by asserting that space 

should be explored "in the interests of all 
countries" on a basis of equality and in 
accordance with international law, in
cluding the UN Charter. It asserts that 
space, the moon and other bodies are 
"not subject to national appropriation by 
claim of sovereignty." In addition to ban
ning weapons of mass destruction in 
orbit, it forbids the "establishment of 
military bases, installations and fOl·tifica
tions, the testing of any type of weapons 
and the conduct of military maneuvers 
on celestial bodies," but does not bar 
peaceful activities conducted by military 
personnel. Signatory states are to regard 
astronauts of all nations as "envoys of 
mankind" and to render assistance to 
them in the case of any accident, distress 
or emergency landing; astronauts of var
ious coun tries are specifically called on to 
help one another. The principle is estab
lished of national responsibility and lia
bility for both governmental and non
governmental activities in space. These 
activities are to avoid "harmful contam
ination" of the moon and other bodies 
and adverse changes in the environment 
of the earth. 

The Ascendant Atom 

The year just ended may be recorded 
as the one in which nuclear fuels 

came to play a larger role than fossil 
fuels in the plans of U.S. power compa
nies. In the first nine months of 1966, 51 
percent of the new electric generating 
capacity ordered by U.S. utilities, both 
public and private, was nuclear. It is pos
sible, of course, that the atom's unex
pected ascendancy reflects a temporary 
surge of orders, and does not mean that 
fossil fuels have been permanently rele
gated to second place. 

The 20 nuclear power plants ordered 
in the first nine months of 1966 will have 
a total capacity of nearly 16 million kilo
watts. This is 38 percent more than the 
capacity of all U.S. nuclear power plants 
built or announced before 1966. (As of 
October 1, 1966, the total installed ca
pacity of all U.S. utility power plants, 
nuclear and fossil fuel combined, was 
244 million kilowatts-about 15 times the 
capacity of the nuclear plants ordered in 
the first nine months of 1966.) The in
vestment in the new nuclear power 
plants will come to $1.7 billion. The larg-
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THE CITIZEN 
est of the 20 has been ordered by the 
Tennessee Valley Authority for installa
tion at Browns Ferry, Ala. It will have a 
capacity of 2.2 million kilowatts and will 
cost $247 million. 

Grants across the Board 

Government support of science and 
higher scientific education in the 

U.S. is sometimes criticized on the 
ground that too many grants are award
ed to an individual and his project and 
not enough are given directly to the edu
cational institution for which he works. 
The National Science Foundation has 
now begun two new programs of direct 
aid to colleges and universities and has 
changed an existing program, to help 
improve science instruction and research 
in institutions "that are not now at the 
forefront but that have potential and 
aspirations to rise." The three programs 
complement one another in providing as
sistance to institutions differing in size, 
type and function. 

The new College Science Improve
ment Program will support comprehen
sive plans to upgrade the preparation of 
students in predominantly undergradu
ate institutions for careers in science. 
The emphasis will be on improved in
struction. Grants of up to $100,000 a 

year will be available, with the amounts 
related to the number of science bac
calaureate degrees awarded. A new De
partmental Science Development Pro
gram is intended for institutions that 
have graduate programs in science but 
are not recognized as having "outstand
ing strength" in the field. Grants of up to 
$600,000 for three years will be made 
for the support of specific areas in which 
the institution seems to be capable of 
reaching a high level. The existing Sci
ence Development Program, now re
named the University Science Develop
ment Program, will be restricted to insti
tutions with doctoral programs. It is de
signed for universities that are "below the 
highest level" but have the potential to 
rise to the level of the leading institutions. 

Close-up of Copernicus 

The extraordinarily detailed photo
graphs of the moon's surface ob

tained on the recent flights of the Lunar 
Orbiter spacecraft owe their high quality 

You'll find it easy to identify, in more ways 

than one, with the new QUAD 300 Mass Spec

trometer. For one thing, you'll identify with 

the price tag; it's within your means - under 

$25,000 for the complete system. For another, 

you can do a superb and rapid job of identify

ing gas chromatograph effluents without pre

separation of the carrier gas. OR you can in

troduce solid, liquid, or gaseous samples con

veniently with modular sample inlet systems. 

You will identify with your QUAD 300 because 

you operate it, right where you need it - in 

your own lab. You can also shut down, roll it 
to another place, plug it in, and be back in 

operation in just minutes. 

Now try identifying 

these features on any 

other mass spectrometer 

at a comparable price: 

• COURTESY OF DR. 8. HALPERN, 
GENETICS DEPARTMENT, STAN FORO 

MEDICAL SCHOOL 

• High Scanning Speed - 500 microseconds 

per a.m.u. - scans to mass 500 in 250 milli

seconds' Unit Resolution to mass 500 - with 

clear separation, even at high end • •  Linear 

mass scale display; calibrated mass meter. 

• High Sensitivity - better than 10 amps out

put/torr for N, at 100 microamps of anode cur

rent. • Contamination Insensitivity - operate 

for many months without cleaning . •  Single 

scan, repetitive scan, or continuous monitoring 

of a single peak, manual sweep re-start. • Se

lective display of any portion of mass range. 

You'll identify still more reasons for putting a 

QUAD 300 in your lab if you'll 

send for our brochure. Write 

us at 4149 Middlefield Road, 

Palo Alto, California 94303. 
or call for a demonstration. 
(415) 321-7801. 

1° ELECTRONIC ASSOCIATES. INC. 

Scientific Instruments 
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to a number of technological feats, not 
the least of which was putting a com
plete photographic laboratory into a 
package weighing only 150 pounds. 
Included in each package were two 
cameras (one for high-resolution pho
tography and the other for medium-reso
lution photography), a 200-foot roll of 
70-millimeter film, equipment for chemi
cally developing and heat-drying the ex
posed film and an electronic "readout" 
system for scanning the developed image 
and transmitting it back to the earth. 

Thus the image-recording system of 
the Lunar Orbiters differed essentially 
from the television systems employed on 
the previous Ranger and Surveyor mis-

siollS. Because of the high orbital speed 
of the spacecraft (up to 4,500 miles per 
hour) and the comparatively slow expo
sure times of the photographic film (be
tween 1/25 and 1/100 of a second), the 
Lunar Orbiter cameras were provided 
with a special device to reduce blurring 
of the image. The device, called a 
"velocity /height sensor," electronically 
scanned a circular portion of each image 
formed by the high-resolution lens and 
compared successive scans. A signal from 
the sensor then advanced the film slight
ly during the exposure to compensate for 
the motion of the spacecraft. 

Lunar Orbiter II, which made the 
high-resolution photograph of the crater 

SIDE VIEW of a 17-mile·wide section of the lunar crater Copernicus (top) was photo· 

graphed on November 23 by Lunar Orbiter II while the spacecraft was 28.4 miles above the 

surface of the moon and 120 miles south of the crater's near rim (dark edge across center). 
The floor of the crater is about two miles deep; the peaks rising from the floor are roughly 

1,000 feet high. A portion of the smaller Fauth crater is visible in the foreground. The hori

zontal lines result from the scanning process used in transmitting the photograph to earth. 
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Copernicus below, was launched from 
Cape Kennedy on November 6. After 
two mid-course maneuvers had been exe
cuted, a retro-rocket on the spacecraft 
was fired on November 10, slowing the 
craft enough for it to be captured by the 
moon's gravitational field. The initial or
bit had an apolune (highest point) of 
1,150 miles and a perilune (lowest point) 
of 125 miles. This orbit was precisely 
tracked for five days before the retro
rocket was fired again on November 15, 
lowering the perilune to about 28 miles. 
Most of the photographs were made at 
or near the perilune as it shifted west
ward along the lunar equator on succes
sive orbits. 

TELESCOPIC VIEW of Copernicus was 

made with the 120·inch reflecting telescope 

at the Lick Observatory in California. Key

hole·shaped double crater to the south of 

Copernicus is the Fauth crater. Copernicus 

is approximately 60 miles in diameter. 
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If you were in the car rental 
business and you were No.2 
and you had only half as many 
cars to offer and about half 
as many locations at which to 
offer tnem') and fewer people to 
handle everything,) wliat would 
you say in your advertising? 

Right.Your ashtrays are 
cleaner. 

Hertz 
(Who's perfect?) 

We can have a new Ford or another good car waiting for you at over 2,900 places throughout the world. 
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• Dead-weight system requires 

no springs. 

• Easy readout is available with 

optional meter, digital tachometer, 

or automatic X-V programmer. 

• Operation is simple. 

• Smooth torque application is 

completely independent of speed. 

• Wide range of models produce from 

5 oz. in. to 200 in. Ibs. torque. 

Write or phone for new hysteresis 
reference booklet HCB, new revised 
dynamometer bulletin 2000D. 

MAGTRCI!:C, 
240 SENECA ST. • BUFFALO, N. Y. 14204 

716 - 856-7451 

HYSTERESIS PIONEERS 

58 

The primary assignment of Lunar Or
biter II was to provide detailed topo
graphic and geologic information about 
specific areas in the vicinity of the moon's 
equator to help in the selection of land
ing sites for the Project Apollo manned 
vehicle, scheduled to be launched before 
1970. In all, 184 of the 211 dual-expo
sure frames in the photographic package 
were devoted to this task. The remaining 
27 frames represent film that had to be 
moved through the camera system at in
tervals of four to eight hours in order to 
prevent the film from developing a per
manent set or sticking to the processing 
rollers. The photograph of Copernicus 
was made on one of these 27 frames. 

Bones, Arteries and Fluorides 

The consumption of fluorides has an 
important effect on the fragility of 

the bones of older people and may also 
affect the course of atherosclerosis, or 
degeneration of the arteries. Investiga
tors from the Harvard School of Public 
Health have found that people who reg
ularly drink water with a high fluoride 
content have less osteoporosis, a disease 
characterized by a reduction in bone 
mass, and less calcification of the aorta, 
which is evidence of severe atherosclero
sis in the major artery of the body. 

These conclusions were drawn on the 
basis of X-ray studies of two population 
groups in North Dakota: 300 men and 
women, ranging in age from 45 to over 
65, from a region in the southwestern 
part of the state where the water supply 
is rich in fluorides (from 4 to 5.8 parts 
per million) and 1,015 people in the 
same age group from an area in the 
northeastern part of the state where the 
water has a low fluoride content (.15 to 
.3 part per million). About twice as many 
women had decreased bone density and 
two to six times as many had collapsed 
vertebrae in the low-fluoride area as in 
the high-fluoride area. A similar but less 
marked tendency was noted in the men. 
Calcification of the aorta was less preva
lent in the high-fluoride area, with the 
difference in this case appreciably more 
significant in men. Differences in the 
amounts of cheese and milk (good 
sources of calcium) consumed in the two 
areas did not appear to affect the in
cidence of either disease. 

The Harvard group included Daniel 
S. Bernstein, Norman Sadowsky, D. 
Mark Hegsted, Charles D. Curi and 
Fredrick J. Stare. They point out that 
fluoride is known to enhance the growth 
and architectural integrity of crystalline 
material in the enamel of teeth and in 
bone. "The enlarged and more nearly 

perfect bone crystal may be less suscepti
ble to resorption, accounting for our ob
servations." An editorial in the issue of 
the Journal of the American Medical As
sociation in which their report is pub
lished comments: "It appears as though 
the fluoride ion helps to keep calcium de
posited in the hard tissues of the body." 

Garbage In, Merchandise Gut 

,Nl automatic plant that converts gar-
bage and trash into marketable com

post and metal scrap has gone into opera
tion in St. Petersburg, Fla. Its designers 
say it marks the first application of mod
ern materials-handling techniques to the 
problem of processing refuse at reason
able cost. The plant can process up to 
105 tons of refuse a day, which is ade
qliate to serve about a quarter of the 
city's population of 210,000. A plant of 
such design does not generate smoke or 

unpleasant odors, according to the de
signers, and so can be operated in dense
ly populated areas. The St. Petersburg 
plant is in a park surrounded by residen-
tial neighborhoods. 

_ 

The plant was designed and built by 
the Westinghouse Electric Corporation 
and is owned and operated by the Inter
national Disposal Corporation. Its major 
components are magnetic separators, a 
pulverizer, two grinders and five large 
cells in which material is digested by 
bacteria. A load of refuse first goes 
through the magnetic separators, which 
remove metal objects for processing into 
scrap. The remaining material is wetted 
and mixed in the pulverizer and then 
put through the first grinder. After it has 
passed through two of the digestion cells, 
it is sent to the second grinder and 
through three more cells. At the end of 
five days it is screened. The material that 
passes through the screen is sold for com
post. Of the remaining material, some is 
carried off for dumping and the rest is 
recycled to make more compost. The 
city pays the disposal company about $3 
for each ton of refuse delivered to the 
plant, and the corporation receives the 
proceeds from the sale of scrap and com
post. The compost is a soil conditioner, 
not a fertilizer; it improves the structure 
of soil and its ability to hold water. An 
official of the disposal finn said the mar
ket for compost from the St. Petersburg 
plant had proved to be good. 

Undersea Elephants 

Over the years a substantial number 
of bones of mammoths, mastodons 

and other extinct mammals have been 
brought up from the ocean floor off the 
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Electrons available from stock; evolution In cathodes 
Condensed/rum a paper by dr. P. Zalm 

The development of electron tubes for higher frequencies 
and energy output creates an ever increasing demand for 
better cathode •. Today's magnetrons and oth"r microwave 
tubes could never have been developed, had not the spec· 
tacular evolution of thermionic cathodes led to impreRSive 
possibilities. Of particular importance in this connection 
are the dispenser·type cathodes, on the subject of which we 
here set down a few stray thoughts. 

It is to the credit of the late H. J. Lemmens, of the Philips 
Research Laboratories, a creative investigator with 
exceptional intuition, that he proceeded from a fundamen· 
tal separation of functions in cathodes. Whereas for a long 
time the functions of "heating" and "emission" in oxide· 
coated cathodes had been separated, he applied separation 
of the "electrou·emission" and "barium·supply" functions 
as well. He thus indicated ways of solving the problem of 
the limited current density of oxide·coated cathodes. In 
the normal oxide-coated cathode the average current 
density must not exceed 0.5 to 1 A per cm2, siuce other· 
wise, owing to the layer's resistance, so much heat would 
be generated in it that damage would occur. One of the 
factors determining the resistance in the layer and with 
which the life of the cathode is also liuked, is its thick· 
ness (approx. 80 microns). If the layer is made very thin 
(say 5 to 20 microns), then, for the same current density 
the cathode's life will be short. 
In the case of normal barium·strontium oxide·cathodes the 
emitting layer consists of small (Ba, Sr)O crystals. These 
owe their low work function (and thus good emission at 
not too high temperatures) to the adsorption of barium. 
Barium evaporates, however, and has to he replenished. 
This occurs through reaction of the BaO with the reducing 
agent added to the nickel of the cathode: AI, Mg or Si etc. 
In L·cathodes (L for Lemmens) and other dispenser.type 
cathodes the necessary barium is replenished not from 

the layer, but from a separate, small supply chamber shut 
off by a "lid" of porous tungsten; this results in a good 
separation of functions between emitting layer and barium 
supply. Hence the emitting surface consists of the porou. 
tungsten on which a film of barinm of atomic thickness 
has been adsorbed; the series resistance is then extremely 
low. A pleasing aspect of this development is that the sub· 
stratum (the metal "lid" on the supply chamber) can be 
varied at will. Frequent use is now made of this degree of 
freedom. 

More recent developments in these cathodes disclosed an 
interesting paradox. When a study is made of the question 
as to how the work function of metals is influenced by 
adsorption of electropositive elements such as barium, 
it is found that at tungsten·barium interface a change in 
potential occurs, due to formation of a dipole layer aA a 
result of polarization of barium atoms. This dipole layer 
reduces the work function. It is possible to calculate that 
for a higher work function of the base material the number 
ot barium atoms which can be adsorbed in such a state of 
polarization is greater. This increase is so sharp that the 
paradoxical effect is obtained that the higher work function 
of the base metal is more thau compensated. 

This calculation has been confirmed in practice. So we 
looked for the base material among metals with hi/!h work 
functions. These are to be found especially in the platinum 
group. For a number of applications osmium was chosen 
from this group. The Os·cathode, aR every other normal dis· 
penser·type cathode, can withstand temperatures of up to 
1,1000C. 
For professional purposes, particularly in communications 
en�ineering. it excels on account of high current densities 
(up to 40 A/cm2) and long life (105 hours at I A/cm2). 
Therefore it can truly be said that here many electrons 
are a\'ailable from stock, and will be for a very long time. 

The Philips Research Laboratories carry out research in many fields of fundamental science. A mong these: Acoustics,Chem
istry, Cryogenics, Perception, Plasma, Material te.�ting, Nuclear physics, Solid state physics, Telecommunications, Television. 
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What helps 
Ch�ler engines 

run cee1er? 
A' little Plenco 

under 
theh 

These Chrysler water pump impel
lers are custom molded of our # 467 
compound by American Insulator 
Corporation, New Freedom, Pa. 

The decision about which phe
nolic compound to use could not be 
a haphazard one. Due to the 5-year, 
50,OOO-mile warranty on Chrysler 
engines, the selection was made 
only after exhaustive tests of var
ious phenolic materials, according 
to American Insulator's Barto L. 
Attig, Vice President in Charge of 
Sales. 

The water pump impellers are 
molded by compression from multi-

d. 

cavity molds. Our 467, a Plenco 
Semi-Impact Black, is formulated to 
provide excellent molded finish, 
high shock resistance, mechanical 
strength and resistance to moisture. 
Mr. Attig reports that it molds very 
well and gives them the top quality 
part required for this application. 

He points out also that our peo
ple work very closely with his and 
maintain a uniformity of material 
that is necessary for this type of 
high quality and high production 
operation. 

That's Plenco service, he's talking 
about. It's available to you. Just call. 

PLENCO 
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PHENOLIC MOLDING COMPOUNDS 

PLASTICS ENGINEERING COMPANY, SHEBOYGAN, WIS. 53082 
Through Plenco research ... a wide range of ready·made or custom-formulated phenolic, 

melamine and epoxy thermoset molding compounds, and industrial resins. 

I East Coast of the U.S. This is a vivid re
minder that at the height of the Pleisto
cene glaciation the Atlantic was a small
er ocean. The dragnets of commercial 
fishermen often bring up fossils, most 
frequently the teeth of mammoths and 
mastodons that between 25,000 and 
11,000 years ago roamed 300,000 square 
miles of what is now submerged con
tinental shelf from Maine to Virginia. 
The fishermen do not consistently save 
the fossils, nor until recently did they 
often bring any of them to the attention 
of interested scholars. Since the begin
ning of a five-year study of the conti
nental shelf undertaken jointly by the 
U. S. Geological Survey and the Woods 
Hole Oceanographic Institution in 1962, 
the project's staff has acquired 35 teeth 
of the two species of early elephant and 
also the remains of other land animals. 
The tooth found farthest from the pres
ent Atlantic coast came from 80 miles 
offshore; the deepest one found was at a 
depth of 270 feet. Other mammals that 
inhabited the tundra of the continental 
shelf at the height of the Pleistocene 
glaciation were the musk ox, the moose, 
the bison and a species of giant sloth. 

Asphalt Agriculture 

petroleum products are being used in 
two ingenious efforts to upgrade sub-

marginal land. In Libya the Esso Re
search and Engineering Company un
dertook in 1961 to stabilize 125 acres of 
shifting sand dunes by spraying them 
with a low-grade oil. Such dunes usual
ly cannot support even vegetation that 
will grow in the desert, but recently the 
company announced that 80 percent of 
the eucalyptus and acacia seedlings it 
had planted on the dunes had survived 
and are now trees averaging 25 feet in 
height. The Libyan government has con
tracted for the stabilization of 3,000 ad
ditional acres, an action that could even
tually lead to the creation of a national 
forest in the treeless desert kingdom. 

At Michigan State University asphalt 
is being used to attack the problem of 
sandy soils that are infertile because they 
cannot hold water. A plow like blade lifts 
the soil by being pulled along two feet 
below the surface and the asphalt is 
sprayed into the bottom of the cut. Clar
ence M. Hansen and A. Earl Erickson, 
who devised the method, are able to un
dercoat sandy soils with an eighth of an 
inch of asphalt at a cost of about $225 
per acre. The yield of such crops as pota
toes, cabbages and cucumbers, which 
benefit from the asphalt's retention of 
rainfall, is usually doubled, so that the 
undercoating can pay for itself in a year. 
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PIPELINES 

A vast and rapidly gro,ving network transports oil and gas in many 
parts of the ,vorld. A recent trend is the use of pipelines to move 
solids both in slurries and in capsules containing solid products 

W
hen Edwin L. Drake brought 
in his historic oil well at Titus
ville, Pa. , in 1859, setting off 

an oil rush that was to become fully as 
colorful as the gold rush 10 years earlier 
in California, he triggered other devel
opments besides the petroleum indus
try. Amorig them one of the most useful 
is the technology of pipelines. Today 
North America alone is traversed by 
more than a million miles of pipelines
four times the distance to the moon-and 
networks of pipelines are being rapidly 
extended on a worldwide scale. The 
North American system, already repre
senting an investment of $15 billion, is 
growing at the rate of almost $1 billion 
a year. Moreover, the functions of pipe
lines are proliferating into many fields 
beyond the original purpose of moving 
oil and kindred products. As a means of 
transportation pipelines have proved to 
be so efficient and economical that they 
are being adapted to transport not only 
liquids and gases but also solids such as 
coal, minerals, sand, gravel and even 
steel. 

A brief review of the economic his
tory of pipelines will help to explain 
their importance as a technological 
innovation. In the early years after 
Drake's strike the crude oil from the 
wells along Oil Creek was hauled to 
railheads in wooden barrels on horse
drawn wagons. The haulage charge was 
sometimes as high as $5 per 42-gallon 
barrel, and about two gallons leaked out 
of the barrel along the road. In 1863 one 
J. L. Hutchinson, who had invented a 
rotary pump, decided to build a pipeline 
to the nearest railroad. He began to lay 
down two-inch cast-iron pipe, caulked 
with lead at the joints, along a two-mile 
route. Teamsters in the oil-hauling busi
ness tore up his pipe, and it turned out 
that Hutchinson's pipeline would not 
work anyway because it leaked badly at 
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the joints. Two years later, however, an
other entrepreneur, Samuel Van Syckel, 
succeeded in building a five-mile pipe
line to a railroad with the protection of 
armed guards. Although his two-inch 
cast-iron pipe also leaked at the joints, it 
served well enough to enable him to 
transport oil to the railhead at a cost of 
perhaps five cents a barrel. He charged 
the well owners 50 cents to $2 a barrel
about half of what teamsters needed to 
stay in business. 

Van Syckel's pipeline is recognized as 
the first successful oil line. Other short 
lines soon followed. Petroleum was a 
rich new cargo in great demand for 
lighting the newly invented kerosene 
lamps, and sulfur-free Pennsylvania oil 
provided a profitable incentive for pipe
line construction on an extensive scale. 
In 1879 an enterprise called the Tide
water Pipe Line Company built the first 
long-distance pipeline-a llO-mile line 
six inches in diameter from Bradford in 
the Pennsylvania oil field to a connection 
with the Reading Railroad at Williams
port. Labeled "Benson's Folly" (after 
the president of the Tidewater com
pany), the line was laid across the Alle
gheny �10untains in midwinter. It be
came a great success and aroused alarm 
among the railroads. The rail compa
nies did not attack the Tidewater line 
itself, because they had helped to fi
nance it as a connecting link to their 
roads, but they took an aggressive stand 
against the construction of other pipe
lines and succeeded in delaying the 
building of several proposed lines. Bat
tles over rights-of-way sought by pipe
line builders were fought in a number 
of legislatures. Nevertheless, economic 
advantage and John D. Rockefeller's 
Standard Oil Company, which controlled 
most of the pipeline projects, won the 
day. By 19Q7 some 45,000 miles of pipe
line had been built in the U.S. 

Up to about 1890 the market for oil 
had been based almost entirely on the 
use of kerosene for lamps; in the refin
ing of crude oil the gasoline fraction 
was burned off as useless. The arrival 
of Thomas Edison's electric light bulb 
drastically reduced the consumption of 
kerosene in the 1880's and 1890's, and 
the price of crude oil, which had started 
at $20 a barrel when Drake drilled his 
first well, fell at times as low as 10 cents 
a barrel. At the turn of the century, 
however, the automobile, the diesel en
gine and the burgeoning use of fuel oil 
in industry created an entirely new 
status for oil in the economy. A world
wide search for oil began; large new 
fields were opened up in the U.S. South
west, the ';Vest and in other parts of the 
world. 

The Advance of Pipelines 

At first the new interest in oil had 
comparatively little impact on pipelin
ing. With pipeline technology still in too 
primitive a state to produce efficient 
long-distance lines, it was cheaper to 
transport oil and its products by tanker 
ship than by pipeline from Texas to the 
cities and industrial centers of the U.S. 
Northeast. In the 1920's and 1930's 
technical advances and the increasing 
use of natural gas began to change this 
situation. Pipelines were undertaken on 
a continental scale; the first was a 24-
inch line more than 1,000 miles long 

GAS PIPELINE under construction in 

Georgia will be laid under the highway in 

the aerial photograph on the opposite page. 

At left the 14-inch steel line is nearly ready 

to be put in the trench; at right sections of 

pipe have been strung alongside the trench 

in preparation for welding. The Latex Con

struction Company is installing the pipeline 

for the Southern Natural Gas Company. 
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PIPELINE NETWORK in North and Central America is more concentrated than in any 

other part of the world. Map shows major pipelines carrying oil (solid black), gas (color) 
and products (broken black). There are many shorter lines, some used for other materials. 

SOUTH AMERICA has a network of pipelines that is characteristic of most areas outside 

the U.S. and Canada; there are relatively few lines and they tend to be concentrated in 

certain areas. An era of rapid expansion of the South American network is in prospect. 
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built in 1931 to carry natural gas from 
the Texas Panhandle to Chicago. 

It was not until World War II, how
ever, that pipelining became a major 
industry. The specific stimulus was the 
German submarine threat to shipping. 
At the beginning of the war tankers 
carried 95 percent of the oil delivered 
to the u.s. Eastern Seaboard. To as
sure the supply after the U-boat raids 
began, the U.S. Government financed 
the building of two pipelines from Tex
as to New Jersey: the 24-inch "Big 
Inch" line, 1,341 miles long, and the 
20-inch "Little Big Inch," 1,475 miles 
long. These lines, the first to operate at 
high pressure, carried crude oil during 
the war; afterward they were converted 
to natural gas, but in 1957 the Little 
Big Inch resumed the transport of crude 
oil over part of its route. 

The Allied armies resorted to pipe
lines in battle areas to supply water and 
gasoline to the advancing motorized 
troops. These lines were made up of 
portable units, each pipe section 20 feet 
long and four inches in diameter, and 
they employed portable gasoline pumps 
spaced at about 10-mile intervals. All 
together some 11,000 miles of this type 
of pipe was used during the war. The 
longest line, 1,400 miles, was laid from 
Calcutta to South China, crossing the 
mountains en route. Britain performed 
a spectacular crossing of the English 
Channel with pipelines-a project called 
Pluto (for pipelines under the ocean). 
U sing three-inch piping of flexible steel 
or lead alloy that could be paid out from 
drums like an electric cable, the British 
laid 20 lines (varying in length from 
29 to 66 miles) across the channel bot
tom. The lines transported a total of a 
million gallons of gasoline per day at 
pressures of up to 1,200 pounds per 
square inch. 

Since the war almost every Oil-pro
ducing and oil-using country in the 
world has built elaborate pipeline sys
tems [see illustrations on these two 
pages]. The lines are laid underground 
and over desert sands, across seas and 
on ocean bottoms-in some cases even 
under the sea floor. The U.S. has the 
most extensive system, but there are 
spectacular pipelines in many other 
parts of the world. Canada has built the 
world's longest line for the transport of 
natural gas-a 36-inch line called the 
Trans-Canada that runs 2,300 miles 
from Alberta to Montreal; Canada also 
has the longest trunk line for moving 
crude oil-the Interprovincial, which 
consists of 3,500 miles of pipe up to 34 
inches in diameter, holds 40 million gal-
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INDIAN OCEAN 

UNEVEN DISTRIBUTION of pipelines appears in Europe, Af· 

rica and Asia. Many of the lines lead from oil fields to shipping 

points. In many of these countries, however, extensive programs of 

pipeline construction are under way. The data for this map and 

those on the opposite page have been obtained from a number 

of sources. Some of the pipelines shown are still under construction. 

Ions of oil when it is fully loaded and 
extends 2,000 miles from the Alberta oil 
fields in western Canada to its terminus 
in Ontario. The world's largest crude-oil 
line in diameter-42 inches-was recent
ly completed in the Middle East fields. 
It runs from the Persian Gulf to the 
Mediterranean, is 1,060 miles long, elim
inates 3,500 miles of tanker haul and 
obviates the need of conveying Middle 
East oil via the Suez Canal. 

The U.S.S.R. , which built its first 
pipeline in 1908 (in the Baku oil fields 
on the Caspian Sea), is engaged in sev
eral large projects at present, among 
them a network that will link the Baku 
gas fields to Moscow and one that will 
connect the country's large industrial 
centers with the gas fields of Siberia. 
Britain and Germany are building pipe
lines to tap the gas fields under the 
North Sea, and France and Germany 
collaborated on a trunk line that trans
ports oil from Marseilles across France 
and into Germany. A crude-oil pipeline 
is even being built across the Alps; one 
of the most difficult pipeline projects 
ever undertaken, this 40-iilCh line will 
run from Trieste in Italy to Ingolstadt 
in Germany and will require the boring 
of tunnels through the Alps. 

Pipelines represent a very large invest
ment in those countries where extensive 

systems have been installed. A 36-inch 
line may cost $100,000 to $150,000 per 
mile for construction, even when excep
tional difficulties are not encountered. 
Notwithstanding this high initial ex
pense, pipelines have proved to be by 
far the most economical method of over
land transportation. A pipeline can 
move a ton of oil 1,000 miles for about 
$2; by railroad the cheapest rate is 
roughly $4. The advantage of pipeline 
transportation is so impressive that in 
North America today pipelines carry 20 
percent (in terms of ton-miles) of all the 
land freight moved on the continent. 

The Technology of Pipelines 

The technology that makes the high 
efficiency of pipelines possible has de
veloped gradually over the course of 
more than half a century. In part it has 
been dependent on advances in the de
sign of pumps, piping and associated 
techniques. By the turn of the century 
the original cast-iron pipes had been 
replaced by steel piping, made less 
leaky by flanged joints, which made 
possible pumping at considerable pres
sure through lines up to 12 inches in 
diameter. In the 1920's the develop
ment of steel pipe with high tensile 
strength and of new welding methods 

(acetylene and electric arc) further im
proved the strength and tightness of 
piping systems, so that it became pos
sible to construct lines over long dis
tances and pump gas through them at 
high pressures. Piping technology has 
advanced greatly in recent years, and it 
now produces very thin-walled pipe 
(only a quarter of an inch thick) that is 
42 inches in diameter and can withstand 
stresses of 100,000 pounds per square 
inch. Automatic welding machines are 
available for the joining of the pipe 
lengths. The most recent development 
is a mobile pipe mill that moves along 
with the pipelayers and manufactures 
sections of pipe up to 10 inches in diam
eter as the line advances. 

After the formation of the American 
Petroleum Institute in 1919 pipelining 
developed a sophisticated technology 
soundly based on scientific principles 
and systematic research. Much of this 
research, of course, has been in the field 
of fluid dynamics, and its approach is 
founded on the basic studies of three 
19th-century investigators: Julius Weis
bach of Germany, Henri Philibert Gas
pard Darcy of France and Osborne 
Reynolds of England. Weisbach and 
Darcy, working independently, devel
oped a formula that relates the pressure 
required to drive a fluid through a pipe 
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SUSPENSION BRIDGE carries two pipelines over the Ohio River. 

Bridging is an alternative to the more customary technique of 

laying pipe across rivers and railroads by going under them. 

TRANSALPINE CONSTRUCTION of a 40-inch oil pipeline en

tailed special construction problems. Here the line descends into 

an Austrian valley north of a tunnel that is line's highest point. 

at a given rate to the diameter and 
length of the pipe (and a friction factor, 
which depends on the characteristics of 
the pipe and the flow). 

Reynolds, who is well known for his 
studies of fluid flow, showed that the 
character of flow through a tube depends 
on the viscosity of the fluid, its density, 
its velocity and the diameter of the 
tube. From his experiments he derived 
the formula (tube diameter times flow 
velocity times fluid density divided by 
the fluid's viscosity) that yields the 
"Reynolds number." If the Reynolds 
number is less than 2,000, the flow is 
likely to be laminar, or stratified; at high
er numbers it tends to become turbu
lent. When the flow through a pipe is 
laminar, the velocity is greatest at the 
center and diminishes parabolically 
toward the walls; if the flow is turbulent, 
the eddies tend to make the velOCity dis
tribution almost uniform across the pipe. 
Application of the Reynolds number 
makes it possible to calculate the friction 
factor in the Darcy-Weisbach formula 
under given flow conditions. 

The understanding cf fluid flow in 
pipes was significantly advanCEd in the 
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1930's by the two outstanding theoreti
cians of fluid dynamics in this century, 
Theodor von KArmAn of Hungary, Ger
many and the U.S. and Ludwig Prandtl 
of Germany, and by experimenters 
studying flow in smooth and roughened 
pipes. From these investigations Lewis 
F. Moody of Princeton University in 
] 944 derived a diagram that is now 
widely used to determine the friction 
factor in various situations. Thus the de
signers of pipelines have an accurate 
basis for dec:iding what pipe diameters 
and pump pressures they must select to 
provide the specified rate of flow through 
their lines. The design problem is still 
complicated, of course, because a pipe
line is not a straightaway affair; allow
ances must be made for bends, junctions, 
valves, other fittings and variations of 
diameter along the line-all of which 
generally produce extra pressure losses. 

The Building of Pipelines 

Once the design has been adopted 
and the cost calculated, the building of 
a pipeline begins with obtaining a per
mit from the responsible government 

agencies and acquIrIng a righ�-of-way, 
generally a strip 50 to 200 feet wide. 
This can be a tedious matter; the com
pany that built the recently completed 
Colonial pipeline from Houston, Tex., 
to Linden, N.J. , had to negotiate with 
17,000 owners of land along the route. 

Bulldozers and other earth-moving 
machines then move in to clear and 
level the right-of-way. Next come trucks 
or "cats" (Caterpillar tractors) bearing 
the sections of pipe, 40 to 80 feet long, 
which they "string" evenly along the 
route. The delivery of the pipe lengths 
is followed by the arrival of the ditch
digging machine, which excavates a 
trench from four to seven feet deep. 
Where the contour of the land requires 
curving the pipe, a huge bending ma
chine is called in to bend the lengths of 
pipe. After the ditchdigger moves on, 
the pipe lengths are laid on "skids" and 
butted end to end; they are then welded 
together by the electric-arc method. To 
ensure that the joints are firm and leak
proof, the welders make at least three 
passes over each weld, and the welds 
are then examined by X-ray methods. 

The next step is the highly important 
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operation of applying protection against 
corrosion of the pipe. Before the line is 
lowered into the trench the outside of 
the pipe is painted with asphalt and 
wrapped with a blanket of protective 
material. Defense against corrosion is a 
major problem in pipelining, and im
proved methods are continually being 
sought by research. One of the new 
techniques is the use of a plastic-tape 
coating instead of asphalt. In some re
cent installations the inside of the pipe 
is coated with a paint or a plastic, which 
not only serves to prevent inner cor
rosion but also provides a smooth sur
face that minimizes friction. Sometimes 
chemicals are added to the crude-oil 
cargo to inhibit corrosive substances in 
the oil. Increasing use is now being made 
of corrosion-resistant aluminum pipe; 
plastic pipe, available in diameters of up 
to 10 inches, is also coming into favor. 

Finally the long sections of welded 
pipe are placed in the ditch by mobile 
cranes and "tied in," or welded together. 
The line is then tested for strength un
der hydraulic pressure, and after it is 
covered by backfilling a further test is 
applied to determine the exposure to 
corrosive effects from the surrounding 
ground. In spite of protective coating, 
pipe can be corroded as a result of small 
electric currents between the pipe and 
the ground. The intensity of these cur
rents is therefore measured with the line 
in place, and cathodic protection is then 
installed to divert or counter the dam
aging currents [see top illustration on 
l1ext page]. 

Special Problems 

Across wide rivers pipelines are low
ered to the river bottom from barges 
and weighted with concrete or steel 
anchors to counteract their buoyancy. 
Where the river water is particularly 
corrosive because of pollution, the pipe 
is buried under the bottom. Over nar
row, swift streams the pipeline crosses 
on trestles; under highways it is bored 
under the roadbed and is enclosed in 
a larger pipe that can withstand the 
load of traffic. In mountainous areas of 
California inaccessible to tractors pipe 
has been strung on the ground from 
helicopters, equipped with a television 
camera in the tail so that the pilot can 
see precisely where he is placing the 
pipe lengths. In the Libyan Desert pipe 
was strung by a specially built vehicle 
that had 16 wheels with seven-foot tires 
partly filled with water; it hauled 250-
ton loads over the desert sand. In the 

swamps and lakes are frozen hard 
enough to bear heavy equipment. To 
lay the pipe across lakes the digging ma
chines cut "ditches" through up to four 
feet of lake ice so that the pipe can be 
lowered to the lake bottom. In the ma
rine waters of the Gulf of Mexico, the 
North Sea, the Mediterranean and the 

Alaska coast pipelines are given a spe
cial protective coating, and they are as
sembled on barges before being low
ered to the sea bottom. 

Pipeline systems today are highly 
mechanized and automated. Equipped 
with motorized valves, they can be op
erated by remote control. The continu-

DESERT PIPELINE in Libya awaits coating and wrapping before being lowered into the 

trench. Desert construction requires special measures to keep the trench from collapsing. 

muskeg regions of northern Canada pipe SUBMERGED CROSSING of a river is one of 77 being made for a 738-mile oil pipeline in 
is laid during the winter, when the bogs, India. The Bechtel Corporation, a U.S. engineering firm, is supervising the construction. 

67 

© 1966 SCIENTIFIC AMERICAN, INC



I RECTIFIER 
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CATHODIC DEVICES protect buried pipelines from corrosive electrolytic effects. In the 

"sacrificial" method (top) the pipeline is the cathode; a wire leads to a zinc or magnesium 

anode. The natural flow of current is reversed, so that corrosion affects the anode instead 

of the pipe. Similarly, in the rectifier method (bottom) anodes carry current from an out

side source into the pipe; current returns to the rectifier by cable. The anodes corrode. 

> ) 

SLURRY LINE carries solids as particles swept along in a liquid. If the particles settle 

(top), they tend to form a bed on the bottom of the pipe. As the bed deepens, the velocity 

of the liquid increases because of the smaller free area, so that blockage is retarded. At a 

critical velocity (bottom) particles are swept off the bottom and carried along in the liquid. 
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ous stream flowing through a line may 
consist of successive batches of differ
ent liquid products with negligible mix
ing between one batch and the next. 
The shipments can be measured accu
rately and tracked as they move through 
the system. The trend is toward operat
ing the systems entirely by computer 
programs, with the computer directing 
the quantities of shipments and their 
routing to destinations. At Kennedy In
ternatIOnal Airport in New York, for ex
ample, a computer monitors the gasoline 
storage tanks and pipelines, and in South 
America a large natural-gas distribution 
system, containing 68 booster stations 
and 524 compressors, has been turned 
over to computer control. Within a few 
years "precision pipelining" by comput
er will undoubtedly be adopted by most 
pipeline systems around the world. 

One of the technical problems in 
pipelining to which much effort is be
ing devoted at present is that of reduc
ing the cost of transporting natural gas. 
Because of its high volume-to-weight 
ratio, gas is expensive to move in terms 
of weight: ton for ton, it costs about 
four times more to transport gas than 
it does to transport crude oil by pipe
line. Studies are therefore being made 
of the feasibility of carrying natural gas 
in the liquefied state. This would re
quire cooling the gas to below -lI5 
degrees Fahrenheit and compressing it 
to a pressure of 673 pounds per square 
inch-well below the pressure natural
gas pipelines are designed to withstand. 

