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Chevrolet 
introduces a 

neat little 
woody. 

Our new Vega wagon has a lot more standard features than meet the casual eye. What you see, 
of course, is the rich, warm look of wood-grain vinyl over a goodly portion of its little body. But 
if you squint a little you'll also notice wood-grain vinyl accents on the door handles. Plus some 
nifty looking trim rings on the wheels. Got 'em spotted? OK. now look below and see what 
else is neat about Vega Estate from Chevrolet, America's family wagon builder. 

Deluxe buckets with 
l u x u ry t rim a n d  a 
driver's seat back that 
adjusts to two posi· 
tions. 
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4·s p o k e  s t e e r i n g  
wheel; built-in assist 
handle on instrument 
p a n e l ;  w o od - g rain 
v i n y l  a c c e n t s  on 
doors; rear ashtrays. 

Power ventilation sys­
tem. An ingenious 

way to keep outside 
air circulating inside 
even when the wagon 
is standing still. 

Flip-up tailgate opens 
to a clear view o f  
Vega's 2nd seat that 

folds down to 50.2 cu. 

ft. of storage space. 

Front disc brakes. 
lO-inchers for smooth, 
fade-resistant stops. 

Woody's GT cousin 
was selected by M oior 
Trend magazine as 
1973's "economy car 
of the year." 

The roof top carrier, whitewall tires and other nifties are available. 
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In eighteen years or so, this child may be competing 
with hundreds of others for the same job. 

By the time this child is grown, 
our nation's work force should total 
106 million persons. A net increase 
of 27 million jobs by 1990. 

How will they be created? 

Foreign trade in the 1960's 
generated from 600,000 
to 900,000 new U.s. jobs. 

One way is through further 
expansion abroad. The more a 
company expands abroad the 
greater its growth in domestic 
employment. 

In the 1960's, U.S. multinational 
companies increased domestic 
employment at a higher rate 
(31.3%) than the national average 
(12.3%). 

Another way to create more 
jobs here is to increase exports. 

Foreign trade generated from 
600,000 to 900,000 new jobs for 
Americans during the 1960's, when 
u.s. multinational companies in-

creased exports by 180% while the 
national average went up 53.5%. 

Thousands of patents are held 
by U.S. multinational companies. 
Many, as in our case, originated 
abroad and are used here to 
develop new business. 

Conversely, many are used 
abroad-with a portion of the 
profits from new sales remaining 
there. This helps create new jobs, 
new purchasing power, new taxes, 
new technologies and increased 
exports. 

Restrictions on foreign expan­
sion and repeal of tax 
credits could inhibit future 
growth of U.S. economy. 

Some of the profits, of course, 
accrue here as an important 
contribution to the U.S. balance of 
payments. 

Restrictions on foreign expan­
sion, the transfer of technology, 

and the repeal of tax credits 
for payment of foreign income 
taxes could seriously inhibit 
multinational companies' con­
tributions to U.S. economic 
growth. 

This could reduce earnings, 
especially those funds for research 
and developnlent and domestic 
expansion-from which spring 
new products and new jobs. Not to 
mention increased exports. 

So if our nation takes the posi­
tion that growing companies like 
ours are today, in effect, exporting 
jobs-something we would never 
condone-there may one day be a 

lot more 18-year-olds than there 
are jobs for them. 

International Telephone and 
Telegraph Corporation, 320 Park 
Avenue, New York, N.Y. 10022. 

ITT 
SERVING p{OPLE AND NATIONS EVERYWHERE 
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This year Y#e'll plant 

tY#O trees for every fal11ily 
in America. 

Our plan is for more than 100 mil­
lion seedlings in 1973. 

This means an average planting 
of about 275,000 seedlings a day on 
Weyerhaeuser lands. 

The program is ambitious. And 
it's expensive. But it's necessary. 
Particularly if we are to help keep 
up with your individual demands 
for wood products. 

As a matter of fact, every man, 
woman and child in the U.S. will 
use the equivalent of a 100-foot tree 
this year, and every year. 

But forests do more than provide 
wood. They add beauty. Enrich the 
ecology for all living things. And 
provide land for recreation. 

Right now we have 5.7 million 
acres in all stages of growth. Some 

are mature trees ready for harvest 
this year. Others are for the future. 

This is another way we keep our 
forests green and growing. Forever. 

For a free booklet 

A 
on Weyerhaeuser 
High Yield For-
estry, write us at 
Box P-1O-1, Taco-
ma, Wash. 98401. Weyerhaeuser 
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Carry your own 
.rpeech in.rurance. 

Nothing can ruin a sales meeting, stockholders' 
meeting, or strategy session more surely than a 
troublesome "pot luck" sound system. Words are 
lost in feedback, or are garbled and unintelli­
gible, or perhaps you simply can't be heard in 
the back of the room. The Shure VoCal Master 
sound system is made especially to travel with 
you and get your voice out to every member of 
your audience with clarity and authority. And it 
is utterly reliable! 

Shure Brothers, Inc. 
222 Hartrey Ave., Evanston, III. 60204 
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THE COVER 

The painting on the cover shows a native American bumblebee, Bombus 
ternarius, perched on a bloom of the familiar yellow weed the dandelion, a 
plant native to Europe that has widely colonized North America. For mil­
lions of years insects and flowering plants have evolved in intimate union; 
many of the plants depend on bees for cross-pollination and have evolved 
scents and colors to attract them. Of all insect pollinators the bumblebees 
are the hardest workers. By generating enough heat to remain active they 
can forage at temperatures so low that other insects are immobilized (see 
"The Energetics of the Bumblebee," by Bernd Heinrich, page 96). Dande­
lions are not pollinated by insects but this American bee has been attracted 
to the alien plant because its bright yellow resembles the color of a related 
native plant that the bee does pollinate (see illustration on page 96). 
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Buy your own tape drive. 

Can you afford to? 

Can you afford not to? 

We have a set of figures 
worked out by one of our 
accountants that shows you a 
savings of 20% over a three 
year period if you buy 
instead of lease. 

But your figures will be 
different from his. They 
always are. 

Here's what you positively 
can afford to do. You can call 

(714) 821-2011 collect, and talk 
to Rod Murray. Get together 

with him or one of his people 
and your accountant. 

Find out if you really can 
save something by buying 
instead of leasing. 

But if you prefer to lease, 
check to see if you're leasing 
from us. If not, you're still 
spending too much. 

Call your local CalComp 
office, or contact 
California Computer Products, 
Inc., SA-M4-73, 

2411 West La Palma Avenue, 
Anaheim, California 9280l. 
(714) 821-2011. 
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Introducing the brilliant 
new BMW 3.05. 
It brings you all the 
advanced engineering 
you expect in a BMW, 
plus every luxury feature 
you could possibly want. 
In fact, no other car 
gives you all its features 
as standard equipment. 

BMW has long been acclaimed 
as builders of the best sports 
sedans in the world. But our latest 
achievement goes that one better. 
The new BMW 3.0 S is surely the 
best luxury sports sedan in the 
world. Because no other car-built 
in Europe or in the U.S. or any­
where else-gives you all these 
luxury features not as options, but 
as standard parts of one harmoni­
ously-conceived whole. 

For example, the interior is 
crafted of soft, supple glove leather 
and genuine deep-grained walnut 
panelling_ 

All-climate air conditioning 
provides separate air circulation 
systems for driver and passengers. 

The 3.0 S is equipped with alloy 
wheels, which are not only strong 
and handsome in appearance, but 
lighter than conventional wheels_ 
Tires are Michelin steel-belted 
radials. 

Our power-steering assist 
lightens steering effort while main­
taining "road feel" to the driver. 

Electric window lifts are operated 
by controls conveniently nearthe 
driver's hand. 

There is a sensitive Becker 
AM-FM stereo receiver with three 
speakers, for remarkable fidelity. 
The antenna is electrically powered. 

Safety headrests, both front and' 
rear, provide an extra margin of 
protection. 

A complete kit of highest quality 
tools is fitted in its own retractable 
compartment in the trunk. 

The heated rear window main­
tains constant visibility by ridding 
itself of mist, ice or snow. 

These are only some of the new 
BMW's features. There are many 
others. But despite all this, you 
shouldn't lose sight of one fact that 
makes this automobile so unique. 
And that is that the new 3.0 S 
is aBMW. 

Which means that along with the 
luxury, you get all the tremendous 
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performance, the responsiveness, 
the unmatched road holding, that 
make BMW the most exciting 
sports sedan you can drive. 

If you really appreciate fine 
machinery, you owe it to yourself 
to visit your BMW dealer and test 
drive the new 3.0 S. You'll say the 
S stands for spectacular. 

BMW's are available in four or six-cylinder models. 
U.S. Sole Importer: Hoffman Motors Corporation. 
375 Park Avenue, New York, N.Y. 10022; 12541 
Beatnce Street. Los Angeles, California 90066. 
Dealers Coast to Coast. Advantageous European 
Delivery Program. Write for free brochure. 