A recent study strongly indicates that 
the transportation of natural gas in the 
liquid state, with the use of refrigera
tion, would be economical and practica
ble if the pipe were jacketed with vac
uum insulation, like a Thermos bottle. 
Insulated pipe is, in fact, already em
ployed on a small scale in a seven-mile 
pipeline that carries molten sulfur ashore 
from where it is mined in the Gulf of 
Mexico off Grande Isle, La. The sulfur is 
obtained from beds 2,000 feet below the 
sea surface by melting it with hot water 
and driving it up to the surface with 
compressed air. From there it is con
veyed to shore via a six-inch pipeline 
that is heated by circulating water at 
320 degrees F. in a surrounding larger 
pipe, which in turn is enclosed within a 
still larger pipe containing insulation 
[see top illustration on page 72]. The 
molten sulfur enters the pipeline at 320 
degrees and reaches the end of the 
seven-mile trip at not less than 280 de
grees-a minimum chosen to maintain 
an easy flow of sulfur. 

Helium, a much lighter gas than 
methane (the main constituent of nat-
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ural gas), is of course more expensive to 
transport. Because helium is required 
for nuclear reactors, rockets and missiles, 
the U.S. Government is spending large 
sums to subsidize the conservation and 
storage of this gas, and special pipe
lines have been built to move helium 
from the plants where it is produced (by 
separation from natural gas) to the stor
age places. These pipelines, which vary 
between 2% inches and 8fa inches in out
side diameter, are made of extra-heavy 
seamless pipe. They can withstand pres
sures of up to 2,800 pounds per square 
inch and must be tested very carefully 
for leaks, because helium escapes 
through tiny holes much more easily 
than natural gas does. 

The Transmission of Solids 

The demonstration by the petroleum 
industry that pipelines could transport 
its products overland at unprecedentedly 
low cost naturally attracted the interest 
of many other industries. Transportation 
is a major cost in the marketing of most 
commodities; this applies particularly to 
raw or semiprocessed materials, but it is 
also true of many finished products. On 
looking into the matter, a number of in-, 
dustries found to their surprise that it is 
entirely feasible to move solid materials 
through pipelines. Exploration of this 
possibility, which includes the transpor
tation of finished products, is only in its 
early stages, but already a substantial 
tonnage of solid products is being trans
ported by pipeline in both the U.S. and 
Canada. 

Every schoolboy is acquainted with 
Archimedes' classic demonstrations of 
the buoyant properties of water. Also 
familiar is the fact that a moving stream 
will carry solids that would fall to the 
bottom in still water. A rushing river 
bearing soil particles and debris is in 
effect a slurry: a mixture of liquid and 
solids. The ability of a stream to carry 
solid material without letting it settle to 
the bottom depends on the size and 
specific gravity of the particles and the 
velocity of the stream. Given enough 
turbulence-generating power, a stream 
will sweep along even large and heavy 
objects. 

A patent for a system to pump slur
ries through pipes was issued in the 
U.S. as early as 1891. The idea was first 
put into commercial practice in En
gland in 1914, when an eight-inch pipe
line was built to carry coal in the form 
of dust and lumps from barges on the 
Thames to a power station. Short lines 
of this kind were later constructed in 
the U.S. to move ores from mines to 

;. 
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LAMINAR FLOW in a pipeline produces a streamlined effect; the velocity is distributed 

parabolically across the diameter of the pipe and the fluid moves in laminae, or layers. 

TURBULENT FLOW produces a more uniform distribution of velocity than laminar flow. 

When the flow through a pipeline is turbulent, the fluid moves in random, highly irregular 

paths, so that there is an exchange of momentum between different parts of the fluid. 

)0 

BAT CHING TECHNIQUES enable different kinds of material to flow through the same 

pipeline. In some casee it is desirable to separate two different products, such as gasoline and 

fuel oil, with an inflatable sphere. The sphere is overinflated to provide a good seal. Often 

two products need no separating object; they commingle only slightly as they move. 

TRAIN OF CAPSULES, a concept tested only experimentally, would provide a means of 

transporting large quantities of solids in a pipeline. Liquid moves the capsules and partly or 

wholly supports them. Speed in commercial operation would be about three miles an hour. 
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nearby concentrating plants and to carry 
off mine tailings to dumps. Not until 
1957, however, was the method applied 
to long-distance transportation. The 
Consolidation Coal Company built a 
108-mile line from a coal mine at Cadiz, 
Ohio, to a power plant in Cleveland, 
and for several years this lO-inch line 
transported more than a million tons of 
coal a year in the form of a slurry made 
up of equal weights of coal and water. 
(The company discontinued operation 
of the line in 1963 when a railroad of
fered it attractive rates for distribution 
of its coal over a wider area.) 

Another line, which has operated 
without interruption since 1957, is a 72-
mile line built to carry Gilsonite, a kind 
of asphalt, from a mine at Bonanza, 
Utah, to a refinery at Grand Junction, 
Colo. Traversing a 3,000-foot mountain, 
this line delivers 700 tons of the mineral 
per day as a 40 percent slurry. Other 
products that are being pipelined suc
cessfully in slurry form elsewhere in
clude anthracite sludge, phosphate rock 
(with lumps six to nine inches across), 
nickel-copper and copper concentrates, 
borax, limestone, clay, sand and gravel. 
The Pulp and Paper Institute of Canada 
is designing a pipeline to carry wood 

chips. More than 100 slurry pipelines, 
transporting various products and rang
ing up to 100 miles in length, are now 
in operation in North America. Many 
hundreds more serve a great variety of 
local industrial purposes. 

Obviously the moving of slurries 
through pipes raises certain technical 
questions and problems. Solids have oc
caSionally piled up and blocked the 
passage, but this can be prevented by 
applying enough pumping power to 
keep the slurry moving at the necessary 
rate of speed. Another factor that was 
expected to be troublesome is the wear 
and tear on the pumps and pipes caused 
by the abrasive action of the solid par
ticles. In some cases the scouring effect 
is serious enough to require rather fre
quent replacement of pump parts and 
periodic rotation of the pipes so that the 
bottom is shifted and wear is distributed 
evenly over the entire area of the pipe 
wall. On the whole, however, slurry
pipeline operators have been pleasantly 
surprised by how little wear actually oc
curs in most cases. It appears that the 
flow pattern often tends to maintain a 
layer of clear liquid between the solid 
material and the wall. The economics 
of a slurry line will depend on many 

COATING AND WRAPPING of a pipeline is typically done automatically hy machines 

such as this after the line has heen welded hut hefore it is lowered into the trench and tested. 
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factors, including the availability of al
ternative transport. 

Transmission by Capsule 

Are there any limits to the kind of 
material that could be transported by 
pipeline? At first thought it would seem 
that the method is unsuited to carrying 
cargoes that must be kept dry or un
contaminated by the transporting fluid. 
Suppose, however, that the cargo were 
packaged in sealed capsules. It might 
then be possible to use pipelines to 
move agricultural products, canned 
goods, pure chemicals, machine parts or 
any other fine products capable of be
ing capsulated. Ten years ago the Re
search Council of the Province of Alber
ta undertook a program of theoretical 
and experimental studies to test this idea. 

The experiments have been made 
with capsules of various weights or 
densities and with water or oil as the 
conveying liquid. When the package is 
of the same density as the carrier liquid, 
it rides along easily in the stream with 
little more application of power than 
would be needed to drive the liquid it
self. Moreover, even for heavier pack
ages the pressures ordinarily used in oil 
pipelining suffice to keep the capsules 
moving with the stream. The faster the 
capsule travels, the more it is lifted off 
the bottom of the pipe and the less ex
tra power is needed to move it (beyond 
what would be needed for the liquid 
only). Indeed, friction with the pipe bot
tom can be eliminated altogether. A 
cylindrical capsule planes along in a 
slightly nose-up attitude like that of a 
speedboat moving over water; a spheri
cal capsule, if it is denser than the liq
uid, rolls along the bottom almost with
out friction, and less pressure is needed 
to move packages of this shape. 

Experiments showed that the most fa
vorable cylindrical or spherical capsules 
were those large enough to fill 90 to 95 
percent of the pipe diameter and that 
such capsules could readily be driven 
along a pipe as a continuous train at the 
economical speed of three or four miles 
per hour. Projecting the experimental re
sults, it can be calculated that even a 
small pipeline only six inches in diam
eter, carrying capsuled material with 
about the density of aluminum, could 
deliver more than a million tons a year. 
A successful field test in a large oil pipe
line-a section of the 20-inch line of the 
Interprovincial Pipe Line Company
was made about a year ago. The cylin
drical capsule, 16 inches in diameter 
and about 50 inches long, weighed 514 
pounds. With oil as the carrier fluid this 
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New antenna system concepts yielding high performance 
at low cost - new design concepts in signal processing, 
beam forming applications, terminal equipment, 
transmitters, receivers - all created to build the most 
reliable long distance communications systems ... this is 
Sanders challenge to you in world-wide communications. 

Operational around the world, Sanders long-range antenna 
systems provide more gain over a broader frequency range 
than comparable systems. The operating efficiency of the 
equipment is proven by the use of both mathematical and 
scale models before any hardware is produced to confirm 
estimates Sanders predicts in its preliminary study 
programs. 

One of our communications systems advancements and 
typical of the creative projects offered Sanders engineers 

An equal opportunity employer M and F 

is the Sanders "PARASOL" antenna which is designed 
to make maximum use of restricted land areas. This 
circular traveling wave array can receive signals in various 
directions simultaneously or for full 3600 coverage. 

If you enjoy working with new ideas in long range 
communications or seek a career in data handling and 
display technology, oceanography or any other demanding 
field of Sanders activities, we would like to hear from you. 

To learn more about Sanders capabilities in long range 
communications and other fields, see our corporate 
brochure. It presents a complete picture of Sanders new 
ideas. For your personal copy, call or write Sanders 
Associates, Inc., Corporate Information Personnel 
Services, Nashua, New Hampshire 03060. Phone: 
603-883-3321 . 

-T.M., Sanders Associates, Inc. 

SANDERS ASSOCIATES, INC. a 
Creating New Directions in Electronics 
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INSULATION SULFUR 3200 

SPECIALIZED PIPELINE carries molten sulfur ashore from the Gulf of Mexico. The pipe 

has insulated jacketing to keep the sulfur at a high temperature. Vacuum.jacketed pipes 

may be developed for transporting natural gas in the liquid (low.temperature) state. 

-0 
::D 
m 
(f) 
(f) 
C 
::D 
m 

1 

VELOCITY 

94 

) 

PERFORMANCE OF CAPSULES can be predicted by means of computer·plotted diagrams 

such as this one, which is for a long capsule with laminar flow of the surrounding liquid. 

The colored line represents a capsule with a diameter 87 percent of that of the pipeline. 
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heavy object was transported in the line 
for a distance of 109 miles over undulat
ing country, including a steep rise where 
the line ascends from a riverbed. With 
the conveying oil driven at an average 
velocity of 2.78 miles per hour, the cap· 
sule traveled at an average speed of 
1.95 miles per hour for the trip. It 
showed very little wear. 

The foregoing findings of course ap' 
ply not only to goods packaged in an 
enclosing capsule but also to any cylin
drical or spherical mass of material-a 
ball of aluminum, a bar of iron or what
ever. It has been suggested that sulfur, 
beneficiated ores, potash, steel, alumi
num, plastics and many other materials 
could be extruded, cast, sintered or oth
erwise formed into cylindrical slugs or 
balls for transportation in pipelines. 
Moreover, it has been demonstrated that 
cylindrical slugs made of a paste of coal 
and water are strong and resilient 
enough to be conveyed in an oil line. It 
also appears that heavy materials such 
as iron, nickel and copper concentrates 
could be transported more efficiently in 
ball form than in slurries. The driving 
of a slurry calls for a greater consump
tion of pwnping power, because the 
stream velocity must be raised to the 
level of turbulence to keep the particles 
suspended. To move capsules, which are 
supported by a thin layer of liquid be
low, all that is needed is enough power 
to keep the system moving. 

In the case of a slurry the cargo 
material has to be separated from the 
fluid at the end of the journey. Cap
sules, on the other hand, can be col
lected intact at the delivery point sim
ply by depositing them on rollers or a 
conveyor belt. Engineers engaged in 
the design of capsule-transporting sys
tems have also developed working mod
els of equipment for putting the cap
sules into the pipeline at the starting 
point and for shunting them past the 
booster pumps along the line. 

Pipelining, in short, has entered a 
most exciting period; it is steadily ad
vancing new ideas and opportunities for 
imaginative innovation. Most of the pres
ent pipelines are operating at full ca
pacity in the transportation of the ma
terials for which they were originally 
built-oil, petroleum products or natural 
gas-but it seems altogether likely that 
we shall soon see this method of trans
portation extended to other applications 
on a large scale. One strong possibility 
is that pipelines will be built as "com
mon carriers," transporting a great va
riety of products, liquid and solid, with 
both the liquid and the solids as pay
loads. 
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Rod Spence, leader of the division responsible 

for the conceptual design and development of 

nuclear reactors for propulsion, relaxes 

weekends and after work on the Los Alamos 

golf course, among the nation's most scenic. 

The physicists, chemists, metallurgists, 

engineers and mathematicians under the 

supervision of Dr. Spence are involved in 

just one of the Laboratory's many research 

efforts inspired by creative minds. If you 

have a desire to pioneer in basic and applied 

research, send your resume to: 

Director of Personnel 
Division 67-10 

jalaD1.os 
SCIENTIFIC LABORATORY 
Of THE UNIVERSITY Of CALIfORNIA 
lOS AlAMOS. NEW MEXICO 

An Equal Opportunity Employer. U.S. Citizenship Required. 
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this modular control center can be 
assembled, wired and installed 

in less than 3 days! 

Here's something 
truly new 

An erector set control center

with all components carried in 

stock by your local A-B Distribu

tor. You can have a control center 

in mind on Monday and have it 

installed and working for you not 

later than the end of the same 

week. It's so simple, your local 

contractor or your own electrical 

departmen t will � to do the 

job for you! 

This A-B modular construction is full of money-saving 
features for the user, contractor, and for the distributor. 
The Consulting Engineer should value the fact that he 
is able to assure his client that A-B quality has been built 
into every detail of the entire control center at the 
Allen-Bradley factory. 

The Allen-Bradley Modular Control Center is your 
up-to-date answer where five or six motors are to be 
controlled using a single section. The same statement is 
true where the installation consists of several hundred 
motors using many sections. 

For instance, the user should value these true savings 
-at no sacrifice in quality. He saves from the fact that 
the control center is assembled on the job-where it will 
be installed. There are no trucking expenses to consider 
-transportation delays are out, too! No riggers or mill
wrights are required to install the control center because 
it is assembled and completely wired on the job. Every 
installation can be tailored to the needs of the moment
and the modular control center can be expanded easily 
when the needs of the future occur. 

The control center can be assembled with whatever 

l066-2L 

kind of control your job needs, such as combination 
starters, reversing switches, multi-speed starters, plus spe
cial panels-which we can furnish or you can assemble 
-:- to include relays, timers, contactors, terminal blocks, 
etc. A standard modular frame is designed to accept 
NEMA Type 1 starters and also NEMA Type 12 starters 
up to and including Size 5. 

Although the cost of the Allen-Bradley Modular Con
trol Center is surprisingly low, this is not a cheap-appear
ing job-or the kind you should expect when a tin 
knocker quotes 20% or more below the market. All 
components are produced in the Allen-Bradley factory 
-this modular control center is A-B quality through 
and through! 

Many Allen-Bradley appointed distributors have visited 
the factory to learn all about the new AB Modular 
Control Center. They are ready to help you save the 
time and money which this control center makes possible. 
Better let your nearest Allen-Bradley distributor tell you 
more, or write for Publication P l .  Allen-Bradley Co., 
1204 S. Third Street, Milwaukee, Wis. 53204. Export 
Office: 630 Third Ave., New York, N. Y, U.S.A. 10017. 

ALLEN-BRADLEY CO. 
Member of NEMA 

QUALITY MOTOR CONTROL 

77 

© 1966 SCIENTIFIC AMERICAN, INC



BROWN RAT, Rattus norvegicus, is the larger of the two species 

of rats that are most closely associated with man. A well-fed male 

may weigh one pound and attain a body length of nine inches; its 

BLACK RAT, Rattus rattus, is the smaller species. It rarely weighs 

more than 11 ounces or exceeds seven inches in body length. Its 

ears are large and its tail is long and slender. Its color varies even 
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ears are small and its thick tail is shorter than its body_ The 

species varies in color: some individuals are black and the lab· 

oratory white rat is an albino variety. Brown rats are burrowers. 

more than the brown rat's; city.dwelling individuals are usu

ally black but those that live in the open often have tawny coats. 

Unlike brown rats, black rats seek heights and even nest in trees. 
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RATS 

These ubiquitous companIons of man are detested as dangerous 

pests, but they are ,vorth studying for their own sake. Their social 

behavior is subtly adapted to maintain the integrity of the group 

�� 

T
he Common or Brown Rat is 
probably the most injurious and 
universal pest of the human 

race . . . .  It does not appear to have a 
single redeeming feature." This forceful 
judgment, delivered by the English zool
ogists G. E. H. Barrett-Hamilton and 
M. A. C. Hinton half a century ago, re
flects a widespread and partly justified 
horror of wild rats. Nevertheless, these 
animals are worth study for their own 
sake and not only as pests. 

The species to which Barrett-Hamil
ton and Hinton referred is Rattus n01"
vegicus, often called for no good reason 
the Norway rat. As a result of its emigra
tions during the past few centuries this 
animal is now present in most of the 
cold, temperate and subtropical regions 
of the world occupied by man; its range 
includes almost all of North America 
and much of Central and South America. 
In the Tropics, however, it is evidently 
at a disadvantage compared with other 
rats, notably Rattus rattus, commonly 
known as the black rat. 

R. norvegicus is heavily built and of
ten looks clumsy; it has small ears and a 
thick tail shorter than its head and body 
combined. A well-fed male may weigh 
a pound and attain a body length of nine 
inches. R. mttus is more delicately built 
and rarely reaches two-thirds of a pound. 
It has large ears and a long, slender 
tail [see bottom illustration on opposite 
page J. The two species cannot reliably 
be distinguished by color. N orvegicus, 
the "brown" rat, is sometimes black. Rat
tus, the "black" rat, has several color 
varieties. In warm countries, where it 
lives in the open, it is most often tawny; 
the black variety is common only where 
most of the rats live in buildings. Al
though mttus is more attractive in ap
pearance than norvegictts, it is regarded 
with equal hostility by man, since it is 

by S. A. Barnett 

commonly thought of as the principal 
carrier of plague. 

Both species depend almost entirely 
on human communities for food and 
shelter, but they differ markedly in de
tail. Rattus thrives in a warm environ
ment; it remains lively at temperatures 
that prostrate n01"vegicus, and in cold 
climates it lives only in buildings. Nor
vegicus is a burrowing animal and lives 
readily in hedgerows, earth banks, hay
stacks and the ground near sewers and 
streams. (It is a good swimmer.) Rattus 
is a climber. It has not been observed to 
burrow or swim; it can nest in trees. In 
ports such as London both species some
times live in the same building-nor
vegicus in the basement and mttus in the 
attic. Rattus is often called the roof rat. 

In temperate regions, including most 
of Europe, mttus is now found almost 
wholly in ports; in hot countries such as 
India the same is true of nOl"vegictls. But 
mttus was widespread in Europe before 
norvegictls arrived there. 

There are many tales, usually myth
ical, of large-scale movements by nOI"
vegictls. According to one that is often 
told, a massive invasion of Europe began 
in 1727; a German naturalist, Peter Si
mon Pallas, is said to have seen an army 
of these animals swimming the Volga 
at Astrakhan. But Pallas was not born 
until 1741, and the rats he described 
were crossing the Volga not toward Eu
rope but in the opposite direction. At 
any rate, although rats sometimes emi
grate in substantial numbers over short 
distances, the spread of norvegicus over 
Europe and other parts of the world 
must have been a fairly slow process. 

It is commonly assumed that, when 
the two species meet, the larger nOI"
vegicus tears mtttts to pieces, but this is 
unlikely. The only relevant experiment 
I know of was carried out in the winter 

of 1949-1950. My colleagues and I set 
up colonies of the two species in adjOin
ing compartments of a converted stable 
near London. For the purposes of the 
experiment a door between the compart
ments was removed and a single source 
of food was put at the opening. Almost 
at once the largest nOl"vegicus entered 
the other room and drove the mttus 
that lived in it from their nests. Thir
teen of the mttus soon died, but six 
exceptionally belligerent individuals re
mained [see illustmtion on next page J. 
The deaths were not due to wounding, 
nor was there any evidence of starvation. 
As we shall see, the direct cause of death 
in such circumstances remains quite 
mysterious. 

The rest of this account is devoted 
mainly to norvegictls, the "common" 

rat. What has made this species so suc
cessful in human environments? Among 
its assets are, first, its ability to live 
hugger-mugger in crowded underground 
colonies and, second, its readiness to eat 
anything man does. 

Since rats are usually active only at 
night and live under cover, intimate 
knowledge of their social life depends 
on observing them in artificial colonies. 
From a single pair in a spacious cage or 
enclosure a large and thriving family 
can develop. How quickly a given popu
lation is attained can be calculated from 
the following approximations. A female 
rears six young per litter; the young are 
sexually mature after four months (later 
than laboratory rats); the gestation pe
riod is three weeks; a female can easily 
rear four litters in a year, even allowing 
for a period of infertility that may occur 
in winter. 

Alternatively, a colony can be started 
with a group of young rats. They must 
be juveniles, because if adult males and 

79 

© 1966 SCIENTIFIC AMERICAN, INC



.'-;. 

COMPETITION BETWEEN RAT SPECIES was induced experi. 

mentally by the author and his colleagues in 1949. They put 

colonies of brown and black rats in adjoining rooms and opened 

a connecting door when the brown colony totaled 29 and the black 

colony 19. A single feeding tray was placed by the open door. The 
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BLACK 
NESTS 
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largest of the brown rats almost immediately explored the black 

rats' nests (top). The black rats retreated to a high ledge (top left) 

or to the ceiling netting, which they left only to eat or drink. In 

a few days 13 of the black rats were dead, although none had been 

wounded. Only the six most "aggressive" of the black rats survived. 
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females are put together the males come 
in to conflict. 

What happens if a strange rat is intro
duced into a peaceful family group? If 
the newcomer is a juvenile, it is ignored; 
if it is an adult female, it is ignored 
unless it is in estrus, when the males will 
attempt coitus (and probably succeed). 
If, however, it is an adult male, it is 
vigorously attacked. The attacks are not 
concerted; there is no "pack" behavior. 
Individual males act independently. 

This intolerance of strangers is com
mon among vertebrates. A region is de
fended, by a pair or by a larger group, 
against others of the same species. 
Among rats the defended region, or "ter
ritory," is held by a group in spite 
of the lack of cooperation among its 
members. 

A prime effect of territorial behavior 
is to disperse the members of a pop

ulation. Unfortunately we know little 
about the density of rat populations, 
although many guesses have been pub
lished. The most reliable census method 
is one devised by Dennis Chitty and 
Monica Shorten of the University of 
Oxford. Piles of wheat grain are put 
down at many points near the burrows 
of rats and on their runways, and the 
amount eaten is recorded. When daily 
consumption levels off, this quantity in 
grams is divided by 24 to give the mini
mum number of rats present. (The mean 
daily consumption of grain by the com
mon rat is about 24 grams.) 

Censuses by this method were taken 
in two English farming villages in 1948 
and 1949. One village had 364 people, 
55 cats, 25 dogs and at least 330 rats; 
the other had 266 people, 43 cats, 14 
dogs and at least 180 rats. The rat popu
lations-about as many rats as people
were probably unusually high. Good 
hygiene and efficient control by poison 
baiting could have kept numbers down. 

Each village had about 15 distinct 
rat colonies, which were associated 
with sources of food such as farm build
ings. The creation of a source of food, 
such as a new chicken run, quickly at
tracted rats where there had been none 
before. Rats are highly exploratory; 
hence they soon find new food supplies 
or other favorable features in their living 
area. The same kind of effect may be 
seen if a rat population is largely wiped 
out. The destruction by poisoning of 
most of the rats in a system of sewers, 
for instance, has often been followed by 
a rapid inflow of other rats, presumably 
from colonies in the surrounding earth 
or in the buildings above. 

What controls the growth of a rat 
colony? When a few rats begin to breed 
in an area with plenty of food and cover, 
their rate of increase is slow at first, but 
it becomes rapid when there are plenty 
of fecund females; later it slows again. 
As density increases, several hostile 
forces can be expected to act progres
sively against still further increase. Pre
dation by dogs, hawks and man may be
come more intense; nest sites for rearing 
young will be less easily found; infec
tious disease may increase. Any of these 
(or a shortage of food) could put a ceil
ing on further growth. 

It is pOSSible, however, that none will 
do so, and that social interactions will 
limit density before food and shelter 
fail, and before predators or parasites 
do more than kill the old and the weak. 
D. E. Davis, then at Johns Hopkins 
University, reduced a rat population by 
half by a strenuous trapping operation. 
The pregnancy rate of the survivors 
doubled in two months. Crowding evi
dently interferes with breeding, but we 
do not know just how. Females with 
litters may be pestered by males, al
though ordinarily a parturient female 
can drive away intruders from her nest 
merely by making sounds and perhaps 
a snapping movement of her head. 

It is possible that the regulating proc
ess is far more complex, and involves 
several factors acting together. Hunger, 
for instance, increases aggressiveness in 
rats (as it does in man). Perhaps social 
interactions in a colony change when 
food becomes more difficult to get. If so, 
an increasing tendency among the col
ony members to attack other rats could 
reduce the fertility of the females and 
enhance centrifugal movement. The po
sition of food and nests may also inter
act with territorial attacks. John B. Cal
houn of the National Institute of Mental 
Health set up a large artificial colony 
of wild rats in Baltimore with a single, 
central source of food. Rats living at the 
periphery were at a considerable dis
advantage, since they were subjected to 
attack by rats living in an inner circle 
nearer the food. 

A t the University of Glasgow we have 
ft made detailed studies of social be
havior in colonies of wild rats. Rather 
surprisingly, if adult males were put 
together in a strange cage, they settled 
down without strife, grew well and sur
vived (if left to do so) to old age. But if 
females were included, the result was 
a high death rate among the males; 
sometimes after a few weeks only one 
male remained, usually the largest. Yet 

the males did not fight for the females. 
Conflict flares when males are aroused 
by a female not yet in estrus and are 
frustrated in their attempts at coitus. 
Evidently sexual excitement without 
consummation lowers the threshold for 
territorial fighting among males. Recent 
experiments (as yet unpublished) have 
confirmed this. Resident males attack 
newcomers more vigorously if females 
are present than if they are absent. 

Since male rats are combative ani
mals, there must be something that 
makes them peaceable within the col
ony. Some species achieve this by a 
status system: each member of a herd 
or colony has a social status, or position 
in a peck order, that determines its be
havior-dominant or submissive-toward 
other members. It is easy to assume that 
there is a regular "dominance hierarchy" 
among rats, but there is no good evi
dence for anything so elaborate. In arti
ficial colonies all females are equal, but 
males of three types are observed. 

The "alphas" move about without re
gard to other rats. Their movements are 
brisk; their skin is sleek; they grow well. 
There may be several alphas, in this 
sense, in one colony. "Betas" too look 
healthy and grow well, but they retreat 
at the approach of an alpha. The status 
of beta is reached (as in formal peck 
orders) through the experience of 
clashes; the beta has adapted itself to 
a "subordinate" role. Again, there may 
be several betas in a colony. Betas also 
behave subserviently toward strange 
males (which would ordinarily be at
tacked). They even greet strange males 
of a different species, R. rattus, in this 
way. Evidently the adoption of the beta 
status entails almost total inhibition of 
aggressive behavior. 

The third kind of male is the "omega." 
It does not belong in a stable rat colony; 
this status soon ends in death. Most new
comers to an established colony rapidly 
fall into the omega position. Their fur 
is staring or bedraggled; they move 
about listlessly; they lose weight; they 
withdraw at the approach of another 
male. Perhaps in a large natural colony 
these distinctions would not be so clear. 
Omegas would hardly be found, but 
there might be "gammas," less flourish
ing than the sleek betas of laboratory 
experiments but not in a state of rapid 
decline. 

None of this accounts for the dif
ference between the pacific attitude 
toward fellow colony members and the 
attacks on strangers. Probably the dis
tinction is made principally or wholly 
by odor. When strangers are present in 
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SUBMISSIVE POSTURE is assumed by a male brown rat (left) when confronted by an

other male_ He lies on his side with eyes half-closed. This is one of several social sig

nals that appear to prevent attack. Female rats sometimes adopt this submissive posture. 

UNDERCRA WL is another action that a subordinate male (a "beta") may perform on meet

ing another male. Both black rats and brown rats have been observed acting in this way. 

GROOMING is another social gesture that involves bodily contact both between male rats 

and between males and females. "Amicable" actions of this sort probably prevent attacks. 

ONE-SIDED FIGHT takes place when a resident male (right) confronts a stranger. The 

stranger, shown in a defensive posture, may squeal or run away but does not fight. The resi

dent may never draw blood, but a stranger that is persistently attacked dies in a few hours. 
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a colony, there is a marked increase in 
"recognition sniffing" among the resi
dents. Evidently the members possess a 
specific scent that inhibits attack. More
over, rats leave odor trails as they move 
about. The passage of rats over a white 
surface such as a whitewashed wall 
leaves a dark smear containing odor
ous secretions; these apparently attract 
other rats. 

Other social signals that seem to in
hibit aggression involve posture or bod
ily contact. A beta male, deficient in 
aggression, may greet another male with 
a "submissive" posture: he lies on his 
side with eyes half-closed. Or he may 
crawl under the newcomer, a quite spe
cific act performed by mttus as well as 
by norvegicus. A third harmless and 
seemingly "amicable" act is grooming 
another rat. All of these acts can be seen 
among males of a stable colony, and the 
"submissive" posture is sometimes adopt
ed by females also. 

It is all too easy to guess at the func
tion of these performances, but to inter
pret them with certainty is difficult. For 
instance, some people regard the groom
ing of one male by another as not amic;l
ble but as a muted form of aggression. 
This illustrates the hazardous subjectiv
ity that is likely to influence our accounts 
of such behavior. What do we mean by 
"amicable behavior"? Crawling under 
another rat is a harmless action per
formed in situations in which conflict 
might occur; the word "amicable" is 
used in this article to name such be
havior. These actions probably help to 
prevent attack by their effect on the 
animal to which they are directed (al
though this is not included in the defi
nition). The extent to which they do' 
have this effect is a matter for further 
experiment. Certainly some fierce males 
on their own ground are perSistently 
belligerent toward strangers, whatever 
the latter do. 

�though strangers are attacked, rats 
do not fight in the human sense: 

the attacked rat never retaliates. A 
typical assault begins when a large, fero
cious male in his own territory ap
proaches a strange male. His teeth 
chatter and his hair is raised; as he ap
proaches he defecates and urinates. He 
now sniffs the intruder, turns his flank 
and adopts a highly characteristic 
"threat posture": the legs are extended, 
the back is arched and the rat moves 
around his opponent with mincing steps. 
Sometimes this formality is omitted; the 
resident leaps straight at the intruder 
with rapid movements of his forelimbs 

© 1966 SCIENTIFIC AMERICAN, INC



(which can be seen clearly only in slow
motion pictures). At the same time he 
may briefly nip a limb, an ear or the 
tail of the defender. After a few seconds 
of wild leaping the bout ends, but others 
follow rapidly. 

At the end of a series of bouts the 
attacker withdraws for a time, but he is 
by no means exhausted. He can readily 
turn to another activity, such as coitus. 
His victim, on the other hand, is often 
left stretched out limply, breathing rap
idly and irregularly. 

Persistent persecution usually ends 
with the death of the victim in a few 
days. In an extreme case death has oc
CUlTed in 90 minutes. The cause of these 
deaths is enigmatic. They often occur 
in the entire absence of wounding. (The 
bites are usually ineffectual, since a rat's 
hair and skin are thick.) No internal 
bleeding or other such pathological signs 
are found. The animals, initially healthy 
and vigorous, drop dead. To talk of 
"shock" is futile. "Vagal syncope" (a 
phrase hardly more precise than "heart 
failure") is little better. (The vagus is 
a nerve whose action slows the heart
beat.) It does, however, indicate where 
we should seek the source of disorder, 
namely in the brain. 

Unfortunately we cannot yet describe 
what goes on in the nervous system of 
a rat under attack, but we know some
thing of other changes. There are, for 
example, marked effects on the adrenals. 
During a brief, severe attack these 
glands greatly increase their output of 
hormones, and when a rat is persistently 
persecuted for days or weeks the adre
nals enlarge. Increased activity and en
largement of the adrenals occur in a 
variety of adverse conditions, such as 
wounding, infection and exposure to 
cold. Adrenal hormones help an animal 
to resist stressful conditions. Their secre
tion is itself regulated by the nervous 
system. Hence in the adrenal changes 
of attacked rats we have a physiologi
cal effect of "social stress" that parallels 
what happens when the body is near the 
limits of endurance from other causes. 

The existence of "betas" presents a 
further problem. They show that some 
males can withstand the stress of being 
attacked and can adapt themselves to 
it, but we do not know what enables a 
rat to become a beta. We do know that 
experience as an alpha does not armor 
a male against the ill effects of being 
attacked. A large, fierce, healthy male, 
accustomed to victory over newcomers 
in his own territory, succumbs when sub
jected to attack as an intruder in anoth
er's terri tory. 

FEED A FEED B 
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AVOIDANCE OF THE NEW is the normal behavior of wild rats in a familiar environment. 

Here a cbange from whole wheat to white flour as one item in the diet was sufficient to halt 

feeding. Such withdrawal from anything novel has a high survival value for the wild rat. 

Nevertheless, it is doubtful that attack 
by a resident much smaller than the 
intruder would be severely traumatic. 
We have begun in Glasgow to study the 
effects of size systematically. The larger 
the intruder in relation to the attacker, 
the more time the attacker spends in 
the threat posture instead of in leaping 
and biting. This suggests that one func
tion of the posture is to act as a harmless 
substitute for true attack. There is no 
clear evidence that it induces with
drawal in a newcomer. Perhaps its 
principal function is to limit conflict 
within colonies. Alphas in a stable group 
do posture at one another and then move 
away without further excitement, as if 
the impulse to fight had spent itself in 
harmless prancing. 

'rhe sexual, parental and filial behav-
ior of rats, as well as their patterns of 

attack and submission, are regulated by 
signals typical of the species. When an 
adult male rat encounters a mature fe
male, he approaches and sniffs, pm·ticu
larly at her genitalia. If she is not in 
estrus and he attempts coitus, she kicks 
him off with a thrust of a hind leg. If 

the female is receptive, she may herself 
approach the male and gently touch his 
flank with her nose. In all of this odors 
are evidently crucial signs of the physio
logical state of the performers. 

Signals similarly guide a female with 
young. (The males have no parental role 
after insemination.) A pregnant female 
makes a nest of any material at hand. 
When the young are born, they are 
licked and assembled in a group in the 
nest. If the young are not licked, they 
do not develop the reflexes of elimina
tion and soon die. 

vVhen the young fall or wander from 
the nest, they are retrieved. The young 
themselves make high-pitched squeaks 
when they need food or when they are 
cold. Charles Evans has recorded the 
noises of infant wild rats in our labora
tory. They consist of a tone of about 3.1 
kilocycles per second with a harmonic 
at 6.2 kilocycles; each squeak lasts 
about half a second and the squeaks 
are emitted at a high rate. They are 
readily localized by the female and no 
doubt guide her to strayed nestlings. 
A female employs several other senses 
in retrieving her young. Their appear-
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ance plays a part, including their size: 
larger nestlings are less reliably carried 
back to the nest than smaller ones. Their 
odor too is important. Experiment on 
laboratory rats has shown that no one of 
these features is indispensable. 

The social behavior of even such sim-
ple mammals as rats clearly raises 

many questions. That it should do so 
sometimes surprises those who know 
only the laboratory varieties of rat. These 
useful creatures, a product of several 
decades of unnatural selection, have 
been much changed by domesticity. 
They are all members of the species 
R. norvegicus, as can easily be proved 
by crossing them with the wild form. 
Their tameness and high fertility as labo
ratory animals or as pets obviously set 
them apart from their wild cousins. They 
are also adapted to life in cages by hav
ing lost all the more violent forms of terri
torial behavior. "Attacks" on other rats 
mostly take the form of play, if they oc
cur at all. The threat posture (and also 
amicable signals such as crawling under 
another rat) is usually absent. Accord
ingly a strange male can often be put in 
an occupied cage without harm. 

Nevertheless, there remains much to 
be learned about wildness and tameness. 
vVild rats can be tamed if they are han
dled regularly from infancy. Conversely, 
laboratory rats left alone for long peri
ods become fierce; this also happens if 
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they are allowed to run free. In Glasgow 
we have bred wild rats for 10 genera
tions in the laboratory, and the later gen
erations are less likely than their fore
bears to attack other rats. We do not 
know whether this is owing to selection 
of inherited differences or to the environ
ment. 

Laboratory rats have not only lost the 
capacity to give (and presumably to re
spond to) many social signals. They are 
also less resistant to cold than wild rats. 
Among other differences, they appar
ently lack the capacity to grow a thicker 
coat of hair in cold weather. Their adre
nal glands are lighter than those of wild 
rats. Since the adrenals are particularly 
concerned with the immediate bodily 
response to stressful conditions, this 
appears to represent an inherited change 
allowed by the luxurious conditions of 
the laboratory. 

In spite of the many differences be
tween tame rats and wild ones, experi
ments on laboratory rats have given us 
much information about rats as animals 
that can survive in a natural environ
ment. Concerning feeding behavior it is 
possible to combine information from 
the wild and the domestic forms. Wild or 
tame, they sample anything edible or po
table they can reach. This insatiable "cu
riosity" and sampling would lead wild 
rats in man-made environments into dan
ger but for an opposite kind of behavior. 
In a familiar environment any new food, 
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INTENSITY OF EXPLORATION by laboratory rats increases in response to greater 

environmental complexity. Rats put in a T·maze were more active (colored line) than rats 

put in an L·maze (solid line) and much more active than rats in an I·maze (broken line). 
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or any other new object, is initially 
avoided. If piles of poison bait or a num
ber of bait boxes or traps are put in an 
area, the rats may completely disappear 
from their usual runways for a night or 
two. This is the main foundation of their 
reputation for cleverness. In human be
ings an automatic neophobia, or fear of 
anything new, is considered neurotic or 
stupid. For rats it has a high survival 
value. Probably it is strongly developed 
in them as a result of thousands of years 
of natural selection in human commu
nities. 

A further protection against man is 
provided by a simple learning process. 
A strange food, avoided at first, is later 
sampled in small amounts. If it is toxic, 
there is time for the ill effects of a small 
dose to develop. Feeding then ceases; 
when it is resumed, the rat refuses the 
bait (and anything that tastes like it) and 
may continue to do so for many months. 

This "poison shyness" has an obverse 
characteristic in the ability to choose 
nutritionally favorable foods. "Dietary 
self-selection," first rigorously described 
some 30 years ago by L. J. Harris and 
his colleagues at the University of Cam
bridge, enables laboratory rats to select 
a mixture containing vitamin Bl in pref
erence to one without; rats can also ad
just their intake of sodium chloride and 
other salts according to need. Since rats 
are omnivorous, in the wild state this 
ability no doubt helps them to achieve 
a balanced diet. 

Avoiding dangerous foods and choos
ing nutritious ones depends on a kind of 
learning, or adapting behavior to experi
ence. Work on the learning abilities, or 
intelligence, of rats has, however, been 
mainly directed toward the discovery of 
the "laws of learning" and their physio
logical basis; it has not been much moti
vated by interest in rats themselves. 
Nonetheless, the vast amount of work 
in this area has revealed something about 
rats as animals. Barrett-Hamilton and 
Hinton say they are "diabolically intelli
gent animals," but this notion is not 
borne out by their actual behavior. Labo
ratory rats readily learn to find their way 
to food or some other incentive through 
a system of branching passages-a maze. 
This ability is particularly appropriate 
in a burrOWing animal, but it is prob
ably widespread in the animal kingdom. 
The rats also display a more subtle form 
of learning that occurs in the absence 
of need: laboratory rats that have had 
the opportunity to wander about a maze 
when they were not hungry, and with
out finding food (or some other reward), 
can later learn, with a suitable incen-
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tive, to run through the maze correctly 
more quickly than rats that have never 
been in it. Like men, rats can pick up 
topographical information during casual 
exploration. The underlying process is 
called latent or exploratory learning. 
The cues employed may involve any of 
the senses; they may be the texture of 
a surface, the echo of footfalls, odors 
and even the slope of a passage. 

Rats are adaptable in other ways. 
They use their forefeet when feeding 
and when building nests. They are ma
nipulating animals and hence can read
ily learn to press a lever or pull a string 
for a reward. They have therefore been 
much used in the study of learning 
processes in problem boxes. They can 
also be induced to jump from a platform 
toward a door that falls open with the 
impact. The late K. S. Lashley of the 
Yerkes Laboratories for Primate Biology 
used an arrangement that had two doors 
marked with different patterns; rats 
could be trained to discriminate between 
these visual stimuli. Rats distinguish 
simple, bold patterns readily. Unlike 
monkeys, they cannot be trained to re
spond, say, to triangles in general-only 
to triangles of a fairly narrowly defined 
size, shape and orientation [see illustra
tion at right J. 

Another intellectual limitation is re
vealed by the "oddity problem." A 
monkey, given three boxes, can easily 
learn always to open the one bearing a 
pattern different from that of the other 
two. Rats can do this, if at all, only with 
special preliminary training. A more 
general deficiency is social as well as 
intellectual. In spite of many legends, 
rats do not cooperate-to get food, for 
instance. They carry or drag food under 
cover, and a chunk of meat as heavy as 
a large rat may be dragged away by two 
or three rats at once, but the rats are 
as likely as not to be pulling in different 
directions. 

The function of eating (as of sleep
ing) under cover is obvious. So, at first 
Sight, is the hoarding of food in bur
rows. Yet much else may be carried away 
or piled in a corner by wild rats: coins, 
cakes of soap, small toys-anything that 
can be carried. This behavior, like mis
cellaneous gnawing, resembles play; it 
is performed in addition to activities 
such as feeding that are immediately 
essential for life. Indeed, one of the most 
conspicuous features of rat behavior is 
restlessness. The propensity for explora
tion is more easily studied in laboratory 
rats than in wild ones, since the tame 
rats are not neophobic. In the labora
tory, exploration can be reduced to a 
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RAT REACTION to visual patterns shows little ability to recognize general likenesses. 

A rat trained to respond to the upright white triangle (top) makes only random re

sponses when presented with any of the other three trian gles (bottom). A similarly trained 

chimpanzee recognizes both solid triangles, and a two-year-old child recognizes all three. 

m1l11mUm by putting a rat in (or on) a 
maze with a single "choice point": a 
T - or Y-shaped maze that allows a rat 
to turn either left or right. If the rat finds 
no reward in the first arm entered, it 
usually chooses the alternative arm on 
a second run; if there is again no re
ward, it continues to alternate there
after. 

What makes a rat behave in this way? 
Experiment has shown that novelty 

is the crucial feature: a rat usually 
chooses the less familiar kind of stimula
tion. Indeed, the opportunity to explore 
a complex area can be used instead of 
food or water as a reward to induce a rat 
to choose one passage rather than anoth
er. This well-developed neophilia has led 
some writers to use the term "curiosity 
drive" to refer to it; one might also say 
that rats often behave as if they wished 
to avoid boredom. 

For wild rats the obvious function of 
exploratory behavior and food sampling, 
with the accompanying learning, is to 
keep them regularly informed on the 
amenities of their environment-food, 
water, shelter and other rats. Their neo
phobia prevents their "curiosity" from 
being lethal in man-made conditions. 

Moreover, exploratory behavior (and 
probably play) also has an important 
role in the development of intelligence. 
D. O. Hebb of McGill University com
pared laboratory rats reared in the im
poverished environment of a small cage 
with others that had spent their youth 
in larger enclosures containing diverse 
objects. The latter learned mazes more 
readily. Similarly, the learning of visual 
discriminations is aided by the rats' ex
perience of a variety of visible patterns 
in early life. 

This "learning to learn" is an im
mensely important feature of mam
malian behavior. It is not confined to 
early life. A rat that has learned to solve 
one problem is usually quicker to solve 
a similar problem; for instance, the more 
experience it has in learning to find its 
way about, the more proficient it be
comes at doing so (up to a point). This 
may involve unlearning some habits and 
replacing them with new ones. Rats, 
even if they are not diabolically clever, 
are in this respect also highly adaptable. 
These abilities have no doubt made pos
sible the success of wild rats in the great 
variety of environments created by man, 
and have enabled rats to become the uni
versal pest most people think they are. 
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Electric Currents in Organic Crystals 

A new technique for lneasuring the energy levels of certain 

organic crystals may' provide the key to an understanding 

of the mechanisms of electron transfer in living plants 

T
he sun, as everyone knows, is the 
ultimate source of energy for all 
life on earth. The most familiar 

manifestation of the sun's influence on 
life processes is the hydrologic cycle: 
Radiation from the sun causes water to 
evaporate from the oceans, forming the 
clouds that yield the rain that nourishes 
the plant life that sustains the animal 
life. In terms of energy transfer, the 
movement of the water upward repre
sents a conversion of heat energy to 
mechanical potential energy, and the 
movement of the water downward over 
the land back to the sea represents a 
degradation of the mechanical potential 
energy. 

A subtler but no less important cycle 
that is also powered by the sun is that of 
photosynthesis, which can be understood 
as an analogue of the hydrologic cycle. 
In the process of photosynthesis energy 
from the sun is absorbed by the green, 
chlorophyll-rich tissue of plants, causing 
the "evaporation" of electrons to form 
"clouds" in the higher energy levels of 
the molecules. The electrons soon "fall" 
from the clouds like rain and eventually 
find their way back to their ground level. 
Nature has so adapted the plants, how
ever, that the electrons are forced to 
move downward in a devious path that 
traverses many different molecules, 
doing the chemical work of synthesizing 
carbohydrate and protein on which all 
other life on earth depends. 

Many investigators are engaged in 
studying the electronic pathways from 
higher energy levels to the ground level 
in organic molecules, notably in chloro
phyll. An important step toward under
standing the mechanisms of electron 
transfer in living plants is the study of 
energy levels in organic crystals, an un
dertaking that corresponds roughly to 
charting the contours of a watercourse. 
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by Martin Pope 

In our laboratory at New York Univer
sity my colleagues and I have developed 
a new technique for evaluating energy 
levels in certain of these crystals. One 
somewhat unusual aspect of our ap
proach is that it is almost entirely based 
on the Nobel-prize-winning work of two 
giants of modern physics: the photoelec
tric equation put forward by Albert Ein
stein in 1905 and the electron-charge 
experiment performed by Robert A. Mil
likan in 1913. 

The organic crystals with which we 
have been working belong to the fam

ily called conjugated aromatic hydro
carbons. The best-known solid member 
of the family is naphthalene (C1oHS)' 
commonly used in mothballs. Other 
members are benzene (CGHa), anthra
cene (CHHlO) and tetracene (C1HH1�)' 
From the structural diagrams of these 
compounds [see top illustration on page 
88] it is evident that the more complex 
ones can be regarded as derivatives of 
benzene. Some of the earliest-known 
benzene derivatives were fragrant sub
stances extracted from balsams, resins 
and essential oils. Because of their smell, 
these substances were differentiated 
from other organic compounds by the 
designation "aromatic." The term "con
jugated" refers to the regular alternation 
of single and double chemical bonds in 
the molecules. 

Each bond in the structural diagrams 
represents a pair of electrons. The dou
ble bond thus represents two pairs of 
electrons, one pair being contributed by 
each carbon atom. Normally the distance 
between two atoms connected by a 
double bond is appreciably shorter than 
the distance between two identical 
atoms connected by a single bond. In 
the aromatic compounds, however, the 
separation of all the carbon atoms is 

practically the same. This fact and other 
considerations have led workers in the 
field to visualize a somewhat more com
plex distribution of electrons in aromatic 
molecules than their structural diagrams 
would indicate. In addition to the strict
ly localized bonding electrons, each 
molecule contains delocalized, or "pi," 
electrons that spend most of their time 
in cloudlike regions above and below the 
central plane of the molecule [see bottom 
illustration on page 88]. The pi electrons 
appear to circulate rapidly around the 
benzene rings that form the aromatic 
molecules; as a consequence any distur
bance of the electron density at one cor
ner of a molecule is quickly "felt" at the 
farthest corner from the point of excita
tion. The conduction of an electric cur
rent from one molecule to another in
volves only the pi electrons; the localized 
electrons play a negligible role in the 
phenomena we are studying. 

Like electrons in atoms, the pi elec
trons in the aromatic molecules can 
occupy various energy levels. There is 
first of all a ground state representing 
the least energetic or most stable con
figuration of electrons in the molecule. 
As energy is added to the molecule the 
electrons can be excited to higher energy 
levels; for example, the electrons can 
become more distant from the central 
plane of the molecule. The excited elec
tron then falls back to the ground state, 
emitting its excess potential energy in 
the form of heat or light. By increasing 
the exciting energy it is possible to lift 
an electron to a higher energy level and 
eventually to remove it from the mole
cule entirely. This last process is called 
ionization, and it is basic to the process 
of electrical conduction in both semicon
ductors and insulators. 

So far I have been discussing only iso
lated molecules, whereas our real inter-
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est is in the properties of crystals. The 
most intensively studied aromatic crystal 
is that of antl1racene. Inside the anthra
cene crystal the molecules are packed 
in a repeating pattern of unit cells, each 
of which contains two complete mole
cules [see illustration on page 89]. The 
unit cell is monoclinic, that is, two of its 
axes (a and b) are at right angles to each 
other, but the third axis (c) is at an angle 
other than a right angle to the other two. 
The crystals we use in our experiments 
are oriented so that the ab plane is the 
largest area and the thickness of the crys
tal is measured in the direction perpen
dicular to the ab plane. 

Electrical conductivity in a solid re
quires the existence of moving carriers 
of charge. The specific conductivity of 
a substance is expressed in units of re
ciprocal ohm-centimeters (ohm-centi
meters to the power of -1) and depends 
on the concentration of charge carriers 
and their mobility. The mobility of a 
charge carrier is defined as the velOcity 
of the carrier when one volt of electro
motive force is applied across opposite 
faces of a cube of the substance one cen
timeter on an edge. 

The difference in conductivity be
tween substances can be enormous. For 
example, in copper the specific conduc
tivity is about lOG reciprocal ohm-centi
meters, whereas in the plastic polyeth
ylene the speCific conductivity is only 
10·Hi reciprocal ohm-centimeter. The 
aromatic compounds are classified as in
sulators, some being as good as polyeth
ylene in this respect. The remarkable 
thing about an insulator such as anthra
cene is that its conductivity can be in
creased by a factor of 10H simply by ex
posing it to intense ultraviolet radiation; 
this does not occur in polyethylene. 
Moreover, the conductivity can be in
creased as much as a million times in to
tal darkness by using special electrodes. 

'rhere are two basic problems in any 
study of electrical conduction that 

involves insulators: How much energy is 
required t� ionize the molecules in the 
solid, thereby producing the charge car
riers, and how do the carriers move 
through the solid from one electrode to 
the other? In considering the first prob
lem it is useful to imagine a highly sche
matic model of a crystal lattice of an
thracene in the presence of an external 
electric field [see top part of illustration 
on page 90]. When a large jolt of energy 
is given to one molecule, it ejects an 
electron; the electron can land on an
other molecule distant enough from the 
first so that the effective restoring force 
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EXPERIMENTAL SETUP used by the author and his colleagues at New York University 

to determine the energy levels of organic crystals is based on a technique devised more 

than 50 years ago by Robert A. Millikan to measure the charge of the electron. A negatively 

charged crystal is dropped through a hole in the center of the top plate and is suspended in 

space by adjusting the voltage between the two plates. After the crystal is balanced an elec

tron-exciting light is focused on the crystal and the energy, or frequency, of the li ght is 

gradually increased. At a certain energy the crystal begins to fall, indicating that it has lost 

some negative charge. This loss is caused by the emission of electrons, and the energy level 

at which the emission occurs is termed the photoelectric threshold of the substance. 

PHOTOGRAPH made through the telescope of the apparatus depicted above shows a 

crystal of anthracene suspended between the two charged plates. The crystals are typically 

about five ten-thousandths of a centimeter in diameter, or about the size of red blood 

corpuscles. The plates are a centimeter apart. A pile of fallen crystals is visible at bottom. 
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MOLECULAR DIAGRAMS of four conjugated aromatic hydrocarbons show clearly why 

the more complex members of this family can be regarded as derivatives of benzene. The 

term "conjugated" refers to the regular alternation of single and double chemical bonds in 

the molecules. Each single bond represents a pair of electrons; each double bond, two pairs. 

DISTRIBUTION OF ELECTRONS in a molecule of anthracene consists in part of de· 

localized "pi " electrons that spend most of their time in cloudlike regions above and 

below the central plane of the molecule. In the aromatic compounds only the pi elec· 

trons are involved in the conduction of an electric current from one molecule to another. 

acting on the electron is almost zero. The 
first molecule is now positively charged, 
since it was electrically neutral before 
losing the electron; the molecule is said 
to have an electron deficiency-more 
simply, a "hole." The second molecule 
is of course negatively charged, since it 
has gained an extra electron. 

In the presence of the electric field 
the excess electron will naturally move 
toward the positive electrode. Not so ob
vious is the fact that an electron on a 
third molecule adjoining the first can 
"hop" into the original site, transferring 
the hole to a site on the third molecule. 
Because of the electric field the holes 
move predominantly in the direction of 
the negative electrode. The hole motion 
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gives rise to the same electrical effects 
that would be produced by a positively 
charged particle. Thus in the aromatic 
compounds, as in semiconductors, one 
can observe conductivity as the result 
of the motion of either electrons or holes, 
or of some combination of the two. This 
contrasts with the situation in metals, 
where conductivity involves only the 
motion of electrons. 

The generation of charge carriers 
in anthracene can also be represented 
graphically in terms of the energy in
volved [see bottom part of illustration 
on page 90]. This mode of carrier gen
eration is called intrinsic because it is 
a property of the pure crystal lattice. 
The energy provided to free the elec-

tron from the molecule in the crystal is 
plotted vertically, and distance into the 
crystal is plotted horizontally. When an 
electron has been given enough energy, 
it is no longer bound to its parent mole
cule and begins to move toward the pos
itive electrode. The hole that is left be
hind is also free to move toward the 
negative electrode. The range of free
electron energies is called the conduction 
band; it is helpful to think of the conduc
tion band not as a physical entity such as 
a channel in the crystal but rather as a 
pathway in energy space. As long as the 
electron has an energy within the con
duction band, it can move from one 
molecule to another through the crystal 
lattice. 

Strange as it may seem, the evalua
tion of the intrinsic conduction threshold 
(the bottom edge of the conduction 
band) for anthracene has resisted the 
efforts of experimenters for more than 
10 years. The main difficulty is the large 
energy required for intrinsic conduction 
to occur. In germanium (a semiconduc
tor) the intrinsic conduction threshold is 
about .8 electron volt (eV), whereas in 
anthracene (an insulator) it is more than 
3 eV. This means that whereas at room 
temperature in metals there is about one 
free electron per atom and in semicon
ductors about one free electron in 1012 
atoms, in a good insulator there is only 
about one free electron in 1025 mole
cules. 

The conduction band for an aromatic 
compound is narrow compared with 
that of a semiconductor. The narrow 
band indicates that it is comparatively 
difficult for a free electron to move 
through an anthracene crystal; in other 
words, such an electron has a lower mo
bility than a free electron in, say, ger
manium. This lower mobility is a conse
quence of the fact that the clouds of 
pi electrons in anthracene are almost en
tirely restricted to individual molecules, 
and only a small portion of the cloud 
extends across the space between one 
molecule and its neighbor to link the 
individual clouds. In general the ease 
with which a free electron travels from 
one molecule to another in a substance 
depends on the extent to which the pi
electron clouds are linked. 

Intrinsic ionization is seldom encoun-
tered in insulators at room tempera

ture in the absence of light. More often 
the production of carriers inside the in
sulator is caused by the electrodes them
selves. It is well known that a glowing 
metal filament can emit electrons. Such 
a filament provides the free electrons 
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in the vacuum tubes that were the 
mainstay of the electronics industry up 
to the time of the introduction of the 
transistor. To obtain appreciable electric 
current the filament must be heated to a 
high temperature so that the electrons 
can literally boil away into the vacuum. 
The ability of the electrons to leave the 
metal does not disappear as the tempera
ture is lowered, but the rate decreases 
enormously. When one places a metal 
electrode in contact with an insulator 
at room temperature, it certainly is not 
easy for an electron to leave the metal 
and enter the insulator, but it is much 

less difficult for the electron to leave the 
metal under these circumstances than if 
there were no contact at all. 

The reason for this is that the electron 
does not have to jump all the way from 
the ground level of the electrode to the 
energy level of the vacuum but merely 
has to jump part of the way-into the 
conduction band of the insulator [see 
illustration on page 91]. The number 
of electrons that can perform this feat 
is small, but in an insulator the normal 
density of free electrons in the conduc
tion band is so low that even this ineffi
cient mechanism can dominate the 

charge-carrier generation process. Such 
electrode effects have been an important 
factor in preventing the use of conven
tional techniques for the evaluation of 
energy levels in insulators. Not only can 
electrons jump from the electrode into 
the insulator if their initial energy is 
close to the conduction band of the in
sulator, but also it is possible for an elec
tron to jump from the insulator into the 
electrode if the electrode's ground state 
is close to the insulator's ground state. 
The former process is called electron in
jection; the latter, hole injection. 

With special electrodes, such as an 

CRYSTAL STRUCTURE OF ANTHRACENE consists of a repeat

ing pattern of unit cells, one of which is shown here. Each unit cell 

is monoclinic, that is, two of the axes (a, b) are at right angles to 

each other, but the third axis (e) is at an angle other than a right 

angle to the other two. In the author's experiments thickness of a 

crystal is measured in the direction perpendicular to the ab plane. 
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SCHEMATIC MODEL of a crystal of anthracene placed between two metal electrodes 

(top) is helpful in considering how charge carriers are generated in an organic crystal. The 

black dots represent the two electrons in each unexcited molecule that have the highest 

energy. An electron has been ejected from molecule a and has landed on molecule b. An· 

other electron can now jump from molecule c to the original site, or "hole," in (I, transfer. 

ring the hole to c. The same process is repeated for an electron going from d to c. The 

motion of the hole toward the negative electrode produces the same electrical effects that 

would be produced hy a positively charged particle. The graph at hottom shows the process 

in terms of the energy involved. The original electron is shown going from the ground state 

to the conduction band, where it is free to move toward the positive electrode. One of the 

author's principal aims was to determine the intrinsic conduction threshold for anthracene. 

electrolytic solution containing a strong 
oxidizing agent, the ground state of the 
electrode is so low that it becomes easy 
for an electron in the ground state of 
the insulator to jump into the electrode, 
freeing a hole that can carry a current. 
In this way currents that are more than 
a million times stronger than the normal 
"dark" current can be produced in an
thracene. Workers at the National Re
search Council in Canada have prepared 
nonaqueous electrolytic electrodes in 
which the ground state of the electrode 
is very dose to the conduction band of 
the insulator, and they have been able 
to inject comparatively large electron 
currents into anthracene. By simulta
neously using a hole-injecting electrode 
at the opposite end of the insulator, they 
have brought about the recombination 
of the electrons and the holes inside the 
crystal, producing a faint blue light. 

Before going any further in the discus
sion of charge-generation mecha

nisms, I should like to introduce a con-
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ceptual entity known as the exciton. 
Imagine a ray of light striking an anthra
cene molecule inside the crystal. If the 
energy of the light is high enough (in 
the ultraviolet region of the electro
magnetic spectrum or higher), an elec
tron will be excited to one of the upper 
energy levels of the molecule, specifically 
to the first excited "singlet" state 3 .15 
eV above the ground level [see illustra
tion on page 92]. The vacancy in the 
ground level of the molecule left by the 
excited electron can be regarded as a 
hole. On the average the electron will 
remain in the excited state for a hun
dred-millionth of a second before recom
bining with the hole in the ground state. 
It has been found that during this inter
val the excitation (a hole-electron pair) 
can be transferred as a unit, somewhat 
like a hot potato, from one molecule to 
its neighbor (in some cases to more dis
tant molecules in the crystal); as many as 
10,000 transfers can take place before 
the excitation disappears. This excita
tion, or hole-electron pair on the same 

molecule, is called a singlet exciton, and 
it diffuses through the crystal like a par
tide, with the exception that it repre
sents a transfer of energy, not matter. 

In the course of its diffusion the ex
citon can strike the inner surface of the 
crystal. This is made even more likely 
by the fact that the exciting light is so 
highly absorbed that practically all the 
excitons are created very close to the il
luminated surface. When the exciton 
strikes the surface, several things can 
happen. If there is an electrode at the 
surface, the exciton can react with the 
electrode [see top illustration on page 
93]. This reaction consists of a dissocia
tion of the exciton, in which the electron 
leaves the crystal to enter the electrode 
and the hole in the molecule diffuses 
away from the surface under the influ
ence of the external electric field. 
Charge-carrier generation that is effected 
by light is called photoconductivity; in 
the case of anthracene and many other 
substances, both organic and inorganic, 
the exciton plays an important role in 
this process. 

The exciton can create charge carriers 
even if no electrode is in contact with the 
crystal. When an exciton strikes an im
purity such as oxygen at the surface of 
the crystal, the electron is taken up by 
the oxygen molecule and the hole is once 
more free to move [see bottom illustra
tion on page 93]. Another example of 
carrier generation does not involve the 
surface of the crystal; in this process two 
excitons chance on the same molecule at 
the same time and annihilate each other 
[see illustration on page 94]. The en
ergy given off is the sum of the energies 
of the two excitons, and it is so large 
that the molecule at the site of the col
lision is ionized, the electron going off 
in one direction and the hole in the other. 

The ability of the exciton to produce 
charge carriers was originally attributed 
to the existence of a conductivity level 
that was lower than the exciton energy 
level. In view of the variety of ways in 
which the exciton can produce charge 
carriers, either by utilizing the addi
tional potential energy of an electrode 
or an impurity or by the mutual annihi
lation of two excitons, this hypothesis 
could not be justified. 

Because both the dark-conductivity 
and the photoconductivity measure
ments in substances such as anthracene 
are so sensitive to the electrode and to 
impurities, and because of the peculiar
ities of carrier generation when excitons 
are involved, the values of the threshold 
for conductivity derived from these 
studies were held to be inconclusive. 
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From our point of view it was important 
to look for a method of measurement that 
avoided electrode contacts altogether. 

One important energy level to know 
is the one at which an electron will 

leave the crystal entirely, if it happens 
to be traveling in the direction of the 
surface (external ionization). This energy 
is certain to be larger than the one re
quired to produce an electron and a hole 
inside the solid (internal ionization) and 
therefore sets an upper limit to the con
duction threshold. To obtain this infor
mation, and at the same time to avoid 
the use of electrodes, we resurrected the 
technique used by Millikan more than 
50 years ago to determine the charge 
of the electron. Millikan began by pro
ducing a mist of oil droplets between 
two charged metal plates; he next cre
ated ions in the air between the plates 
by means of X rays. The oil droplets 
picked up the charged ions on a random 
basis, and Millikan then measured the 
charge on the droplets. He found that 
it was always a multiple of a fundamen
tal unit of charge, and he identified this 
unit as the charge of the electron. 

In our variation of Millikan's experi
ment we introduced negatively charged 
organic crystals between the charged 
plates in an atmosphere of argon [see top 
illustration on page 87). By adjusting the 
voltage between the plates we could 
suspend the particle in space by com
pensating for the downward force of 
gravity by the upward force of the elec
tric field. The crystals were about five 
ten-thousandths of a centimeter in diam
eter, or about the size of red blood cor
puscles. On the average each crystal had 
about 200 excess electrons at the start of 
the experiment. The crystals pick up an 
excess negative (or positive) charge in 
rubbing against each other as they are 
tapped through the hole in the top plate 
of the Millikan apparatus. 

We then directed the electron-exciting 
light at the particle, gradually increasing 
the energy of the light until we observed 
that the particle had begun to fall. This 
meant that the electric field was no long
er capable of supporting the particle, 
which in turn indicated a decrease in 
negative charge on the particle. In other 
words, the light had begun to knock 
electrons from the surface of the crys
tal, and the energy of the light that was 
just capable of doing this was the thresh
old of the crystal's ionization. (It should 
be borne in mind that the energy of light 
is determined only by its wavelength, or 
color, and not by its intensity, or bright
ness.) The sensitivity of this technique 

is such that we could easily measure the 
emission of as few as 10 electrons per 
minute, which is a current of 10·�o am
pere. No other known electronic instru
ment can accurately measure a current 
of this size. 

There is an aspect of the experiment 
that bears on the way in which we un
derstand unfamiliar physical phenom
ena. In the usual kind of experiment the 
stimulus is given and the response is 
noted. The response is often detected by 
an electronic device that translates it 
into an electrical signal, which must 
then be interpreted. In a sense one looks 
at the footprint left by the phenomenon 
and not at the phenomenon itself. A 
different situation prevails in our ioniza
tion experiment. The sight of the tiny 
starlike crystal suddenly dropping in re
sponse to a change in the color of the 
light brings directly to the mind cf the 
observer a vision of molecules being 
struck hammer blows by quanta of light 
and of electrons shooting out of the crys
tal into space. One has a strong feeling 
here that one genuinely understands the 
process. 

Our next experiment involved testing 
a hypothesis that had been put for

ward to explain one type of photocon-

ductivity in anthracene. This theory 
stated that the conduction threshold of 
anthracene is really quite high and that 
the normal singlet exciton does not have 
sufficient energy to ionize a molecule. It 
went on to state that if any ionization is 
observed, it must be produced by the 
collision of two normal excitons; in that 
case the energy of two excitons would 
be available on one molecule to produce 
ionization. Collisions between excitons 
are possible because of the ability of the 
exciton to move about like a particle 
during its lifetime. Some experimental 
support had been given the theory by 
traditional techniques of measuring pho
toconductivity. vYe reasoned that since 
the energy of two normal excitons in 
anthracene is larger than the ionization 
energy of the crystal, it should be pos
sible to observe the emission of electrons 
from the surface of a crystal that had 
been subjected to light with an energy 
just a little higher than the first excited 
singlet state. 

Since the lifetime of a normal Singlet 
exciton is about 10·S second, one cannot 
expect to find a high concentration of 
singlet excitons at any one place and 
tim�. In fact, in our experiments the con
centration of excitons is about the same 
as would be obtained by putting a tea-
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ELECTRODES (·an generate more charge carriers than the anthracene crystal does if the 

difference between the ground state of the free electrons in the electrode and either the 

conduction band of the crystal or the ground state of the crystal is less than the difference 

in energy between the conduction band of the crystal and the ground state of the crystal. 
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spoonful of sugar in a million gallons of 
water. 

Because the exciton moves rapidly, 
however, it can visit some 10,000 mole
cules before it disappears. We did find 
that electrons were ejected from the 
surface of the crystal when we used an 
intense beam of low-energy light. Fur
thermore, we found that the rate of emis
sion of electrons varied as the square of 
the light intensity, instead of the usual 
first power. This meant that two quanta 
of light were somehow cooperating in 
the ejection of the same electron. The 
observation of exciton-exciton annihila
tion to produce external electron emis
sion was one of the first of its kind ever 
made and distinctly the first in any or
ganic crystal. 

The next step was to determine how 
two absorbed quanta could eject one 
electron. This was done by using Ein
stein's photoelectric equation, which 
states that the energy of the incoming 
ligh t (E) equals the photoelectric-emis
sion threshold for the substance ((.) plus 
the kinetic energy of the emitted electron 
(K.E.). In symbols, E = Ie + K.E. In 
other words, if a light quantum with an 

ANODE+ 

energy higher than the photoelectric 
threshold is absorbed by a molecule in 
the solid, then an electron in the mole
cule can not only be moved to a region 
outside the crystal but also will be given 
additional kinetic energy, or energy of 
motion. 

The maximum kinetic energy the elec
tron possesses is the difference between 
the energy of the incoming light and the 
energy required to remove the electron 
to a point just outside the surface of the 
crystal. The kinetic energy of an elec
tron can be measured by arranging for 
the electron to move in a region that 
can be subjected to an electric field. 
Thus by forCing the electron to run into 
an opposing electric field, it can be made 
to stop and reverse its path. The voltage 
required to barely prevent the electron 
from leaving the surface of the crystal is 
called the stopping potential, and it 
measures the maximum kinetic energy 
of the electron. 

In our technique we do not use an ex
ternally applied electric field; we use 

the field generated by the particle itself 
as follows: Instead of choosing a nega-
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SINGLET EXCITON is a conceptual entity produced when a photon of light striking an an

thracene molecule is energetic enough to excite an electron to one of the upper energy lev

els of the molecule (in this case to the first excited "singlet" state). In the brief interval be

fore the electron recombines with the "hole" it left in the ground state, the hole-electron 

pair (the singlet exciton) can travel as a unit through the crystal from one molecule to 

another. As many as 10,000 such transfers can take place before the exciton disappears. 
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tively charged crystal for study, we 
choose a positively charged crystal. This 
is done by making the top plate of the 
Millikan apparatus negative; we can 
then suspend a positive particle for 
study. By shining energetic light on this 
particle, we can cause the ejection of 
electrons. In the experiment described 
earlier we caused the emission of elec
trons from a negatively charged crystal 
and the crystal was never allowed to ac
quire a net positive charge. There is an 
important difference in this experiment. 
With the emission of each electron the 
tiny crystal becomes more and more 
positively charged. This means that it is 
more difficult to remove each additional 
electron, and that eventually, if we con
tinue to use light of constant energy, the 
emission of electrons will cease. 

At this point the crystal has become 
positively charged to such an extent that 
any electron that leaves the interior of 
the crystal will be returned to the crys
tal as soon as it crosses the outer surface 
[see illustration at left on page 95]. The 
excess positive charge on the crystal 
generates a stopping potential at the 
surface that is equal to the maximum 
kinetic energy that an emitted electron 
could have. In other words, if light 
quanta are absorbed in a material, and 
the energy of the quanta is not known 
but the photoelectric threshold of the 
material is known, then by measuring 
the maximum positive charge the light 
can produce in the crystal we can get 
the maximum kinetic energy of the emit
ted electrons. The sum of this energy and 
the photoelectric threshold for anthra
cene equals the energy of the incoming 
light that is being utilized by the crystal 
for the electron-ejection process. 

Where the energy of the light quan
tum is sufficient to directly ionize the 
molecule in the crystal, the energy de
livered to the ejected electron is the same 
as the energy of the light quantum (as 
long as the energy of the quantum is not 
too much higher than the photoelectric 
threshold). Under these conditions Ein
stein's equation is obeyed. The reason 
for the equivalence of the energy of the 
light quantum and the energy delivered 
to the electron is that the ionization proc
ess takes place in a span that is short 
compared with that of any other energy
degrading process in the crystal. On the 
other hand, if for any reason an electron 
can be ejected from the crystal as a re
sult of the cooperative effort of more 
than one light quantum, one cannot as
sume that the energy utilized by the 
crystal is the sum of the energies of the 
quanta striking the crystal. One must 
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prove that the energy of the light quan
tum is not degraded in any way between 
the time of absorption and the time of 
utilization. 

It is, however, quite normal for the 
energy delivered to the crystal by the 
light quantum to be degraded, if this 
energy is less than the ionization energy 
of the molecule in the crystal. In the case 
of anthracene there is a mobile singlet 
exciton that has an energy of 3.15 eV. 
The crystal can absorb light of energy 
3.6 eV, for example, but the mobile ex
citon that is created still has an energy of 
only 3.15 eV. The difference of .45 eV is 
dissipated as heat. 

The net result of all these considera
tions is that if more than one light quan
tum is involved in the ejection of an 
electron, special techniques must be used 
to determine the energies of the states 
that are actually contributing to the 
emission process. The determination of 
the quantity of charge in a crystal, and 
hence the stopping potential, is fortu
nately independent of the nature of the 
exciting process, and it is this fact that 
enables us to determine the energy uti
lized by the crystal from the absorbed 
light to produce the electron emission. 

In practice it would be quite difficult to 
measure the stopping potential of the 

particle, because the shape as well as 
the excess positive charge of the particle 
is important, and the crystals do not 
have a regular geometric shape. It is 
quite easy to circumvent this difficulty, 
however, by making all measurements 
on the same particle. In this way only 
the charge on the particle is important, 
and that is much easier to determine. 

It can be shown that Einstein's photo
electric equation can be rewritten to 
state that the energy of the incoming 
light is equal to the photoelectric thresh
old for anthracene plus a reciprocal of 
the voltage applied to the plates in order 
to balance the crystal (I/V). The graph 
of this equation is a straight line, and 
the point at which this line crosses the 
energy axis gives the value of the pho
toelectric threshold [see illustration at 
right on page 95]. 

In order to use this rewritten version 
of Einstein's equation to determine the 
photoelectric threshold of anthracene, 
we suspend a positively charged particle 
between the plates of the Millikan con
denser and then subject it to light 
of fixed energy (E1), which causes elec
tron emission. The particle begins to 
rise (since it becomes more positively 
charged and is therefore attracted more 
strongly to the negative upper plate) and 
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EXCITON CAN CREATE CHARGE CARRIERS in an anthracene crystal by several dif· 

ferent mechanisms. In this case the exciton strikes the inside surface of the crystal where 

the crystal is in contact with the anode. The exciton ejects its excited electron into the anode, 

leaving behind the positive hole, which can move through the crystal toward the cathode. 
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ANOTHER MECHANISM by which an exciton can generate charge carriers in anthracene 

comes into play when the crystal is separated from the electrodes by a layer of some im· 

purity such as oxygen. When the exciton strikes the inside surface of the crystal, it gives up 

its electron to a molecule of oxygen, again freeing the hole to travel toward the cathode. 
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the voltage on the plates is accordingly 
decreased by the experimenter so that 
the particle remains in the field of view 
of the telescope. Eventually the particle 
ceases to move; at this point the balanc
ing voltage (Vl)  is measured. The wave
length of the light is then decreased, 
increasing the energy of the light to E2 . 
Electron emission starts afresh and the 
balancing operation is repeated, result
ing in a new balancing potential (V2). 
The entire procedure can be repeated 
and the information plotted on a graph. 
The result is a straight line that crosses 
the energy axis at the same point as the 
photoelectric threshold. 

In the preceding experiment the light 

was high-energy light and each absorbed 
light quantum was capable of directly 
ejecting an electron. We now turn to the 
problem of measuring the energy liber
ated in the process that takes place in
side the crystal when two light quanta 
cooperate in ejecting one electron. Our 
strategy is to sandwich the double-quan
tum process between two single-quan
tum processes. In this way we should be 
able to interpolate to obtain the infor
mation we want. We start once more 
with a positively charged crystal and ex
pose it to low-intensity, high-energy 
light, whereupon electrons are ejected 
from the particle until the remaining 
positive charge becomes large enough to 
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THIRD MECHANISM for generating charge carriers by means of excitons does not involve 

actual contact with the surface of the crystal. Two excitons can collide and annihilate each 

other, giving off enough energy to ionize the molecule at the site of the collision. If the 

collision takes place far inside the crystal ( left ) ,  the electron will rise to an energy level 

high above the conduction band of the crystal before falling back into the conduction band, 

where it can begin to move toward the anode ; this process is called internal ionization. If 

the collision takes place close to the surface of the crystal (r ight ) ,  the electron will leave 

the crystal entirely ; this process is called external ionization. In both cases the holes remain

ing in the ground state of the molecules are free to move in the direction of the cathode. 
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prevent electrons from leaving. This 
positive charge is measured by the bal
ancing voltage on the plates of the Milli
kan apparatus. We then expose the par
ticle to high-intensity, low-energy light. 
Electron emission is observed to re
sume, caused now by a double-quantum 
process, and continues until the in
creasep positive charge on the particle 
results in the cessation of the electron 
emission. The new balancing potential 
is recorded. Here, however, we do not 
know the corresponding energy, because 
we do not know beforehand how much 
of the energy of the incident light has 
been utilized in the crystal. 

The same particle is now exposed once 
more to low-intensity, high-energy light, 
and electron emission resumes until a 
new balance is attained. The process is 
repeated for a still higher energy, yield
ing another balancing voltage. The re
sults of the experiment are then plotted 
on a graph. Since the energies plotted 
against the reciprocals of the balancing 
voltages fall on a straight line, the bal
ancing voltage for the high-intensity, 
low-energy light must have been pro
duced by an amount of absorbed energy 
equal to that represented by the double
quantum effect. 

In anthracene, using light with an 
energy of less than 4 eV, the energy de
livered by the double-quantum process 
is 6 .3  eV. It can further be shown that 
the two units of energy that combine to 
add to 6 .3 eV are equal in magnitude 
and therefore are 3.15 eV each. This, of 
course, is the value of the energy of the 
normal singlet exciton, proving that two 
singlet excitons have indeed annihilated 
themselves near the surface, the released 
energy being delivered to one molecule 
and causing electron emission. Further
more, the energy for the double-quantum 
effect is 6 .3 eV regardless of the energy 
of the incident light as long as the energy 
of the light is more than 3.15 eV and less 
than 4 eV, showing that the absorbed 
energy is always degraded to the same 
state, namely the singlet exciton. 

The same experiment was repeated for 
tetracene, and as before electron 

emission caused by a double-quantum 
process was observed. This might have 
been expected, except for one detail. 
The energy of two singlet excitons in 
the tetracene crystal add up to a total 
of 4.8 eV, whereas electron emission 
requires 5.25 eV; thus two singlet ex
citons cannot produce electron emission 
by themselves. In other words, the elec
tron emission must have been caused by 
a different double-quantum process. 
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POSITIVELY CHARGED CRYSTAL can be suspended i n  space 

by making the top plate of the Millikan apparatus negative. By 

shining energetic light at the particle one can cause the ejection 

of electrons, making the crystal more and more positively charged. 

Eventually any electron that leaves the interior of the crystal will 

be returned to the crystal as soon as it crosses the outer surface. 

The stopping potential of the crystal is then equal to the maxi

mum kinetic energy ( energy of motion) of the emitted electron. 

GRAPH illustrates Einstein's photoelectric equation, which can 

be rewritten to state that the energy of the incoming light is equal 

to the photoelectric threshold for anthracene plus a constant multi

ple of the reciprocal of the voltage that must be applied to the 

plates in order to balance the crystal against gravity. ( This voltage 

is related to the stopping potential of the crystal.) The graph of this 

equation is a straight line, and the point at which it crosses the en

ergy axis gives the value of photoelectric threshold for anthracene. 

With the same techniques it was 
shown that the two excitons that were 
annihilated each had an energy of 2 .9 
eV. This was a strange value, and an 
examination of the optical absorption 
spectrum of tetracene, which shows the 
degree to which the tetracene crystal 
absorbs light of different energies, 
showed no peculiarities at this energy 
value. Furthermore, it was found that it 
was almost impossible to cause electron 
emission in tetracene by using incident 
light with an energy of 2 .9 eV. This was 
not the case with anthracene, in which 
it was just as easy to cause electron 
emission at 3.15 eV as at 4 eV as long 
as the number of quanta absorbed was 
the same. The difficulty in causing elec
tron ejection in tetracene by a double
quantum process persisted until light 
with an energy of 3 .5 eV was used; at 
this energy, and above it up to 4.9 eV, 
electrons emerged from the illuminated 
tetracene crystal all with the same kinet
ic energy. 