Canada: East: BMW Distributors Eastern Canada, 
Ltd. 801 Progress Avenue, Scarborough Ontario 
West: BMW Distributors (Western) Co.

' . . 

2040 Burrard Street, Vancouver 9, B.C. 

" 

II 

Bavarian Motor Works 
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LETTERS 

Sirs: 
The article by Derek P. Gregory titled 

"The Hydrogen Economy" [SCIENTIFIC 
A"IERICAN, January J literally begs for 
comment to put it in perspective. The 
central message of the article seems to 
be that if we replaced our fast-disap­
pearing natural-gas system with a sys­
tem based on hydrogen, we would cre­
ate a source of energy cheaper than 
electricity. This is just not so. Hydrogen 
cannot possibly compare with electricity 
costwise, since at a minimum one extra 
step, namely the electrolyzing step, is re­
quired with inherent efficiency losses to 
produce it. Second, our studies show that 
distribution costs of electricity are less, 
not more, than those that would be in­
herent in piping hydrogen, except for 
distances in excess of 500 miles, al­
though this is a relatively unimportant 
point. 

The true test comes in the cost of each 
useful unit of work output. Here elec­
tricity has a clear advantage over hydro­
gen in virtually every conceivable use. 
In heating, gas furnaces have operating 
efficiencies of between 40 and 60 per­
cent (although laboratory tests will yield 
75 percent after three hours of warm-up, 
which is hardly the case in a home). 
Electric-resistance heating is viltually 
100 percent efficient, and heat pumps 
boast apparent efficiencies of more than 
200 percent. A similar comparison is 
valid for every other heating use of gas. 
In cars, electric vehicles are some 60 per­
cent efficient from input to the battery 
charger to useful force at the rear 
wheels, whereas a typical internal-com­
bustion engine is some 10 percent effi­
cient and, in the case of hydrogen, re­
quires liquefaction, which is some 50 to 
60 percent efficient. This means that an 
electric car requires some 5.3 units of 
nuclear energy to create one unit of driv­
ing force at the car wheels, whereas a 
liquid-hydrogen-powered car requires 
some 75 units of input to deliver the 
same unit of useful work! Today it is 
the cheapness of gasoline that overrides 
the higher efficiency of electricity. The 
hydrogen economy would obviate this 
advantage. 

Thus relying too heavily on a hydro­
gen economy could bring catastrophic 
wastes of our precious nuclear fuel. In 
an era of energy crisis this seems ludi­
crous. There appears to be no logic for 
using electricity to create hydrogen ex-

8 

cept on a very limited basis for end uses 
where form is highly critical, such as jet 
aircraft and heavy trucks. Even here 
substantial engineering problems that 
make these applications impossible to­
day must be overcome. In virtually all 
other applications there are cheaper and 
more efficient ways to deliver the ener­
gy. These should be stressed rather than 
novel ways to use archaic energy-con­
version devices. 

J. HUNTER CHILES III 

Power Systems Planning 
Westinghouse Electric Corporation 
East Pittsburgh, Pa. 

Sirs: 
I think Mr. Chiles is quite correct in 

putting the hydrogen economy into per­
spective. In my opinion our basic prob­
lem is to find the best and fastest way of 
using nonfossil energy to satisfy our in­
creasing energy demands, which can­
not now be met by coal, oil and gas. 
There seem to be only three alternatives: 
the all-electric economy, synthesis of 
conventional hydrocarbon fuels from 
carbon dioxide and hydrogen, and the 
direct use of hydrogen. We shall most 
likely develop some combination of all 
three. 

I believe it may be possible to devel­
op a process for the conversion of nu­
clear or solar heat into chemical (hy­
drogen) energy with about the same 
efficiency as we now obtain in power sta­
tions. This may come about either from 
an integrated nuclear-electrolysis plant 
or from a thermochemical process. Our 
studies, based on natural-gas pipeline 
and distribution experience, indicate a 
very considerable cost advantage in mov­
ing hydrogen, particularly if the elec­
tricity alternative is forced underground. 
On this point Mr. Chiles and I will have 
to disagree, but as I pointed out in my 
article, it appears to me to be likely that 
we could manufacture and deliver hy­
drogen energy to the average consumer 
at a cost below that of delivering elec­
tricity, because the savings in transmis­
sion and distribution would be greater 
than the extra cost of turning electricity 
into hydrogen. 

I like to think that a hydrogen space­
heating system could operate without a 
flue, and could thus be virtually 100 
percent efficient, comparing well with 
electric systems. Many industrial uses of 
energy could apparently be supplied by 
hydrogen at very high efficiencies. On 
the other hand, Mr. Chiles's figures for 
automobile efficiencies are indeed dra-

matic, and even the significant increases 
expected in hydrogen-engine efficiencies 
fail to justify the hydrogen car. How­
ever, the technical problems facing the 
development of a high-performance, 
cheap, fast-charging, long-range electric 
vehicle are formidable compared with 
the use of the "archaic" gasoline engine, 
suitably modified. 

My understanding of the nuclear-fuel 
supply is that, in the absence of the 
breeder reactor, our nuclear fuels are 
indeed "precious," and this gives cause 
for alarm regardless of the way we use 
them. I hope that the breeder reactor 
and the more distant prospects of the 
fusion reactor and solar power will bring 
us into an era of more abundant and less 
expensive fuel, where capital costs rath­
er than fuel-supply limitations will domi­
nate. I am sure that in the future we 
shall all be in such a scramble for clean 
energy in any form that there will be 
ample room for both of our approaches. 

DEREK P. GRECORY 

Institute of Gas Technology 
Chicago 

Sirs: 
I do not wish to deride Robert L. 

Birch's detecting that Mount Chimbo­
razo is the highest mountain because its 
peak is the farthest from the center of 
the earth ["Science and the Citizen," 
February J. However, my favorite au­
thor, Isaac Asimov, noted the same 
thing in "Up and Down the Earth," an 
article in the February 1966 issue of 
The Magazine of Fantasy and Science 
Fiction. 

ROBERT LINDEN 

Tacoma, Wash. 

Sirs: 
... the calculation was done by O. M. 

Miller of the American Geographical So­
ciety in 1968 . . . .  

ROSTISLA v DJDKOWSKY 

New York 

Sirs: 
Referring to your "Science and the 

Citizen" note, your reader Robert L. 
Birch must also have been a reader of 
the June 1972 issue of Explorers Journal, 
wherein Terris Moore related the high­
est-mountain proposition. The idea is in 
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fact a very old one, having been pre­
sented by Dr. Moore in various writings 
since the early 1930's. 

Explorers Journal 
Washington 

Sirs: 

ELLIOTT ROBERTS 

The mountainous "Fact" presented in 
February's "Science and the Citizen" is 
so up in the air that it calls forth the 
thinking man's pique. The hugest hill in 
the world is obviously neither Everest 
nor Chimborazo but Mauna Loa. For the 
only physically impressive measure of a 
mount is its immediate prominence. The 
Hawaiian high rises more than 33,000 
feet from an adjacent ocean deep. 

Of course, your search for superlatives 
did not call for the highest mountain in 
the world but just the highest mountain. 
That is Nix Olympic a on Mars, which 
rises perhaps 100,000 feet from its sur­
roundings. 

J AMES ENTERLINE 

New York 
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The easy-to-use fine camera. 
For parades, fo otball games, 

wild parties and 

moments of reflection. 

A Minolta SR-T 101 is so easy to use, you'll want to take it with you every­
where. Even no place in particular. 

To set shutter speed and lens opening simply align two ind 
in the viewfinder. You can frame, focus, and 
adjust exposure without looking away and lOSing 
concentration. 

For illustrated literature, write to Minolta Corpo­
ration, 200 Park Avenue South, New York, New 
York 10003. In Canada: Anglophoto Limited, P.Q. 

Minolta 
When identified bU a lactorJ/-sealed "M" tag . Minolta 35mm reflex cameras are warranted bU Minolta 
C;:orporati.on �gainst delects In workmanship and materials lor two years I�om date 01 purchase , exclud. 
Ing u ser· an/hcted damage. The camera will be serviced at no charge prOVided It IS returned within the 
warrantu period, postpaid, secureill packaged and including '2.00 lor mailing, handling and insurance. 

Think 0.0005" 
Microholes are small? 
Now you can get them 

small as 6 microns. 
If you need micro-stamped or EDM (Electrical 
discharge machined) holes or slots for Mem­
branes. Scanning Electron Microscopes (SEM). 
Electron Beam Apertures or similar applications, 
a call or letter will get us together. 
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50 AND 100 
YEARS AGO 

APRIL, 1923: "We shall remember 
the day in 1895 when the news was 
cabled over that a German professor had 
made a discovery by which it was pos­
sible to see the bones in human beings 
and animals and even to photograph the 
same. The man who made this epoch­
making discovery that has saved thou­
sands of lives and mitigated untold suf­
fering recently died in Munich at the 
age of 77. Wilhelm Conrad Roentgen 
was born in Lennep, Prussia, in 1845 
and studied in Holland and at Zurich, 
where he took his doctor's degree in 
1869. He became a professor in physics 
at several German universities and final­
ly went to Wtirzburg in 1885, where 10 
years later he made the discovery by 
which he will always be remembered­
the Roentgen rays, commonly known as 
X-rays. The new science progressed by 
leaps and bounds, so that in 1901 a 
Roentgen Ray Congress was held in 
Paris and he received the Nobel prize 
for physics. Although the X-rays are 
used mostly in medicine and dentistry, 
industrial uses were quickly found for 
the testing and analysis of all kinds of 
material and for the detection of smug­
gled articles." 