We interpreted this result as follows : 
The 2 .9 eV state in tetracene represents 
a different type of exciton, called a 
charge-transfer exciton, never before ob
served in organic crystals. In this exciton 
the electron and hole are not on the same 
molecule but on different molecules. In 
our work these oppOSitely charged mole
cules are adjacent to each other, al
though larger separations are possible. 
The lifetime of this hole-electron pair 
is not yet known, although it is prob-

ably longer than the lifetime of the 
singlet exciton. During its lifetime the 
charge-transfer exciton too can move 
about, probably more slowly than the 
Singlet exciton; it represents a less neu
tral electrical entity than the singlet 
exciton and therefore encounters more 
resistance to its motion through the crys
tal. The annihilation of two charge
transfer excitons near the surface of the 
crystal liberates the energy that causes 
electron emission [see top illustration on 
next page l .  

The following explanation was put for-
ward for the fact that the charge

transfer exciton at 2 .9 eV could not be 
efficiently generated unless light of at 
least 3.5 eV was used. In tetracene the 
normal singlet exciton, in which the hole 
and the electron are on the same mole
cule, has an energy of 2 .4 eV. This ener
gy is too low to form the charge-transfer 
exciton at 2.9 eV. There is an excited 
singlet exciton at 2 .9 eV, but its lifetime 
is very short compared with that of the 
2 .4  eV state. The lifetime of the excited 
singlet exciton is so short that the crystal 
does not have time to make the necessary 
adjustments in its structure to accept the 
charge-transfer exciton before the ex
cited singlet exciton has decayed to the 
2 .4  e V level. Therefore the efficiency of 
generating the charge-transfer exciton 
with light of energy 2 .9 eV is poor. On 
the other hand, it is known that some in
ternal ionization processes are extremely 

rapid, so that a molecule inside the crys
tal, once excited to its ionization energy, 
dissociates into a separated hole and 
electron with comparatively high effi
ciency. Here both electron and hole 
remain inside the crystal. Holes and elec
trons that are produced in the small crys
tals in our apparatus have nowhere to 
go because there are no electrodes in 
contact with the crystal. The holes and 
electrons have only one choice: they 
must eventually recombine. The free 
holes and electrons are drawn to each 
other by their electrostatic fields; at one 
point in their travels before they an
nihilate themselves they find themselves 
on neighboring molecules, forming a 
charge-transfer exciton. In other words, 
the energy 3.5 eV is the internal ioniza
tion energy of the tetracene molecule in 
the tetracene crystal. 

The fact that an energy of 3 .5  eV 
was enough to cause internal ionization 
does not necessarily mean that this is 
the least energy required to produce a 
separated hole and electron. The latter 
energy is what we have called the con
duction threshold. Moreover, since the 
charge-transfer state represents a hole 
and an electron on neighboring mole
cules, and the normal ionized state rep
resents a hole and an electron on widely 
separated molecules, clearly more energy 
is required for normal ionization than 
for the creation of a charge-transfer ex
citon. Therefore we know that the con
duction threshold is higher than the 
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CHARGE-TRANSFER EXCITON, in which the electron and hole are on di.fferent (in this 

case adjacent) molecules, can be produced when light strikes a molecule in the ground state 

and excites an electron to an energy level above the conduction band ( left ) _ In the absence 

of an electric field the electron will fall back toward the ground state, but it will stop at the 

charge-transfer level for a short time. During this interval the electron and hole are bound 

together by their electrical attraction and move through the crystal as a pair. Two such 

charge-transfer excitons can collide and annihilate each other, adding their energies to 

promote an electron to a level high enough to send it completely out of the crystal ( right ) .  

E N ERGY L E V E LS ( E L ECT R O N  VOLTS) 
r----

I O N I Z E D  STATE S A N T H R A C E N E TETRA C E N E  
O L E C U L E  7 . 5  6.9 I O N I ZAT I O N  E N E RGY OF M 

I N  GAS P H A S E  
n_ ... _ .... _m_'._ ....... _ .... 

O L E C U L E  5.65* 5 .25* I O N I ZAT I O N  E N E RGY O F  M 
I N  SOL I D P H A S E  

-..... --�"" .. 

4 . 1  * 3 .5* * C O N D UCTI O N  T H R ESHOLD 
(UPPER BAN D) 

. . .. � .. ��-.. -�""",-.-

D 3 .7**  3 . 1  * *  CO N D U CT I O N  T H RESHOL 
( L O W E R  BAN D) 

C H A R G E,T R A N S F E R  EXCIT  O N  3.45 * *  2 .9* *  
--_. .' 

S I N G L ET EXCITON 3 . 1 5* 2 .4  

T R I P L ET EXCITON 1 .8 1 .4 

ENERGY LEVELS for anthracene and tetracene are given in this table_ Single asterisks re

fer to values that have been measured by the author's technique and also by other methods. 

Double asterisks refer to values that were identified by the author and his colleagues. 
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charge-transfer exciton energy. In tetra
cene, if our conclusions are correct, the 
latter energy is 2.9 eV. If we go no 
further than to say that in tetracene the 
conduction threshold is higher than 2.9 
eV, this already represents a bold state
ment, since the value is much higher 
than any that had been previously mea
sured or anticipated. As a result of other 
considerations, such as measurements of 
electrical conductivity as a function of 
wavelength, we have been drawn to the 
conclusion that the conduction threshold 
for tetracene is roughly 3 . 1  eV. The 
energy 3 .5  eV, in our opinion, represents 
an upper conductivity state that is nor
mally not used by charge carriers in the 
presence of small electric fields. 

Having found the charge-transfer ex
citon in tetracene, we returned to an
thracene; the existence of the charge
transfer exciton should be a general 
phenomenon, if it is true at all. We 
had previously found that as long as the 
energy of the incident light was more 
than 3 . 15 eV and less than 4 eV, an elec
tron was emitted from the anthracene 
crystal by a double-quantum process 
that provided 6.3 eV of energy to a mole
cule in the crystal. By raising the energy 
of the incident light we found that at 
energies from 4 . 1  eV to 4.9 eV the elec
tron was emitted by a double-quantum 
process that provided 6.9 eV to the crys
tal. In other words, regardless of the 
incident photon energy in the region 
from 4 . 1  to 4 .9 eV, only 6.9 eV was 
utilized to eject an electron. We were 
again able to show that the energy states 
involved were of equal magnitude, 
namely 3.45 eV. This state was identi
fie� as the charge-transfer exciton state 
for anthracene, and the threshold energy 
4. 1 eV was associated with that of an 
upper conductivity level. As in tetracene, 
since the conduction threshold is higher 
than the charge-transfer state, the con
duction threshold is higher than 3 .45 
eV, a higher minimum value than had 
been measured by conventional conduc
tivity techniques. Our calculation at 
present is that the conduction threshold 
for anthracene is roughly 3.7 eV. The 
complete energy-level scheme for an
thracene and tetracene is given in the 
bottom illustration at the left. 

The energy levels for these two aro-
matic crystals probably represent the 

most complete set of ionized-state en
ergies determined for any organic in
sulator. One can see at a glance what the 
minimum energy requirements are for 
intrinsic dark conductivity. It happens 
that in anthracene and tetracene, and 
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probably in many other organic crystals, 
this energy is much larger than the ones 
that have been measured by conven
tional conductivity techniques, indicat
ing that earlier conductivity measure
ments have been confounded by 
impurity or electrode effects. One can 
conclude out of hand that any steady
state photoconductivity observed below 
2.9 eV in tetracene or below 3.45 eV in 
anthracene must involve either a surface 
effect, an electrode effect or exciton
exciton annihilation. 

I mentioned earlier the connection 
between our work with aromatic crystals 
and the study of energy levels in chloro
phyll. We recently observed electron
emission caused by double-exciton an
nihilation in crystals of chlorophyll a, a 
form of chlorophyll present in all higher 
plants. The implication of this observa
tion is either that the ionization energy 
of chlorophyll a is much lower than any
one has measured or that there is a 
charge-transfer-exciton state in chloro
phyll a with an energy higher than the 
1 .8 eV excited singlet state. The dis
covery of a comparatively long-lived, 
mobile energy state above the singlet 
state in chlorophyll would have great 
biological significance. We are in the 
process of determining whether such a 
state exists in chlorophyll a .  

Our work is  also relevant to a recent 
report by workers at the Bell Telephone 
Laboratories announcing the observation 
in crystals of silicon of what they called 
"excitonic molecules." These would cor
respond to comparatively stable, mobile 
pairs of charge-transfer excitons. We 
have also observed such pairs in anthra
cene and have described them as "ex
citon diriiers." We believe they may play 
a role in prolonging the emission of light 
from organic scintilla tors, commonly 
used as high-energy radiation detectors. 
The exciton dimer, or excitonic mol
ecule, should be much more stable and 
easier to study in organic crystals than in 
inorganic ones. 

Finally, it should be mentioned that 
holes and electrons are ideal chemical 
reagents, since they are oxidants and 
reduct ants without mass. Some workers 
have been tempted to explain chemical 
oxidation and reduction inside living 
tissue at relatively distant sites from each 
other by the migration of these charges. 
Tetracene and anthracene may provide 
the key to unlock the energy-level 
scheme of those molecules that are of 
more direct biological interest. By mea
suring the energy levels of the molecules 
in the solid state it should be possible to 
resolve these problems. 

Exploration of Mars 
T h i s  fl y by traj ectory i s  o n e  of m a n y  n ow b e i n g  i n vesti g ate d 

at B e l l co m m fo r N A S A ' s  O ffi c e  of M a n n e d  S p ace F l i g ht .  

The s p acec raft passes overhead fro m  east  to west  a n d  
reac hes a l at i tu d e  o f  a b o u t  40° N .  j u st b efore p ass i n g  t h e  
p e r i a p s i s  o r  p o i n t  of c l osest a p p roac h .  P e r i a p s i s  passa g e  takes 
p l ace a b o u t  20 m i n utes b efore dawn o n  a s p r i n g  d ay o n  M a rs . 

T h ese d eta i l s  s u b stant i a l l y  i nfl u e n c e  t h e  d e s i g n  of p ro b e s  t h at 
are b e i n g  d e p l oyed fro m t h e  s p acec raft as i t  a p p roac h e s  M a rs . 

W h e re m u st a p ro b e  i m p act t h e  M a rt i a n  s u rface an h o u r  
b efore p e r i a p s i s  passag e ,  i f  t h e  s p acec raft i s  t o  pass d i rect l y  
ove r t h e  i m pact s i te ? H o w  l o n g  c a n  l i n e-of-s i g ht co ntact b e  
m a d e  w i t h  t h e  p ro b e ? H ow fa r fro m M a rs w i l l  t h e  s p acec raft 
be w h e n  l i n e-of- s i g ht contact i s  re-esta b l i s h e d ? 

Be l l co m m  i n v i tes you  to h e l p p rov i d e  s o m e  of t h e  an swers.  
T h e re are i m m e d i ate o p e n i n g s  fo r q u a l i fi e d  s p e c i a l i sts in  a l l  
tec h n i ca l  d i sc i p l i n e s  bear i n g  o n  a n a l y s i s  of p l a n etary m i ss i o n s  
-fl i g h t mec h a n i cs ,  g u i d a n c e  a n d  n av i g at i o n ,  c o m m u n i cati o n s ,  
b i oastro n a u t i c s ,  p ro p u l s i o n  a n d  p o w e r  syste m s .  We a l so are 
i n  need of aero n a ut i c a l  and m e c h a n i ca l  e n g i n ee rs b road l y  

e x p e r i e n c e d  i n  ve h i c l e  syste ms o r  m i ss i o n  p l a n n i n g .  

I f  you fee l  yo u are q u a l i fi e d , s e n d  yo u r  res u m e  to M r. N .  
W .  S m u syn , Perso n n e l  D i recto r ,  B e l l co m m ,  I n c . ,  Room 1 500- M ,  
1 1 00 1 7th  St. , N . w . ,  Was h i n gto n ,  D . C .  20036 . B e l l c o m m  i s  

a n  e q u a l  o p p o rtu n i ty e m p l oyer .  

@ Bellcomm, Inc. 
� A Bell System Company 
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CAN TIME GO BACKWARD? 

It seems intuitively plausible that it can, but the concept creates 

a variety of paradoxes. For example, a tilne-reversed galaxy would 

be invisible to us because light would flow into it instead of out 

" . . .  time, dark time, secret time, forever 
flowing like a river. .. . " 

-THOMAS WOLFE, 
The Web and the Rock 

T
ime has been described by many 
metaphors, but none is older or 
more persistent than the image of 

time as a river. You cannot step twice in 
the same river, said Heraclitus, the 
Greek philosopher who stressed the tem
poral impermanence of all things, be
cause new waters forever flow around 
you. You cannot even step into it once, 
added his pupil Cratylus, because while 
you step both you and the river are 
changing into something different. As 
Ogden Nash put it in his poem "Time 
Marches On," 

While ladies draw their stockings on, 
The ladies they were are up and gone. 

RIVER IMAGE appealed to ancient Greek 

philosophers. You cannot step twice into 

the same river, said Heraclitus. Indeed, add. 

ed Cratylus, you cannot do it even once. 
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by Martin Gardner 

In James Joyce's Finnegans Wake the 
great symbol of time is the river Liffey 
flowing through Dublin, its "hither-and
thithering waters" reaching the sea in 
the final lines, then returning to "river
run," the book's first word, to begin 
again the endless cycle of change. 

It is a powerful symbol, but also a con
fUSing one. It is not time that flows but 
the world. "In what units is the rate of 
time's flow to be measured?" asked the 
Australian philosopher J. J. C. Smart. 
"Seconds per --?" To say "time 
moves" is like saying "length extends." 
As Austin Dobson observed in his poem 
"The Paradox of Time," 

Time goes, you say? Ah no! 
Alas, time stays, we go. 

Moreover, whereas a fish can swim 
upriver against the current, we are pow
erless to move into the past. The chang
ing world seems more like the magic 
green carpet that carried Ozma across 
the Deadly Desert (the void of nothing
ness?), unrolling only at the front, coil
ing up only at the back, while she jour
neyed from Oz to Ev, walking always 
in one direction on the carpet's tiny 
green region of "now." Why does the 
magic carpet never roll backward? What 
is the physical basis for time's strange, 
undeviating asymmetry? 

There has been as little agreement 
among physicists on this matter as 

there has been among philosophers. 
Now, as the result of recent experi
ments, the confusion is greater than 
ever. Before 1964 all the fundamental 
laws of physics, including relativity and 
quantum laws, were "time-reversible." 
That is to say, one could substitute -t 
for t in any basic law and the law would 
remain as applicable to the world as be
fore; regardless of the sign in front of t 

the law described something that could 
occur in nature. Yet there are many 
events that are possible in theory but 
that never or almost never actually take 
place. It was toward those events that 
physiCists turned their attention in the 
hope of finding an ultimate physical ba
sis for distinguishing the front from the 
back of "time's arrow." 

A star's radiation, for example, travels 
outward in all directions. The reverse is 
never observed: radiation coming from 
all directions and converging on a star 
with backward-running nuclear reac
tions that make it an energy sink in
stead of an energy source. There is noth
ing in the basic laws to make such a 
situation impossible in principle; there 
is only the difficulty of imagining how it 
could get started. One would have to as
sume that God or the gods, in some 
higher continuum, started the waves at 
the rim of the universe. The emergence 
of particles from a diSintegrating radio
active nucleus and the production of 
ripples when a stone is dropped into a 
quiet lake are similar instances of one
way events. They never occur in reverse 
because of the enormous improbability 
that "boundary conditions" -conditions 
at the "rim" of things-would be such as 
to produce the required kind of con
verging energy. The reverse of beta de
cay, for instance, would require that an 
electron, a proton and an antineutrino 
be shot from the "rim" with such deadly 
accuracy of aim that all three particles 
would strike the same nucleus and cre
ate a neutron. 

The steady expansion of the entire 
cosmos is another example. Here again 
there is no reason why this could not, in 
prinCiple, go the other way. If the direc
tions of all the receding galaxies were 
reversed, the red shift would become a 
blue shift, and the total picture would 
violate no known phYSical laws. All 
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these expanding and radiative processes, 
although always one-way as far as our 
experience goes, fail to provide a funda
mental distinction between the two ends 
of time's arrow. 

I t has been suggested by many philoso-
phers, and even by some physicists, 

that it is only in human consciousness, 
in the one-way operation of our minds, 
that a basis for time's arrow can be 
found. Their arguments have not been 
convincing. After all, the earth had a 
long history before any life existed on it, 
and there is every reason to believe that 
earthly events were just as unidirection
al along the time axis then as they are 
now. Most physicists came finally to the 
conclusion that all natural events are 
time-reversible in principle (this became 
known technically as "time in variance") 
except for events involving the statisti
cal behavior of large numbers of inter
acting objects. 

Consider what happens when a cue 
ball breaks a triangle of 15 balls on a 
pool table. The balls scatter hither and 
thither and the 8 ball, say, drops into a 
side pocket. Suppose immediately after 
this event the motions of all the entities 
involved are reversed in direction while 
keeping the same velocities. At the spot 
where the 8 balI came to rest the mole
cules that carried off the heat and shock 
of impact would alI converge on the 

same spot to create a small explosion 
that would start the ball back up the in
cline. Along the way the molecules that 
carried off the heat of friction would 
move toward the ball and boost it along 
its upward path. The other balls would 
be set in motion in a similar fashion. The 
8 ball would be propelled out of the side 
pocket and the balls would move around 
the table until they finally converged to 
form a triangle. There would be no 
sound of impact because all the mole
cules that had been involved in the 
shock waves produced by the initial 
break of the triangle would be converg
ing on the balls and combining with 
their momentum in such a way that the 
impact would freeze the triangle and 
shoot the cue ball back toward the tip 
of the cue. A motion picture of any in
dividual molecule in this event would 
show absolutely nothing unusual. No 
basic mechanical law would seem to be 
violated. But when the billions of "hith
er-and-thithering" molecules involved in 
the total picture are considered, the 
probability that they would all move in 
the way required for the time-reversed 
event is so low that no one can conceive 
of its happening. 

Because gravity is a one-way force, 
always attracting and never repelling, it 
might be supposed that the motions of 
bodies under the influence of gravity 
could not be time-reversed without vio-

" r' ... E.Il£,v(It..I€' c""',, IT"'I' 
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lating basic laws. Such is not the case. 
Reverse the directions of the planets 
and they would swing around the sun 
in the same orbits. What about the colli
sions of objects drawn together by gravi
ty-the fall of a meteorite, for example? 
Surely this event is not time-reversible. 
But it is! When a large meteorite strikes 
the earth, there is an explosion. Billions 
of molecules scatter hither and thither. 
Reverse the directions of all those mole
cules and their impact at one spot would 
provide just the right amount of energy 
to send the meteorite back into orbit. No 
basic laws would be violated, only statis
tical laws. 

It was here, in the laws of probabil-
ity, that most 19th-century physicists 

found an ultimate basis for time's arrow. 
Probability explains such irreversible 
processes as the mixing of coffee and 
cream, the breaking of a window by a 
stone and all the other familiar one-way
only events in which large numbers of 
molecules are involved. It explains the 
second law of thermodynamics, which 
says that heat always moves from hot
ter to cooler regions, increasing the en
tropy (a measure of a certain kind of dis
order) of the system. It explains why 
shuffling randomizes a deck of ordered 
cards. 

"Without any mystic appeal to con
sciousness," declared Sir Arthur Edding-

e o 

LIVING B ACKWARD in a time·forward world leads to all kinds 

of difficulties. It is possible, however, to imagine galaxies in which 

time's arrow is reversed or to consider, at the level of quantum 

theory, that some particles may move "the wrong way" in time. 
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THREE SYMMETRIES, charge (C) ,  parity (P) and time (T), are 

likened to pieces that fit into a pattern. Before 1957 they were all 

assumed to be symmetrical; any experiment (the pattern ) involv· 

ing the three could be duplicated with any one piece, any two or 

all three reversed (le/t). Then experiments were found that violate 

P·symmetry, suggesting that if overall (CPT) symmetry holds, 

some piece other than P must also be asymmetrical. C was found to 

be such a piece; an experiment remains the same if C and Pare 

reversed together (middle). In 1964 experiments that violate this 

CP·symmetry were reported. It follows that T must be asymmetrical 

in these eases, since a pattern violating CP.symmetry can be dupli. 

cated only by reversing all three pieces simultaneously (right). 

ton (in a lecture in which he first intro
duced the phrase "time's arrow"), "it is 
possible to find a direction of time . . . . 
Let us draw an arrow arbitrarily. If as 
we follow the arrow we find more and 
more of the random element in the state 
of the world, then the arrow is pointing 
towards the future; if the random ele
ment decreases the arrow points towards 
the past. That is the only distinction 
known to physics." 

Eddington knew, of course, that there 
are radiative processes, such as beta 
decay and the light from suns, that nev
er go the other way, but he did not con
sider them sufficiently fundamental to 
provide a basis for time's direction. Giv
en the initial and boundary conditions 
necessary for starting the reverse of a 
radiative process, the reverse event is 
certain to take place. Begin with a deck 
of disordered cards, however, and the 
probability is never high that a random 
shuffle will separate them into spades, 
hearts, clubs and diamonds. Events in
volving shuffling processes seem to be 
irreversible in a stronger sense than radi
ative events. That is why Eddington and 
other physicists and philosophers argued 
that statistical laws provide the most fun
damental way to define the direction of 
time. 

It now appears that there is a basis 
for time's arrow that is even more funda
mental than statistical laws. In 1964 a 
group of Princeton University physicists 
discovered that certain weak interactions 
of particles are apparently not time-re
versible [see "Violations of Symmetry in 
Physics," by Eugene P. Wigner; SCIEN
TIFIC AMERICAN, December, 1965]. One 
says "apparently" because the evidence 
is both indirect and controversial. Al
though it is possible to run certain par
ticle interactions backward to make a 
direct test of time symmetry, such ex
periments have not as yet shown any vi-
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olations of time-reversibility. The Prince
ton tests were of an indirect kind. They 
imply, if certain premises are granted, 
that time symmetry is violated. 

The most important premise is known 
as the CPT theorem. C stands for elec
tric charge (plus or minus), P for parity 
(left or right mirror images) and T for 
time (forward or backward). Until a dec
ade ago physicists believed each of these 
three basic symmetries held throughout 
nature. If you reversed the charges on 
the particles in a stone, so that plus 
charges became minus and minus charges 
became plus, you would still have a 
stone. To be sure, the stone would be 
made of antimatter, but there is no rea
son why antimatter cannot exist. An anti
stone on the earth would instantly ex
plode (matter and antimatter annihilate 
each other when they come in contact), 
but physicists could imagine a galaxy of 
antimatter that would behave exactly 
like our own galaxy; indeed, it could be 
in all respects exactly like our own ex
cept for its C (charge) reversal. 

The same universal symmetry was be
lieved to hold with respect to P (parity). 
If you reversed the parity of a stone or a 
galaxy-that is, mirror-reflected its entire 
structure down to the last wave and par
ticle-the result would be a perfectly 
normal stone or galaxy. Then in 1957 
C. N. Yang and T. D. Lee received the 
Nobel prize in physics for theoretical 
work that led to the discovery that pari
ty is not conserved [see "The Overthrow 
of Parity," by Philip Morrison; SCIEN
TIFIC AMERICAN, April, 1957]. There are 
events on the particle level, involving 
weak interactions, that cannot occur in 
mirror-reflected form. 

I t was an unexpected and disturbing 
blow, but physicists quickly regained 

their balance. Experimental evidence 
was found that if these asymmetrical, 

parity-violating events were reflected in 
a special kind of imaginary mirror called 
the CP mirror, symmetry was restored. 
If in addition to ordinary mirror reflec
tion there is also a charge reversal, the 
result is something nature can "do." Per
haps there are galaxies of antimatter 
that are also mirror-reflected matter. In 
such galaxies, physicists speculated, sci
entists could duplicate every particle ex
periment that can be performed here. If 
we were in communication with scien
tists in such a CP-reversed galaxy, there 
would be no way to discover whether 
they were in a world like ours or in one 
that was CP-reflected. (Of course, if we 
went there and our spaceship exploded 
on arrival, we would know we had en
tered a region of antimatter.) 

No sooner had physicists relaxed a bit 
with this newly restored symmetry than 
the Princeton physicists found some 
weak interactions in which CP symme
try appears to be violated. In different 
words, they found some events that, 
when CP-reversed, are (in addition to 
their C and P differences) not at all du
plicates of each other. It is at this point 
that time indirectly enters the picture, 
because the only remaining "magic mir
ror" by which symmetry can be restored 
is the combined CPT mirror in which all 
three symmetries-charge, parity and 
time-are reversed. This CPT mirror is 
not just something physicists want to 
preserve because they love symmetry. It 
is built into the foundations of relativity 
theory in such a way that, if it turned 
out not to be true, relativity theory 
would be in serious trouble. There are 
therefore strong grounds for believing 
the CPT theorem holds. On the assump
tion that it does, a violation of CP sym
metry would imply that time symmetry 
is also violated [see illustration above]. 
There are a few ways to preserve the 
CP mirror without combining it with T, 
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but none has met with any success. The 
best way is to suppose there is a "fifth 
force" (in addition to the four known 
forces: gravity, the weak-interaction 
force, electromagnetism and the nuclear 
force) that is causing the newly discov
ered anomalies. Experiments have cast 
strong doubt on the fifth-force hypothe
sis, however. 

Early this year Paolo Franzini and 
his wife, working with the alternating
gradient synchrotron at the Brookhaven 
National Laboratory, found even strong
er evidence of CP violations-this time 
in events involving electromagnetic re
actions. The Franzini work was contro
velted, however, by a group of physicists 
at the European Organization for Nu
clear Research (CERN) in Geneva, who 
announced their results in September. 
At the moment the cause of this discrep
ancy in results is not clear. 

Although the evidence is still indirect 
and in part controversial, many physi
cists are now convinced that there are 
events at the particle level that go in 
only one time direction. If this holds 
throughout the universe, there is now a 
way to tell, while communicating with 
scientists in a distant galaxy, whether 
they are in a world of matter or of anti
matter. We simply ask them to perform 
one of the CP-violating experiments. If 
their description of such a test coincides 
exactly with our own description of the 
same test when done here, we shall not 
explode when we visit them. It may well 
be that the universe contains no galaxies 
of antimatter. But physicists like to bal
ance things, and if there is as much anti
matter as there is matter in the universe, 
there may be regions of the cosmos in 
which all three symmetries are reversed. 
Events in our world that are lopsided 
with respect to CPT would all go the 
other way in a CPT-reversed galaxy. Its 
matter would be mirror-reflected, re
versed in charge and moving backward 
in time. 

What does it mean to say that events 
in a galaxy are moving backward in 

time? At this point no one really knows. 
The new experiments indicate that there 
is a preferred time direction for certain 
particle interactions. Does this arrow 
have any connection with other time 
arrows such as those that are defined 
by radiative processes, entropy laws and 
the psychological time of living orga
nisms? Do all these arrows have to point 
the same way or can they vary inde
pendently in their directions? 

Before the recent discoveries of the 
violation of T invariance the most popu
lar way to give an operational meaning 

to "backward time" was by imagining a 
world in which shuffling processes went 
backward, from disorder to order. Lud
wig Boltzmann, the 19th-century Aus
trian phYSicist who was one of the 
founders of statistical thermodynamics, 
realized that after the molecules of a 
gas in a closed, isolated container have 
reached a state of thermal equilibrium
that is, are moving in complete disorder 
with maximum entropy-there will al
ways be little pockets forming here and 
there where entropy is momentarily de
creasing. These would be balanced by 
other regions where entropy is increas
ing; the overall entropy remains rela
tively stable, with only minor up-and
down fluctuations. 

Boltzmann imagined a cosmos of vast 
size, perhaps infinite in space and time, 
the overall entropy of which is at a 
maximum but which contains pockets 
where for the moment entropy is de
creasing. (A "pocket" could include bil-

12..:1> 

�� nl�� 
I�:l... 

�c0 
I 2.: ;z.S' 

�' 
f1�� 

1 2. : ] 0 

K�CJ 

lions of galaxies and the "moment" could 
be billions of years.) Perhaps our fly
speck portion of the infinite sea of 
space-time is one in which such a fluctu
ation has occurred. At some time in the 
past, perhaps at the time of the "big 
bang," entropy happened to decrease; 
now it is increasing. In the eternal and 
infinite flux a bit of order happened to 
put in its appearance; now that order is 
disappearing again, and so our arrow of 
time runs in the familiar direction of in
creasing entropy. Are there other re
gions of space-time, Boltzmann asked, in 
which the arrow of entropy points the 
other way? If so, would it be correct to 
say that time in such a region was mov
ing backward, or should one simply say 
that entropy was decreasing as the re
gion continued to move forward in time? 

It seems evident today that one can
not speak of backward time without 
meaning considerably more than just a 
reversal of the entropy arrow. One has 
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TIME IS RELATIONAL, not absolute. Observers in galaxies with opposite time directions 

each suppose the other to be moving backward in time. The man in A sees a diner in R eat

ing backward; the diner in R, whose time is reversed, sees the man in A eating backward. 

101 

© 1966 SCIENTIFIC AMERICAN, INC



SHUFFLING ordinarily randomizes a pack of cards; it would he surprising to find it work· 

ing the other way. Statistical laws therefore provide a way to define the direction of time. 

to include all the other one-way proc
esses with which we are familiar, such 
as the radiative processes and the newly 
discovered CP-violating interactions. In 
a world that was completely time
reversed all these processes would go 
the other way. Now, however, we must 
guard against an amusing verbal trap. 
If we imagine a cosmos running back
ward while we stand off somewhere in 
space to observe the scene, then we 
must be observing the cosmos moving 
backward in a direction opposite to our 
own psychological time, which still runs 
forward. What does it mean to say that 
the entire cosmos, including all possible 
observers, is running backward? 

In the first book of Plato's Statesman 
a stranger explains to Socrates his theory 
that the world goes through vast oscillat
ing cycles of time. At the end of each 
cycle time stops, reverses and then goes 
the other way. This is how the stranger 
describes one of the backward cycles: 

"The life of all animals first came 
to a standstill, and the mortal nature 
ceased to be or look older, and was then 
reversed and grew young and delicate; 
the white locks of the aged darkened 
again, and the cheeks of the bearded 
man became smooth, and recovered 
their former bloom; the bodies of youths 
in their prime grew softer and smaller, 
continually by day and night returning 
and becoming assimilated to the nature 
of a newly born child in mind as well 
as body; in the succeeding stage they 
wasted away and wholly disappeared." 

Plato's stranger is obviously caught in 
the trap. If things come to a standstill 
in time and "then" reverse, what does 
the word "then" mean? It has meaning 
only if we assume a more fundamental 
kind of time that continues to move 
forward, altogether independent of how 
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things in the universe move. Relative to 
this meta-time-the time of the hypo
thetical observer who has slipped un
noticed into the picture-the cosmos is 
indeed running backward. But if there 
is no meta-time-no observer who can 
stand outside the entire cosmos and 
watch it reverse-it is hard to under
stand what sense can be given to the 
statement that the cosmos "stops" and 
"then" starts moving backward. 

There is less difficulty-indeed, no 
logical difficulty at all-in imagining two 
portions of the universe, say two galax
ies, in which time goes one way in one 
galaxy and the opposite way in the other. 
The philosopher Hans Reichenbach, in 
his book The Direction of Time, sug
gests that this could be the case, and 
that intelligent beings in each galaxy 
would regard their own time as "for
ward" and time in the other galaxy as 
"backward." The two galaxies would be 
like two mirror images: each would seem 
reversed to inhabitants of the other [see 
illustration on preceding page]. From 
this point of view time is a relational con
cept like up and down, left and right or 
big and small. It would be just as mean
ingless to say that the entire cosmos re
versed its time direction as it would be 
to say that it turned upside down or sud
denly became its own mirror image. It 
would be meaningless because there is 
no absolute or fixed time arrow outside 
the cosmos by which such a reversal 
could be measured. It is only when part 
of the cosmos is time-reversed in rela
tion to another pmt that such a reversal 
acquires meaning. 

N ow, however, we come up against a 
significant difference between mir

ror reflection and time reversal. It is easy 
to observe a reversed world-one has 

only to look into a mirror. But how could 
an observer in one galaxy "see" another 
galaxy that was time-reversed? Light, 
instead of radiating from the other gal
axy, would seem to be going toward it. 
Each galaxy would be totally invisible 
to the other. Moreover, the memories 
of observers in the two galaxies would 
be operating in opposite directions. If 
you somehow succeeded in communicat
ing something to someone in a time
reversed world, he would promptly for
get it because the event would instantly 
become part of his future rather than of 
his past. "It's a poor sort of memory that 
only works backward," said Lewis Car
roll's White Queen in one looking-glass, 
time-reversed (PT-reversed!) scene. Un
fortunately, outside of Carroll's dream 
world, memory works only one way. 
Norbert Wiener, speculating along such 
lines in his book Cybernetics, concluded 
that no communication would be pos
sible between intelligent beings in re
gions with opposite time directions. 

A British physicist, F. Russell Stan� 
nard, pursues similar lines of thought in 
an article on "Symmetry of the Time 
Axis" (Nature, August 13, 1966) and 
goes even further than Wiener. He con
cludes (and not all physicists agree with 
him) that no interactions of any kind 
would be possible between particles of 
matter in two worlds whose time axes 
pOinted in opposite directions. If the 
universe maintains an overall symmetry 
with respect to time, matter of opposite 
time directions would "decouple" and 
the two worlds would become invisible 
to each other. The "other" world "would 
consist of galaxies absorbing their light 
rather than emitting it, living organisms 
growing younger, neutrons being cre
ated in triple collisions between protons, 
electrons and antineutriIWs, and there
after being absorbed in nuclei, etc. It 
would be a universe that was in a state 
of contraction, and its entropy would 
be decreasing, and yet the faustian ob
servers ["faustian" is Stannard's term for 
the "other" region] would not be aware 
of anything strange in their environ
ment. Being constructed of faustian 
matter, their subjective experience of 
time is reversed, so they would be equal
ly convinced that it was they who grew 
older and their entropy that increased." 

Instead of one universe with oscillat
ing time directions, as in the vision of 
Plato's stranger, Stannard's vision bi
furcates the cosmos into side-by-side 
regions, each unrolling its magic carpet 
of history simultaneously (whatever "si
multaneously" can mean!) but in oppo
site directions. Of course, there is no 
reason why the cosmos has to be sym-
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The oscillogram below shows the 
total TV and FM broadcast spectrum 
of the San Francisco Bay Area, 
demonstrating the radiation "traffic" 
density of one frequency range - and 
the convenience and precision offered 
by the spectrum analyzer. 

At the left, the hp spectrum analyzer 
is being used to look at the 800 MHz 
difference frequency between two 
coherent laser beams. The wide 
2 GHz spectrum width and large 
60 dB dynamic range of the analyzer 
make it easy for the scientist to see 
the results of any adjustments 
in the system. 

New tool for quantitative 

Radiation patterns of antennas and 
antenna systems, below, are 
pinpointed accurately with a simple 
set-up using the spectrum analyzer. 
Such identification is particularly 
important in communications in outer 
space, though it also has broad 
military, public safety and private 
communications application. 
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analysis of the crowded frequency spectrum 

As the electromagnetic spectrum becomes more crowded 
with man's communications, the need for identifying and 
analyzing components of the spectrum becomes ever 
more urgent. Terrestrial use of the spectrum for public 
safety, commercial and private communications is con
tinually expanding. Military and scientific activities make 
further demands on high frequencies for communication 
in outer space. 

The spectrum analyzer is a tool which provjdes precise 
information about a spectrum by measuring signal ampli
tude in relation to frequency. And the hp spectrum ana
lyzer represents the first major advance in the technique 
in the pas t 15 years. 

By adding quantitative measurement capabilities and 
wide sweep capabilities, the Hewlett-Packard spectrum 
analyzer helps make possible more communications in 
the limited frequency spectrum without mutual interfer
ence. It further implements new advances in circuit and 
component design through instantaneous and accurate 
analysis of radiation. 

Because it provides accurate quantitative information, the 
hp analyzer is a basic measuring tool. It is both versatile 
and easy to use, and offers unparalleled performance at a 
reasonable cost. 

The instrument's new capabilities were made possible by 
hp-developed solid-state components, hp cathode-ray 
tube technology, advanced circuitry techniques, human
engineered design and precision manufacturing methods. 
These new capabilities include wide frequency sweep, 
high frequency stability for narrow-band analysis, wide 
dynamic range, high sensitivity, extraordinary resolution, 

accurate measurement display and extreme simplicity of 
operation. A wide choice of accessories increases the ver
satility of the analyzer. 

The fully calibrated Hewlett-Packard 851 IV 8 5 51 B Spec
trum Analyzer responds to signals from 10 MHz to 40 
GHz, thus covering virtually all the electromagnetic spec
trum now used. It is capable of sweeping over frequency 
ranges as wide as 2000 MHz, so signals in a wide range 
can be viewed at one time. Conversely, it will sweep bands 
as narrow as 100 kHz (narrower, using vernier) for de
tailed examination. Display circuits permit simultaneous 
display of signals having a wide 60 dB amplitude range. 
Precision is enhanced by the analyzer'S substantial free
dom from spurious and residual responses. 

Compatibility among increasing numbers of communi
cations channels, making them free from interference, 
is broadly aided by this instrument. The analyzer has 
opened whole new areas of technological advances 
through new applications, as described in a series of Hew
lett-Packard publications. It is another reason for looking 
to Hewlett-Packard for today's most advanced, yet prac
tical measuring instrumentation. Further information on 
the instrument and on spectrum analyzer techniques may 
be obtained by writing Hewlett-Packard, Palo Alto, Cali
fornia 94304, Tel. (415) 326-7000; Europe: 54 Route 
des Acacias, Geneva. 

The spectrum analyzer is the product of a continuing program of 
research and development at Hewlett-Packard, aimed at making 
true contributions to the science of measurement. To assist in this 
work, hp is continually interested in ambitious scientists and en
gineers who desire a stable future and a stimulating opportunity 
for creative endeavor. 

HEWLETTII� � PAGKARD 
measuring instruments 

for science and industry 
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metrical in an overall way just to satisfy 
the physicist's aesthetic sense of bal
ance. The universe may well be perma
nently lopsided in regard to all three 
aspects-charge, parity and time-even 
if there is no theoretical reason why all 
three could not go the other way. If a 
painting does not have to be symmetri
cal to be beautiful, why should the uni
verse? 

Is it possible to imagine a single indi-
vidual living backward in a time

forward world? Plato's younger contem
porary, the Greek historian Theopompus 
of Chios, wrote about a certain fruit 
that, when eaten, would start a person 
growing younger. This, of course, is not 
quite the same thing as a complete re
versal of the person's time. There have 
been several science-fiction stories about 
individuals who grew backward in this 
way, including one amusing tale, "The 
Curious Case of Benjamin Button," by 
(of all people) F. Scott Fitzgerald. (It 
first appeared in Colliers in 1922 and is 
most accessible at the moment in Pause 
to Wonder, an anthology edited by Mar
jorie Fischer and Rolfe Humphries.) 
Benjamin is born in 1860, a 70-year-old 
man with white hair and a long beard. 
He grows backward at a normal rate, 
enters kindergarten at 65, goes through 
school and marries at 50. Thirty years 
later, at the age of 20, he decides to 
enter Harvard, and he is graduated in 
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1914 when he is 16. (I am glVlng his 
biological ages.) The Army promotes 
him to brigadier general because as a 
biologically older man he had been a 
lieutenant colonel during the Spanish
American War, but when he shows up 
at the Army base as a small boy he is 
packed off for home. He grows younger 
until he cannot walk or talk. "Then it was 
all dark," reads Fitzgerald's last sen
tence, "and his white crib and the dim 
faces that moved above him, and the 
warm sweet aroma of the milk, faded out 
altogether from his mind." 

Aside from his backward growth, Mr. 
Button lives normally in forward-moving 
time. A better description of a situation 
in which the time arrows of a person 
and the world point in opposite direc
tions is found in Carroll's novel Sylvie 
and Bruno Concluded. The German 
Professor hands the narrator an Out
landish Watch with a "reversal peg" 
that causes the outside world to run 
backward for four hours. There is an 
amusing description of a time-reversed 
dinner at which "an empty fork is raised 
to the lips: there it receives a neatly cut 
piece of mutton, and swiftly conveys it 
to the plate, where it instantly attaches 
itself to the mutton already there." The 
scene is not consistent, however. The or
der of the dinner-table remarks is back
ward, but the words occur in a forward 
time direction. 

If we try to imagine an individual 
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whose entire bodily and mental proc
esses are reversed, we run into the worst 
kind of difficulties. For one thing, he 
could not pass through his previous life 
experiences backward, because those 
experiences are bound up with his ex
ternal world, and since that world is still 
moving forward none of his past experi
ences can be duplicated. Would we see 
him go into a mad death dance, like an 
automaton whose motor had been re
versed? Would he, from his point of 
view, find himself still thinking forward 
in a world that seemed to be going 
backward? If so, he would be unable to 
see or hear anything in that world, be
cause all sound and light waves would 
be moving toward their points of origin. 

We seem to encounter nothing but 
nonsense when we try to apply different 
time arrows to an individual and the 
world. Is it perhaps possible, on the 
micro level of quantum theory, to speak 
sensibly about part of the universe 
moving the wrong way in time? It is. In 
1948 Richard P. Feynman, who shared 
the 1965 Nobel prize in physics, devel
oped a mathematical approach to quan
tum theory in which an antiparticle is 
regarded as a particle moving backward 
in time for a fraction of a microsecond. 
When there is pair-creation of an elec
tron and its antiparticle the positron (a 
positively charged electron), the posi
tron is extremely short-lived. It imme
diately collides with another electron, 

FEYNMAN GRAPH, shown at the left in a simplified form devised 

hy Banesh Hoffman of Queens College, shows how an antiparti

cle can be considered a particle moving backward in time. The 

graph is viewed through a horizontal slot in a sheet of cardboard 

(color) that is moved slowly up across the graph. Looking through 

the slot, one sees events as they appear in our forward-looking 

"now." Electron A moves to the right (1 ) ,  an electron-positron pair 

is created (2), the positron and electron A are mutually annihi-

lated (3) and electron B continues on to the right (4). From a 

timeless point of view (without the slotted cardboard ) ,  however, it 

can be seen that there is only one particle: an electron that goes 

forward in time, backward and then forward again. Richard P_ 

Feynman's approach stemmed from a whimsical suggestion by John 

A. Wheeler of Princeton University: a single particle, tracing a 

"world line" through space and time (right), could create all 

the world's electrons (black dots) and positrons (colored dots)_ 
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both are annihilated and off goes a 
gamma ray. Three separate particles
one positron and two electrons-seem to 
be involved. In Feynman's theory there 
is only one particle, the electron [see 
illustration on opposite page J. What we 
observe as a positron is simply the elec
tron moving momentarily back in time. 
Because our time, in which we observe 
the event, runs uniformly forward, we 
see the time-reversed electron as a posi
tron. We think the positron vanishes 
when it hits another electron, but this is 
just the original electron resuming its for
ward time direction. The electron exe
cutes a tiny zigzag dance in space-time, 
hopping into the past just long C:fnough 
for us to see its path in a bubble chamber 
and interpret it as a path made by a 
positron moving forward in time. 

Feynman got his basic idea when he 
was a graduate student at Princeton, 
from a telephone conversation with his 
physics professor John A. Wheeler. In 
his Nobel-prize acceptance speech 
Feynman told the story this way: 

"Feynman," said Wheeler, "I know 
why all electrons have the same charge 
and the same mass." 

"Why?" asked Feynman. 
"Because," said Wheeler, "they are all 

the same electron!" 
\Vheeler went on to explain on the 

telephone the stupendous vision that had 
come to him. In relativity theory physi
cists use what are called Minkowski 
graphs for showing the movements of 
objects through space-time. The path of 
an object on such a graph is called its 
"world line." Wheeler imagined one 
electron, weaving back and forth in 
space-time, tracing out a single world 
line. The world line would form an in
credible knot, like a monstrous ball of 
tangled twine with billions on billions 
of crossings, the "string" filling the en
tire cosmos in one blinding, timeless in
stant. If we take a cross section through 
cosmic space-time, cutting at right 
angles to the time axis, we get a picture 
of three-space at one instant of time. 
This three-dimensional cross section 
moves forward along the time axis, and 
it is on this moving section of "now" 
that the events of the world execute 
their dance. On this cross section the 
world line of the electron, the incredible 
knot, would be broken up into billions 
on billions of dancing points, each cor
responding to a spot where the electron 
knot was cut. If the cross section cuts the 
world line at a spot where the particle is 
moving forward in time, the spot is an 
electron. If it cuts the world line at a 
spot where the particle is moving back
ward in time, the spot is a positron. All 

I t 

CP-REVERSED GALAXY (where charge is reversed and matter mirror-reflected ) would he 

indistinguishable as such from the earth. But explorers from the earth would soon find out. 

the electrons and positrons in the cosmos 
are, in Wheeler's fantastic vision, cross 
sections of the knotted path of this single 
particle. Since they are all sections of 
the same world line, naturally they will 
all have identical masses and strengths 
of charge. Their positive and negative 
charges are no more than indications of 
the time direction in which the parti
cle at that instant was weaving its way 
through space-time. 

There is an enormous catch to all of 
this. The number of electrons and posi
trons in the universe would have to be 
equal. You can see this by drawing on 
a sheet of paper a two-dimensional 
analogue of Wheeler's vision. Simply 
trace a single line over the page to make 
a tangled knot [see illustration on oppo
site page J. Draw a straight line through 
it. The straight line represents a one
dimensional cross section at one instant 
in time through a two-space world (one 
space axis and one time axis). At points 
where the knot crosses the straight line, 
moving up in the direction of time's 
arrow, it produces an electron. Where 
it crosses the line going the opposite 
way it produces a positron. It is easy to 
see that the number of electrons and 
positrons must be equal or have at most 
a difference of one. That is why, when 

Wheeler had described his vision, Feyn
man immediately said: 

"But, Professor, there aren't as many 
positrons as electrons." 

"Well," countered Wheeler, "maybe 
they are hidden in the protons or some
thing." 

Wheeler was not proposing a serious 
theory, but the suggestion that a posi
tron could be interpreted as an electron 
moving· temporarily backward in time 
caught Feynman's fancy, and he found 
that the interpretation could be handled 
mathematically in a way that was en
tirely consistent with logic and all the 
laws of quantum theory. It became a 
cornerstone in his famous "space-time 
view" of quantum mechanics, which he 
completed eight years later and for 
which he shared his Nobel prize. The 
theory is equivalent to traditional views, 
but the zigzag dance of Feynman's par
ticles provided a new way of handling 
certain calculations and greatly simpli
fying them. Does this mean that the 
positron is "really" an electron moving 
backward in time? No, that is only one 
physical interpretation of the "Feynman 
graphs"; other interpretations, just as 
valid, do not speak of time reversals. 
With the new experiments suggesting a 
mysterious interlocking of charge, parity 

TIME-REVERSED INHABITANTS of a time-reversed world are not aware of anything 

strange in the environment because their own subjective experience of time is reversed_ 
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THE QUESTAR TELESCOPE IS A mL UABLE TEACHING TOOL 
It is indeed gratifying that every month more 
and more elementary schools, high schools, 
a n d  c o lleges are b u y i n g  Q u e s t a r s .  M a n y  
educators have realized that i t  isn't always 
necessary to spend hard-won tax dollars to 
build an observatory with a large, expensive 
telescope in order to provide an astronomy 
course. If you have $ 10,000 to spend, for 
exam'ple, 1 0  Questars would furnish a whole 
class in astronomy or general science with 
superfine telescopes, with the added advantage 
of being able to use them in the daytime for 
safe solar work and nature study. Moreover, 
today's fine plate-glass windows permit flaw
less views of the heavens, except near the zenith 
and for this a skylight might be utilized. A 
south-facing window will permit following of 
the moon and many other important sky 
objects.  

Recently we received a letter from Mr. Curtis 
W. Gable, an eighth-grade science teacher who 
decided to experiment with his own Questar 
in his classroom. He used it for teaching the 
types of astronomical instruments and for 
studying the sun with Questar's safe, external 
solar filter. 

The students responded with such delight 
and exuberance that a regular program involv
ing other science teachers and approximately 
200 students was developed. The course helped 
to identify several students who proved to be 
capable of high-quality work in astronomy. 

This student interest led next to the forming 
of an astronomy club which met several times 
a month. Its wide range of activities included 
a discussion of current events in astronomy, 
a presentation of special reports on astronom
ical subjects, the showing of 3 5 -mm. slides, 
practice in the use of the telescope, and special 
observation sessions . While club members 
brought in their own telescopes, the Questar, 
because of its being so easily set up as an 
equatorial, and because of its clock drive and 
setting circles, was the most useful for teaching. 

We were particularly interested in the in
struction course each student was put through 
before he was permitted to use the instrument. 
First he was given some typed pages of infor
mation to read, which included a numbered 
diagram of the Questar and a correspondingly 
numbered list naming and describing the parts 
of the telescope. Another page explained the 
optical system, comparing it with conventional 
telescopes. There were directions for locating 
a celestial object, and, finally, a list of club rules. 

Group instruction in the handling of the 
Questar was followed by the individual guid
ance of each member. He was given several 
"dry runs" in its use and was permitted to 
touch only the control knobs. Great emphasis 
was put upon keeping fingers off the optical 
surfaces. The safety factor of the sun filter 

was particularly stressed, and any violation of 
the safety rules resulted in dismissal of the 
club member. Teaching was thorough, leaving 
nothing to chance. Each club member had to 
demonstrate that he had mastered the tech
nical information and had skill in its use. 

Mr. Gable says the results were well worth 
the precautions ; that with proper instruction, 
and strict discipline on the part of the owner 
or teacher, groups of children can use the 
Questar without damage to it or themselves. 

Actually, Questar is  a rugged little giant of 
a telescope, so well built that it can stand 
considerable abuse. Some have been out in 
the schools now for nearly ten years, and 
occasionally one comes back for cleaning and 
inspection. We seldom find anything seriously 
wrong. Even one or two that had been dropped 
sustained only minor damage. The drives will 
show wear, just like the brakes on your car, 
in proportion to their hours of use, but this 
is a simple replacement for which our charge 
is five dollars for each drive. Furthermore, we 
have a special low-rate service charge for all 
educational institutions, which the schools 
have found most reasonable. 

Indoor Comfort With Questar 
Time was when trying to see through a windowpane 
with a fine telescope would have been out of the 
question. But roday's plate glass is so remarkably 
plane parallel that anyone can have an observing corner 
like this. The glass happens to be the double insula
tion type, yet no distorcion of image occurs at high 
power, and rhe light loss is so negligible that we can 
still see the companion of Polaris with a Questar. 

W O R L D ' S  F I N EST. M OST V E R SAT I L E  S M A L L  T E L E S C O P E .  F R O M  $ 7 9 5 .  
S E N D O N E  D O L L A R  F O R  40· PAG E B O O K LET T O  ,A N YW H E R E  I N  N O R T H  
A M E R I CA .  BY A I R  T O  R EST O F  W E ST E R N  H E M I S P H E R E. $ 2 .40.  E U R O P E  
A N D  N O RT H  A F R I CA, $ 2 . 50, A U ST R A L I A  A N D  A L L  OT H E R  P L A C E S ,  $ 3 . 50.  

Q UJ IE S 1rAR 
B O X  20, N EW H O P E ,  P E N N .  1 8938 
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and time direction, however, the zigzag 
dance of Feynman's electron, as it traces 
its world line through space-time, no 
longer seems as bizarre a physical inter
pretation as it once did. 

� the moment no one can predict 
what will finally come of the new 

evidence that a time arrow may be built 
into some of the most elementary parti
cle interactions,  Physicists are taking 
more interest than ever before in what 
philosophers have said about time, 
thinking harder than ever before about 
what it means to say time has a "direc
tion" and what connection, if any, this 
all has with human consciousness and 
wilL Is histOlY like a vast "riverrun" that 
can be seen by God or the gods from 
source to mouth, or from an infinite past 
to an infinite future, in one timeless and 
eternal glance? Is freedom of will no 
more than an illusion as the current of 
existence propels us into a future that 
in some unknown sense already ex
ists? To vary the metaphor, is history a 
prerecorded motion picture, projected 
on the four-dimensional screen of our 
space-time for the amusement or edifica
tion of some unimaginable Audience? 

Or is the future, as William James 
and others have so passionately argued, 
open and undetermined, not existing 
in any sense until it actually happens? 
Does the future bring genuine novelty
surprises that even the gods are unable 
to anticipate? Such questions go far 
beyond the reach of phYSics and probe 
aspects of existence that we are as little 
capable of comprehending as the fish 
in the river Liffey are of comprehend
ing the city of Dublin , 

� ' : : " . 

� 

BACKWARD-RUNNING TIME could ex

plain this phenomenon. So could antigravity. 
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TH E R O V E R  M OTOR C O .  OF N. A M E R I C A  LTD . ,  C H R Y S L E R  B L D G . ,  N E W  Y O R K ,  N. Y. 1 00 1 7  

[How to get your children to fasten their Rover 2000 s afety harnes ses ] 

Tell them how you had to walk 
five miles to school, in the snow, 
and that you weren't /ortunate 
enough to have a Rover 2000 

T. e. Sports Sedan ( ) ; 
and that your every waking 
thought, yours and mommy's, 
is of them, and all you are 
working for is to give them 
the advantages you never 
had ; and that if they don't 
f� � t�n thP1"Yl " A l l  \X,1 1 1  hl 1 �tpr © 1966 SCIENTIFIC AMERICAN, INC



The Kinship of Animal 
and Human Diseases 

Knowledge of hUlnan diseases has been greatly advanced by inducing 

similar diseases in experinwntal anirnals. It now appears that there is 

still lnuch to be learned from animal diseases that occur naturally 

T
he study of disease in animals has 
made a profound contribution to 
the understanding of disease in 

man. The large majority of such studies, 
however, have had a distinct limitation. 
The main tradition of experimental med
icine has been to induce in an animal a 
disorder that resembles a disorder in man 
(often a disorder that does not occur 
naturally in the animal); the experiment
er is then able to draw useful analogies 

a 

� 
I 

b 

by RobertW. Leader 

between the animal disorder and the hu
man one. Far less attention has been 
paid to animal diseases that occur natu
rally. A fairly widespread attitude was 
reflected by a physician to whom I once 
mentioned that workers in New Zealand 
had discovered a genetic disease in mice 
that was similar to lupus erythematosus 
in man. "The next time a mouse comes 
to my waiting room," he said, 'Til call 
on you." 

I 
I 

c � 
� 

Today it is becoming increasingly 
clear that there is much to be learned 
about certain human diseases from the 
spontaneous diseases of animals. The 
approach is often termed comparative 
pathology, and recently it has been 
stressed by the founding of new depart
ments in many medical schools and med
ical research institutions. This is not to 
say that work on natural diseases in ani
mals has not already made important 
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BRAIN TISSUE FROM 

MUL TIPLE·SCLEROSIS 
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TWO YEARS LATER TWO YEARS LATER 

t t 

� � 
SCRAPIE SCRAPIE 

CERTAIN BRAIN DISEASES of animals and man show similari

ties, including a long incubation period. Scrapie, a natural disease 

of sheep, can be transmitted to normal sheep by injection (a). The 

incubation period is two years or more. The agent is remarkably 

hardy, producing scrapie even after diseased tissue has been soaked 

for long periods in Formalin, which inactivates most agents of dis-

/1O 

� 
I 

TWO YEARS LATER 

� 

� 
SCRAPIE·LIKE SYMPTOMS BRAIN DISEASE 

ease (b). Sheep injected with tissue from the brain of a human be

ing with multiple sclerosis develop scrapie-like symptoms (e). 
Kuru (d) is a brain disease occurring among certain tribesmen in 

New Guinea; injection of chimpanzees with tissue from the brains 

of kuru patients usually produces kuru-like symptoms in the 

chimpanzees after incubation periods ranging from 18 to 30 months. 
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contributions to our knowledge of dis
eases in general. An example is the study 
of the chicken sarcoma, for which Pey
ton Rous of Rockefeller University has 
just received a share in the Nobel prize 
for physiology and medicine. 

In 1910 Rous was approached by an 
amateur chicken breeder who was con
cerned about a lump on the leg of one of 
his prized inbred chickens. At that time 
almost nothing was known about tumors 
of chickens. Rous became interested, and 
undertook to find out if the lump could 
be transmitted. He succeeded in trans
planting the tissue to other chickens of 
the amateur's inbred stock, and identi
fied it as the malignant tumor called a 
sarcoma. 

Rous then wondered if a causative 
agent could be isolated from the tumor. 
He discovered not only that there was 
such an agent but also that it would pass 
through filters able to hold back the 
smallest bacteria. Further experiments 
proved the agent to be a virus. This was 
a startling discovery in a time when it 
was believed that cancers were growths 
that arose without causative factors. In
deed, for many years the Rous sarcoma 
was regarded as a biological oddity. 
Then several other virus-caused cancers 
were found in animals, and today there 
is active research on the possibility that 
viruses cause cancers in man. Moreover, 
RollS's original work generated a wave 
of activity from which ripples are still 
being felt in virology, genetics and im
munology. 

Many other significant results have 
Rowed from the alert observation of ani
mal diseases. The demonstration in 1893 
by Theobald Smith and F. L. Kilborne of 
the U.S. Department of Agriculture that 
Texas cattle fever was spread by ticks 
led directly to Walter Reed's work on the 
transmission of yellow fever by mosqui
toes. F. L. Schofield of the Ontario Vet
erinary College investigated the poison
ing of cattle that had eaten spoiled 
sweet-clover hay; his work led to the iso
lation from the hay of dicoumarol, an im
pOltant means of controlling blood clot
ting. The most familiar examples of all 
are Edward Jenner's observations OJ] 

cowpox, which resulted in his vaccine 
against smallpox; Robert Koch's isolation 
of the anthrax bacillus from sheep and 
(;attle and his demonstration that the 
same bacillus causes anthrax in man, and 
Louis Pasteur's studies of rabid animals, 
which led to the development of the ra
bies vaccine. 

Modern research in (;omparative pa
thology involves animals as diverse as the 
mink and the horseshoe crab, the sheep 

and the hagfish, the pig and the axolotl 
(a large salamander). Here it would be 
best to concentrate on a few lines of in
vestigation and follow them where they 
lead. As the reader will discover, they 
often lead quite unexpectedly from one 
species to another. 

One of the most intriguing lines of in-
vestigation has to do with the brain. 

Perhaps the most tragic human brain dis
ease, because of its slow but inexorable 
course, is multiple sclerosis. The cause of 
the disease and the nature of the mecha
nisms that perpetuate it are unknown. 
Allergies, viruses, bacteria and fungi 
have all been impli(;ated and investi
gated without result, and the disease re
mains a worldwide problem. 

Even though no solution to the prob
lem is imminent, some seemingly unre
lated facts throw light on it. For lllany 
years veterinarians have known of a dis
ease of sheep called scrapie, so nallled 
because intense itching of the skin causes 
the animals to scrape their wool off by 
rubbing against fences, gates or any oth
er firm object they can find. The princi
pal lesions of the disease, however, are 
in the brain, whiLh slowly but relentless
ly degenerates. 

Groups of investigators in England, 
Scotland and the U.s. have been work
ing on the disease. They have found that 
it can be reproduced by inoculating a 
healthy sheep with material from the 
brain of an infected sheep. They have 
also observed a strong hereditary tenden
(;y toward scrapie; the Cheviot and Suf
folk breeds are extremely susceptible, 
whereas some other hreeds are seldom 
affected. The genetic predisposition is so 
apparent that some workers still regard 
the disease as being purely genetic, al
though the fact that the agent has been 
adapted to and transmitted through mice 
and other laboratory animals would seem 
to refute that idea. It is also evident that 
the incubation period of scrapie in sheep 
(;an be more than two years. Hence even 
the keenest observer of sheep under field 
conditions would find it difficult to COIl
nect the disease with a causative factor. 

Opposed to the meager store of facts 
about scrapie are many puzzles, some of 
which present bewildering inconsisten
cies. One of the first workers to study the 
disease, W. S. Gordon of the Institute 
for Research on Animal Diseases in En
gland, exposed one puzzle while he was 
engaged in a program to control another 
disease of sheep called lou ping ill (after 
the Scottish word "loup," or "leap," re
ferring to mus(;ular spasms in the ani
mal). The program entailed the inocu-

EFFECT OF SCRAPIE on brain strurture 

is evident in a comparison of these photo· 

micrographs. The upper one shows tissue 

from the brain of a healthy )!:oat; the lower, 
tissue from the hrain of a goat in whic·h 

,,"("apie had been indul"ed experimentally. 

The diseased tissue shows an abnormal pro· 
liferation of glial cells (black l. The photo· 

micrographs, enlarged 130 diameter;;, \\ ere 

lIlade by William .T. Radlow of the National 
111:'titllle of Allergy and IlIfel"liollS Diseases. 
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DAMAGED CEREBELLUM is a consequence of a viral disease (cerebellar hypoplasia) that 

afflicts newborn cats. At left is a normal cat brain; at right, the brain of a cat with the dis· 

ease. In each case the eerebellum is shown in color. By the time the disease manifests itself 

in the form of ataxia, or faulty motor coordination, resulting from the damaged cerebellum 

the virus has disappeared. It is possible that other brain diseases have a similar origin. 

lation of a vaccine prepared from the 
brains of sheep afflicted with the disease. 
The brains had been soaked for several 
weeks in Formalin (a solution of formal
dehyde) at a concentration that would 
kill most bacteria and many viruses. 
Three batches of the material were used 
as vaccines against the disease. 

A year later ranchers began to com
plain that scrapie had appeared in their 
herds and that it had been caused by 
Gordon's vaccine. Gordon investigated 
and found that the scrapie had appeared 
only in sheep inoculated from one of the 
three batches of vaccine. That batch con
tained brain tissue from a herd with a 
history of scrapie. 

kuru, a Fore word meaning trembling 
associated with fear or cold. 

Kuru first appeared in two small vil
lages about 45 years ago and spread 
slowly. The incidence is appallingly high 
in the affected population; in some tribes 
and families kuru is the main cause of 
death. Several aspects of the disease led 
Gajdusek and other workers to suspect 
that an infectious agent was implicated, 
but they were unable to prove it. For a 
time their efforts to understand the dis
ease appeared to be blocked. 

An unanticipated break came in 1959 
from work by William J. Hadlow of the 
National Institute of Allergy and Infec
tious Diseases. Hadlow, who is a veteri
narian, was in England studying scrapie 
in sheep. He made the observation that 

a b 

FERRET BRAINS show differing results 

from two experiments. At left is the normal 

cerebellum of a ferret inoculated both with 

virus from a cat that had cerebellar hypo· 

plasia and with serum from a cat that had 

in tissues under the microscope there 
were many similarities between scrapie 
and kuru. Gajdusek, Clarence J. Gibbs, 
Jr., and their colleagues took up the lead. 
One of their main efforts was to see if a 
viral agent of kuru could be isolated. 

Conventional methods for isolating a 
virus require the observation of inocu
lated animals for no more than a few 
weeks or months. Gajdusek's group, 
alerted by the knowledge that incubation 
periods in scrapie can be two years or 
more, decided to wait at least five years 
for the results of inoculating animals 
with material from the brains of New 
Guinea tribesmen who had died of kuru. 
For the program of inoculations the 
group used several species of small ani
mals and some primate species. The 

c 

Thus the agent of scrapie was acci
dentally found to be highly resistant to 
inactivation by FOlmalin. Other workers 
have enlarged on this finding about the 
hardiness of the scrapie agent. Brains 
from sheep with the disease have re
mained infectious after being soaked in 
10 percent Formalin for 28 months. 
Even tissue embedded in paraffin (to cut 
sections for microscopy) and then stored 
in the laboratory has yielded infectious 
material. Furthermore, the agent is ex
tremely resistant to heat: it has survived 
boiling for as long as three hours. 

RAT VIRUS RAT VIRUS RAT VIRUS 

�t us now turn our attention to the 
inhabitants of a small area of New 

Guinea called the Okapa region. For sev
eral years a group headed by D. Carleton 
Gajdusek of the National Institute of 
Neurological Diseases and Blindness has 
been studying a peculiar degeneration of 
the brain that afflicts the Fore tribe and 
several neighboring groups. The disease, 
which is invariably fatal, is known as 
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DEATH 

1 
NEWBORN HAMSTER 

1 
� 

ATAXIA 

COMPARATIVE PATHOLOGY involving two viruses and se�eral species of animal 

showed the strong tendency of the viruses to attack rapidly growing cells, such as those 
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survived the disease. At right is the cerebel· 

lum of a ferret inoculated only with virus. 

Tissues were supplied by Lawrence Kilham 

and George Margolis of Dartmouth Medi· 

cal School; enlargement is 225 diameters. 

chimpanzee, the primate most closely re
lated to man, was included because of 
the strong genetic features exhibited by 
kuru. In Gajdusek's group the prevailing 
mood was pessimistic; there was little 
reason to expect anything but negative 
results. 

Indeed, none of the small animals or 
lesser primates have developed any 
kuru-like abnormalities. The chimpan
zees, however, present a different pic
ture. The brains of eight chimpanzees 
were inoculated with .2 milliliter of 
brain tissue taken from seven patients 
who had died of kuru. In May, 1965, 
18 months after the inoculations, one of 
the eight chimpanzees began to show 
neurological abnormalities. The trouble 
progressed steadily until the animal was 

d e 

unable to sit up without assistance. 
During the next three months two 

more chimpanzees became ill. Since then 
all but one of the eight have developed 
similar symptoms. The longest incuba
tion period was 30 months; the course of 
the illness was from five to nine months, 
ending in almost complete paralysis. Ex
tensive neurological examinations have 
shown that the disease closely resembles 
human kuru. 

Another thread in the story leads back 
to multiple sclerosis. 1. H. Pattison and 
E. J. Field of the Institute for Research 
on Animal Diseases in England and Pall 
A. P<'tlsson of the University of Iceland 
have injected sheep with material from 
the brains of human patients who had 
died of multiple sclerosis. Several of the 
sheep have developed a disease similar 
to scrapie. 

The work that produced these results 
must be regarded as preliminary. One 
must not jump to the conclusion that 
multiple sclerosis is an infectious disease 
or that it is related to scrapie. Still, the 
possibilities are there. Indeed, David 
C. Poskanzer of the Harvard Medical 
School, citing extensive epidemiological 
evidence, has presented the hypothesis 
that multiple sclerosis may be an infec
tious disease with a long incubation pe
riod, perhaps 20 years or more. 

A somewhat similar chain of circum-
stances begins with a brain disease 

of cats and may lead to an understanding 
of one or more human affiictions. The 
disease, hypoplasia (underdevelopment) 
of the cerebellum, causes kittens to lose 
their sense of balance and coordination 
because the Purkinje layer of nerve cells 
in the brain fails to develop properly. 

f 

Veterinarians have recognized the dis
ease for many years and have generally 
regarded it as hereditary because it tends 
to occur in families of cats. Since the dis
ease was first described in 1888, how
ever, there have been strong reservations 
about its genetic character, because often 
entire litters of kittens are affected. Such 
a pattern is inconsistent with that of 
most genetic diseases; they are usually 
transmitted by recessive genes, requiring 
that both parents be carriers of the un
favorable trait. The mathematical prob
abilities of genetics are that about one 
offspring in four of such a mating will 
exhibit the disease. 

The story must shift to another species 
-the rat-and another disease-cancer
before the stage can be set to show how 
significant the feline disease may be. In 
1958 Lawrence Kilham and his associ
ates at the Dartmouth Medical School 
isolated an infectious agent from rat tu
mors. At first they thought it was a pre
viously unrecognized virus with the abili
ty to produce cancer. A long series of 
experiments showed that it was not a 
cancer-producing virus but that it had a 
particular ability to replicate in cells that 
were themselves rapidly dividing, as in 
cancer or in the growth of a young ani
mal. It often caused a fatal disease when 
it was inoculated into very young animals 
but gave rise only to latent disease in 
adults. 

At that stage in the investigation 
George Margolis, a neuropathologist, 
joined Kilham. They began experiments 
to determine the effect of injecting the 
rat virus into the brain of young ham
sters. One result was that the virus pro
duced severe ataxia, or loss of motor con
trol, because it attacked the nerve cells 

n· 
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CAT VIRUS CAT VIRUS CAT CAT 

NEWBORN CAT NEWBORN FERRET 
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VIRUS 1 1  SERUM 
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NEWBORN FERRET 

�� 
NO E F FECT NORMAL ATAXIA 

found in the young and in cancer patients. The first experiments 

(a-c) entailed the inoculation of a rat virus; in other experiments 

ATAXIA NORMAL 

(d-j) animals were inoculated with cerebellar.hypoplasia virus from 

cats. Serum from cats that survived disease counteracted virus (g). 
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NORMAL 

BLUE MINK 

FAULTY GRANULES in cells appear in Chediak-Higashi syndrome of animals and men_ A 

typical granule is the lysosome (color), a membranous structure containing enzymes that 

digest viruses and bacteria invading a celL The process of attack and digestion in a normal 

cell is shown at top_ In the disease the granules are abnormally large and often fail to attack 

invaders (bottom). The abnormality is believed to be in the membrane of the granule. 

of the cerebellum during the active stage 
of its formation just after birth. 

The effect resembled the symptoms of 
cerebellar hypoplasia in kittens and so 
directed the thoughts of Kilham and 
Margolis to that disease. Eventually they 
were able to isolate from tbe brain of an 
affected cat a virus that would reproduce 
the cat disorder. It was difficult to evalu
ate the results of inoculating healthy cats 
with the agent, however, because many 
cats carry antibodies against the dis
ease. Kilham and Margolis succeeded in 
adapting the disease to ferrets, which 
were uniformly susceptible. Further
more, it was found that ferrets could be 
protected from the virus by neutralizing 
the infectious material with serum from 
cats that had survived the infection. 

By pulling together the separate 
threads involving cats, rats and ferrets 
one can dispel some of the mystery sur
rounding feline cerebellar hypoplasia 
and see the possible significance of the 
disease for a number of human afflic
tions. The confusion surrounding feline 
cerebellar hypoplasia has persisted main
ly because the virus selects actively mul
tiplying cells for its attack. Therefore it 
does its damage to the brain at a very 
early age-probably within one or two 
days after birth. At that time of life it 
is impossible to detect abnormalities of 
equilibrium in kittens, but the damage 
to the brain has been done. Later, when 
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the animals should be able to walk and 
play, the defect becomes obvious. Then 
an examination of the brain shows a 
markedly small cerebellum but no evi
dence of viral infection [see illustration 
at top left on page 112]. 

The work of Kilham and Margolis has 
shown that the small cerebellum is the 
result of a destructive process tbat has 
virtually stopped but has left a damaged 
brain. The cause of destruction was a 
viral infection that had occurred in in
fancy and left no trace other than the 
brain damage. The findings explain the 
persistence of an important misconcep
tion: that feline cerebellar hypoplasia is· 
a genetic disease, when in fact it results 
from the lesions of an acute viral infec
tion. 

Again one should not jump to conclu
sions. The findings do not mean that 
every similar lesion found in the cerebel
lum is of viral origin, but they do raise 
several important questions. Is cerebel
lar hypoplasia in cattle, horses and hu
man beings sometimes caused in the 
same way it is in kittens? Are there vi
ruses that attack cells in other regions of 
the central nervous system, resulting in 
lesions that mislead us in a similar fash
ion? Could some cases of mental retarda
tion in children be the result of struc
tural damage caused by unsuspected vi
ral infections? 

Another group of human diseases that 

resist understanding are those affecting 
the mesenchyme: the supporting tissues 
of the body. They are known as tbe con
nective-tissue diseases and include rheu
matoid arthritis, lupus erythematosus, 
diffuse scleroderma and polyarteritis. 
They are crippling and debilitating dis
eases affecting millions of people, and 
yet in spite of intensive research they 
continue to resist explanation. 

One of the ways in which the diseases 
manifest themselves is an exagger

ated but ineffective activity in the mech
anism of immunity to infection. Such ac
tivity is reflected by high levels in the 
blood of gamma globulin, the protein 
fraction that includes antibodies against 
foreign substances (antigens). Another 
manifestation is the proliferation in the 
body of plasma cells, tbe cells that manu
facture antibody proteins. Frequently 
there is also diffuse degeneration of the 
connective tissues and marked inflam
mation of the arteries. 

An animal disease that has received 
considerable attention because of its sim
ilarity to the human connective-tissue 
diseases is the Aleutian disease of mink. 
The disease is not an exact counterpart 
of the human diseases, but it has charac
teristics that overlap with several of 
them. Aleutian disease, which affects the 
highly prized Aleutian (or blue) mink, 
was discovered som� 20 years ago. At 
the time it was thought to be directly 
related to the genetic character of the 
Aleutian mink. We now know that it can 
occur in other mink, although it has a 
strong predilection for the Aleutian. 

Aleutian disease is slowly progressive. 
It causes the fur of its victims to become 
valueless, and it culminates in death by 
damaging the kidneys, liver and blood 
vessels. Several investigators have shown 
that the blood of diseased mink yields in
fectious material that resembles a virus 
in many ways: it passes through fine fil
ters and consists of particles (as is indi
cated by the fact that it forms a sediment 
when it is spun at high speed in a centri
fuge). Still, no actual virus has been iso
lated. 

The disease has other mysterious as
pects, conspicuous among which is the 
behavior in it of gamma globulin_ The 
substance is usually regarded as an anti
body that is produced by the plasma cells 
in response to an infective agent and 
enables the host to resist the agent. Al
though the level of gamma globulin rises 
sharply in Aleutian disease, it is possible 
to isolate the infectious agent from the 
bloodstream at any time during the long 
course of the illness. In other words, 
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the gamma globulin responds to the in
fectious agent but fails to act effectively 
against it. 

In several of its aspects Aleutian dis
ease resembles the human connective-tis
sue diseases. Aleutian disease is limited 
to the mink (and possibly the ferret). One 
can see that if there were a parallel in a 
human disease, it would be most difficult 
to demonstrate the presence of the agent. 
C. L. Christian of the Columbia Univer
sity College of PhYSicians and Surgeons 
has put the situation in these words: "If 
a microbial agent responsible for human 
[connective-tissue] disease were as diffi
cult to characterize as the agent involved 
in Aleutian disease of mink, present 
methods might not permit its detection." 

Several experimental approaches are 
being made to the question of how the 
agent of Aleutian disease stimulates the 
plasma cells of the mink to produce 
gamma globulin that apparently lacks 
the normal antibody activity. Cells from 
infected animals are being studied under 
both the light and the electron micro
scope in an effort to determine where 
the first attack occurs. Substances la
beled with radioactive atoms will be 
used to ascertain which cells begin to 
multiply in response to the infectious 
agent. Still another approach involves 
exploration of the analogies between 
Aleutian disease and multiple myeloma, 
a malignant disease of the blood in which 
plasma cells grow wildly and produce 
abnormal kinds of gamma globulin. The 
work entails intensive studies of the 
chemical nature of the gamma globulin 
produced in Aleutian disease. 

For my final chain of circumstances I 
shall take up the research on white 

blood cells that has arisen from the ge
netic differences in susceptibility to 
Aleutian mink disease. A genuine genet
ic disease that occurs in children is the 
Chediak-Higashi syndrome. (The disease 
is named for the two phYSicians who dis
covered it independently some 15 years 
ago, Moises-Chediak of Cuba and Oto
taka Higashi of Japan.) The disease is 
conSiderably more complex than it 
seemed at first, when it appeared to be 
distinguished mainly by enlargement of 
granules in the leukocytes, or white 
blood cells. Accompanying the abnor
malities of the leukocytes were other 
characteristic patterns, including pale 
pigmentation of the hair and eyes, pho
tophobia (unusual sensitivity of the eye 
to light) and extreme susceptibility to 
bacterial infections. 

The vulnerability to bacterial infec
tion indicates that the leukocytes are 

unable to fulfill their nOlmal function of 
inactivating bacteria. Various workers 
have recently shown that the bacteria
inactivating property of leukocytes re
sides in the granules, which are in effect 
tiny bags filled with digestive enzymes. 
The granules have been given -the name 
lysosomes, and it is now known that sim
ilar granules exist in the cells of many 
organs, including the liver, the kidney 
and the pancreas [see "The Lysosome," 
by Christian de Duve; SCIENTIFIC AMER
ICAN, May, 1963]. In the leukocytes, 
when foreign material enters the cell, the 
enzymes are discharged to digest the in
vader; at other times the powerful di
gestive substances are sequestered by 
the membrane of the lysosome. 

In 1963 George A. Padgett of Washing-
ton State University, working in the 

laboratory where I was until recently, 
discovered that an animal counterpart 
of the Chediak-Higashi syndrome had 
existed unnoticed for more than 20 
years. It was found in the Aleutian mink. 
The blue mink is a genetic mutant bear
ing the aa, or Aleutian, gene. Padgett 

showed that all mink carrying the aa 
gene had the same abnormality of leu
kocyte granules as children with the 
Chediak-Higashi syndrome. Moreover, 
the distinctive light color of the mink's 
coat was a manifestation of defective 
formation of pigment and so was akin 
to the paleness of hair and skin in chil
dren with the Chediak-Higashi syn
drome. The mink also lacked adequate 
pigmentation in the iris of the eye and 
so exhibited photophobia. 

Further studies have shown that the 
membranes of the leukocyte granules 
are faulty, which may explain the inef
fective performance of the leukocytes. 
The work has led to studies of granules 
and their membranes in other kinds of 
cell. Dorothy B. Windhorst of the Uni
versity of Minnesota Medical School 
showed with the electron microscope 
that the reason for the paleness of pig
mentation was that the granules of pig
ment were extremely enlarged, resulting 
in poor dispersion of the pigment [see 
illustration below]. Marvin A. Lutzner of 
the University of Washington School 
of Medicine and his co-workers used the 

MELANIN GRANULES in a child with Chediak-Higashi syndrome show defective pig

mentation similar to that found in blue mink and albino cattle. The dark granules (upper 
left) have normal pigmentation; nearby are large, gray and streaky granules with defective 

pigmentation. The photomicrograph was made by Alvin S. Zelickson at the University 

of Minnesota for his colleague Dorothy B. Windhorst; enlargement is 46,300 diameters. 
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When the sun darkened over South America last November, Sandians 
were there and busy. Some studied the eclipse high over the Atlantic 
aboard a jet aircraft packed with instruments; others launched rockets 
with instrument payloads from the mainland. 

Their efforts linked with those of scientists from many nations seeking 
a better understanding of solar phenomena and their effects on earth's 
atmosphere. These effects concern Sandia because of our responsibili
ties in aerospace nuclear safety, space vehicle re-entry, nuclear burst 
physics, and Vela detection satellites. 

Sandia is diversity in depth, a challenging environment for technical 
people who excel. Our current needs are especially for persons with 
records of achievement in physics and chemistry of surfaces, atmos
pheric physics, and aerothermodynamics. For information write: 
Employment Organization 3151, Sandia Laboratory, Box 5800, Albu
querque, New Mexico, 87115. Sandia is an equal opportunity employer. 
U.S. citizenship is required. 

SANDIA LABORATORIES 

OPERATED FOR THE U.S. ATOMIC ENERGY COMMISSION BY SANDIA CORPORATION 

@ A BELL SYSTEM SUBSIDIARY I ALBUQUERQUE, NEW MEXICO; LIVERMORE, CALIFORNIA 
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electron microscope to study granules in 
the cells of other organs of mink, includ
ing the liver, the pancreas and the sali
vary glands. They found similar abnor
malities of the membranes in all the 
granules. 

Thus what appeared at the beginning 
to be a defect limited to white blood cells 
has proved to be a generalized disease 
probably involving all organs whose cells 
contain granules covered by membranes. 
The disease appears to be related to one 
gene and possibly to one enzyme; hence 
studies of it offer a new avenue for ex
ploring the genetic basis for the control 
of physiological function. A natural 
model of the disease had been available 
for more than 20 years in perhaps a mil
lion mink, but the presence of the model 
went unrecognized for lack of attention 
to comparative pathology. 

In the work of our group at Washing
ton State University a bit of unantici
pated luck enhanced the opportunity to 
study the Chediak-Higashi syndrome. 
A herd of partial albino cattle at the uni
versity (the only group of its kind in the 
world) had been under study for years 
as genetic oddities. When Padgett ex
amined their blood, he discovered that 
they had the same genetic defect found 
in children with the Chediak-Higashi 
syndrome and in blue mink. Hence two 
kinds of animal with different experi
mental advantages.are available for fur
ther research. The mink can be kept in 
considerable numbers; the cattle can 
provide large quantities of leukocytes 
and other cells that will be helpful in 
biochemical studies. 