"Edwin Hubble at Mount Wilson has 
lately published papers dealing with 
nebulae of the galactic type. The diffuse 
or irregular nebulae, which are confined 
to the Milky Way, do not all show a 
gaseous spectrum. About half of them 
do, but the spectra of the rest are con­
tinuous and show dark lines, just as they 
should do if the nebula was not self­
luminous but was an opaque cloud re­
flecting the light of neighboring stars. In 
most cases the stars from which the light 
comes are easy to find, and the similarity 
of the spectra of such stars and of the 
surrounding nebula clinches the argu­
ment. What is more remarkable, the 
nebulae that have bright-line spectra are 
also associated with stars. This suggests 
very strongly that it is the stars that set 
the nebulae shining, whether simply by 
the reflection of their own light or by 
some other form of influence, which, 

10 

emanating from the hottest stars alone, 
is capable of energizing the gases of the 
nebulae and making them glow. In some 
cases the influence cannot be ordinary 
light; it may be ultraviolet light of very 
short wavelength or electrons emitted at 
high speed, either or both of which we 
might expect to find given off from the 
very hottest stars." 

"We have just heard of the latest im­
proved method of causing an airplane to 
take off and alight at low speed, while 
at the same time making it possible for 
the airplane to maintain the maximum 
speed in flight. The manner in which 
this extreme difference in speed is ac­
complished is by varying the surface of 
the wings by withdrawing the rear part 
of the wings from the front part to in­
crease the surface, and sliding the rear 
part back into the front part, into which 
it telescopes, when the airplane is in 
Hight and it is desired to attain the maxi­
mum speed. The altering of the surface 
of the wings is accomplished by the 
aviator turning a crank within the body, 
which he can do very readily. This new 
improvement in airplane construction is 
the invention of a Frenchman, M. Bille, 
and it seems to be a far neater and better 
solution than that of the variable angle 
of incidence devised by Hollander Lan­
zius, or even that of the slotted wing, 
invented independently by Mr. Handley 
Page and by Herr Lachmann." 

APRIL, 1873: "We are at present in 
such a stage of the development of the 
industry of all civilized nations that the 
increase in producing capacity far out­
strips the increase of population, so that 
the amount produced and consumed on 
the average by every person far exceeds 
in quantity and value that which was 
ever before known. If we look at the 
statistics of the increase of productive 
capacity in various branches among dif­
ferent nations, we are especially struck 
at the development that has taken place 
during the past decade. For instance, let 
us take the production of steel manufac­
ture in Germany; in 1860 only 250 tuns 
of manufactured steel, worth $3,000,-
000, was produced by 4,000 workmen, 
while in 1870 2,000 tuns, worth $20,-
000,000, was the result of 14,000 work­
men. This view of productive capacity 
and its results is the best argument 
against that conservative class of people 
who sometimes raise their voices against 

useful inventions and new patents, un­
der the pretext that such improvements 
often take the bread out of the mouth of 
the workmen, who are unable to com­
pete with hand labor against machine 
labor. Experience has proved that all 
such fears are totally groundless, and in 
every case have the machines which in­
creased production been a blessing in 
the end, giving more labor and higher 
wages to those using them than they 
could obtain by their unimproved meth­
ods and much smaller productive ca­
pacities." 

"M. Fizeau communicates to Le 
Monde the results of a series of very 
elaborate experiments made with a view 
toward the most accurate determination 
of the velocity of light. The source of 
the ray was a jet of burning oxyhydric 
gas, and the distance between the two 
stations, as found by careful triangula­
tion, was 33827. 1  feet, with a probable 
error of a tenth of 1 per cent. Six hun­
dred and fifty satisfactory observations 
were made, the mean of which, multi­
plied by the index of refraction, 1.003, 
gives 185,368 miles per second as the 
velocity of light, with a probable error of 
three tenths of 1 per cent. This result 
agrees with that determined preViously 
by Foucault. M. Fizeau considers that, 
with stations separated a distance of 
12 miles, the velocity of light could be 
determined to within a tenth of 1 per 
cent." 

"There is an extensive demand for 
small portable steamers for farm use, 
with attachments to render them ap­
plicable to various purposes. For ex­
ample, such machines should be capable 
of use in working mowers and reapers in 
lieu of horses. The application of steam 
to farm labor is at present in its infancy. 
One of the first requisites for its general 
introduction will be the instruction of 
farmers in the principles and economies 
of the steam engine, studies that are at 
present almost wholly neglected in our 
common schools." 

"The bill for an underground railway 
beneath the great thoroughfare of New 
York City, known as Broadway, has 
finally passed both branches of the State 
Legislature, has received the Governor's 
signature and has become a law. The 
wonder is, in a community like New 
York City, so noted for the number of its 
intelligent, active and vigorous men, 
that such an impOltant enterprise should 
have been so long postponed. No city in 
the world has more pressingly needed 
facilities for rapid transit." 
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A domestic satellite system for Brazil which would provide substantially greater 
telephone, teletype, TV, educational TV, and connnercial broadcast connnunications 
services has been proposed by Hughes. The satellite antenna's beam would be 
shaped to serve vast regions whose populace is separated by dense jungle and moun­
tainous terrain. International communications traffic with Western Europe, Canada, 
Africa, and the U.S. has more than doubled in the four years since Hughes designed 
and built Brazil's first satellite ground station a t Itaborai, near Rio de Janeiro. 

A corona pulse counter for high-voltage components, developed by Hughes, provides 
a far more sensitive method of measuring corona intensity than previously achieved. 
It makes quantitative measurements of the corona spectrum under DC or AC voltage 
possible for the first time. Corona, connnonly observed as the faint glow around 
the surface of a high-voltage conductor in air, is the most important cause of 
internal degradation of transformers, capacitors, and cables. By accurately meas­
uring the corona discharge energy, manufacturers will be able to improve the ener­
gy density, reliability, and lifetime of high-voltage components. 

A new data terminal display console developed by Hughes to monitor and control the 
Naval Tactical Data System (NTDS) computers was delivered to the U.S. Navy recent­
ly. Designed to make functional changes in NTDS equipment assignments as re­
quired, the Monitor Control Console (MCC) combines a data terminal with a CRT dis­
play and typewriter keyboard. It is one of more than 1700 varying types of NTDS 
consoles built by Hughes. The MCC is the first to incorporate microprocessing 
techniques made possible by MSI/LSI technology. NTDS uses radars, computers, and 
connnunications equipment to gather, process, and exhibit action within tactical 
combat zones instantaneously on the display consoles. 

A prototype series of portable ground stations which Hughes is developing for the 
U.S. Dept. of Health, Education and Welfare will be used in experiments designed 
to relay TV for medical assistance and educational programs via satellite to iso­
lated areas of Alaska and the United States. The 300 lb. stations, using 10�foot­
diameter dish antennas, can be carried by small van or helicopter and easily erec­
ted by two men. They are forerunners of low-cost stations that could be used for 
television distribution and two-way telephony by developing and emerging nations. 

Hughes has immediate openings for Field Engineers. Qualifications include U.S. 
citizenship, BSEE degree, willingness to travel, and experience in any one of the 
following systems: electro-optical, infrared detection, laser ranging and target 
designation, or low-level-light TV detection. Please write: Professional Staff­
ing, Hughes Aircraft Company, Field Service & Support Division, P.O. Box 90515, 
Los Angeles, CA 90009. Hughes is an equal opportunity M/F employer. 

Quicker turn-arounds for jetliners and substantial improvements in aircraft and 
manpower utilization are being achieved by Eastern Airlines on aircraft circuit 
tests made with a Hughes-built Flexible Automatic Circuit Tester (FACT). Based at 

Miami International Airport, Eastern's FACT system is housed in an air-conditioned 
van which rolls up to the jetliner, where technicians attach cables from the air­

craft's connectors to the six portable remotely-operated FACT switch modules. 
Tests are performed automatically by computer-generated punched-tape programs. 

Creating a new world with electronics 
r------------------, 
I I 

: HUGHES: 
I I 
k __________________ J 
HUGHES AIRCRAFT COMPANY 
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The Task of Medicine 
American medicine is traditionally geared to respond to acute 

illness. Now that chronic illness plays a much larger role, 

it will be necessary to intervene more actively in its causes 

The medical system of the U.S. is 
able to meet with high efficiency 
the kind of medical problem that 

was dominant until about 40 years ago, 
namely infectious disease. It also deals 
effectively with episodes of acute ill­
ness and with accidents that call for 
advanced, hospital-based biomedical 
knowledge and technology. The system 
is much less effective in delivering the 
kind of care that is more often needed 
today: primary (first-contact) care and 
the kind of care needed at a time when 
chronic illnesses predominate. They are 
the degenerative diseases associated 
with aging and the diseases that can be 
characterized as man-made because they 
are associated with such things as smok­
ing and environmental contaminants. 
For these diseases medicine has few 
measures and not even much comfort. 