Future work on the syndrome I have 
described in man, mink and cattle should 
elucidate the peculiarities of the disease. 
It should also provide valuable leads to 
understanding how the genes control the 
development of cells, how pigment is 
formed and how lysosomes carry out 
their normal functions. 

It would be unfair to close without an 
apology to the investigators whose 

work has been omitted from this discus
sion. My approach has been to consider 
in some depth the interspecies relations 
of a few diseases. Much other work is in 
progress at the boundaries that have 
long restricted the development of medi
cine as a comparative discipline. Full ap
preciation of the biological unity of dis
ease can be achieved only when the 
fences between species are removed and 
investigators cease to regard medicine as 
a compartmented structure. As Sir Wil
liam Osler put it, there is only one medi
cine, 
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New Alcoa research 

paper evaluates 

methods of testi ng 

weldments for 

susceptibi lity 

to stress-corrosion 

cracking. 

Practically all commercial aluminum 
alloy weldments are resistant to 
stress-corrosion cracking. However, 
the search for ever-stronger alumi
num alloys, such as for armor plate, 
leads investigators into complex 
alloy systems for which the resist
ance to stress-corrosion cracking is 
a necessary consideration. 

What causes stress-corrosion 
cracking? 

Change for the better with 
Alcoa® Aluminum 

Stress-corrosion cracking is 
cracking that is initiated by localized 
corrosion synergized by sustained 
tensile stress at the surface. 

According to the theories devel
oped by Alcoa in 1940 and 1944, 
stress-corrosion cracking of alumi
num alloys begins at the grain 
boundaries of the metal. Hence, 
stress-corrosion cracking of alumi
num alloys is characteristically 
intergranular. Stress-corrosion 
cracking can occur when three 
conditions are present: 

Susceptible composition and 
metallurgical structure· High 
tensile stress at the surface· 
Specific environment 

Alcoa's basic research in stress 
corrosion and tests of new alloys and 
applications have employed various 
methods of testing weldments. Our 
evaluation of these methods, as well 
as test results, is presented in a new 
17 -page paper. The investigated 
techniques for applying tension 

include the use of both constant
load and constant-deformation 
methods. Four types of specimen 
are evaluated: simple beam, U-bend, 
tensile specimen and residual-stress 
specimen. Besides evaluating test 
methods, the paper also includes 
the results of testing seven struc
tural alloys, including three from 
the 7000 series, as well as five weld
filler alloys. This paper documents 
another addition to the thousands 
of man-years that Alcoa has spent 
on aluminum research. 

When you want authoritative 
answers about aluminum, come to 
Alcoa. Would you like to learn more 
about testing weldments for stress 
corrosion? Write Aluminum 
Company of America, 968-A Alcoa 
Building, Pittsburgh, Pa. 15219. Ask 
for the paper Evaluation of Various 
Techniques for Stress-Corrosion 
Testing Welded Aluminum Alloys by 
M. B. Shumaker, R. A. Kelsey, 
D. O. Sprowls and J. G. Williamson. 

� 
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MATHEMATICAL GAMES 
Dr. Matrix delivers 

a talk on acrostics 

by Martin Gardner 

F
or almost a year after Dr. Matrix 
and his daughter Iva had disap
peared from Philadelphia with a 

$50,000 donation to Dr. Matrix' Psy
chonumeranalytical Institute (see this 
department for last January) neither I 
nor the police had been able to discover 
their whereabouts. Iva usually commu
nicates with me in some cryptic way 
after a suitable lapse of time, however, 
and so I remained on the alert for a 
message. One day I received a printed 
announcement of 12 public lectures on 
"Combinatorial Aspects of English and 
American Literature," to be given every 
Friday evening in Shade Auditorium at 
Wordsmith College in New Wye, N.Y. 
Professor T. Ignatius Marx of the mathe
matics department was the speaker. The 
admission charge was $3 a lecture or $25 
for the entire series. The weekly topics 
were listed as follows: 

1. The Acrostic Poem. 
2. The Palindromic Poem. 
3. Concealed and Accidental Verse. 
4. Macaronic and Patchwork Verse. 
5. Nonsense Verse from Jabberwocky 

to Gertrude Stein. 
6. Lipograms, Anagrams, Pangrams. 
7. Misplaced Commas. 
8. Keys to the Nomenclatures of Gul

liver's Tmvels, the Oz Books and Other 
Descriptions of Imaginary Lands. 

9. Lawrence Durrell and the 4. 
10. Vladimir Nabokov and the 

"Stinky Pinky." 
11. Deciphering the Ten Thunder

claps of Finnegans Wake. 
12. Poetry Programming for Digital 

Computers. 
Who, I wondered, was T. Ignatius 

Marx? Suddenly it came to me: "T. I. 
Marx" is an anagram of "Matrix." He 
had probably counterfeited credentials 
as a mathematician and the Wordsmith 
College administrators had failed to pen
etrate the disguise. 

The announcement arrived by special 
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delivery late Friday afternoon, the day 
of the first lecture. I dropped everything 
and drove north to New Wye, in the 
lower Catskills. It was a good thing I ar
rived early; the seats in Shade Auditori
um were rapidly filling to capacity. Marx 
was Dr. Matrix all right, although when 
he first emerged from the wings I did 
not immediately recognize him. The 
reddish-brown goatee he had sported in 
Philadelphia was gone. His prominent 
nose now overhung a brown handlebar 
moustache. He was obviously wearing 
contact lenses, because his green eyes 
had been transformed to bright blue. 

"In the beginning," he started, read
ing his lecture in a clipped British ac
cent, "was the word. 'What is a word? 
It is a combination of sounds that ad
vanced cultures symbolize by combina
tions of letters. What is a poem? It is a 
combination of words, chosen not only 
for their semantic referents but also for 
their melodic patterns. As Ram6n Lull 
so clearly recognized in the 13th cen
tury, the poet, like the artist and the mu
sician, is simply an expert in comb ina
torics. What is the rhyming dictionary 
if not a Lullian combinatorial device? 
With or without such mechanical aids, 
the poet must explore possible combina
tions of words until he finds a pattern 
that maximizes his aesthetic satisfac
tions. A good poem, like a magic square 
or a crossword puzzle, is an exercise in 
the great Lullian art of combinatorial 
thinking. A dictionary is like a box con
taining thousands of pieces of glass of 
different sizes, shapes and colors. As the 
American poet Jack Luzzato has written: 

In orderly disorder they 
Wait coldly columned, dead, prosaic

Poet, breathe on them and pray 
They bum with life in your mosaic." 

In addition to maximizing aesthetic 
values, Dr. Matrix continued, the poet 
can fashion other remarkable kinds of 
combinatorial pattern. The acrostic, in 
which initial letters of lines are in a 
meaningful order, is perhaps the oldest 
form of what Dr. Matrix called "meta-

aesthetical verse play." The earliest 
crude examples, he asserted, are found 
in the Old Testament, where nine Psalms 
are "abecedarian acrostics," the initial 
letters of each stanza consisting of the 
Hebrew letters in alphabetical order. 
The first four of the five poems that 
make up the Book of Lamentations, Dr. 
Matrix said, are also acrostics of this 
type, as well as the poem in Proverbs 
31, verses 10 through 31, which lists 
the virtues of the good wife. 

Dr. Matrix picked up a pointer that 
had been leaning against the lectern and 
tapped it on the floor. Before the lights 
dimmed I looked quickly behind me to 
see who was operating the projector that 
had been set up in the middle of the 
center aisle. Yes, it was Iva. Her strik
ing Eurasian features were entirely 
without makeup. She was obviously mas
querading as a student: her dark hair 
hung below her shoulders and she wore 
a gray sweater, red boots and a tweed 
miniskirt that revealed a splendid pair 
of knees. I learned later that she was 
enrolled for undergraduate courses in 
mathematics and music. 

When the room was dark, a picture 
appeared on the screen of the first stan
za of the famous 119th Psalm as it looks 
in the original Hebrew. Dr. Matrix 
called attention with the pointer to the 
fact that each of the stanza's eight 
verses begins with the letter aleph. The 
second stanza of 'the Psalm was then 
flashed on the screen to show that each 
of its eight verses begins with beth. The 
eight verses of the third stanza each 
start with gimel, and so on through the 
22 letters of the old Hebrew alphabet to 
tau, the last letter. 

The lights went on. It was the Greeks 
and the Romans, Dr. Matrix declared, 
who introduced the word and sentence 
acrostic. He cited numerous instances 
and showed a slide of each. The pro
phetic verses of the Greek Sibyls-old 
ladies who spouted hexameters while in 
a state of pretended religious frenzy
were often acrostics. Cicero, in his book 
On Divination, argued that those acros
tic features proved that the Sibylline 
verses were not uttered spontaneously 
but were carefully composed in ad
vance. The most famous of such acros
tics, Dr. Matrix said, was attributed to 
the Erythraean Sibyl, believed by many 
scholars to be the same Sibyl who, in 
Book 6 of The Aeneid, leads Aeneas into 
the underworld. The Greek lines were 
shown on the screen alongside a Latin 
translation provided by St. Augustine 
in Book 18 of The City of God. With 
the pointer Dr. Matrix showed how the 
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initial letters of the Greek lines formed 
the five words 

'I1]<Tou<; XPL<TTO<; 0EOU YLO<; 2,OlT1]P, 

which translate as "Jesus Christ, the 
Son of God, the Savior." 

But there is more. The five initials of 
the five Greek words form a second 
acrostic, LX(}U<;, the Greek word ichthus, 
"fish." This explains, said Dr. Matrix, 
why the fish became such a popular 
early symbol of Christ. It was often 
carved on monuments in the Roman 
catacombs and was widely used as a re
ligious symbol in medieval paintings. 

l 

I,i 

l 

In a rapid series of slides Dr. Matrix 
showed many examples of acrostics from 
the medieval and Renaissance periods, 
including selections from the 50 acrostic 
cantos written by Giovanni Boccaccio. 
He also showed some of the 26 graceful 
acrostics (each on the words "Elizabeth 
Regina") in Hymns to Astraea, a 1599 
book by the English philosophical poet 
Sir John Davies, and some of the 420 
acrostics on names of famous people in 
Mary Frege's 1637 work Fame's Roule. 
There were a number of baroque speci
mens by minor Elizabethan poets, some 
with the acrostic letters in reverse order 
and some with a name running down 
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A solot ion /.0 September's squ.are,pl/ching problem 

the middle of the poem as well as down 
both sides. 

After the Elizabethan period, Dr. 
Matrix continued, the English acrostic 
fell into disrepute. Joseph Addison, 
writing in Volume 60 of The Spectator, 
was unable to decide who was the 
greater blockhead, the inventor of the 
acrostic or the inventor of the anagram. 
Samuel Butler, in his "Character of a 
Small Poet," described the acrostic 
writer as one who would "lay the out
side of his verses even, like a bricklay
er, by a line of rhyme and acrostic, and 
fill the middle with rubbish." Among 
the many acrostics by the romantic 
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Solution to last month's checker problem 

poets, Dr. Matrix thought the best was 
John Keats's lyric on the name of his 
sister Georgiana Augusta Keats. It be
gins: 

Give me your patience, sister, 
while I frame 

Exact in capitals your golden name. 

Lewis Carroll was fond of writing 
acrostics on the names of his young 
friends. Dr. Matrix displayed several 
specimens of Carrollian dedicatory verse 
in which the second letter of each line, 
instead of the first, spelled the little 
girl's name. Among American writers he 
singled out James Branch Cabell as a 
skillful writer of acrostics, citing the 
dedicatory poem Jurgen (an acrostic on 
the name of the critic Burton Rascoe) as 
a typical Cabellian specimen. As in
stances of the off -color acrostic (I shall 
not repeat them here) Dr. Matrix ex
hibited an amusing acrostic attack on 
Nicholas Murray Butler by the poet 
Rolfe Humphries (unwittingly printed 
in Poetry magazine under the title 
"Draft Ode for a Phi Beta Kappa Occa
sion"), and "A Recollection," from page 
71 of The Collected Poems of John 
Peale Bishop. 

The finest acrostic by an American 
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poet, Dr. Matrix insisted, is the follow
ing sonnet: 

"Seldom we find," says Solomon Don 
Dunce 

"Half an idea in the profoundest 
sonnet. 

Through all the flimsy things we see 
at once 

As easily as through a Naples bon
net-

Trash of all trash!-how can a lady 
don it? 

Yet heavier far than your Petrarchan 
stuff-

Owl-downy nonsense that the faintest 
puff 

Twirls into tntnk-paper the while you 
con it." 

And, veritably, Sol is right enough. 
The general tuckermanities are arrant 
Bubbles-ephemeral and so trans-

parent-
But this is, now-you may depend 

upon it-
Stable, opaque, immortal-all by dint 
Of the dear names that lie concealed 

within't. 

The lady's full name is hidden in an un
orthodox way. Can the reader discover 
it and also identify the poet before the 

information is revealed in this depart
ment next month? 

J. A. Lindon of Addlestone in En
gland was singled out by Dr. Matrix as 
the most expert, among living writers of 
light verse, in the weaving of meta
aesthetic patterns. Lindon's poem "To 
Those Overseas" was projected on the 
screen: 

A merry Christmas and a happy new 
year! 

Merry, merry carols you'll have sung 
us; 

Christmas remains Christmas even when 
you are not here, 

And though afar and lonely, you're 
among us. 

A bond is there, a bond at times 
near broken. 

Happy be Christmas then, when happy, 
clear, 

New heart-warm links are forged, new 
ties betoken 

Year ripe with loving giving birth 
to year. 

It was easy to see that the first line was 
repeated acrostically by the first words of 
each capitalized line. Dr. Matrix went 
on, however, to show that Lindon had 
ingeniously worked into his poem a sec
ond pattern that is much more unusual. 
This pattern too will be explained next 
month. 

"For the combinatorial critic," Dr. 
Matrix continued, "the unintentional 
acrostic is even more interesting than 
the intentional one. The field is virtually 
unexplored. What is the longest word to 
appear acrostically in Milton's Paradise 
Lost? In Pope's Essay on Man? In the 
works of Yeats, Eliot, Pound, Auden? In 
the King James Bible?" 

Dr. Matrix displayed several acci
dental acrostics from the New Testa
ment. I particularly liked one in which 
the three statements of Matthew 7:7 
(Dr. Matrix called attention to the triple 
repetition of seven-twice as a numeral, 
plus the seven letters of "Matthew") are 
arranged like this: 

Ask, and it shall be given you; 
Seek, and ye shall find; 
Knock, and it shall be opened unto you. 

More remarkable, however, is the fol
lowing accidental acrostic Dr. Matrix 
said he had first learned about when he 
checked galleys for a forthcoming book 
on Scribner's spring list: Beyond Lan
guage, by his old friend Dmitri Borg
mann, the wordplay expert of Oak Park, 
Ill. In Act 3, Scene I of A Midsummer 
Night's Dream the fairy queen Titania 
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speaks the following lines to Bottom the 
Weaver: 

Out of this wood do not desire to go: 
Thou shalt remain here, whether thou 

wilt or no. 
I am a spirit of no common rate; 
The summer still doth tend upon my 

state; 
ANd I do love thee; therefore, go with 

me. 
I'll give thee fairies to attend on thee, 
And they shall fetch thee jewels fTOm 

the deep. 

The capital letters on the left spell "0 
Titania." "Surely," Dr. Matrix said, "that 
is the most remarkable unintended 
acrostic in all English literature. Or was 
it unintended?" 

The lecture was over. The lights came 
on, people clapped, and I lost no time in 
disclosing my presence to Iva. I helped 
her to carry the projector and box of 
slides to her car, then she drove us to 
her father's rented house on the out
skirts of New Wye. She had assumed the 
Chinese name Iris Ho Toy, an anagram 
of her Japanese surname, Toshiyori, and 
was living in her own apartment near 
the college. No one suspected, she told 
me, that Professor Marx was her father. 

Dr. Matrix' career at Wordsmith 
ended abruptly a few weeks after his 
final lecture. He had announced in that 
lecture that he had programmed the 
mathematics department's computer to 
write modern poetry. All the words in 
the new Random House Dictionary of 
the English Language had been stored 
in the computer's memory along with 
rules for combining them in ways de
rived from an intensive study of the 
work of 10 contemporary poets. The 
computer had typed out exactly 100 
copies of a long poem, which, suitably 
bound in imitation leather, could be 
obtained from Professor Marx for $50 
a copy. It was a most impressive poem, 
albeit dull in spots (for example, "I've 
measured it from side to side;/'Tis three 
feet long, and two feet wide"). 

Three weeks later a young instructor 
in Wordsmith's English department dis
covered that the poem the computer 
had typed out was word for word the 
first version of William Wordsworth's 
narrative poem "The Thorn." By the 
time the fraud was discovered, how
ever, Marx and Miss Toy were gone. 

�st month's questions about Pascal's 
triangle are answered as follows: 

1. The sum of all numbers above row 
n is 2n - 1. 

2. All numbers in row 256 are odd. 

CLAUDE 
LEVI-STRAUSS 

"acclaimed savant, a man of letters 
and high style, of delicate 
perception and a penchant for Reason."¥-
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We have friends in high places 

... orbiting the sun ... orbiting the 

earth ... and even at home on the 

Moon. Like all friends, they have some

thing in common. They were conceived 

by scientists and engineers at the Jet 

Propulsion Laboratory in Pasadena. 

We've soft-landed on the Moon, 

photographed Mars, nown by Venus, and 

now we're serving notice on the rest of 

the Solar System. And that's only the 

beginning. 

Ambitious upcoming missions such as 

Voyager and Mariner '67 have created 

across-the-board openings in a wide 

variety of disciplines. Here's your chance 

to exchange ideas with some of the finest 

minds in space exploration. The very 

same minds that gave birth to Surveyor, 

Mariner and Ranger. 

You'" like living in Southern California, 

too. Where people like you are making 

things happen. So, if you're a man with 

his eye on tomorrow ... we promise you 

the Moon ... 

... and we deliver. 

Send your complete resum e to: 

Mr. Wallace Peterson, S�upervisort 

Employment. 

JET PROPULSION LABORATORY 
� 48020akGraveDr.,Pasadena,Calif.91103 � Attention: Professional Staffing Dept. 1 

"An equal opportunity employer." Jet Propulsion Laboratory is operated by the California Institute of Technology for the National Aeronautics and Space Administration. 
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Senior 
scientists and 

• 

engineers: 
Come to JPL. 
You'll be in good company. 

JPl is now interviewing for opportunities in: 

Telecommunications-For d e v e l o p
ment of spacecraft telemetry, command 
and data storage systems. 

For the design and development of 
ground telemetry demodulation-decom
mutation and command modulation equip
ment. 

For performance prediction analysis 
of radar, telecommunications and com
mand links with satellite or deep space 
applications. 

For development of ground station sys
tems fordeep space tracking and telemetry. 

Engineering Mechanics - For space
craft development in materials, structures, 
electronic packaging, mechanisms, and 
mechanical integration of subsystems. 

Systems-For computer data system op
erations and development to provide engi
neering and management assistance for a 
multi-site, wind - tunnel data acquisition 
and processing system. 

For design, implementation, conver
sion of computer programs for real-time 
data processing and control function. 

For data recovery recognition, editing, 
sampling, investigation of special applica
tion methods for computer use in DSN, 
plus program reliability studies. 

Space Power Engineers -For d esign 
and development of  spacecraft power 
switching circuits for the actuation of 
electro-explosive devices for Voyager 
program. 

For development of thermoelectric and/ 
or thermionic power-conversion devices. 

For development and flight support of 
solar photovoltaic power sources. 

For development of power converters, 
inverters and regulators. 

Programmers-For analysis, design and 
implementation of projects in the follow
ing areas: scientific applications, special 
data systems, complex operating systems. 

For design and implementation of multi
computer operations. 

Call Mr. Wallace Peterson, Supervisor, 
Employment, at (213) 354-3830. Or, send 
your resume to: 

• JET PROPULSION 
� LABORATORY 
4802 Oak Grove Drive, Pasadena, California 91103 

Attention: Professional Staffing Dept. 1 

"An equal opportunity employer." Jet Propulsion laboratory 
is operoted by the California Institute of Technology for the 

Notional Aeronautics and Space Administration. 

(This is true of every nth row when n is 
a power of 2.) 

3. All numbers in row 67, except the 
two 1's at the ends, are evenly divisible 
by 67. (This is true of every nth row 
when n is a prime. A proof will be 
found in Stanley Ogilvy's Through the 
Mathescope, page 137.) 

4. The checker problem is quickly 
solved by numbering the squares as 
shown in the illustration on page 120. 
For each starting position the numbers 
form inverted Pascal triangles modified 
by the restricting sides of the board. 
Each number indicates the number of 
different ways a checker can reach that 
cell from the starting position. The max
imum number of possible paths is to the 
square marked 35 when the checker 
starts from the third black square on 
the bottom row. 

5. The value of the apex card in 
Harry Lorayne's trick is determined as 
follows. Let n be the number of cards in 
the initial row. The row of Pascal's tri
angle that contains n numbers provides 
the formula for calculating the apex. 
This can be explained by an example. 

Assume that there are six cards in 
the bottom row with the values 8, 2, 9, 4, 
6, 7. The corresponding row of Pascal's 
triangle is 1, 5, 10, 10, 5, 1. Reduce the 
10's to their digital root (by adding their 
digits), making the row 1, 5, 1, 1, 5, 1. 
These numbers are taken as being mul
tiples of the six cards. The cards that are 
second from each end are multiplied by 
5, summed, then added to the values of 
the four remaining cards. The final sum, 
reduced to its digital root, is the apex. 
This is easily done in the head because 
you can reduce to digital roots as you 
go along. When the second-from-end 
cards are multiplied by 5 to obtain the 
numbers 10 and 30, those numbers are 
immediately reduced to their digital 
roots 1 and 3, which have a sum of 4. 
To 4 you now add the values of the re
maining four cards, reducing each sum 
to its digital root as you proceed. The 
final result, 5, is the apex number. 

Finding the apex is even faster for a 
row of 10 numbers. In this case the cor
responding row of Pascal's triangle, re
duced to digital roots, is 1,-9, 9, 3, 9, 9, 
3, 9, 9, 1. The number 9 is the same as 
o (modulo 9), so that we can write the 
formula: 1, 0, 0, 3, 0, 0, 3, 0, 0, 1. To 
obtain the apex, therefore, we have only 
to multiply the fourth numbers from 
each end by 3, add the two end cards 
and reduce to the digital root. The 
other six numbers can be ignored com
pletely! A good presentation (suggested 
by L. Vosburgh Lyons of New York) is 

to let the spectator himself predict the 
apex number by naming any digit he 
pleases. He then writes a row of nine 
random digits, allowing you to add 
a 10th digit at whichever end of the 
row he deSignates. Add the three key 
numbers of the formula in the usual 
manner, then supply whatever fourth 
number is needed to make the apex 
correspond with his prediction. 

The trick need not be limited to "cast
ing out nines" addition. Any integer 
may be cast out. Pascal's triangle, with 
its numbers reduced by the same kind of 
casting out, gives the required formulas. 
For example, suppose the trick starts 
with eight digits and the pyramid is 
formed by casting out sevens. The eight
number row of Pascal's triangle, reduced 
by casting out sevens, is 1, 0, 0, 0, 0, 0, 
0, 1. To determine the apex merely add 
the end numbers and, if necessary, re
duce to a digit by casting out seven. I 
leave it to the reader to determine why 
the triangle produces the desired formu
las in all such cases. 

So far 239 readers have sent solutions 
to the September problem of covering as 
much as possible of a side-70 square 
with nonoverlapping squares of sides 1, 
2, 3 . . .  24. Almost all the solutions re
duce the exposed area to fewer than 100 
square units. Twenty-four minimal so
lutions were received, each reducing the 
exposed area to 49 square units, or ex
actly 1 percent of the total area. All 
the patterns are identical (aside from 
rotations and reflections) in their placing 
of squares 11 through 24 (except for an 
interchange in some of them of squares 
17 and 18), and in their omission of only 
the 7 -square. The first such solution re
ceived was from William Cutler of Beth
lehem, Pa. The others came from Rich
ard Babcock, Robert L. Becker, Alan 
F. Berndt, O. Chateaubriand, C. A. 
Cross, K. N. Duncan, A. M. Freer, Ray
mond Gouge, Constantine Gumacos, 
R. W. Hahn, Luther S. Harris, Robert 
H. Matthew, William C. May (and two 
friends whom he called Hartman and 
Hartman), James N. Parnell, Robert L. 
Patton (whose solution is shown in the 
illustration on page 119), Robert L. 
Patton, Jr., Pierre M. Renders, James S. 
Robertson, Philippe Rosselet, Allan L. 
Sluizer, Burris Smith, Richard C. Win
decker and James R. Wyman. The pack
ing has not yet been proved minimal. 

In September I reported that Leo 
Moser and J. W. Moon had proved that 
any set of squares with a combined area 
of 1 could be packed into a square of 
side 2. This should have read "a square 
of area 2." 
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THE AMATEUR SCIENTIST 
The study of electrostatic effects 
and convection currents in liquids 

Conducted by C. L. Stong 

T
his is the season when you are 
most likely to get a shock of static 
electricity by touching a doorknob, 

when woolen garments crackle as they 
are removed and when your hair tends 
to stand on end after a few strokes with 
a comb. The electrical energy respon
sible for these effects is always generated 
when two substances rub together, but 
during humid weather it leaks away 
through the air and across moist surfaces 
before a substantial charge can accumu
late. When the air is dry, as it is during 
the crisp days of winter, a person can be
come charged to a potential of as much 
as 50,000 volts simply by walking across 

a thick carpet. Well-insulated objects 
can store charges for days on end. For 
this reason winter is the best time to do 
experiments in electrostatics. 

Roger Hayward, the illustrator of this 
department, recently performed a series 
of experiments that involve the response 
of dielectric liquids to electric fields of 
high potential and the reaction to the 
fields of both conducting and noncon
ducting particles suspended in the liq
uids. Hayward writes: "Most of the clas
sic electrostatic experiments that usually 
are performed in air can be done to 
advantage in a dielectric liquid such as 
carbon tetrachloride or kerosene. The 
relatively high viscosity of the liquid 
causes the effects to proceed in slow mo
tion, so that you can observe what is 
going on. 

"In addition, a number of effects that 
appear in liquids cannot be observed 
in air. For example, elongated dielectric 
particles suspended in kerosene align 

lead;; to 
electrostatic 

genel'dtor 

Tip e",tends 
y:.;;/' above 

liquid 
I eve-I. 

Arrangements for using an electrostatic field to create a jet of liquid 
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themselves in the direction of the electric 
force and thereby trace the pattern of 
the potential field just as iron filings dis
close the shape of a magnetic field when 
they are scattered on a sheet of paper 
held over the magnet. This was the first 
experiment I tried, because I wanted to 
see just where the electric force was 
most intense before attempting to ob
serve its influence on transparent liquids. 

"To set up the experiment I poured 
about a pint of kerosene into a Pyrex pie 
plate eight inches in diameter. With a 
pair of scissors I cut the hairs of a cam
ers-hair brush into pieces about a six
teenth of an inch long. The short hairs 
were stirred into the kerosene. The dish 
was placed on a slab of Styrofoam about 
an inch thick. 

"The pattern of a potential field is 
determined in part by the shape of the 
electrodes. My first pair of electrodes 
consisted of (1) a thin wire immersed 
vertically in the liquid at the center of 
the dish and (2) a wire circle that ran 
around the inner edge of the dish. The 
electrodes were connected to the termi
nals of an inexpensive electrostatic gen
erator of the Wimshurst type that I 
bought from the Edmund Scientific Co. 

"When the machine was cranked, the 
hairs turned in the direction of the elec
tric force to form a symmetrical pattern 
of radial lines that jOined the center to 
the circumference. In a potential field 
of this kind the strength of the electric 
force varies with the density of the lines. 
In the case of the radial field the line 
density and the force are greatest at the 
center. Indeed, when I started the gen
erator the force at the center was so 
large that the liquid climbed up the 
wire more than a quarter of an inch, and 
the violent streaming destroyed the pat
tern in that region. I restored the pattern 
by cranking with less vigor, thus re
ducing the applied voltage. Reversing 
the polarity made no change in the shape 
of the field. 

"Next I removed the ring and inserted 
in the field a pair of vertical wires spaced 
several inches apart. They were con
nected to one terminal of the Wimshurst 
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machine. The other terminal of the ma
chine was grounded. Radial patterns 
now extended outward from each elec
trode, the lines curving sharply away 
from each other along the narrow mid
dle zone. Connecting the wires to op
posite terminals of the machine pro
duced a pattern of arching curves that 
looked just like the pattern produced 
by dusting iron filings on a sheet of pa
per above the poles of a horseshoe mag
net. The lines were densest between the 
wire electrodes. 

"A pair of straight electrodes was 
made by cutting two flat strips of metal 
about five inches long and half an inch 
wide from an aluminum pie plate. A 
short length of 18-gauge copper wire 
was crimped over the center of each 
strip to serve both as a connection and 
as a brace to support the strips on edge 
in the liquid. The strips were placed 
parallel to each other and about two 
inches apart. The resulting field turned 
out to be uniform, as one would expect. 
The lines were perfectly parallel except 
at the ends of the plates, where they 
arched outward. With only a single strip 
in the liquid and the second terminal of 
the generator grounded, a uniform field 
extended symmetrically from both sides 
of the electrode. 

"Single electrodes of various shapes
circular, elliptical, egg-shaped and so on 
-were then cut from aluminum foil and 
placed flat in the middle of the dish. 
These were connected to one terminal 
of the generator by placing a wire ver
tically against the center of the elec
trode. The wire made the necessary con
nection and also held the aluminum foil 
in place. 

"The second electrode again consisted 
of a circle of wire that ran around the 
edge of the dish. In every case the field 
lines made right angles with the edge of 
the electrodes, just as the textbooks pre
dict. In the case of an egg-shaped elec
trode the lines bunch together at the 
small end of the egg, thus demonstrating 
that the strength of the field varies in
versely with the radius of the electrode. 

"That the field strength does in fact 
reach the maximum in the vicinity of a 
sharply pointed electrode was demon
strated by another experiment. A pound 
of carbon tetrachloride was placed in a 
500-milliliter Florence flask along with a 
pointed V-shaped wire positioned so that 
the point protruded about 1/32 inch 
above the surface of the liquid. The 
wire was held in place by a groove cut 
in the side of a cork that closed the flask. 
(The stopper should be of cork rather 
than rubber because carbon tetrachloride 

Swing tool back and 
foyth and rotate 
about it5 own 

r-r 
'----'-----Ll��1:I 

Drilland bore 
to 80'10 of 

spher-c diameter. 

After hardening and 
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a y kansas stone. 
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Steps in machining the brass ball 

attacks rubber. The bottle must be closed 
because the fumes of carbon tetrachlo
ride are toxic. The chemical should be 
handled.only in a well-ventilated room.) 

"Current leaks from the upper end of 
the wire in the form of a corona dis
charge. This loss can be reduced by cov
ering the cork with a rounded metal 
shield such as the cap from a spray can. 
The other electrode is also a pointed 
wire that can be manipulated with a 
handle such as a clothespin, which 
should be of plastic because of the high 
voltage involved [see illustration on op
posite page J. 

"When the two electrodes are con
nected to the terminals of the generator 

and the movable electrode is brought 
close to the side of the flask, the liquid 
surrounding the partly submerged elec
trode will become charged with the same 
polarity as the wire. The force of mutual 
repulsion is large enough to shoot a 
stream of liquid into the air perhaps an 
inch or so above the surface, depending 
on the voltage applied and the position 
of the outer electrode. The meniscus 
that surrounds the wire at the point 
where it enters the liquid will rise a 
quarter of an inch. 

"Next I substituted for the V-shaped 
electrode a straight wire that terminated 
in a small metal sphere. Brass balls are 
simple to make if you have access to a 
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rotor 
inser-ted 
through 
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Submerged whirligig set in motion electrostatically 

lathe. Place a brass rod of the desired 
size in the lathe chuck and make two 
opposing cuts at 45 degrees [see illus
tration on preceding page J. Trim the 
corners of the angled cuts at 67.5 and 
22.5 degrees. The resulting shape is 
roughly spherical. It is reduced to a true 
sphere by means of a special tool in the 
form of a heavy-walled tube of steel, 
one end of which is sharpened to serve 
as a cutting edge. The finished diameter 
of the bore of the tool should be about 
80 percent of the intended diameter of 

wire 

4F 3s-ga. 

the sphere. With the lathe turning at 
its maximum speed, place the tool in 
light contact with the sphere and swing 
it back and forth over the brass while 
simultaneously rotating it on its own 
axis. With a little experience the truing 
operation can be completed in seconds 
and the finished piece will emerge with 
a bright, if not polished, surface. The 
sphere can then be drilled for soldering 
to a copper wire. 

"I also made a little whirligig with 
pointed ends of sheet aluminum and 

connec-

aluminum 
from pie plateJ ����������#i���,tionsto 

electro-
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static 
generator 

electrostatic 
wind blows 
liquid awCty 

Equipment for indu.cing waves in a liq,!id electrostatically 

poked a hole through its middle with an 
awl. The finished piece was threaded on 
the wire that terminated in the brass 
sphere and was installed in the Rask [see 
top illustration on this page J. The sec
ond terminal of the generator was con
nected to a movable point close to the 
outer surface of the Rask. When power 
was applied, the whirligig spun with 
much vigor and rose to the surface of the 
liquid. I turned the tips of the points up
ward in the hope that the downward 
thrust of the blades would keep the thing 
submerged, but it continued rising to the 
surface (where it made a great sloshing). 
The position of the external electrode 
made little difference in the behavior of 
the whirligig except when it was placed 
near the surface of the liquid. The rate 
of spin then increased. 

"Thereafter I investigated the effect of 
a pointed electrode that was supported 
in air close to the surface of the liquid. 
Pointed electrodes in air create an 'elec
tric wind.' I wanted to check the effect 
of the wind on the oppOSitely charged 
surface of the liquid. A rectangular brass 
electrode of opposite polarity was placed 
at the bottom of a refrigerator dish, 
which was covered by a sheet of glass 
to prevent the escape of toxic fumes [see 
bottom illustration on this page J. 

"When a sharp needle was held as 
shown, the liquid was blown off the brass 
electrode with a big whoosh. A Van de 
GraafF generator capable of developing 
220,000 volts was then substituted for 
the Wimshurst machine. (The generator 
also came from the Edmund Scientific 
Co.) When the generator was turned on, 
most of the liquid was promptly blown 
out of the dish! 

"After airing the room, I resumed ex
perimenting with the Florence Rask. 
This time I seeded the liquid with a 
small pinch of aluminum powder of the 
kind used as a pigment in aluminum 
paint. My purpose was to observe the 
interaction of many charged but indi
vidually insulated particles. Only a little 
powder is needed-about the amount 
that could be piled on the Rat end of an 
unsharpened lead pencil. Most of the 
powder sank to the bottom of the Rask, 
but many particles remained in suspen
sion for more than 24 hours. 

"The Rask was fitted with a pair ot 
metallic electrodes; one was a thick, 
rounded disk and the other was a half
inch sphere spaced about an inch away 
from the center of the disk [see top illus
tration on opposite page J. The Rask was 
lighted on one side by a shielded lamp so 
that the particles could be observed 
easily. When the field was applied, some 
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large areas of particles flashed brightly 
with reflected light and other areas be
came darker. _ Evidently the particles 
aligned themselves with their long di
mensions in the direction of the field, 
some groups reflecting more light in the 
direction of the eye and others less light. 
Particles suspended between the elec
trodes darted continuously back and 
forth from the disk and the sphere, simu
lating the movement of electrons and 
ions in a gas-discharge tube. When one 
terminal of the machine is attached to 
the electrodes and the other to a sheet of 
aluminum foil placed under- the flask, all 
the liquid becomes charged and most 
of the powder that has settled to the 
bottom boils up into suspension. 

"A sewing needle was now attached 
to a flexible lead and fitted with an in
sulating handle so that it could be ma
nipulated. The needle was substituted 
as an electrode for the aluminum foil 
under the glass. When the point was 
brought near the outer surface of the 
flask, the effect suggested that an elec
tronic wind was blowing through the 
glass. The particles rushed away from 
the point in the form of a jet. 

"This effect gave me the idea of simu
lating an atom smasher such as the elec
trostatic accelerator with which the Brit
ish physiCists J. D. Cockcroft and E. T. S. 
Walton transmuted lithium into unstable 
beryllium. The first model consisted of 
a rectangular refrigerator dish about 
eight inches long and an inch deep, 
fitted at one end with a sheet of alumi
num that served as an electrode [see 
bottom illustration at right J. A needle 
point at the other end simulated the 
source of particles to be accelerated. The 
aluminum represented the target. Four 
electrodes were placed along each side of 
the dish to simulate the equipotential 
rings that distribute the electric field 
uniformly along the Cockcroft-Walton 
accelerator. When power is applied, alu
minum particles stream to the target in 
a beamlike array. For best results the 
refrigerator dish must rest on a block of 
Styrofoam to prevent charge from leak
ing away. If the liquid is carbon tetra
chloride, a sheet of glass should be 
placed between the dish and the plastic 
to protect the Styrofoam from the sol
vent. The dish must also be covered 
with a glass sheet to prevent the escape 
of the toxic fumes. 

"I made a second version of the ac
celerator for use with the Van de Graaff 
generator. Because of the higher power 
the number of equipotential 'rings' was 
reduced to three on each side, and they 
were placed flat against the sides of the 

connections to 
electrostatic generator 
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Setup for observing electrified particles in a liquid 

4F I .  35-ga. a ummum 

from pie plate 

to electYo�tatic 
generator 

l"efrigerator 
dish 

cal"bon 
tetrachloride 

sharpened 
wire 

electrode 

Apparatus for simulating an electrostatic accelerator at low power 
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Simulating an electrostatic accelerator at high power 

dish [see illustration above]. These elec
trodes require no wiring. They become 
charged through the air. The target elec
trode was grounded, in effect, by a lead 
that terminated in a needle point facing 
away from the generator. The accelerat
ing electrode was connected to a lead 
that terminated in a brass sphere. 

"Corona discharge between the sphere 
and the high-voltage terminal of the 

diameter 150 

depth �o mm. 

Petri 
dish 

Van de Graaff machine energizes the ap
paratus. Once I accidentally grounded 
the target and moved the generator with
in about an inch of the small sphere. 
When I applied power, the intense field 
blew most of the liquid out of the dish!" 

James R. Bailey, a high school student 
in Milwaukee, submits an interesting 

apparatus that also uses aluminum pow-

glo.ss cover 

I iquid with aluminum powder 

James R. Bailey's apparatus for demonstrating convection currents 
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der in suspension. It is for displaying 
convection currents: the streaming in
duced by gravity in gases and liquids 
when they are heated or cooled nonuni
formly. Bailey writes: 

"The simple apparatus consists o( a 
shallow glass jar that contains aluminum 
powder suspended in a volatile solvent 
such as trichloroethylene, Freon T. F. or 
wood alcohol. The jar is covered by a 
glass disk, such as the crystal of an alarm 
clock, that is sealed in place with epoxy 
cement. A squat peanut butter jar can be 
used or, better, a large Petri dish. The 
aluminum powder can be obtained from 
dealers in art or sign supplies. Use a very 
small pinch of the powder, just enough 
to make fairly dense swirls when it is 
stirred into the liquid. Particles that per
sist in floating on the surface after the 
stirring can be skimmed off and dis
carded. 

"Place the sealed jar in the refrigerator 
for a few minutes. When it has cooled, 
remove it and touch the side at any 
point with the tip of your finger. Al
most instantly vivid silvery waves will 
rush away from the warmed point 
toward the center of the jar. The action 
will persist for several seconds until the 
glass cools. The reason for the effect is 
that heat lowers the density of a rela
tively thick zone of solution at the edge 
of the dish. Gravity then causes neigh
boring liquid of higher density to dis
place this zone, which spreads over the 
surface as a thin, high-velocity layer that 
sinks after cooling. 