My colleagues and I in the depart­
ment of community health at the Albert 
Einstein College of Medicine of Yeshiva 
University have been much concerned 
with this shortcoming of the medical sys­
tem. Since the college is in a community 
(the borough of the Bronx in New York 
City) with large numbers of people who 
are poor, elderly, Puerto Rican or black, 
we see the deficiencies regularly. 'When 
these people seek medical help (and part 
of the weakness of the present medical 
system is that it deals only with people 
who present themselves as sick), they 
are likely to find themselves ve�y sick 
indeed and in a long-term regime of 
treatment involving costs that they can-

by William H. Glazier 

not possibly meet out ot their own re­
sources. The problem, which is by no 
means limited to the Bronx, is to fashion 
a medical system that deals as well with 
the chronic diseases as the pres en t sys­
tem deals with the infectious diseases 
and the complicated hospital cases and 
that handles the costs in a way that is 
acceptable not only to the patient but 
also to the society at large. 

Until as recently as the beginning of 
the present century the expectation of 

life was short in the U.S., largely be­
cause of the toll exacted by the infec­
tious diseases, particularly among chil­
dren. The first advances against the in­
fectious diseases resulted from a series 
of developments in which medical tech­
nology and the work of physicians with 
individual patients played a relatively 
minor role. The more important factors 
were the improvement in the standard 
of living and the effectiveness of pub­
lic health measures. Because of the rise 
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in the standard of living, people had a 
more balanced diet, received better edu­
cation (so that they knew more about 
taking care of themselves and how to 
avail themselves of medical help) and 
had more money to spend on medical 
care if they needed it. The decline of 
tuberculosis, for example, is believed to 
be largely attributable to improved diet. 

Meanwhile governments at all levels 
were moving to purify public water sup­
plies, handle sewage in such a way that 
it would not be a contaminant, improve 
housing conditions, drain mosquito­
breeding swamps and provide education 
in health care, particularly for mothers 
and children. Efforts of this kind led to 
the decline of such infectious diseases as 
typhus, typhoid, cholera and malaria. 

The role of medicine during this pe­
riod cannot be dismissed as insignificant. 
The conquest of smallpox, ·for example, 
surely resulted from the discovery of an 
effective vaccine and the provision of 
vaccination as a medical procedure. 
Nonetheless, it was as recently as 1915 
that Lawrence J. Henderson of the Har­
vard Medical School could justifiably 
make his celebrated remark that the 
average patient had no better than a 50-
50 chance of benefiting from an encoun­
ter with the average physician. 

The beginning of what might be de­
scribed as the "golden age" of clinical 
medicine in the U.S. can be put at about 
1922, when the discovery of insulin 
made possible the control of diabetes. 

Clinical medicine came into its own as 
a force against infectious disease with 
the discovery of the sulfa drugs in 1932. 
It was in that period too that the effects 
of earlier advances in physiology and 
bacteriology and the improvement of 
medical education resulting from the 
Fle'mer report of 1910 began to tell. 

The great change in the nature of the 
health problem during this century 

is illustrated by a comparison of the 10 
leading causes of death in 1900 and 
1970 [see illustration on opposite pagel. 
In 1900 three of the 10 (tuberculosis, 
influenza-pneumonia and diphtheria) 
were directly infectious and three more 
(gastroenteritis, chronic nephritis and 
diseases of early infancy) were closely 
related to infectious processes. By 1970 
none of the first 10 causes of death was 
an infectious disease except for influ­
enza-pneumonia and certain diseases of 
early infancy, and in both of these 
groups the mortality rate was far below 
the level of 1900. 

Today the list is headed by heart dis­
ease, cancer and cerebrovascular le­
sions-all chronic diseases. The first two 
have increased by 268 percent and 240 
percent respectively since 1900 in terms 
of deaths per 100,000 people. Other 
chronic diseases, such as general arterio­
sclerosis and diabetes, have emerged as 
leading causes of death. Of every 100 
males born in the U. S. this year, 83 are 
likely to die eventually of a chronic dis-

ease; in 1901 the rate was 52 in 100. 
The likelihood of dying of an infectious 
disease is now about six in 100, which is 
about one-sixth of the rate in 1901. 

The death rates tell only PaIt of the 
story, since the chronic diseases also af­
flict large numbers of the living for long 
periods of time. According to estimates 
made in 1968, heart and circulatory dis­
orders afflicted 26.2 million people in 
the U.S., mental and emotional disorders 
20 million and arthritis and rheumatic 
diseases 16 million. The inescapable leg­
acy of improved health in early and mid­
dle life is the increased prevalence of 
these less tractable forms of disease and 
disability in middle and later life. 

The infectious diseases have a fairly 
abrupt onset and a finite duration. In the 
medical structure that has evolved to 
deal with them the person who feels sick 
vi�its or calls in a physician, who pre­
scribes and administers a treatment that 
nowadays usually ends fairly soon in re­
covery. The chronic diseases, on the 
other hand, typically have a gradual on­
set and an indefinite duration. A patient 
with a disease such as cancer, arterio­
sclerosis or emphysema may go about 
for months or years before he realizes 
that he is afflicted. Indeed, the case of 
the person who is unaware that any­
thing is wrong until he is struck down 
by a heart attack has become common. 

The medical system encounters sev­
eral different types of problem in deal­
ing with the chronically ill. In the first 

1 , 000 r------------,-------------r------------,-------------,------------,�----------_.------------� , .. I 
... ........ 1. z 800 1------·--------4-.... ··· .. --·· 

o 

� ::;) 
0.. 
o 
0.. 

t-----�-........ ·---t-·-.... · .. -T I ...... ----.. .. 

t----+-.. ·- 'j--' .. ! ..... ---... -U. 600 
o 
o o o 
ci o 

a: 
w 
0.. 

, I I I ... _-[._ .... __ ..... _ ...... _._ . ..... .... _--- ..... _-.. . 

W 
f-« 
a: 
I 
f­
« 
w 
o 200 

I i , I i I I -..1-.... ·-··+-·--...... ·-1··- .. -· .. ·-I I I 
-···--t---1 -'- ·'''·�1 

o L... ____________ L! ____________ �i ____________ � ______________ L... ____________ L... __ _=��==�±=============� 
1900 1910 1920 1930 

CHANGING ROLE of infectious diseases (black) and chronic dis· 

eases (color) as causes of death in the U.S. during the period from 

1900 to 1970 is portrayed. Chronic diseases include both degenera· 

14 

1940 1950 1960 1970 

tive ailments associated with aging and diseases that can be called 

man·made because they are associated with such behavior as smok­

ing and with such phenomena as environmental contamination. 

© 1973 SCIENTIFIC AMERICAN, INC



INFLUENZA AND PNEUMONIA 

i 
TUBERCULOSIS 

I 
GASTROENTERITIS 

HEART DISEASE 

I 
CEREBROVASCULAR LESIONS 

I HEART DISEASE 

CANCER 

CEREBROVASCULAR LESIONS 

I 100 200 300 400 
DEATH RATE PER 100.000 

OF POPULATION 

o 100 200 300 400 
DEATH RATE PER 100,000 

OF POPULATION 

ACCIDENTS 

CHRONIC NEPHRITIS 

ACCIDENTS 

CANCER 

DISEASES OF INFANCY 

DIPHTHERIA 

OTHER CIRCULATORY DISEASES 

INFLUENZA AND PNEUMONIA 

DISEASES OF INFANCY 

DIABETES MELLITUS 

CIRRHOSIS OF LIVER 

BRONCHITIS, EMPHYSEMA AND ASTHMA 

10 20 30 40 50 60 70 80 
DEATH RATE PER 100,000 

OF POPULATION 

MAJOR CAUSES of death in the U.S. in 1900 and 1970 are charted. 

Each list contains the 10 principal causes of death, and the bars 

show the death rate associated with the disease. In 1900 (left) six of 

the diseases were either infectious or related to infectious proces· 

ses whereas in 1970 (right) none of diseases listed were infectious 

except influenza.pneumonia and certain diseases of early infancy. 

place, it is essentially a passive system, 
that is, it does not go into operation un­
til a patient takes the initiative by visit­
ing a physician or a clinic. Often by the 
time a patient with a chronic illness 
takes this step it is late in the progress of 
the disease. For many of the chronic dis­
eases much of the treatment is directed 
to symptoms rather than being curative. 
The regime of treatment is also likely to 
be protracted and costly. Another type 
of problem is that the system is geared 
to the one-to-one, episodic relationship 
in which the patient sees a physician, re­
ceives treatment and pays a fee. The sys­
tem is unwieldy and inefficient when, as 
is often the case with chronic disease, 
the patient requires care by several phy­
sicians with different specialties, by oth­
er professional people such as nurses, 
therapists and social workers and by dif­
ferent institutions. Finally, the system is 
in a better position to take care of the 
patient who is so incapacitated that he 
has to be in a hospital bed than the pa­
tient who is ill but more or less able to 
go about his normal business-and such 
patients constitute about 85 percent of 
the total. 

In sum, the technology and medical 
procedures available for coping with the 
diseases that afRict the population have 
been expanded and improved, but the 
structure of the system that deploys the 
technology and resources has tended to 
remain fixed in a mold determined by 
medical and social circumstances that 
are quite different from those that exist 

today. The result is a mismatch between 
the technology of medicine and the ap­
paratus that delivers care. Many observ­
ers see this mismatch as the cause of the 
crisis in medical practice, medical edu­
cation and health care in the U.S. today. 

P should be emphasized that the crisis 
does not arise from any shortage of 

medical personnel or the other resources 
employed in providing medical care. On 
the contrary, the people and the facili­
ties (hospital beds, sophisticated ma­
chines, nursing homes and so on) have 
increased in number over the past dec­
ade, both absolutely and per capita, al­
though the distribution of the compo­
nents of the system is conspicuously un­
even. The nation suffers from a misuse 
(sometimes an overuse) and a maldis­
tribution of medical technology and 
medical services. Indeed, the root of the 
crisis is the growing social demand for 
a more effective and fair distribution of 
the medical potential created by the sci­
entific and technological advances of the 
past 50 years. A related problem is the 
growing lack of primary care, ·which is 
what used to be provided by the general 
practitioners whose number is dwindling 
steadily as physicians turn increasingly 
to specialization. General practitioners 
also used to help patients adjust to the 
increasing disability of chronic, degener­
ative disease. 

The crisis is articulated mainly in dol­
lar terms, which is understandable in 
view of the enormous flow of public 

funds into the health care industry dur­
ing the past few years. For example, 
both the demand for medical care and 
the cost of it have been heavily affected 
by the 1965 amendments to the Social 
Security Act, which created Medicare 
and Medicaid. (Medicare is for the aged, 
Medicaid for the poor; Federal funds 
are employed to help pay for the medi­
cal care of both groups.) Five years after 
the inauguration of these programs the 
Federal outlay for personal health care 
had risen above $14 billion per year 
from a starting level of about $3 billion. 

In fiscal 1971 the amount of money 
spent in the U.S. for all types of medical 
care was $75 billion. At $358 per per­
son, this sum represented 7.4 percent of 
the gross national product. Five years 
earlier medical expenditures were $212 
per person, or a bit less than 6 percent 
of the gross national product. One can 
therefore see why concern over what is 
being delivered for the money is rising, 
particularly in the light of evidence that 
the delivery system is not as efficient or 
equitable as it might be. 

Most of the legislative proposals ad­
dressed to the health care crisis seek to 
moderate or control expenditures by 
trying to make each dollar provide more 
medical care. The reasoning behind 
many of the health bills in Congress 
seems to be to find ways to make the 
individual physician more available to 
the individual patient and to do so, if 
possible, without spending more. The 
goal is apparently to provide everyone 
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with the kind of services now available 
to the people who can afford to buy the 
best in medical care, either out of their 
own resources or because they have am­
ple medical insurance. 

Even if the best of eXisting physician-
patient relationships could be pro­

vided for everyone, which is financially 
and practically out of the question, it 
can be argued that this approach is 
wrong. It would seem more appropriate 
to think in terms of setting different pri­
orities for the delivery of health care, 
considering the problems raised by the 
growing prominence of the chronic dis­
eases and the fact that some 85 percent 
of the sick can be cared for at the pri-
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mary and ambulatory level. The priori­
ties I have in mind would rest on the 
assumption that the present organization 
of the medical system-a fee-for-service 
arrangement for treating discrete epi­
sodes of illness-is incompatible with the 
need for more primary care and with 
the continuity of care that is necessary 
for the emerging patterns of disease, 

The modern "epidemics" of cancer, 
heart disease, arthritis, mental illness 
and so on present medicine with a more 
complex task of organization and treat­
ment than it has had before. One 'rea­
son is that the diseases appear to have 
multiple causes, including behavioral 
and social factors. Smoking, overeating, 
overdrinking and lack of exercise are 
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patterns of behavior that seem to con­
tribute to the onset and severity of cer­
tain chronic diseases. Social factors, in­
cluding the tensions resulting from the 
pace of modem life and the alienation 
and despair of ghetto life, are reflected 
in such problems as alcoholism and drug 
addiction. The complexity of the medi­
cal task is also increased by the long­
term, sophisticated and expensive na­
ture of the treatment often required. 

The answer to the mismatch of tech­
nology and delivery is for medicine to 
orient itself toward a more intervention­
ist approach, by which I mean that the 
physician and the medical system should 
be prepared to take the initiative in de­
livering medical care, rather than leav­
ing the initiative to the patient. The sys­
tem should reach out to people, seeking 
out those who for genetic reasons or be­
cause of their work or way of life may 
have a predisposition to a disease, carry­
ing on health education among those at 
risk, pressing among the poor the case 
for better nutrition for children so as to 
forestall crippling disabilities in later 
life and reminding patients who are 
identifiably ill of the need for specific 
measures of treatment. In taking this 
approach medicine would be recogniz­
ing the fact that in the chronic diseases 
its present capability is more for helping 
than for curing. Since cures are lacking 
for most chronic disease, the need is 
for intervention at the point in time for 
each patient or group of patients when 
intervention would do the most good 
in maintaining functional capability un­
der the existing circumstances. 

A related need is to recognize that 
the task of preventive medicine has 
changed. Preventive medicine was once 
a wholly public concern: public health 
officials took the lead in the administra­
tion of inoculations, the drainage of 
swamps, the control of disease-bearing 
insects and other measures to protect 
large segments of the population from 
disease. Now it has also become a pri­
vate concern. The onset of certain dis­
eases, including some of the chronic 
ones, can be prevented or postponed by 
action directed at individuals or groups 
of individuals who have characteristics 
of age, sex, occupation or behavior that 
put them at high risk. Screening of 
groups and selective testing for specific 
diseases according to an individual's risk 
factor will inevitably become a signifi­
cant part of medical care. The risk of 
cancer associated with smoking comes 
to mind in this context; one could also 
cite other diseases that arise from ex­
posure of susceptible individuals to a 
particular environmental hazard. 
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A further need is to redesign medical 
education so that physicians and other 
health personnel are trained and chal­
lenged to provide primary care and to 
deal with the chronic diseases. Most 
medical education still emphasizes the 
treatment of acute illness and injury 
(which is not to say that such treatment 
should be slighted). Few medical people 
are trained in long-term management of 
chronic illness and in home care. Medi­
cal services must be restructured along 
similar lines. 

A particular problem to be taken into 
account is the demonstrated reluctance 
of many people to take the positive step 
of seeking medical advice, even when, 
as in the case of national health ser­
vices such as the one in Britain, the cost 
will be borne by the society rather than 
the individual. A study of the British 
system has estimated that only one per­
son in four with symptoms seeks medi­
cal advice. A related problem is that 
health statistics, being measures of peo­
ple who go to doctors, fail to show the 
full extent of social pathology and of 
undiagnosed diseases. 

In my view the medical delivery system 
would work best if groups of medical 

personnel were organized to deal with 
defined population groups, whether in 
communities or in places of employment. 
The medical task would involve not only 
the care of the sick but also the monitor­
ing and health education of the not yet 
sick. The medical group would have a 
broad base of knowledge of the popula­
tion group that it was serving-knowl­
edge including the demographic char­
acteristics of the population, the envi­
ronmental factors affecting different sub­
groups, the economic situation of the 
people and the behavioral patterns in 
the group. People who presented them­
selves as sick would of course receive 
treatment, as they do now. In addition, 
however, the system would also be in 
touch with people who were not sick, or 
not known to be sick, providing them 
with information on health, suggesting 
periodic checkups and screening indi­
viduals thought to be susceptible to par­
ticular illnesses. 

One can envision a useful role for 
modern computer regimes in such a sys­
tem. The memory of the computer 
would contain the name of each member 
of the group, the record of the system's 
contacts with him and an indication of 
his particular susceptibilities or needs if 
he had any. If a specific crisis arose, such 
as a period of heavy air pollution, the 
computer could produce the names of 
the people who ought to be urged to 
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PATTERN OF PAYMENT for medical care has changed in recent years, largely as a result 

of such Federal programs as Medicare and Medicaid. Chart shows distribution of expendi­

tures for personal health care according to payments made by patients (solid black curve), 
Government payments (color) and payments by insurance companies (broken curve). 

come in for a checkup because they 
were vulnerable to respiratory afflictions. 
If celtain members of the group had 
been fitted with a cardiac pacemaker, 
the computer would contain information 
indicating when each pacemaker might 
be expected to run down, taking into ac­
count the condition of the patient and 
the nature of his activity, so that notice 
could be sent to him whenever it was 
time for the pacemaker to be checked. 