"Many other wave patterns can be 
generated by heating the jar in different 
ways. For example, support the jar on a 
pair of books or small boxes spaced 
about two inches apart and heat the 
center of the bottom of the jar with 
your finger. The resulting waves re
semble the action of a boiling spring. 
Another interesting variation can be ob
served by letting the jar come to room 
temperature and then cooling a spot with 
an ice cube. By this means one reverses 
the action. 

"Avoid exposing the device to exces
sive temperature. The resulting high 
pressure could break the seal. The sol
vents used are all toxic to some extent 
and most are flammable. The aluminum 
powder is not dangerous but makes a 
terrible mess if it is spilled. It can be 
dissolved with a strong solution of potas
sium hydroxide, sodium hydroxide or 
common lye. The finished apparatus is 
sturdy and inexpensive, and it never 
wears out. Like a kaleidoscope or an 
open fire, it generates abstract patterns 
of endless variety." 
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Collapsible containers: 
uses are expanding. 

A,B,C,D,E: 50, 70, 300, 50, 66 cu ft Sealdbins. F,G,H,I,J: 375, 250, 500, 500, 55 gal. Sealdrums. K: 3,500 gal. Sealdtank. 

NIROYA 
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Uniroyal collapsible containers 
are changing accepted ways of 
shipping, handling and storing 
a wide array of materials. 
Reason: substantial savings. 

No non-rigid container can possibly be strong and 
totally protective. Ask any traditionalist. 

Yet today, in application after application, this old 
assumption is being successfully challenged by 
Uniroyal (you might know us as United States Rubber 
Company). 

Almost any material that is inherently fluid or flow
able can be stored or transported in Uniroyal collaps
ible rubber containers. 

Liquid cargoes, for example, include water, milk, 
petroleum products, vegetable oils, liquid sugars, 
alcohols, liquid fertilizers. 

Dry cargoes include bulk products that can be 
blown into containers, such as dehydrated foods, 
carbon black, chemicals in powder form. 

Rubber containers save on handling and storage 
costs. They serve as a portable warehouse that can 
be left outside until the user needs the contents. 

These Uniroyal multi-ply containers are tough as 
truck tires but far more flexible. When emptied they 
collapse to free as much as 95 percent of cargo space 
for the return trip. 

The outside ply is an oil-resistant rubber which 
resists deterioration from heat, cold, sunlight and 
ozone. 

The core-ply fabric may be rayon, nylon or poly
ester depending on the cargoes to be carried. 

Uniroyal collapsible containers are effective in a 
wide temperature range from minus 30 to 135 
degrees F. They are designed to operate at 5 psi. 

Uniroyal makes three basic types of collapsible 
containers. The registered tradenames are: Sealdrum, 
Sealdbin and Sealdtank. 

Sealdrums are extremely portable liquid-carrying 
containers. Even when fully loaded they can be lifted, 
rolled or safely dropped from trucks. 

Sealdbins are used for handling exotic materials 

(Top.) Sealdtank and flatbed trailer can save some $10,000 
compared with tank trailer of the same capacity. Empty, it 
frees 95 percent of cargo space for return shipment. 

(Left.) Collapsible container is inflated to keep cargo from 
moving during shipment. (Right.) After run it can be deflated 
quickly to allow for unloading. 

like corrosive chemicals and fine powders. The food 
industry employs them with nitrogen under pressure 
for protective storage of dehydrated foods. 

Sealdtanks with disposable polyethylene liners can 
handle liquid food and non-food products of all kinds. 
They eliminate the need for large investments in 
permanent tanks. 

Another use for collapsible containers is cargo 
dunnage. Sold by Uniroyal under the Shor-Kwik 
tradename, they take the place 
of bracing, strapping, bolting. Continued ... 

© 1966 SCIENTIFIC AMERICAN, INC



Collapsible container concept is practical for other applications. 

Temporary pavilion built by Air-Tech Industries is made of Uniroyal vinyl-coated nylon and is entirely supported by air_ 
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The versatility of collapsible containers is beginning 
to be discovered by designers in many different fields. 

One use leads to another, as in the case of the 
temporary pavilion on the opposite page. 

Originally these air-supported structures, made 
from a special Uniroyal material, were intended for 
use as warehouses. Their large unobstructed interior 
space, 30 feet high on a base 60 by 200 feet, is ideal 
for the purpose. It permits the free movement of fork
lift trucks and storage unhampered by posts or beams. 

Furthermore, the material is translucent, providing 
ample daylight illumination. 

The structure, though light and easy to erect, can 
withstand sixty-mile-an-hour winds, temperatures 
from minus 30 to 120 degrees F. , and typical New 
England snow loads. Three smal15-horsepower 
motor-driven blowers deliver approximately 30,000 
cubic feet of air per minute. This changes the air four 
times an hour while keeping the structure inflated. 

Another growing use for collapsible containers is 
for portable tanks such as fertilizer tanks. Uniroyal 
has bu i It rubber storage tanks from 1,000 to 100,000 
gallons capacity to contain phosphoric acids and 
other non-pressurized fertilizer solutions. 

The savings, compared with the cost of stainless 
steel tanks mounted on reinforced concrete bases, 
are obvious. 

The new Uniroyal fertilizer tank can be installed 
in less than a day. It is simply laid out on flat 
ground and filled with solution. 

By using portable tanks, distributors can buy in 
slack periods when the price per gallon is lower. 
Furthermore, they avoid the risk of tardy delivery 
due to heavy orders during the buying season. 

There are also many military applications for rub
ber containers. To date, more than 30,000 Sealdrums 
have been employed in a wide range of uses. (The 
Sealdrum was developed in co-operation with the 
Army Quartermaster Command.) Sealdbins and 
Sealdtanks have been used by the Navy for salvage 
and repair operations. 

Another promising use for collapsible containers 
is as a buoyancy device for underwater recovery 
systems. The Navy is evaluating such systems for 
the recovery of practice torpedoes and expensive 
electronic equipment. 

NIRoVA 
U.S.RUBBER 

A Sealdrum is built to take it. This one holding a fuel load 
of 3,700 Ibs. can be safely dropped from the back of a 
2112-ton truck time after time, reducing the need for a ramp. 

The 500-gallon Sealdrum on the truck at left holds the 
same volume as nine 55-gallon drums on the right. This 
allows greater loads to be transported in the same space. 

If you have an idea for using collapsible containers, 
we'd welcome your inquiry. Write to Uniroyal, Technical 
Advisory Service, 1230 Avenue of the Americas, New 
York, New York 10020. 

We think we can help you. We may not be the big
gest rubber company, but we're the most inventive. 
And we have almost 1500 patents to prove it. 

Uniroyal holds more patents 
than any other rubber company. 
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Available: 10,000,000 square miles. 
suitable for industries, cities, farIlls, 
mines . . .  underw-a ter 

• • 

(The steels are ready, whenever you are) 

In a world confronted with overpopu

lation and creeping starvation, man's 

very survival may depend on exploit

ing the tremendous wealth of the 

ocean depths. 

This awesome, watery world is as 

alien to man as space itself. 

Yet America's industrial and scien

tific technology will almost certainly 

permit man eventually to extract the 

mineral, animal, and vegetable wealth 

of these immense submerged plains. 

And to live and work there in comfort. 

H should be possible for him to 

farm the very sea floor ... mine count

less minerals ... feed and herd fish 

like cattle ... dam the massive cur
rents for electric power ... tap known 

reserves of oil ... capture undersea 

springs of fresh water ... suck up 

plankton with giant vacuum cleaners 

... even modify the weather by elim

inating underwater causes of hurri

canes. 

Already, scores of America's 

scientists, engineers, and leading in

dustries are accelerating undersea 

research and exploration. Right now, 

they are developing techniques to 

build the structures and equipment 

that man will use at the bottom of 

the sea. 
Anticipating their needs, as we 

have in the past, Republic Steel 

Corporation, too, is deep in research 

and the production of ever stronger, 

lighter weight, corrosion-resistant, 

mo r e  d ep e nd a b l e  s t eels. A l s o, 

@ 
This STEELMARK of the American Steel Industry 

St I 
on a product assures you it is modern, versatile, 

ee 
economical Steel. Put it on products you sell; 
look for it on products you buy. 

RepUblic is now perfecting such ad

vanced methods as electron beam 

welding for fabricating steel struc

tures to be used underwater. 

At this moment, the long reach of 
steel from Republic is probing into 

areas wherever man's imagination 

needs it - from the ocean depths to 
outer space, from the heartbeat of 

man to the drumbeat of defense. 

Republic Steel Corporation, Cleve
land, Ohio 44101. 

You Can Take the Pulse of Progress at 

REPUBLIC STEEL 
CLEVELAND. OHIO 44101 
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Information Technology 

• Mission Simulation, Display Technology 

Radar and Fire Control 

• Airborne Systems and Simulators 

Navigation, Stability, Guidance & Control 

• Stability and Control, Computer Design, 
Servo Analysis 

Electronic Systems 

• ECM, Penetration Aids 

Electronic AGE 

• Microwave and Computer Design 

Electronic Laboratories 

• Circuit Design, Flight Test 
Instrumentation 

Electrical Installation Design 

Additionally, important openings exist in 
the areas listed below: . 
• Structures • Flight Sciences • Design 

• Operations Research, Reliability, 
Maintainability 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

f 

These are a few of the long range programs 
at the Fort Worth Division of General 

Dynamics. Here you will find a highly 
diversified engineering and research organiza· 

tion assigned to the 111 programs 
or other advanced aircraft projects; missile 

assignments, space systems, mission 
analysis or other R&D. 

You'll enjoy living in modern, metropolitan 
Fort Worth where superior housing, cultural 

advantages, a variety of sports and other 
recreation, graduate studies at one of three 
major universities, and mild weather are all 

part of an attractive package. 

Call collect - 817 PE 2·4811 extension 3551 
or send a resume of your education and 

experience to J. B. Ellis, Industrial Relations 
Administrator, Engineering, General Dynamics, 

Fort Worth Division, P. O. Box 748C, Fort 
Worth, Texas. An equal opportunity employer. 

F-IIIA· F-IIIB· FB-III · RF-III· MARK II · F-IIIK 
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BORON FILAMENT 
and other advanced 

'aircraft and space programs 

GENERAL DYNAMIC:S 
Fort Worth Division 
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by Rudolf E. Peierls 

THE CONCEPTUAL DEVELOPMENT OF 

QUANTUM MECHANICS, by Max Jam
mer. McGraw-Hili Book Company 
($10.50) . 

T
he history of science is an interest
ing subject, and the growth of the 
quantum theory is one of its most 

fascinating topics. It is therefore good 
to have a thorough and readable ac
count of it. To a physicist of the older 
generation, who saw the final formula
tion of quantum mechanics take shape 
before his eyes, the later chapters of 
such books bring the strange sensation 
that always comes with the realization 
that one has lived through a passage of 
history. By the same token one has an 
opportunity to verify that the author 
has done his job well and has faithfully 
reconstructed the spirit and the events 
of that time. In this Jammer has cer
tainly succeeded, as only a writer 
trained in historical research and fa
miliar with the content of quantum me
chanics could succeed. Moreover, he 
presents many details I had either 
missed at the time or did not remember. 

To the younger physicist, who found 
nonrelativistic quantum mechanics a 
completed discipline when he learned 
the subject, it is all ancient history. For 
him (as for us with the beginnings of 
quantum mechanics, in particular the 
work of Max Planck) the conceptual dif
ficulties in getting used to the ideas 
make it seem a complete mystery how 
people could ever have arrived at them 
in the first place. It is to satisfy this kind 
of curiosity that we need books on the 
history of science. 

Jammer's book is limited to nonrela
tivistic quantum mechanics and omits 
later developments such as field theories 
and the study of elementary particles 
(on which another book is promised) . 
This is a good division; these later de
velopments are still in progress, and a 
historical account of them would be of 
an entirely different nature. It is also 

BOOKS 
An examination of the quantuln jumps 
in the growth of quantuln mechanics 

logically consistent for Jammer to ex
clude the relativistic wave equation of 
P. A. M. Dirac. Although this equation 
was originally formulated as a one-par
ticle wave equation, it can be given a 
satisfactory interpretation only if the 
description includes the creation and an
nihilation of particle-antiparticle pairs, 
and accordingly it is indivisible from 
field theory. As a price for this con
sistency Jammer has to forgo the op
portunity of bringing in the Dirac theo
ry in places (for example the discussion 
of particle spin) where it could have 
helped to complete and deepen the un
derstanding of physical phenomena and 
of the structure of the strictly nonrela
tivistic theory. 

The term "conceptual" in the title 
means, I take it, that the book is con
cerned only with the principles of the 
theory. Mathematical techniques are 
omitted unless they were essential for 
the development of the theory. Appli
cations are likewise left out unless they 
were crucial for establishing the theory's 
validity. 

Jammer's preface refers to the need 
for a "scholarly" study of quantum me
chanics, and in implying that this is 
what he has provided he is not being 
immodest. He has taken material from 
original papers and from correspon
dence; he has used the "Archive for the 
History of Quantum Physics" and he 
has personally interviewed many of the 
surviving workers of the period. The 
result is certainly a scholarly piece of 
work, but it is by no means dry or 
pedantic. The presentation is lively and 
does not let detail obscure the main 
thread of the story. Each chapter cen
ters on one main step in the develop
ment of quantum mechanics. The his
tory of the subject is such that in most 
cases one name, or a small group of 
names, would have served equally well 
as chapter headings: "Planck, " "Bohr, " 
"Bohr-Sommerfeld-Pauli" and so on. 

Perhaps the most interesting episode 
in the story is the introduction of the 
quantum itself by Planck. To the reader 
of a physics textbook it seems incom
prehensible how anyone could have ar-

rived at this postulate. Jammer's first 
chapter describes fully and well Planck's 
struggle to account for what he saw 
clearly as an important and general 
property of radiation, how he first re
garded his attempts to construct a for
mula to fit the known distribution of 
black-body radiation as derivations with
in the framework of classical physics, 
and how he came to realize the revolu
tionary nature of his postulate (to which 
he never seems to have reconciled him
self completely). 

Jammer raises the interesting specu
lation of whether the development 
would have been simpler if instead of 
the black-body radiation, with its in
volved thermodynamic and statistical 
elements, some other fact, such as the 
specific heat of solids or the stability of 
atoms, had served as a starting point 
for modifying classical physiCS. It seems 
to me that the actual development was 
the natural one. The values of specific 
heat were a difficulty for classical ki
netic theory, but this negative fact 
could only have served to show that the 
classical theory did not work. Specific 
heat did not present a quantitative and 
universal law calling for an explanation 
in the way black-body radiation did. The 
stability of atoms did not even point with 
certainty to a breakdown of classical 
physics until Rutherford's model of the 
atom was clearly established. In this con
nection I find it surprising that through
out the development of the theory of the 
atom it never seems to have been serious
ly suggested that forces other than elec
tromagnetic ones were at work. In the 
face of many apparent contradictions it 
was always firmly taken for granted
rightly, as it turned out-that the familiar 
inverse-square law must be capable of 
explaining the structure of the atom. 

In spite of its success Planck's hy
potheSiS raised great conceptual difficul
ties. The greatest was the contradiction 
between the corpuscular nature of light, 
which was not a necessary implication 
in Planck's reasoning at first but was 
firmly brought out by Einstein, and the 
well-established wave nature of radia
tion. Jammer re-creates the state of be-
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wilderment in which physicists found 
themselves over this paradox, and later 
found themselves over the similar dual
ity of electrons with particle and wave 
properties. This bewilderment continues 
through the entire development until the 
final resolution of the paradox by the in
terpretation of waves as relating to prob
abilities, and by the uncertainty prin
ciple. 

The second stage, Niels Bohr's theory 
of the hydrogen atom, was far more 
complex in origin than the simple argu
ment by which one would sum up this 
step today in a presentation to students. 
The chapter follows Bohr's reasoning in 
fair detail, and describes it in its set
ting of other conceptual developments 
at the time. This chapter contains the 
one substantial lapse I was able to dis
cover in the book. Jammer says of J. J. 
Thomson's model of the atom that it 
failed to account for the experiments 
on the scattering of alpha particles 
"which were carried out a few years 
later by Thomson's students, Geiger and 
Marsden." I have not checked whether 
Geiger and Marsden were at any time 
Thomson's students, but the phrase cer
tainly would not lead one to think that 
these experiments were done in Ruther
ford's laboratory at Manchester at Ruth
erford's suggestion and under his guid
ance. The point is unimportant to the 
theme of the book, but the slip is surpris
ing in a book written with so much care. 

With the third chapter we enter the 
period in which quantum theory be
comes a practical tool of the atomic 
physicist. It was a period of rapid prog
ress, in which theory and experiment 
stimulated each other mutually. The 
theory was extended and deepened by 
Arnold Sommerfeld's generalization of 
Bohr's quantization rules, by Paul Eh
renfest's application of the adiabatic 
principle, and later by Wolfgang Pauli's 
exclusion principle and the idea of elec
tron spin. New mathematical tools were 
developed for handling more compli
cated dynamical problems, the greatest 
tour de force probably being Pauli's 
theory of the hydrogen-molecule ion. 
These ideas led to a detailed under
standing of atomic structure and of 
many features of atomic spectra. 

Yet quantum theory was still incom
plete. One had to use electron orbits 
taken from classical mechanics together 
with "quantum jumps" quite foreign to 
the classical picture. For some problems 
the quantum conditions could not be 
applied at all; for others they could be 
applied in different ways, which led to 
different statements about the orbits. In 
this context Jammer overrates the part 
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played by the development of more 
powerful analytic techniques by P. S. 
Epstein, K. Schwarzschild and others. 
He refers to the ambiguity of the orbits 
in a "degenerate" system, in which there 
is more than one way to use the quan
tum conditions, and implies that the 
more sophisticated techniques could re
move this ambiguity. This was not the 
case; the work described was related to 
the Stark effect, in which the external 
electric field removes the degeneracy. 

For predicting the intensities or the 
polarization of the spectral lines one 
had to use Bohr's correspondence pi'in
ciple. The book does not give an ex
planation of the actual content of the 
correspondence principle; this is not 
surprising, because it is remarkably dif
ficult to give a clear and brief summary 
of its substance. There was no general 
prescription for applying it, and in a 
sense it was a way of thinking rather 
than a theoretical rule. Yet it was an 
essential and deep part of the theory 
and yielded many predictions that were 
found to agree with experiment. 

The next two chapters describe the 
completion of a coherent system of 
quantum mechanics, with its two inde
pendent and apparently unrelated be
ginnings: the matrix mechanics of Hei
senberg and Max Born, starting from the 
idea of embodying the correspondence 
principle in

' 
a consistent mathematical 

scheme, and the wave mechanics of 
Schrodinger, starting from Louis de 
Broglie's idea of matter waves. The 
equivalence of these two formulations 
was demonstrated almost immediately 
by Schrodinger's recognition of the rela
tion between wave functions and matrix 
elements, and was further clarified by 
Dirac's use of a general operator for
malism. 

The impressive thing about this de
velopment was not, as in the case of 
Planck's postulate, its unexpectedness 
but rather the speed with which, once 
the first step had been taken, all the 
consequences were thought out and ap
propriate mathematical techniques de
veloped and applied, so that in an 
incredibly short time the tentative new 
ideas had become a complete theoreti
cal system. For a while the old difficulty 
about the wave-particle duality re
mained, and there were other difficulties 
about relating the formal quantities ap
pearing in the theory-the wave func
tions and matrices-to actual physical 
phenomena. The answer was provided 
by Born's interpretation of wave func
tions in terms of probabilities (which, 
as Jammer shows, had its forerunners 
in remarks made from time to time in 

the earlier discussions of the dilemma) 
and its generalization to any kind of 
measurement by the transformation the
ory of Pascual Jordan and Dirac. The 
consistency of this view, and the limi
tations on the use of classical concepts 
it implied, were brought out by the un
certainty principle of Heisenberg, and 
more generally and fundamentally by 
Bohr's formulation and elaboration of 
the concept of complementarity. To my 
taste Jammer puts rather too much 
emphasis on the work of John von Neu
mann and David Hilbert on these fun
damental problems. This work undoubt
edly added a welcome mathematical 
rigor to the foundations, but it did not 
have as large an impact on the physical 
interpretation and insight as one would 
gather from the weight given it in the 
book. 

Chapter 7, which deals with the un
certainty principle and complementar
ity, is headed "The Copenhagen Inter
pretation." This term is used by very 
few physicists and seems to belong 
mainly to the vocabulary of the philoso
pher of science. Not that any physicist 
would fail to acknowledge the impor
tance of the work of Bohr and others 
working with him in Copenhagen to a 
proper understanding of quantum me
chanics. But the phrase suggests that 
this is only one of several conceivable 
interpretations of the same theory, 
whereas most physicists are today con
vinced that the uncertainty relations and 
the ideas of complementarity are essen
tial parts of the structure of quantum 
mechanics, without which the theory 
would be like Hamlet without the 
Prince. Jammer does not maintain it 
to be otherwise but appears to leave 
the question open. A sentence in his 
preface says: "Though not necessarily 
the only logically possible interpreta
tion of quantum phenomena, it is de 
facto the only existing fully articulated 
consistent scheme of conceptions that 
brings order into an otherwise chaotic 
cluster of facts and makes it compre
hensible. "  A discussion of alternative 
interpretative attempts is promised for 
a later volume. 

We shall await this new book with 
interest, but meanwhile it may be a le
gitimate comment that even the cautious 
word "attempts" may be too positive a 
description for what are only programs 
to construct some new ways of interpre
tation that are not yet clear even in out
line. Most of us would feel convinced 
that it will not prove possible to graft 
on to quantum mechanics some nE;W 
kind of interpretation without changing 
the results, that is, the observable pre-
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dictions of the theory. In particular it 
seems certain (as far as such a negative 
can ever be certain) that one cannot 
make such an alternative interpretation 
a causal one in the deterministic sense. 

This is not to say that quantum me
chanics is the last word. It may well 
have to be refined further to cope with 
the as yet unso)ved problems of ele
mentary particle physics, and together 
with changes in the basic laws new 
ways of thinking may well be required. 
This would be in the same sense in 
which quantum mechanics is a refine
ment of Newtonian mechanics. It would 
not be a new interpretation any more 
than quantum mechanics is a new in
terpretation of classical physics. 

In a concluding chapter Jammer 
raises the question of "whether the re
sulting conceptual scheme . . .  falls in line 
with the historical development of phys
ics through the ages. " Judging by its 
place at the end of the book this must 
be an important question, but its pre
cise significance eludes me. I can think 
of ways of interpreting the question 
that would require a positive answer, 
and others that call for a negative one. 
The arguments used to find the an
swer do not really clarify the question 
for me, but I feel comforted by the 
final conclusion: "From this point of 
view quantum mechanics may right
fully be regarded as falling in line 
with the general development of theoret
ical physics. " 

I should like to comment on two 
asides in the book. One is the discus
sion of the influence of philosophy on 
the development of physics. Part of this 
discussion consists of evidence that in 
his thoughts about the basis of the 
quantum theory Bohr was strongly in
fluenced by the philosopher Harald 
Hoffding and indirectly by Kierkegaard. 
For this a good case is made out. The 
rest, however, is concerned with rather 
tenuous connections. It contains quota
tions to show that several writers, 
including Henri Poincare and the Vi
ennese physicist Franz Exner, had in
troduced concepts of probability in ad
vance of their use in interpreting quan
tum mechanics, and that these differed 
"fundamentally from the traditional no
tions of probability as used, for exam
ple, in classical statistical mechanics. " 
The quotations, however, might well 
have been taken from a textbook of sta
tistical mechanics; they are consistent 
with precisely that kind of probability. 
Jammer does stress the incomplete and 
conjectural nature of this section. 

The other aside is the question, raised 
in the preface, of the value to the physi-
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"Two tigers 
cannot live 
on the 

same hill." 
- Old Chinese 
Proverb 

THE DEER AND THE TIGER 
A Study of Wildlife in India 
by George B. Schaller 
This thorough scientific work covered a period of 
nineteen months and provides a complete picture 
of a large segment of ] ndian wildlife. Included are 
the tiger, chital, barashingha, sambar, blackbuck, 
gaur, leopard, jungle cat, sloth bear, striped hyena, 
wild dog, bengal fox, jackal, and python. Data on 
their geographical and ecological distribution, 
population dynamics, general and social behavior, 
reproductive seasons, communication, food habits, 
and the response to man are included for the vari
ous animals. Schaller is the author of The Moun
tain Gorilla and The Year of the Gorilla. Thirty 
photographs illustrate this study. $10:00 

GENETICS AND THE SOCIAL 
BEHA VIOR OF THE DOG 
by John Paul Scott and John L. Fuller 
Authoritative information on dog behavior, based on 
nearly twenty years of research at the Jackson Labora
tory. This is a classic in animal behavior literature. 

$12.50 

EVOLUTION AND MODIFICATION 
OF BEHAVIOR 
by Konrad Lorenz 
Third Printing 
The emi nent zoologist and psychologist defends his 
position regarding the concepts of "learned" and "in
nate" elements of behavior - maintaining that a con
trast of the two elements is misleading because they 
are not mutually exclusive, as phylogenetically 
acquired information is a basic prerequisite of any 
learning process. $3.50 
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cist of a knowledge of the origins and 
the development of his subject. I would 
agree emphatically with Jammer's state
ment that "some knowledge of the dra
matic struggle of ideas that preceded 
the formation of qua

'
ntum conceptions 

.. .  is indispensable for a profound com
prehension of its physical significance. " 
I would even go somewhat further than 
he does. He seems to accept the prac
tice of teaching quantum mechanics to 
the student in a deductive and axio
matic manner so as to save him trouble, 
but he would like some of the historical 
approach added. I find that most stu
dents develop a real understanding of 
the subject more quickly and more ef
fectively if the principles are not just 
presented as axioms but their motiva
tion is developed from the kind of rea
soning from which they in fact origi
nated historically. There are, of course, 
excellent texts using the deductive 
method, such as Dirac's, and there are 
always some students who find it easier 
to become acquainted with the subject 
that way, and to postpone an apprecia
tion of its motivation and its significance 
until a later stage. But for the majority 
the other approach is better. In this re
spect quantum mechanics differs from 
subjects such as classical mechanics, 
which are normally taught by start
ing from Newton's laws, with perhaps 
a perfunctory introduction concerning 
their motivation. The difference is that, 
although the concepts of Newtonian 
physics are also by no means self-evi
dent, and have to be abstracted from 
experience, they are so familiar from 
our everyday experience and our early 
education that we are ready to accept 
them without question. It requires an 
intellectual effort to appreciate that 
there are questions to ask. With quan
tum theory, whose concepts are so far 
removed from any direct experience, 
the situation is different. 

For the first introduction to the sub
ject, the arguments, and the account 
of the development, must of course be 
simplified; it is not necessary to raise 
every question that proved a difficulty 
in the past, nor is it important to dis
tinguish the contributions to the subject 
of individual workers. A thorough his
torical study, such as Jammer's, is best 
appreciated by a reader already familiar 
with the substance of the subject. 

Short Reviews 

kCIENT GREEK GADGETS AND MA

CHINES, by Robert S. Brumbaugh. 
Thomas Y. Crowell Company ($4.95) . 
How delightful to meet Professor Brum-
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baugh! Learned professor, author of 
works on Plato and on Greek philoso
phy, he is a confessed and proved 
gadgeteer of talent. In this brief, infor
mal and well-illustrated book he dis
cusses the minor technology of Greek 
cultute, from the days of Knossos up 
to Heron of Alexandria. His interest is 
caught not so much by great ships or 
smithies as by the odd gadgets he has 
found in abundance: coin-operated ma
chines for dispensing holy water, lottery 
machines for fairly selecting jurors by 
strict chance, pull toys, commodes and 
ceramic sausage grills. One main source 
is the books of Heron of Alexandria, 
which are a mine of information about 
the application of siphons, jets and vac
uum to the working of small machinery 
and of mechanical designs, aimed par
ticularly at the effects of the theater. 
Heron's great lightning effect is here re
stored to sense after the errors of the 
copyists, and his spherical toy in which 
a ball is suspended in still air alone is 
shown to work, and doubtless to repre
sent a cosmological proposition. 

Two themes r.ecur: Greek gadgetry 
was not laborsaving in general, because 
slaves did the work. It found its justifi
cation in the domain of amusement and 
surprise. The use of COin-operated vend
ing machines for dispensing ablution 
water saved the attentions of a particu
lar citizen, the priest, for whom no slave 
could easily substitute. The second 
point is the dependence of the cosmo
logical ideas of the philosophers on sim
ilar gadgets. Brumbaugh makes a good 
case for the direct outgrowth of Plato's 
illusion of the cave from a form of au
tomatic theater actually in use. The de
sign of self-moving simulacra of life 
seemed to hold a special interest in 
Greek thought, as it does in our own 
day. The spheres of Aristotle, and cer
tain devices of Heron, are viewed as 
genuine physical models of cosmologi
cal schools of thought. The crystalline 
spheres of Greek cosmology are almost 
hardware; indeed, the author has 
worked out a conceptual design for 
actually building Aristotle's cosmic mod
el, using independent electric-motor 
drives. The present book is a mere 
sketch, in a light vein, of all these 
ideas; it is good reading, and one ex
pects someday that scholarship will go 
deep in exactly these directions. It seems 
probable that the modern split of the 
philological sciences from the physical 
ones has vitiated a good deal of our view 
of Greek thought. The famous cogwheel 
planetary computer of Antikythera 
stands as witness to that, along with the 
mysteries of the Athenian Tower of the 

Winds. All these matters are broached 
here, but not finally winkled out. One 
large point is proved: If we learn all we 
know of a culture from its books, we 
are apt to see it in too bookish a light. 

ZERO DEFECTS, by James F. Hal-
pin. McGraw-Hill Book Company 

($10.50). During the prewar Five-Year 
Plan, one Stakhanov became a byword 
in the U . S. S.R. He produced over and 
above all quotas. Paeans, widespread 
emulation, hero medals, editorials, post
ers, prizes-a flood of public exhortation 
sought to make all Russian workers 
Stakhanovites. Here is the up-to-date 
American counterpart of Stakhanov. 
America does not always need quantity 
of production, as perhaps your parking 
lot will demonstrate, but quality is quite 
another story. Halpin is the inventor (in 
1962) of a management plan for seeking 
a new approach to the manufacture of 
goods of quality. He works for Martin 
Marietta, which builds missiles in Flor
ida, and in this book he details the 
whole scheme, down to forms to be 
used in the various facets of the pro
gram. Just as around Stakhanovism 
hung the scent of the speedup, so in 
Zero Defects there is a note of wooden 
paternalism. But one cannot fail to ad
mire the intentions of the program, 
striking as they do at some of the roots 
of the social ills of modern industry. 
The program speaks to craftsmanship 
and to human dignity; it tells the work
er that whatever he does, it is important 
to himself, to the company, to the 
country. It is a positive program; no 
worker is ever blamed for defects, al
though he is praised for perfection. It 
includes the entire firm: management, 
unions, suppliers, workers' families, the 
community. The finished product is 
brought right into the first-assembly 
shops so that the workers can see what 
their many steps actually do for the 
user. Quality awareness, with measure
ments, charts, records and so on, comes 
next. Finally there arrives a phase of 
error-cause removal, with an organized 
effort to improve tools, procedures 
and working conditions. The company 
spends money on all of this, real money, 
but when it works, management re
ceives a rich reward, ten- or twentyfold, 
for the bread cast on the waters. 

And the program does work. A 
solderer makes half a million joints 
without error; a finance clerk makes 
hundreds of thousands of payroll com
putations without error. Hundreds of 
such records are set in a large plant. 
Everyone is concerned, from the re
search scientist ("the most difficult sin-
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In 200 brilliant illustrations and fascinating narrative, explore two centuries of man's boldest achievements 

in art ... view magnificent paintings, dramatic SCUlpture, graphics, architecture, furnishings, interior design, and 
more ... from the romantic idealism of the French Revolution to the exciting innovations of our own day 

A "modern" of the French Revolution, Jacques Louis David turned to ancient Rome for inspiration. 

His brilliant neoclassic style became so popular it was imitated in clothes, coiffures, and furniture. 

Accept this 
magnificent nevv 

art voluIlle ,t:[y $1 
as your introduction to an unprecedented 

new program embracing the great art of all 
ages in superb collectors' volumes offered 

to you at unbelievably low cost 

YOU ARE INVITED to accept for $1 this 
lavishly bound and illustrated new art 
volume - The Modern World - as your 
introduction to a truly unique inter
national art program. 

Here, in 200 superb illustrations (over 
half of them in color), you will view cele
brated paintings and sculpture, bold ar
chitectural innovations, richly imaginative 
furnishings and design, all reflecting man's 
changing vision of himself and the world 
over the past two centuries. 

Through an excitingly written narrative, 
you will witness the advent of the modern 
spirit in art at the time of the French Rev
olution . . . follow in fascination the devel
opment of the visual arts through the exu
berant Romantic period of Delacroix and 
Turner, the golden "outdoor" age of Im
pressionism, the era of Art Nouveau, ex
perimental Cubism, Expressionism .. . right 
down to the startling "Pop" and "Op" art 
of our own day. 

A thrilling cultural experience 

You will see (and learn more about) the 
great works of such painters as Goya and 
Blake . . .  Renoir, Van Gogh, and Gaugin 
. . . Picasso, Matisse, Chagall, and Kan
dinsky; sculptors like Rodin, Moore, and 
Brancusi'; architectural pioneers like Louis 
Sullivan (the inventor of the skyscraper), 
Frank Lloyd Wright, and Le Corbusier. 

Poring over the lavish illustrations and 
reading the fascinating text, you will deepen 
your understanding of the important cre
ative achievements of the past, and gain a 
new appreciation of contemporary art. If 
you have ever stood before a modern 
painting and wished you knew more about 
the ideas which influenced the artist, you 
will particularly enjoy this enlightening 
volume. For families with school-age ch.il
dren, there is no better introduction to the 
cultural background of our age. 

Why are we making this $1 offer? 

The Modern World is being offered for 
only $1 to introduce you to a remarkable 
new publishing program - LANDMARKS OF 
THE WORLD'S ART. As a subscriber to this 
program, you may acquire at unprece� 
dented low cost a magnificent library of 

sumptuous new art volumes covering every 
aspect of the visual arts, from prehistoric 
times to the present day. 

Not only are painting and sculpture in
cluded in these volumes, but also archi
tecture and interior design; furniture and 
tapestries; ceramics and stained glass; silver, 
mosaics, jewelry, coins; and much more. 
Every culture - primitive and civilized 
iii represented. 

Luxury volumes at budget prices 

Each LANDMARKS book is elegantly bound 
in gold-stamped hard covers, and measures 
a full 8\-2 inches by 11 \-2 inches in size. 
Each book, presenting an exciting epoch 
in man's art, is written by an internationally 
renowned authority - and contains a mini� 
mum of 200 illustrations, at least 100 in 
full color! As a subscriber, you may col
lect such profusely illustrated volumes as 
Man and The Renaissance, The Oriental 
World, and The Age oj Baroque - to name 
only a few of the subjects covered. 

Ordinarily, you would expect to pay as 
much as $15 for art books such as these. 
However, because the LANDMARKS pro
gram is a cooperative V"enture, pooling the 
resources of five great publishers in the 
United States, Britain.. France, Italy, and 
Scandinavia - you may acquire the vol
umes you want for the astonishingly low 
price of only $4.95, plus a few cents for 
shipping. Your only obligation as a sub
scriber is to take two volumes during the 
next year; after that, you may accept as 
few or as many as you wish. 

Examine the first volume 
without obligation 

Simply mail the coupon below. We will 
enter your trial subscription and ship you 
a copy of The Modern World for 10 days 
examination. If you are thrilled with the 
volume, and wish to continue as a sub
scriber, send only $1, plus shipping. There
after, you will be offered a new LAND
MARKS book every two months at the 
subscribers' low price of only $4.95. If 
not delighted, however, just return the ini
tial volume, tell us you do not wish to con
tinue, and you will be under no further 
obligation. LANDMARKS OF THE WORLD'S 
ART, McGraw-Hill Book Company, 351 
West 41 Street, New York, N. y. 10036. 

I--------------------�------, 
LANDMARKS OF THE WORLD'S ART I McGraw-Hill Book Company, 351 West 41 St., New York, N. Y. 10036 
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gle person ... to measure") to the sweep
er. Whatever one may think of the 
hortatory talk, of the sentimentality, the 
danger of hypocrisy, there is a deep 
human note under the gloss. Japanese 
export goods were once the hallmark of 
shoddiness; today Nikon and Sony are 
proud marks of quality. In Japan crafts
manship has long been supreme, al
though it was never exported from the 
lofts of Osaka. Now that the world knows 
the true Japanese worker, are not all men 
a little enriched? 

The Department of Defense buys 
tested performance, not brand names. 
If American consumer-goods producers 
are not misled by the quest for im
mediate profits and by the charm of 
their copywriters, Zero Defects might 
spread. It is interesting that, among 
some 60 industries with two million 
workers listed as adherents to its mes
sage, trucks, buses and airplanes appear 
but not automobiles. Detroit papers 
please copy. 

THE GRAPlUC TIMETABLE OF THE 

HEAVENS. Maryland Academy of 
Sciences (35 cents) . INFORMATION 
PLEASE ALMANAC. Dan Golenpaul Asso
ciates ($1.60). THE WORLD ALMANAC, 

edited by Luman H. Long. Newspaper 
Enterprise Association ($1.65) . CELES
TIAL CALENDAR AND HANDBOOK, by 
Charles F. Johnson, Jr., Watertown, 
Conn. ($1). THE OBSERVER'S HANDBOOK, 

edited by Ruth Northcott. Royal Astro
nomical Society of Canada ($1). THE 
AMERICAN EPHEMERIS AND NAUTICAL 
ALMANAC, 1967. U.S. Government 
Printing Office ($3.75) . Probably the first 
of natural orders to be perceived, the 
configurations of the heavens are still a 
yearlong display of beauty and wonder 
free to all who will watch with under
standing. Here is a sequence of aids 
transmitting that knowledge won by sci
ence since long before the dawn of writ
ing. The Graphic Timetable is a single 
sheet on which is plotted for each day of 
the year the time of rising, setting and 
meridian passage of sun, moon, planets 
and a number of other objects. Other 
configurations too are noted in due order. 
The sinuous curve of the way of the plan
ets and the smooth progress of the stars 
are strikingly presented by this compact 
and rich best buy among almanacs. The 
two larger books of data contain the 
heavens as mere splashes from a spate 
of facts. There it is in words and tables, 
the entire sky for the year to come. 
Information Please is the simpler, 
written in better prose, a little more 
readable; World is terser, more nearly 
complete. One wry circumstance: these 
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celestial tables are found in so popular 
a publication less for the astronomical 
value than for the astrological value 
they give; World Almanac admits that. 
The Celestial Calendar presents the 
visual sky in monthly-calendar style, but 
it adds much for the amateur with a 
telescope, for instance the satellites of 
Jupiter and Saturn. The Canadian book
let is a more finished and thorough ver
sion still, for watchers with unaided eye 
or telescope. The final work, inter
nationally produced, born of computers, 
is a massive volume of tables, the foun
tainhead of all the others, and an indis
pensable guide for the profession. 

In 1967 not much will occur to spice 
the wonder of the rounds. Jupiter and 
Venus will be a fine double evening star 
in early June, and all Americans who 
will rise in the small hours can watch a 
lunar eclipse on October 18. Californians 
have another such early-morning event 
on April 24. A modest partial solar 
eclipse can be seen by scientific Ameri
cans (except in Florida) on the morning 
of May 9. The nearly full moon will oc
cult bright Saturn on the evening of 
October 16. Sun-grazing comets and 
supernovas may be displayed without 
notice, at the discretion of the Manage
ment. 

SECRETS OF ELECTRONIC ESPIONAGE, 

by John M. Carroll. E. P. Dutton & 
Co. , Inc. ($3.95) . Generals, the adage 
tells us, always fight the previous war. 
Expert and candid interpretations, such 
as this book, are always forced to work 
on yesterday's headlines. About today's 
we must still guess. 