In such a system it would be feasible 
for each member to pay (or for a public 
or private agency to pay in his behalf) 
what might be called a health-mainte­
nance fee, probably on an annual basis, 
in exchange for which he would receive 
the continuing comprehensive attention 
I have described. The significance of 
such an arrangement is that it shifts the 
focus of medical care away from treat­
ment of illness, although that is still pro­
vided, and toward the maintenance of 
health. A few arrangements of this kind 
are being tested, notably the Kaiser­
Permanente program, which has oper­
ated successfully on the West Coast for 
many years [see "The Delivery of Medi­
cal Care," by Sidney R. Garfield; SCI­
ENTIFIC AMERICAN, April, 1970]. 

It is implicit in what I have been dis­
cussing that the distinction between 
health and illness, which was clear when 
the infectious diseases were the main 
problem, is much less clear now that 
chronic diseases predominate. In this sit­
uation both the medical profession and 
the society at large confront questions 
about what levels of health maintenance 
to seek and about deploying medical re­
sources to achieve them. How far should 
society and the medical system go to 
maintain life in the face of incurable 
disease? If a costly procedure such as 
dialysis is available to prevent death 
from kidney failure, to whom and in 
what way should dialysis be made avail­
able? How much of the gross national 
product should go into health care? 
What are the acceptable bench marks 
for analyzing and evaluating the pro­
gram? Since poverty and poor health are 
so closely linked, to what extent is it bet­
ter to seek improved health by attacking 
poverty rather than by deploying medi­
cal resources? Such questions cannot be 
answered by medicine alone; they re­
quire the formulation of social policies 
and their expression through the politi­
cal system. 
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The Molecule of Infectious Drug Resistance 

R factors, which transmit resistance to antibiotics from one bacterial 

strain to another, are carried on extrachromosomal genetic elements 

called plasmids, some of which have now been isolated and measured 

In 1971, only a few months after the 
antibiotic gentamycin had been in­
troduced for the treatment of bac­

terial infections, strains of bacteria had 
developed resistance to the antibiotic. 
This development was not too surpris­
ing. Ever since sulfonamides were first 
administered to treat bacterial infection 
it had been known that repeated expo­
sure of bacteria to an antibiotic results in 
the development of a resistant strain 
through the processes of mutation and 
selection. A bacterium that has sponta­
neously undergone a gene mutation that 
makes it no longer susceptible to the an­
tibiotic's effect will live and multiply in 
the presence of the drug, and its similar­
ly resistant progeny constitute the resist­
ant strain. Mutations are rare, however; 
usually only one bacterial cell in a popu­
lation of several hundred million will 
have mutated, so that the physician has 
a chance to treat the infection success­
fully by administering antibiotics before 
resistant cells develop in large numbers. 

The resistance to gentamycin was dif­
ferent. The bacteria from the first patient 
in whom a gentamycin-resistant strain 
was detected were resistant not only to 
gentamycin but also to three other com­
mon kinds of antibacterial agent: chlor­
amphenicol, ampicillin and sulfonamide. 
Then, from a second patient, investiga­
tors isolated four different bacterial 
strains, each of which carried resistance 
to the same four antibiotics. Moreover, 
when they grew any of these bacteria in 
laboratory glassware with a bacterial 
strain that was susceptible to the anti­
biotic's effects, the susceptible sb'ain also 

by Royston C. Clowes 

became resistant to all four antibiotics 
in a matter of hours. From the inves­
tigators' knowledge of many similar 
cases reported during the past decade 
they realized that they were dealing 
with a case of infectious antibiotic re­
sistance. Each strain isolated from the 
patients carried an "infectious antibiotic 
resistance factor," or R factor: a complex 
consisting of a gene producing gent a­
mycin resistance, genes determining re­
sistance to the other three antibiotics 
and genes that facilitate the transfer of 
the R factor. 

Intestinal bacteria that give rise to 
such diseases as enteritis or typhoid fe­
ver and carry R-factor-controlled resist­
ance to all known antibiotics have now 
been isolated in most parts of the world. 
Because the genes of these R factors 
are transferred independently of the 
genes on the bacterial chromosome, and 
because they are "cured," or lost, if bac­
teria carrying them are grown in the 
presence of certain dyes or other agents, 
they are known to exist independently 
of the chromosome; they are carried on 
the extrachromosomal genetic elements 
called plasmids. A sb'ain carrying an R 
factor is able to conjugate, or pair, with 
other bacterial cells. When that hap­
pens, a copy of the R plasmid is trans­
mitted to the second cell, which thereby 
acquires all the drug resistances carried 
on the plasmid and also the potential 
of transmitting those resistances to still 
more cells. 

During the 1960's genetic experi­
ments in a number of laboratories estab­
lished the mode of transference of R 

R·FACTOR PLASMIDS, shadowed with platinum vapor, are enlarged 62,000 diameters in 

an electron micrograph made by Michiko Mitani. The plasm ids are molecules of looped 

DNA. The extended one (bottom) is a "nicked duplex loop"; the distance around it can be 

measured to establish its molecular weight. The other one (top) is a "supercoiled" form. 

factors and revealed something of their 
composition and structure [see "Infec­
tious Drug Resistance," by Tsutomu 
Watanabe; SCIENTIFIC AMERICAN, De­
cember, 1967]. More recently the effort 
in my laboratory at the University of 
Texas at Dallas and in other laboratories 
has been to learn more about the physi­
cal nature of the plasmids that constitute 
the R factor: their size and structure, the 
ways in which they multiply and how 
they may evolve. 

I
t seemed likely that R factors are com-

posed of the genetic material DNA, 
and that had been confirmed by trans­
ferring R factors to Proteus mirabilis, a 
strain of bacteria that has DNA of un­
usually low density. When DNA extract­
ed from a Proteus culture is suspended 
in a solution of the salt cesium chloride 
and spun at high sp-eed in a centrifuge, 
the DNA molecules move to positions in 
the centrifuge tube where their density 
is equal to the density of the salt sur­
rounding them. The contents of the tube 
are separated into a number of fractions, 
each from a different level in the tube. 
Fractions containing DNA are then 
identified either by measuring the extent 
to which they absorb ultraviolet radia­
tion of a certain wavelength or by first 
incorporating radioactive subunits in the 
DNA of the live culture and then mea­
suring the radioactivity of each fraction 
[see illustrations on next page]. If the 
DNA is extracted from a Proteus strain 
to which an R factor has been trans­
ferred, one finds in addition to the main 
band of DNA characteristic of the Pro­
teus chromosome a smaller "satellite" 
band at a greater density. If the strain of 
Proteus is then "cured" of its R factor, 
this denser satellite band is no long­
er seen, and so it is clear that the sat­
ellite band must be the DNA of the R 
plasmid. 
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The major, less dense band (gray) is the DNA of the Proteus chromosome. The satellite 

band (color), which comes from earlier fractions, represents the denser DNA of the R factor. 
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The bacterial chromosome is a single 
giant DNA molecule in the form of a 
closed loop about a millimeter long 
(about 1,000 times as long as the cell). 
After DNA isolated from a culture of 
Proteus harboring an R factor had been 
centrifuged in cesium chloride, my col­
leagues Taizo Nisioka and Michiko Mi­
tani and I took samples from the frac­
tions containing the R-plasmid DNA and 
prepared them for examination in the 
electron microscope by what is called 
the microdrop technique. In this method 
the DNA samples are mixed with a solu­
tion of a basic protein such as cyto­
chrome c. When small drops of the mix­
ture are put on a material such as Teflon, 
the protein molecules spread over the 
surface of the drops as oil does on water, 
in a £lIm one molecule thick. The acidic 
groups of the DNA become bound to the 
basic groups of the protein, so that the 
long DNA molecules, teased out gently 
without breaking, become extended at 
the surface of the £lIm [see top illustra­
tion on opposite page]. A sample is tak­
en from this surface to an electron-mi­
croscope specimen grid and dried, and 
the DNA molecules can be viewed in 
the microscope. 

We found that the DNA of the R fac­
tor consists of closed looped molecules, 
some of them extended and some of 
them tightly coiled [see illustration on 
page 18]. The distance around all the 
extended loops was about the same. Af­
ter storage over many months the pro­
portion of tightly coiled molecules de­
creased, but the number of extended 
loops, which were the same size as the 
original ones, increased. It was clear, 
therefore, that the DNA of the R factor 
is made up of looped (or what are often 
called "circular") molecules of a specific 
size. 

Knowing the length of other DNA 
molecules of known molecular weight, 
and thus the molecular weight per unit 
length of DNA, we could calculate the 
molecular weight of the R-plasmid mole­
cules. By this method and others all R 
factors so far investigated have been 
shown to be looped DNA molecules, 
each with a characteristic size. Their 
molecular weights range from about one 
megadalton to more than 100 megadal­
tons. (A dalton, the unit of molecular 
weight, is the weight of one hydrogen 
atom. One mega dalton is a molecular 
weight of one million.) This spectrum of 
sizes is about the same as that found for 
the DNA of bacterial viruses and is at 
most only a small fraction of the size of 
the bacterial chromosome. 

The fact that R-plasmid molecules are 
circular and tightly coiled was of great 
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MICRODROP TECHNIQUE developed by Dimitrij Lang and 

Michiko Mitani at the University of Texas at Dallas mounts DNA 

molecules for electron microscopy without distorting them. A drop 

of water containing DNA (black) from a plasmid.rich centrifuge 

fraction, salt, formaldehyde and the protein cytochrome c (color) 

is placed on a water.repellent surface (1). The cytochrome c mole. 

cules form a monomolecular film at the surface of the drop and the 

positively charged protein attracts the negatively charged DNA 

molecules, which unfold against the film (2). A part of the film, 

with the DNA, is picked up on a microscope specimen grid (3). 

value in our subsequent work. When 
DNA molecules are extracted from cells, 
they are subjected to shearing forces 
that may break them. The small size and 
tight coiling of plasmid molecules make 
them resistant to these forces. More im­
portant, a circular molecule must by its 
nature have remained unbroken during 
extraction, and so its size and weight are 
true measures of what the native mole­
cule was inside the cell. The special 
properties of various species of circular 
DNA have been investigated intensively. 
by two groups headed by Robert L. 

a 

Sinsheimer and Jerome Vinograd at the 
California Institute of Technology. The 
Cal Tech groups found circular DNA 
molecules of two kinds. In one the two 
strands of the DNA double helix are 
joined to form a duplex loop; these struc­
tures are "supercoiled," presumably so 
that the long DNA molecules can be fit­
ted inside a cell. In the other kind only 
one of the DNA strands is joined; these 
molecules are not supercoiled. If a sin­
gle break is made in one strand of a su­
percoiled molecule, the molecule loses 
its coils and is converted to the uncoiled 

c 

structure, which is therefore called a 

"nicked duplex loop" [see illustration 
below]. The two kinds of circular DNA 
we had found in R factors were just 
such nicked duplex loops and super­
coiled molecules. 

T
here is an effective method of distin-
guishing supercoiled DNA from oth­

er DNA, which depends on the insertion 
of molecules of ethidium bromide, one 
of the dyes that can "cure" plasmids, be­
tween adjacent DNA subunits. This in­
tercalation, as it is called, results in two 

DNA MOLECULE is found in three forms. In each the DNA con· 

sists of two twisted strands that form a double helix, or duplex; the 

strands are connected, as by the rungs of a ladder, by paired sub· 

units (nucleotides) whose particular sequence constitutes the ge· 

netic code. The basic form is the linear duplex (a). If the ends of 

the duplex are joined through one strand, the structure is a nicked 

duplex loop (b). If both strands are joined, the structure is an 

intact duplex loop, usually found in the supercoiled form (c). 
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changes: the length of the DNA mcle­
cule is increased, so that it becomes less 
dense, and the helix becomes slightly 
less twisted. Large numbers of ethidium 
bromide molecules can intercalate in a 
nicked duplex loop or a linear duplex, 
without the untwisting effect leading to 
coiling. In contrast, the number of dye 
molecules that can be inserted in a su­
percoiled loop is strictly limited because 
there is a limit to the further coiling tllat 
is produced as a result of untwisting. 
The limitation on illtercalation limits the 
associated extellsion in length and thus 
leads to a smaller decrease in density for 
supercoiled loops than for nicked duplex 
loops or linear duplex DNA. Therefore 
if ethidium bromide is added to a mix­
ture of these three types of DNA mole­
cule, the supercoiled loops can be sepa­
rated from the other forms as a denser 
band after centrifugation. 

Since, as we have seen, a major por­
tion of R-factor DNA exists in the cell as 
supercoiled loops, it can be isolated and 
separated by this procedure from the 
chromosomal DNA. That DNA, being 
about 100 times longer, is generally bro­
ken into linear fragments when it is ex­
tracted from the cell. The procedure 
provides a means of separating plasmid 
DNA even in host bacteria such as 
Escherichia coli, in which the chromo­
somal DNA does not differ in density 
from the R plasmid as it does so con­
veniently in Proteus. Since E. coli and 
related bacteria are the natural hosts of 
many R factors, the procedure enables 
one to study the plasmids as they are 
found in nature. 

The same experiments can be used to 
measure the number of R-plasmid mole­
cules in each cell. When bacteria are 
grown in the presence of a radioactive 
subunit of DNA such as thymine, the 
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INFECTIOUS TRANSFER of a bacterial plasmid such as an F factor or one of tbe R 

plasmids is diagrammed. Two bacteria are shown about to conjugate, or pair (J); each of 

them has a circular chromosome (gray), and one of them, the donor cell, also has a 

DNA in the cell takes up this radioactive 
label. If we assume that the uptake of 
radioactive thymine into plasmid DNA 
occurs to the same extent as it does into 
chromosomal DNA, and if most of the 
plasmid DNA exists as supercoiled 
loops, then the relative amounts of DNA 
in the plasmid and in the chromosome 
can be measured by the relative amounts 
of label in the denser satellite peak and 
in the main peak. Since we know the 
molecular weights of a number of R 
plasmids, and other experiments have 
shown that the molecular weight of the 
E. coli chromosome is 2,500 megadal­
tons, we can estimate the relative num­
ber of R-plasmid molecules per chromo­
some from their relative DNA content in 
the cell. By this method and others many 
R-plasmid molecules have been found to 
exist in an approximate one-to-one rela­
tion with the chromosome. Although the 
DNA's of the R plasmid and of the chro­
mosome are physically separated, then, 
there appears to be some regulatory 
mechanism in the bacterium such that 
the R plasmid replicates only once for 
every chromosomal replication. How 

2 

0 

this regulation is effected is not known 
and is the subject of intensive work in a 
number of laboratories. 

Before 1955 infectious antibiotic resist-
ance factors were rare. By 1965 it 

was found that up to 60 to 70 percent of 
all common intestinal bacteria from hos­
pitals and other clinical sources carried 
R factors, usually determining resistance 
to three or more antibiotics. R factors 
ca n also be transferred to bacterial spe­
cies responsible for cholera and plague, 
and similar elements are now common in 
staphylococci. The epidemic spread of 
these factors among pathogenic bacte­
rial strains has made an understanding 
of how they have evolved-and how they 
evolve so quickly-an important prob­
lem in clinical bacteriology today. 

One of the original hypotheses for R­
factor evolution suggests that it depends 
on a process known as gene pickup. To 
explain this concept we must consider 
another bacterial plasmid, the F factor, 
which determines sexuality and conjuga­
tion in E. coli. Like the R factors, the F 
factor is infectious, can transmit itself se-
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DONOR CELLS can be of three types, the relatious among which 

are illustrated here with the F factor as a model. An F + donor (J) 

usually transfers F as in the illustration at the top of the page. 

Sometimes, however, a break occurs in both strands of the F pIas. 

mid and of the chromosome (2) in a region where the nucleotide 

sequences of plasmid and chromosome are similar enough so that 

the two sets of ends join (3) and the plasmid is inserted into the 

chromosome (in this case between genes x, y, z and a, b, c) to form 
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plasmid, an intact duplex loop (color and black). On pair forma· 

tion (2) one strand of the plasmid DNA breaks at a particular 

point (arrow) and passes into the recipient cell (3,4). After trans· 

fer each strand of DNA synthesizes its complementary strand, so 

that two intact duplex loops are formed. Each cell now has a copy 

of the original plasmid and is therefore a potential donor cell (5). 

quentially by conjugation and is an in­
tact duplex DNA loop (of about 62 meg­
adaItons), and there is about one of these 
F plasm ids for every chromosome. The 
infectious transfer of the F factor and of 
a number of R factors has recently been 
elegantly defined in molecular terms by 
Daniel Vapnek and W. Dean Rupp of 
the Yale University School of Medicine. 
They have shown that conjugation leads 
to a break in one of the two strands of 
the intact F-factor duplex loop and the 
transfer of that strand to the recipient 
cell. There it synthesizes its complemen­
tary strand and subsequently forms an 
intact duplex loop; meanwhile the 
strand retained in the donor also forms 
its complementary strand and is convert­
ed into an intact duplex loop [see top 
illustration on these two pages]. 

From donor cells that harbor an F 
factor (called F+ donors) rare mutant 
cells can be selected in which the F­
plasmid DNA has been inserted within 
the bacterial chromosome without caus­
ing a break in the chromosomal loop 
[see bottom illustration on these two 
pages]. Conjugation by one of these mu-

4 

Hlr DONOR 

tant strains results in a similar break 
within the DNA of the inserted F plas­
mid. Thereafter a strand of DNA COIl­
sisting of a part of the F plasmid is 
transferred to the recipient cell, tak­
ing with it the attached chromosomal 
strand. This chromosomal transfer oc­
curs very frequently, so that the mutant 
strains are called Htr (for high-frequen­
cy recombination). Different Htr cells 
are formed after the insertion of the F 

5 

plasmid at different sites along the chro­
mosome. 