This small, detailed but nontechnical 
narrative discusses the wars of the 
electromagnetic spectrum from their be
ginning in a British intercept truck in 
France during that August of 1914. The 
first tricks were as simple as recording 
on wax records Morse messages sent 
too fast to be directly transcribed! Now 
the radar-jammers cover wider and 
wider frequency bands. The ingenious 
receivers that record the opposition 
signals are magnetically tuned and fitted 
with extremely broad-band amplifiers, 
visually recording the signals picked 
up channel by channel, with intensity 
shown by brightness. 

The "ferret" story of the Cold War 
years from 1949 to the U-2 and after 
is neatly told. More than 100 U.S. air
men were killed or imprisoned by the 
Eastern bloc while on these missions of 
intrusion between 1950 and 1964. We 
brought down no Russians, mainly be
cause the Russians did not intrude often. 
They listened in from beyond the 12-

mile limit. It seems that our gung-ho 
Air Force radio and radar practice is 
to stay on the air always, whereas the 
Russians prudently kill their signals 
once a ferret is near the borders, unless 
it actually intrudes. ("Once the Rus
sians turned on their radar, they started 
shooting.") Current overflights into 
China are made by the Lockheed A-ll, 
the 2,000-mile-per-hour and 100,000-
foot-ceiling successor to the U-2. Some 
RB-57's are used and a few unmanned 
jet drones. 

All of this is obsolescent. Samos satel
lites orbit each month or so, ejecting 
high-quality films and magnetic tapes 
over the sea as they pass near Hawaii, 
to be caught in the air by pairs of Fly
ing Boxcars, maneuvering after the 
parachuting film with great nets. The 
spy in the sky picks up microwave and 
radio Signals as well as photographs of 
remarkable detail-when the weather 
permits. 

In Washington the red phones on 
the desks of the mighty form a wiretap
free system: they have cleared military 
operators, constant instrumental moni
toring for unexpected new electrical 
loads added by would-be tappers, gas
filled cable shields with the pressure al
ways measured, tricoaxial lines with a 
shielding conductor, which is also fed 
with strong noise signals to defeat in
ductive tappers. The sophisticated forms 
of "bugging, " which surpass even the 
martini-olive transmitter, are also here. 
Modern debugging teams favor patrol
ling a room with a sensitive swept-fre
quency receiver whose output is a musi
cal tone on a loudspeaker. Once the bug 
picks up its own signal it echoes it 
again, amplified. So the entire system 
emits the feedback squeal, dear to a 
generation that could put the telephone 
receiver up to the mouthpiece. 

Spies are the commonplaces of the 
literature of adventure today. As John 
LeCarre explained, their lives are less 
careers of daring than they are pawns 
of cynicism. Electronic spying as well 
is by no means all ingenuity and cour
age; behind it lie the manipulation of 
news, the contagious cynicism of offi
cials and the awful temptation to pre
ventive attack. It is useful to have as 
antidote this rather gossipy and little
documented work, collecting what al
most everyone knows but hardly any
one is willing to recount. 

JANE'S WORLD RAILWAYS, edited by 
Henry Sampson. McGraw-Hill Book 

Company ($45). Since the turn of the 
century this London organization has 
published the world's standard naval 
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TAKE ANY 3 BOOKS 
when you enroll as a member of for only $4,95 

rary Of, S�values to $51.00) 

1. MODERN SCIENCE AND TECH
NOLOGY_ Edited by Robert Col
born. A vast spectrum of the 
achievements in physics, mathe
matics, computer technology, 
electronics, chemistry, astronomy, 
and space sciences-by leaders in 
each field. 584 illustrations. 

List price $22.50 
2. THE LANGUAGE OF LIFE/THE 
BIOCHEMICAL APPROACH TO 
LIFE. George and Muriel Beadle's 
deft explanation of the genetic 
process. Plus F. R. levons' clear 
presentation of the basic facts 
and techniques of biochemistry. 
Two books count as one Selec
tion. List price $11.90 
3. THE NATURE OF SOLIDS. Alan 
Holden. Non-mathematical over
view of one of the most exciting 
areas of modern physics-the sci
ence of solid state. Lucidly cov
ers: heat, symmetry, crystal struc
ture, semiconductors, more. 

List price $6.95 
4. INTRODUCTION TO LASER 
PHYSICS. Bela A. Lellgyel. Com
plete overview of one of this cen
tury's most striking inventions
the laser-and its many applica
tions. List price $8.95 
5. MATHEMATICS DICTIONARY. 
Edited by Glenn & R. C. lames. 
The indispensable dictionary in 
the field-defines over 7,000 
terms, concepts, and relation
ships. With four-language index 
of basic terms. Revised, enlarged 
edition. List price $15.00 
6. THE IMMENSE JOURNEY/THE 
FIRMAMENT OF TIME. Loren 
Eiseley. Two classic volumes that 
explore man in nature, the end
less mysteries of nature itself, 
and the scientific evidence for 
man's origins. Two books count 
as one Selection. List price $7.90 

7. THE MACHINERY OF LIFE. 
Dean E. Wooldridge. A leading 
scientist's startling but fully doc
umented thesis that the develop
ment of life was an inevitable 
result of the operations of the 
laws of physics. List price $7.95 
8. T H E  H U M A N  BODY: ITS 
STRUCTURE AND FUNCTION; 
Sigmund Grollman. The essential 
facts about the body's structure 
and function, including the latest 
information from all pertinent 
fields. Illustrated. List price $8.50 
9. THE DEVELOPMENT OF MOD
ERN CHEMISTRY. Aaron l. Ihde. 
Magnificently recreates the 
events, discoveries, and men that 
have made chemistry one of the 
most influential sciences. Illus
trated. List price $13.50 
10. WATCHERS OF THE SKIES. 
Willy Ley. The popular science 
writer's splendid informal history 
of astronomy. "If there is a royal 
road to the understanding of un
mathematical astronomy, it is this 
lucid book."-Gerald Wendt. 

List price $8.50 
11. ELEMENTARY MATRIX AL
GEBRA. Franz E. Hohn. An al
most encyclopedic introduction 
to matrix algebra. Explains ma
trix theory and its applications 
to atomic physics, game theory, 
many other areas. List price $8.00 
12. PUZZLES AND PARADOXES/ 
A MISCELLANY OF PUZZLES. 
Thomas O'Beirne's original, stim
ulating book on classic mathe
matical puzzles and paradoxes. 
Plus a remarkable collection of 
entertaining problems invented 
by Stephen Barr. Two bo oks 
count as one Selection. 

List price $9.25 

• Choose Any 3 Books for $4.95. Make your selection from 
these authoritative, significant books on every major area 
of science, including mathematics, physics, chemistry, as
tronomy, computer science, natural history, many others, 
Many are indispensable references in the field. 
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• Substantial Savings. As a member, you save up to 40% 
on the books you must have in your professional library. 

• Wide Range of Selections. Each month you receive in
formation about current Selections. Yet you need buy as 
few as 3 more Selections during the next 12 months. (The 
Introductory Offer counts as your first Selection.) 

• Why Not Enroll Today? Fill in and return the Member
ship Application on the right, indicating the 3 books you 
want for only $4.95. Your books will be sent without delay. 
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13. MATHEM ATICS FOR THE 
PHYSICAL SCIENCES. Herbert S. 
Wil/. A unique book integrating 
seven major mathematical disci
plines central to the physical sci
ences. List price $7.95 
14. ALBERT EINSTEIN AND THE 
COSMIC WORLD ORDER/CON
TEMPORARY PHYSICS. Cornelius 
Lanczos' lucid , remarkable evalu
ation of Einstein's contributions. 
Plus David Park's new work 
which "admirably shows how our 
present picture of the physical 
world has evolved. "-Science. 
Two books count as one Selec
tion. List price $8.90 
15. INTRODUCTION TO PROBA
BILITY AND STATISTICS. B. W. 
Lindgren and G. W. McElrath. 
Revised, second edition of a now 
classic work on the elements of 
probability and the ideas of sta
tistical inference. List price $7.95 
16. ELECTRONICS FOR SCIEN
TISTS. H. V. Malmstadt and 
others. Gives scientists with little 
or no background in electronics 
a working knowledge of elec
tronic devices and circuits. 502 
diagrams. List price $11 .95 
17. THE EARTH. CarlO. Dun
bar. The dean of American geolo
gists reviews all that we now 
know about how the earth de
veloped. A fascinating introduc
tion to the "riddle of the rocks." 
Illustrated. List price $12.50 
18. THE SEX LIFE OF THE ANI
MALS. Herbert Wendt. Astonish
ing book on the vast, often in
credible processes of reproduc
tion in the animal world-from 
the amoeba to the elephant. Over 
1 00 striking photographs and 
drawings. List price $7.95 
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1. There are t h r e e  n u m bered statements  in t h i s  box.  
2.  Two of t h e s e  numbered statements  a r e  not  true . 
3.  The average i ncrease i n  I .a. s<: ores of those w h o  

learn  to p l a y  WFF 'N  PROOF  i s  more  t h a n  20 points .  

I s  statement No. 3 true? 
A NEW DIMENSION IN EDUCATIONAL GAMES 

WFF 'N PROOF:  The G A M E  of 
M O D E R N  LOGIC $6.00 (plus 5 .50 postage and handling) 
EQUATIONS:  The G A M E  of C RE
ATIVE M ATHEMATICS $3.00 
(plus $ .50 postage and handling) 

O N - S E T S :  T h e  G A M E  of  SET 
THEORY $4.00 (plus $.50 postage and handling ) 

by P r�fessor Layman E Al len  

- �:-7:N�w-:aven,  I Y �e·
c o n n .  

P l e a s .  send me . . . . . . WFF ' N  PROOF 
. . . . . . . . . . . . . O N-SETS . . . . . . . .  EQUAT I O N S 
I e n c l ose $ . . . . . . . . . . . . . . . . . . . . . . . . . a n d  u n d e r s t a n d  
t h a t  i f  I a m  n o t  c o m p l e te l y  s a t i s fi e d ,  I 
c a n  return t h e  g a m e s  in 1 0  d a y s  for a f u l l  
refund of t h e  purchose pr ice.  

. . . . . . . . . . . . . . .  State . . . . . . . . . . .  Z i p  . . . . . . . .  . . 

Bo oks from Fawcett 
by 

I SAAC AS I M OV 
Coming in February 
REALM O F  A LGEBRA 

Illustrated, 60C 

REALM OF M EAS U R E  
Illustrated, 60C 

REALM OF NUMBERS 
Illustrated, 60C 

Coming in March 
AN EASY INTRODUCTION 

TO THE SLIDE RULE 
Illustrated, 60C 

P l ease order Fawcett books from 
you r usu a l  sou rce of su pply .  

Write for o u r  science list:  
Educat ion Div is ion 

FAWCETT PUBLI CATIONS, I NC. 
6? West 44th St. ,  N ew York, N ew York 1 0036 
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reference book. Growing with the navies 
and with time, Jane's Fighting Ships 
lists, depicts and details all naval ships, 
often even quite secret ones, with god
like omniscience and marvelous con
creteness. For 50 years aircraft too have 
been ,recorded. Something about the 
knowing, factual, thorough treatment
the very idea of seeing the torpedo boats 
of, say, Uruguay, with their names and 
gunnery-has made the volume not only 
indispensable to the professionals but 
also enchanting to the mere browser. 

With this book, published in earlier 
editions without Jane's august name but 
now acknowledged by the true parents, 
Jane's enters the lists of peaceful pur
suits. Peace too has her victories. It is 
every bit as satisfying to read about 
diesels and maximum gradients and to 
see route maps as it is to pore over 
pages of gunboats, and it is far more 
constructive. 

Where else could one hope to find 
the subway maps of Boston, Kiev, Osaka 
and Melbourne? Nearly everyone has 
seen photos of the superexpress trains 
of the Tokaido line, developing nine 
megawatts and having a top speed of 
155 miles per hour. Here we also learn 
that they run at 60 cycles and 25' kilo
volts, and are made by two firms, Hita
chi and Kisha Seizo Kaisha. But who 
has seen photos of the charming small 
tank car, made in Spain for the trans
port of-what else?-olive oil? Or of the 
rakish four-car diesel-hydraulic train set 
made by VEB Waggonbau Garlitz in 
East Germany? These are in Jane's as a 
matter of course. It is understandable 
that the Chinese railways are very 
sketchily treated but less clear why 
Nigeria is so laconic. Finally, it is reveal
ing to cite here the comment made 
about the 240-mile system of the 
Chemins de Fer Royaux du Cambodge 
(Cambodia): "Competition from road 
transport is increasing rapidly, and the 
Railway Administration are taking steps 
to combat it: 1. By demanding Govern
ment intervention for sensible COOl·dina
tion of all means of transport. 2. By im
proving the quality of service . . . .  3. By 
. . .  publicity. 4. By a reappraisal of 
freight tariffs." Et tu, Cambodge? 

WILD FLOWERS OF THE UNITED 
STATES, VOLUME I, IN Two PARTS: 

THE NORTHEASTERN STATES, by Harold 
William Rickett. McGraw-Hill Book 
Company ($39.50) . By the pound this 
is not an expensive book. It is the first 
of five volumes (observe that it is one 
"volume" phYSically bound into two 
thick books) that will in the end cover 
the wild flowers of the entire U.S. It 

appears with the blessings of the New 
York Botanical Garden and with the 
support of many benefactors. The book 
has a costly glory: there are no fewer 
than 1,200 photographs of different 
flowers in stunningly beautiful and true 
color. All, or let us say nearly all, species 
of wild flowers belonging to the area 
are included in the text, some 1,700 
species. For completeness and for visual 
clarity and beauty the book is un
matched. The textual apparatus is ade
quate, with some signs of editorial in
decision. The index is excellent and 
includes both botanical and many com
mon names. 

THE PICTORIAL ENCYCLOPEDIA OF 
PLANTS AND FLOWERS, by F. A. No

vak. Edited by J. G. Barton. Crown Pub
lishers, Inc. ($10) . This bargain volume, 
handsomely produced in Czechoslova
kia, stands in contrast to the Wild 
Flowers reviewed above. It is no guide 
to the real fields and woods of any 
locality but a panoramic view of all that 
grows. Good rotogravure photographs of 
1,000 growing things, 50 in color, fill 
these pages. You see bacteria and the 
great man-carrying lily pads of the 
Amazon, kelp, peyote, banana, pine
apple and great cocoanut palm, orchids 
in color and even more beautiful in X 
ray, each with a compact botanical cap
tion. It is a guidebook to an imaginary 
botanical garden, as rich as the 300,-
000 species of the plant kingdom. 
For brOWSing, reference, teaching and 
dreaming of travel. 

THE THEORY OF THE MICROSCOPE, by 
L. C. Martin. American Elsevier 

Publishing Company, Inc. ($19.50) . 
Physical optics has experienced a quan
tum change in the past decade, begin
ning with a rebirth of deep interest in 
the phase content of the optical signal 
and rushing on today with laser light 
so neatly coherent that linear amplifiers 
and superheterodynes for the optical 
wave band seem around the corner. 
Here is a superior text, stopping delib
erately short of the great topic of re
constructed wave fronts, as in the holo
graph. Up to that point-in the study of 
the action of instruments with all degrees 
of coherence, of phase contrast, of inter
ference microscopy and of all kinds of 
aberrations-the account is complete, 
up to date and helpfully illustrated. 
Professor Martin aims at a still higher 
goal: he sets all this out "for users of 
the instrument . . .  who have no advanced 
knowledge of mathematics or physicS." 
It is clear that a good deal of training 
is required-algebra, geometry, trigo-
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nometry and a smattering of calculus . 
Beyond that, the mathematics is devel
oped here, up to the Fourier integral 
theorem, a tool of the greatest useful
ness. This is a book of theoretical phys
ics written for readers who are not theo
rists but who have patience, intelligence 
and a deep experience with the micro
scope, an experience that is bound to 
have enriched them with intuitions of 
wave phenomena better than those the 
physicist gains from his calculations . 
Recommended for serious microscopists 
of all trades. 

A\1PLIFIER HANDBOOK, Richard F. 
. Shea, editor-in-chief. McGraw-Hill 

Book Company ($37.50) .  A brand-new 
definitive member of the class of engi
neering handbooks, this volume covers 
amplifiers of almost every kind: vacuum
tube, solid-state, magnetic, ionic (but 
not fluid amplifiers) .  There are 31 de
tailed chapters, divided into funda
mental network analysis, with feedback 
and noise; devices, in catholic variety, 
and circuits, from direct-current to in
jection-laser. Graphs, circuit diagrams, 
component drawings and tables abound 
throughout. 

'fHE OXFORD DICTIONARY OF ENGLISH 
ETYMOLOGY, edited by C. T. Onions, 

with the assistance of G. W. S. Fried
richsen and R. W. Burchfield. Oxford 
University Press ($16.50) .  This modest 
volume of 1,000 pages is a memorial to 
its chief editor, the last surviving editor 
of the Oxford English Dictionary. Com
pact and up to date, it is more than an 
accessible substitute for those 13 vol
umes. It dispels many myths in its clar
ity: almanac is not from the Arabic; en
tropy is based on a misunderstanding 
by Rudolf Clausius (called, alas, Clu
sius); robot reflects a real Czech mean
ing. Good reading, particularly where 
the tempo is less than staccato, and an 
invaluable reference. 

'fHE RISE AND FALL OF MAYAN CIVI-
LIZATION, by J. Eric S. Thompson. 

University of Oklahoma Press ($5.95).  
Grown 10 percent thicker in a decade, 
mainly with accounts of the great new 
digs at Palen que and Tikal of the Mayan 
Classic period, this authoritative and yet 
wonderfully clear and personal treatise 
appears anew in a second edition. Car
bon-14 dates have supported Professor 
Thompson's correlations; Mayan Classic 
cities flourished in the time of Charle
magne. He is pretty hard on the claims 
of Russian computer experts of having 
"deciphered" the still illegible Mayan 
glyphs. 
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LASER 
SPECIFICATIONS 

WHAT DO THEY 

REALLY SPECIFY? 

SEND FOR YOUR COPY 

Before you buy a laser or laser 
accessory. read this free technical 
document. Examines the termi· 
nology and measurement tech
niques used to specify laser 
output. points out pitfalls to avoid 
when evaluating laser systems. 

KCJRAOe 
A Subsidiary of Union Carbide Corporation 

2520 Colorado Avenue 
Santa Monica. California 90405 

HEAT TRANSFER 

PhD 

$16,000 to $20,000 

To lead basic and applied research 
and engineering programs in: ther
mal property measurements, mate
rials properties, temperature and 
heat flow measurements, thermal 
analyses by computer techniques, 
experiment design and evaluation, 
research studies in extreme terres
trial and space environments. 

If you are interested in exploring 
this opportunity, please contact: 

R. H. Starrett 

�htrrdt ,A!HIOddu, ;31ttc. 
,.., management consultants ,.., 

594 Marrett Rd. Lexington, Mass. 02173 
(617) 862-8622 
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Passenger-Carrying FREIGHTERS 
Are the Secret of Low Cost Travel 

Yes, for no more than you'd spend at a resort, you can take a never-to-be-forgotten 
cruise to Rio and Buenos Aires. Or through the \Vest Indies or along the St. Lawrence 
River to French Canada. In fact, trips to almost everywhere are within your means. 

And what accommodations you get: large rooms with beds (not bunks), 
probably a private bath, lots of good food and plenty of relaxation as 
you speed from port to porl. 

Depending upon how fast you want to go, a round the world cruise can be yours 
for as little as S250-$300 a month. And there are shorter trips. Fast, uncrowded voyages 
to England, France, the Mediterranean; two or three week vacations up and down 
the Pacific Coast or elsewhere. N arne the port and the chances are you can find it 
listed i n  Travel Routes Around the World. This is the book that names the lines, tells 
where they go, how much they charge, briefly describes accommodations. Hundreds 
of thousands of travelers all over the world swear by it. Travel editors and travel 
writers !;ay, "To le3.rn how to travel for as little as you'd spend at a resort, get Travel 
Routes Around lite World." 

It�s yours for just $1, and the new hig: 108-page 1967 edition includes practically 
every passenger carrying service starting from or going to New York, Cilllada, 
New Orleans. the Pacific Coast, Mexico, South America, England, France, the 
Mediterranean. Africa, the Indies, Australia, the South Seas, Japan, Hawaii, etc. 
There�s a whole section called "How to See thc World at I.ow Cost." 

A big SI worth, especially as it can open the way to more travel than you ever thought 
possible. For your copy, simply fill out coupon. 

Bargain Paradises of the World 
Do you know where to find an island right near the U. S. so nearly like Tahiti in 

appearance, beauty, and color, even the natives say it was made from a rainbow? (And 
that costs here are so low you can not only reach it but also stay a while for hardly 
more than you'd spend at a resort in the U. S.?) 

Do you know where to find the world's best mountain hideaways or its most dazzling 
surf-washed coastal resorts where even today you can live for a song? 

Do you know where it costs less to spend a while, the surroundings are pleasant 
and the climate well nigh perfect in such places as Mexico, the \Vest Indies, France

' 

along the Mediterranean, and in the world's other low cost wonderlands? 
' 

Or if you've thought of more distant places, do you know which of the South Sea 
Islands are as unspoiled today as in Conrad's day? Or which is the one spot world 
travelers call the most beautiful place on earth, where two can live in sheer luxury, 
with a retinue of servants, for only S195 a month? 

Bargain Paradises of the World, a big Look, proves that if you can afford a 
vacation in the U. S. the rest of the world is closer th .. m you think. Author Norman 
D. }�ord, honorary vice president of the British Globe Trottcrs Club. shows that 
the American dollar is respected all ovcr the world, and buys a lot Inore than you'd 
give it credit for. 

Yes, if you're r.lanning to retire, this book shows that you can live for months on 
end in the world s wonderlands for hardly more than you'd spend for a few months 
at home. Or if you've dreamed of taking time out for a real rest, this book shows how 
you can afford it. 

In any case, when it can cost as Ii ttle as $24.50 from the U. S. border to reach some 
of the world's Bargain Paradises, it's time you learned how much you can do on the 
money you've got. Send now for Bargain Paradises oj the World. Price S1.50. Use 
coupon to order. 

Round the World on a Shoestring 
If you know the seldom·advertised ways of reaching foreign countries, you don't 

need fantastic sums of money in order to travel. You could spend S500-S1000 on a 
one-way luxury steamer to Buenos Aires-but do you know you can travel all the 
way to Argentina through colorful Mexico, the Andes, Peru, etc. by bus and rail for 
just $179 in fares? 

You can spend $5,000 on a luxury cruise around the world. But do you know you 
can travel around the world via deluxe freighter for only a fourth the cost-and that 
there are half a dozen other round the world routings for around S1000? 

There are two ways to travel-like a tourist, who spends a lot, or like a traveler. 
who knows all the ways to n�ach his dcstination economically, comfortably, and 
while seeing the most. 

Norman Ford's big new guide How to Travel Without Being Rich gives you the 
traveler's picture of the world showing you the lower cost, comfortable ways to 
practically any part of the world. Page after page reveals the ship, rail, bus, airplane 
and other routings that save you money and open the world to you. 

What do you want to do? Explore the West Indies? This is the guide that tells 
you how to see them like an old time resident who knows all the tricks of how to 
make one dollar do the work of two. Visit Mexico? This is the guide that tells you 
the low cost ways of reaching the sights (how 76¢ takes you via 8-passenger auto
mobile as far as those not in-the-know pay $S.60 to reach). Roam around South 
America? Europe? Any other part of the world? This is the guide that tells you 
where and how to go at prices you can really afford. 

If you've ever wanted to travel, prove now, once and for all, that travel is within 
your reach. Send now for How 10 Travel Without Bei1tg Rich. It's a big book, with over 
75,000 words, filled with facts, prices, and routings, and it's yours for only S1.50. 
Even one little hint can save you this sum several times over. 

Special Offer: all three books above-Travel Routes Around the 
World, Bargain Paradises of the World, and How to Travel 
Without Being Rich-for $3. 

AMERICA BY CAR 
This book is your insurance of seeing all the four-star sights in whatever corner of 

the U. S. or Canada you drive to (and it even covers Mexico as well). 

Day by day, America by Car tells you where to go from Alaska to Mexico. Whether 
you're visiting' New England or California. Florida or the National Parks, the Great 
Lakes, the Mississippi, the East, the South or the Southwest, the Indian country. 

etc., it tells you road by road the scenic way to go 
and it always directs you to the important sights 
along the way and in the cities. 

In Niagara or Los Angeles, Washington or 
New Orleans, the Black Hills or Montreal, 
America hy Car takes the guesswork out of 
travel. Of course it names hundreds upon hun· 
dreds of recommended places to eat and stay. 

America is so big, you can easily overlook 
or forget important sights or make many a 
wrong turn. So get America by Car, the book 
that makes sure you'll see everything of conse
quence and always travel right. 

America by Car is fully 170,000 words in 
length (as large as three ordinary sized novels). 
But it costs only $2.50, while it helps you see 
any part of America as you've probably never 
before explored this part of the world. 

Where to Retire or Vacation 
at what look like prewar prices 
-and where no one ever heard of nerves or worries 

These Are America's Own Bargain Paradises 

Norman Ford's big book Olf-the-Beaten-Path names the really low cost Florida retire
ment and vacationing towns, the best values in Texas, the Southwest, California, 
the South and East, Canada-and a dozen other areas which the crowds have not 
yet discovered. 

Fabulous places like that undiscovered region where winters are as warm and sunny 
as Miami Beach's yet costs can be two-thirds less. Or that island that looks like 
Hawaii yet is 2,000 miles nearer (no expensive sea or air trip to get there). Or those 
many other low-cost exquisitely beautiful spots all over the United States and Canada 
which visitors in-a-hurry overlook (so costs are low and stay low). 

Every page of OFF.THE·BEATEN·PATH opens a different kind of vaca· 
tioning or retirement paradise which you can afford-placcs as glamorous as far. 
off countries yet every one of them located right near at hand. 
Like these: 

• France's only remaining outpost in this part of the world----completely surrounded 
by Canadian territory .. . or a village more Scottish than Scotland . . .  or age
old Spanish hamlets right in our own U. S. where no one ever heard of nervous 
tension or the worries of modern day life. 

• Resort villages where visitors come by the score, so you always meet new people 
. (but they never come by the thousands to raise prices or crowd you out). 

• That remarkable town where a fee of 3¢ a day gives you an almost endless round 
of barbecues, musicals, concerts, picnics, pot luck suppers, smorgasbord dinners 
and a fine arts program. That southern island first discovered by millionaires who 
had all the world to roam in . . .  and now their hideaways are open to anyone who 
knows where to find them. 

You read of island paradises aplenty in the United States and Canada, of art colonies 
(artists search for picturesque locations where costs are low!), of areas with almost a 
perfect climate or with flowers on every side. Here are the real U.S.A.-brand Shangri. 
Las made for the man or woman who's had enough of crowds. Here, too, are unspoiled 
seashore villages, tropics-like islands, and dozens of other spots just about perfect for 
your retirement or vacation at some of the lowest prices you've heard of since the 
gone·forever prewar days. 

They're all in the United States and Canada, and for good measure you also read 
about the low-cost paradises in Hawaii� the Virgin Islands and Puerto Rico. 

Off-the-Beaten-Path is a big book filled with facts that open the way to freedom 
from tension and a vacation or retirement you can really afford. About 100,000 words 
and plenty of pictures. Yet it costs only 52. 

· ............................................................................... .. 

Mail 10 HARlAN PUBLICATIONS, 48 Shore Drive 

Greenlawn (Long Island), New York 11740 

I have enclosed S . . . . ... ..... . . ...... . .. .  (cash, check or money order). 
Please send me the books checked below. YOU WILL REFUND MY 
MONEY IF I AM NOT SATISFIED. 

o TRAVEL ROUTES AROUND THE WORLD-(the traveler's 
directory of passenger-carrying freighters}. S1. 

o BARGAIN PARADISES OF THE WORLD. S1.50. 

o HOW TO TRAVEL WITHOUT BEING RICH. SI.S0. 

o SPECIAL OFFER: Travel Routes Around the World, Bargain 
Paradises of the 'Vorld� and How to Travel Without Being 
Rich-all three (54 value) for 53. 

o AMERICA BY CAR. S2.50. 

o OFF-THE-BEATEN-PATH . .  America's own bargain Paradises. 82. 

o SPECIAL OFFEn: All five books listed above ($8.50 value) for 
only 56. 

Print 
Name .. 

Street 
Address .......... .................... . 

City 
& State .. 

Zip 
. ......................... ..... ....... ..... Code .. 
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MAIL 
ORDER SHOPPING MART 

UNUSUAL 
VALUES 

A selection of products available by moil for reoders of Scientific American 

All merchandise sold on 0 money-bock guarantee. Order direct by Stock No. Send check or M. O. 

3" ASTRONOMICAL 

TELESCOPE 

See stars, moon. phases of Venus. 
planets ('[ose UI). 60 to 180 power 
-ramous Mt. Palomar reflecting 
type. Aluminized & ovcrcoatpd 3" 
diameter f/lO primary mirror, ven
tilated cell. Equipped with 60X 
eyepiece and mounted 3X finder 
scope, hardwood tripod. FREE: 
"STAR CHART": 2 7 2-page 
"HANDBOOK OF HEAVENS": 
"HOW TO USE YOUR TELE
SCOPE" book. S29.95 Ppd. Order 
Stock No. 85,0508. Edmund 
Scientific Co., Barrington, N.J. 
08007. 

WOODEN 

SOLID PUZZLES 

Here's a fascinating assortment or 
1:l difTerent puzzles to provide 
hours or pleasure and stimulate 
ability to think and reason. Ani
mals and geometric forms. Take 
them apart and reasspmble them. 
Lots ot fun Cor the whole family
young and old. Will test skill. 
patience and ability to sol ve prob
lems. Order yours now. 83.00 Ppd. 
Order Stock No. 70.205S. Ed
mund Scientific Company. Bar
rington. New Jersey 08007. 

NEW MODEL DIGITAL 

COMPUTER 

Sol ve problems. teIJ fortunes. play 
games with miniature version of 
giant electronic brains! Adds. sub
tracts, multiplies. shirts. comple
ments. carries. memorizes. Colored 
plastic parts casily assembled. 1211'x 
372l1'x4�1I'. Incld. step-by-step as
sembly dla�rams. 32-p. instruction 
book covering operation, computer 
language (binary system) pro
gramming. problems & 15 experi
ments. 85.98 Ppd. Order Stock 
#70.683S. Edmund Scientific Co .• 

Barrington. N.J. 08007. 

GIANT 

FREE CATALOG 

Completely new 1967 Catalog. 148 
pages packed with nearly 4,000 

6�t����\es�atf:��s
ne����t�n

s� 186� 
of charts, tliustrations. Many hard
to-get war surplus bargains. 
Enormous selectlon of telescopes. 
microscopes. binoculars. magnets, 
magnifiers, prisms, photo compo
nents. etc. }i'or hobbyists. experi
menters, workshops. factories. 
Shop by mall. No salesman wUl 
call. Write for Catalog .. s 

. . to Ed
mund Scientific Co .. Barrington. 
N. J. 08007. 
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GIANT 

SURPLUS BALLOONS 

"Balls or tun" for kids. traffic 
stoPl)CrS for stores, terrific for 
amateur meteorologists. Create a 
nel!{hborhood sensation. Great 
backyard fun. Exciting beach at
traction. Amateur meteorologists 
lise to measure cloud heights. wilUl 
speed. and temp. Made of heavy 
black rubber. InHate with vacuum 
cleaner or auto air hose; or locally 
available helium for high rise. 8' 
dlarn. S2.00 Ppd. Order Stock No. 
60.568S. Edmund ScientifiC Co., 
Barrington. N.J. 08007. 

FASCINATING MOIRE 
PATTERN KITS 

Now explore the world of "Op 
Photography". i'antastic visual 
efTects. Limitless applications. 
1 ,000's of uses for hobbyists, pho
tographers. home experimenters. 
}i'un! Profitable! Contains 8 basic 
patterns on both clear acetate and 
white Kromekote, 150 dot screen 
on film, book. Other sets incl. neg
atives available. Write for detaHs. 
Stock No. 70.719S . . . . 58.50 Ppd. 

SAME KIT IN FULL COLOn 
Stock No. 60.530S . . .  812.50 Ppd. 

SCIENCE 

TREASURE CHESTS 

Hundreds of thrilling experiments 
pi us a Ten Lens Kit to make tele
scopes, microscopes, etc. Incl.: 
extra powerful magnets, polariz
ing filters, compass, one-way 
mirror film, dlfTraction gratlllg, 
many other items. 85.50 Ppd. 
Order Stock No. 70.342S. Deluxe· 
Chest: Above plus crystal growing 
kit, electric motor, molecular set, 
and lots more. S10.50 POd. Order 
Stock No. 70.343S. Edmund 
Scientific Co.. Barrington, New 
Jersey 08007. 

WFF'N PROOF

GAMES OF LOGIC 

Practice abstract thinking and 
math logic. Developed by Yale 
prot. If you think learning should 
be lun. try WFF'N PROOF 
brain-to-brain combat! 21 games 
of progressive dlmculty. Starts 
with simple games mastered by 
6-year-olds. ends with subtle 
logic tor challenge to professional 
logicians. 87211' x 5;!411' case contains 
logic cubes. playing mats, timer & 
224-p. book. 86 Ppd. Order Stock 
No. 60.525S. Edmund ScientifiC 
Co .• Barrington. N.J. 08007. 

NEW POPULAR SCIENCE 

FUN CHEST 

Here are Edmund's 9 top selling 
science toyS and curiosities In one 
fascinating low-cost package. 
Hours of fun. Bargains galore. 
Perfect gift item. Incl.: Radio
meter; Bobbing Bird; Mercury 
Puzzle; Ceramic Magnets: Burn
ing Glass: Magnetic Dog & 
Spinning Ball: DifTraction Grat
ing; Pik-up Ring; Booklet, "AS
tronomy and You". 85.50 Ppd. 
Order Stock No. 70.7878. Ed
mund Scientific Co., Barrington. 
New Jersey 08007. 

STUDENTS' ANALOG 

COMPUTER KIT 

Demonstrates basic analog com
puting principles. Can be used tor 
multiplication, division, powers, 
roots, 109 operations, trig prob
lems, physics formulae, electricity 
and magnetism problems. Oper
ates on two flashlight batteries. 
ElectriC motor and 3 potentiom· 
eters moun ted on die-cut box. 
Answer Indicated on dial. 2011' 
long, 911' wide, 211' deep. 814.95 
Ppd. Order Stock No. 70.341S. 
Edmund ScientifiC Co., Barring
ton, New Jersey 08007. 

ASTRONOMICAL 

TELESCOPE KITS 

Rttl��I��C�r
p���n � i�ro;o�t�r�'ti�� 

annealed pyrex mirror blank, tool. 
abrasives, diagonal mirror, and 
eyepiece lenses. Instruments you 
hulld range in value from 875 to 
hundreds of dollars. 4 UII' diam., 
;!411' thick, 58.00 Ppd.-Order 

m.��3�kd.�#7���:r4S: � JI��k: 
l;v," thick. $21.00 ppd.-#70.005S: 
1011' diam., 1�1I' thick, $34.25 
FOB-nO.006S. Edmund Scien
tific Co., BarrIngton. New Jersey 
08007. 

CAR OF THE FUTURE 

HERE NOW! 

One of most impressive science 
toyS we've seen. Low friction air 
car rides a fraction of an inch. 
over any surface, inclUding water. 
Graphically demonstrates same 
principles that apply to Ford's and 
Curtiss-\Vrlght's new wheelless 
aircars. Sturdy red and yeLLow 
plastic. 811' wide, 911' deep, 211' high 
with 411' propeller. Operates on 2 
flashlight batteries (not incl.). 
4811' control line, battery case. 
52.98 Ppd. Order 170.307S. Ed
mund Scientific Co., Barrington, 
New Jersey 08007. 

THE NATURAL PHILOSOPHY OF TIME. G. 
J. Whitrow. Harper Torchbooks, 1963. 

PHILOSOPHICAL PROBLEMS OF SPACE AND 
TIME. Adolf Griinbaum. Alfred A. 
Knopf, Inc., 1964. 

PROBLEMS OF SPACE AND TIME. Edited 
by J. J. C. Smart. The Macmillan 
Company, 1964. 

THE VOICES OF TIME: A COOPERATIVE 
SURVEY OF MAN'S VIEWS OF TIME AS 
UNDERSTOOD AND DESCRIBED BY THE 
SCIENCES AND BY THE HUMANITIES. 
Edited by J. T. Fraser. George Brazil
leI', Inc., 1966. 

THE KINSHIP OF ANIMAL 
AND HUMAN DISEASES 

EXPERIMENTAL TRANSMISSION OF A 
KURU-LIKE SYNDROME TO CHIMPAN
ZEES. D. C. Gajdusek, C. J. Gibbs, Jr., 
and M. Alpers in Nature, Vol. 209, 
No. 5025, pages 794-796; February 
19,1966. 

EXPERIMENTS WITH SCRAPIE WITH SPE
CIAL REFERENCE TO THE NATURE OF 
THE AGENT AND THE PATHOLOGY OF 
THE DISEASE. I. H. Pattison in NINDB 
Monograph No.2: Slow, Latent, and 
Temperate Virus Infections, edited by 
D. Carleton Gajdusek, Clarence J. 
Gibbs, Jr., and Michael Alpers. U.S. 
Department of Health, Education, 
and Welfare, 1965. 

THE FAMILIAL OCCURRENCE OF THE 
CHEDIAK-HIGASm SYNDROME IN MINK 
AND CATTLE. G. A. Padgett, R. W. 
Leader, J. R. Gorham and C. C. 
O'Mary in Genetics, Vol. 49, No. 3, 
pages 505-512; March, 1964. 

LOWER ANIMALS, SPONTANEOUS DIS
EASE, AND MAN. R. W. Leader in 
Archives of Pathology, Vol. 78, No. 4, 
pages 390-404; October, 1964. 

MATHEMATICAL GAMES 

HANDy-BOOK OF LITERARY CURIOSITIES. 
William S. Walsh. J. B. Lippincott 
Co., 1904. 

ODDITIES AND CURIOSITIES OF WORDS 
AND LITERATURE. Charles Carroll 
Bombaugh. Dover Publications, Inc. , 
1961. 

THE AMATEUR SCIENTIST 

NONUNIFORM ELECTRIC FIELDS. Herbert 
A. Pohl in Scientific American, Vol. 
203, No. 6, pages 106-116; Decem
ber, 1960. 

THE SCIENTIFIC AMERICAN BOOK OF 
PROJECTS FOR THE AMATEUR SCIEN
TIST. C. L. Stong. Simon and Schuster, 
1960. 
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Moving air is easy ... controlling it takes an expert 

Overlooked by time, the aborigine of Australia's Arnhem Land lives today exactly as his 

ancestors did in the bleak wastes of the outback. Occasionally the monotony of his life is 

broken by a corroboree, the primitive rite which elevates boys to young manhood. One of 

the celebrants in this ritual is the didjeridoo man who, from a tapered wooden tube, "pulls" 

a song whose melancholy sound accompanies the balnooknook drum man and the songman 

as they conduct the ceremony. Primitive as the man who plays it, the didjeridoo proves to 

be a complete puzzle to outsiders. In Torrington's business of making air moving equipment, 

we concentrate on solving puzzles and converting outsiders into friends. 

The Torrington Manufacturing Company, specialists in fans, blower wheels and blower units. 

TORRINGTON, CONN. VAN NUYS, CALIF. ROCHESTER, IND. OAKVILLE, CANADA NIVELLES, BELGIUM SWINDON, ENGLAND SYDNEY, AUSTRALIA 
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... feed hundreds from land one family starves on today. 

Allied Chemical makes the nitrogen that makes food grow. 
Nitrogen fertilizers. They bring worn-out soil back to life-enrich it, 
too. And fa rms that once barely supported the farmer nowproduce 

food enough for even the farmer's customers. I magine what this 
can do for the world's underdeveloped, undernourished coun
tries. It's another example of how Allied puts chemistry to work. 

R IGHT IN THE CENTER OF 

THINGS AT NO.1 TIMES SQUARE 

Divisions: Barrett, Fibers, Industrial Chemicals, International, Nitrogen, Plastics, Semet-Solvay, Union Texas Petroleum. Allied Chemical Canada, ltd. 
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