Still a third type of donor is derived 
from Htr donors by a reversal of the in­
sertion process, leading to the release of 
the integrated F factor from the chromo­
some. This release usually occurs at a 
point slightly different from the point of 
insertion, in which case a segment of the 
bacterial chromosome is incorporated 
within the DNA of the released F plas-

6 

----;0.-
-E----

F-PRIME DONOR 

an Hlr donor cell (4). When an Hlr cell conjugates, one strand of 

the F plasmid breaks and the first part of the plasmid strand is 

transferred to the recipient along with the chromosome (4a). Oc· 

casionally the F plasmid is released from the chromosome of an Hlr 

donor. If this occurs by breakage and reunion at a point different 

from where the plasmid was incorporated, segments of chromo­

somal and plasmid DNA are interchanged. The plasmid, having 

picked up a chromosomal region, becomes an F.prime factor (5,6). 
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mid and some of the plasmid DNA re­
mains in the chromosome. These re­
leased F factors that have "picked up" 
chromosomal DNA are known as F­
prime factors, and bacterial strains in 
which they are present are called F­
prime donors. A similar mechanism of 
gene pickup was suggested as the basis 
for the evolution of R plasmids. The idea 
was that a "transfer factor" resembling 
F was integrated in the chromosome and 
then released, together with a segment 
of adjacent chromosomal DNA on which 
a gene controlling drug resistance was 
located. 

S
ome recent findings make the idea of 
evolution of R plasm ids through gene 

pickup seem less likely. The most telling 
argument comes from discoveries about 
the mode of action of antibiotic resist­
ance mediated by R factors. Many anti­
biotic molecules exert their lethal effect 
by becoming attached to bacterial ribo­
somes: the cellular particles where pro­
teins are synthesized. In this way they 
interfere with protein synthesis. In all 
bacteria where they have been analyzed 
resistance to these antibiotics that arises 
from mutations of chromosomal genes is 
effected by changes in the structure of 
the ribosomes such that the antibiotic 
can no longer interfere with protein syn­
thesis [see illustration below]. In con­
trast, R-factor resistance to these same 

antibiotics involves the direct modifica­
tion of the antibiotic molecule in such a 
way that it can no longer interact with 
the ribosome, which remains unchanged. 
Since the mode of action of R-factor re­
sistance appears to be so different from 
that of chromosomal resistance, R-factor 
genes (unless they arise from chromo­
somal genes as yet unidentified) must be 
extrachromosomal in origin. 

Although the DNA of any one of a 
number of R factors isolated from either 
E. coli or Proteus mirabilis consists of 
molecules of the same size, certain ex­
ceptions are found. One of the first re­
ported was in the case of the 222/R 
plasmid, which determines resistance to 
tetracycline, chloramphenicol, strepto­
mycin and sulfonamide. DNA from a 
Proteus host harboring this plasmid pro­
duces a satellite band with three distinct 
peaks [see illustration on opposite page]. 
When we examined a sample from each 
peak in the electron microscope, we 
found molecules of 12 megadaltons in 
the peak of greatest density, molecules 
of 70 megadaltons in the middle peak 
and molecules of 58 megadaltons in the 
lowest-density peak. The sizes and den­
sities of these molecules suggested that 
some of the 222/R-factor plasmids 
(which in E. coli were all 70 megadal­
tons in size) were divided into two small­
er molecules of 12 and 58 megadaltons 
in P. mirabilis. Since the peak of greatest 

a 

RIBOSOME 

STREPTOMYCIN / 
1 

PROTEIN 
CHAIN 

density is about the same size as the oth­
er two peaks (that is, it has the same 
amount of DNA) in spite of the fact that 
the 12-megadalton molecules in this 
peak are much smaller than the mole­
cules in the other peaks, there must be 
many more of the 12-megadalton mole­
cules than of the larger molecules. It is 
therefore likely that after the 70-mega­
dalton molecule subdivides into two 
smaller ones the 12-megadalton mole­
cule can replicate independently. Other 
experiments show that a modified plas­
mid similar to the 58-megadalton mole­
cule can be derived from the 70-mega­
dalton molecule, and this plasmid can 
also replicate normally. 

The natural replication of the bacte­
rial chromosome (or any other DNA 
molecule) appears to be possible only 
beginning at a unique point of origin on 
the chromosome, and this point appears 
to be essential for replication. If an R 
factor such as 222/R had in fact evolved 
by sequential chromosomal pickup, it 
would be unlikely that enough of the 
chromosome would have been picked up 
to have much chance of including the 
unique point of origin. The R factor 
would therefore be expected to have 
only the one point of origin for DNA 
replication that was present in the orig­
inal transfer-factor molecule. Since in 
the Proteus host the 222 factor segre­
gates into two molecules, both of which 

MODE OF ACTION is different in chromosomal and in plasmid­

mediated antibiotic resistance. Streptomycin inhibits protein syn­

thesis in bacteria. Ordinarily transfer RNA assembles amino acids 

on ribosomes according to instructions recorded in messenger 

RNA (a). Streptomycin attaches itself to a site on the ribosome and 

prevents protein synthesis, perhaps by blocking transfer·RN A at· 

tachment (b). Mutation of a chromosomal gene changes the ribo· 

some's structure so that the streptomycin cannot bind (c), but R. 
factor genes make an enzyme that attaches an adenine molecule to 

the streptomycin, which no longer fits the unchanged ribosome (d). 
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PLASMIDS representing the 222/R factor in Proteus mirabilis and 

Escherichia coli are compared after centrifugation and fractiona­

tion, with ethidium bromide present in the case of E. coli_ In Pro­

teus there are three peaks in the satellite band_ In each peak a dif­

ferent plasmid, measuring respectively 12, 70 and 58 megadaltons, 

is found. In Escherichia, on the other hand, there is only one plas­

mid peak, containing 70-megadalton molecules. The genes for re­

sistance to four antibiotics are on the 12-megadalton plasmid, those 

for the transfer factor on the 58-mega dalton plasmid. The two 

plasmids are integrated in the 70-megadalton plasmid cointegrate. 

may replicate independently, this again 
does not fit the idea of evolution by se­
quential chromosomal pickup. On the 
other hand, these facts can be reconciled 
with an alternative idea: that the genes 
on R factors arise from molecules that 
were originally extrachromosomal and 
capable of independent replication. 

The R factors first studied by genetic 
and physical methods gave results simi­
lar to those of 222/R in E. coli, that is, 
all the antibiotic-resistance genes were 
transmitted together with the genes de­
termining transfer properties as though 
they were all part of the same genetic 
structure. The physical analysis of the 
DNA of these plasmids confirmed this 
unitary structure, disclosing only a sin­
gle molecular species for each R factor, 
as shown in the case of 222/R in E. coli. 
Since all the antibiotic-resistance genes 
and the genes determining transfer are 
integrated in a single structure, these R 
factors are called plasmid cointegrates. 
A number of other factors have recently 
been shown to have different properties, 
in particular an R factor studied in E. 
coli by E. S. Anderson and Malcolm 
Lewis at the Central Enteric Reference 
Laboratory in London. That factor con­
trols resistance to streptomycin, ampi­
cillin and tetracycline but transfers only 
some of its properties to some recipient 
cells [see illustration on page 27]. After 
conjugation some of the recipient cells 
carry infectious resistance to only one of 
the three antibiotics; others carry either 
streptomycin resistance or ampicillin re-

sistance that is no longer infectious. Still 
other cells have lost all antibiotic resist­
ance but, when they are incubated with 
the noninfectious streptomycin- or am­
picillin-resistant cells, can potentiate the 
transfer of this noninfectious resistance. 
Anderson and Lewis therefore suggested 
that these antibiotic-sensitive cells con­
tain a plasmid (called delta) that con­
trols only transfer-factor properties. 

I
n my laboratory I undertook a bio-

physical study of the DNA molecules 
isolated from these cultures in collabora­
tion with Christine Milliken. This study 
has fully confirmed the conclusion, 
reached by Anderson and Lewis from 
their genetic studies, that the original 
strain harbors several independent plas­
mids. The delta plasmid controls trans­
fer-factor properties, a second plasmid 
(called 5) controls noninfectious strepto­
mycin resistance and a third (called A) 
controls noninfectious ampicillin resist­
ance. The delta plasmid was found to be 
joined with a tetracycline factor (T) to 
form a composite delta-T plasmid con­
trolling infectious tetracycline resist­
ance. When A or 5 is present in the same 
cell as a transfer factor (delta or delta­
T), it too can be transferred to recipient 
cells. 

Satellite DNA separated from E. coli 
host cells by centrifugation showed the 
following features: DNA from delta + 
cells (cells with transfer-factor proper­
ties but no drug resistance) contained a 
single species of duplex looped DNA 

molecules of 60 megadaltons; DNA from 
5 or A cells (respectively carrying non­
infectious streptomycin or ampicillin re­
sistance) was also a single species but 
was a tenth as large (six megadaltons); 
DNA from delta (5) or delta (A) cells 
(respectively carrying infectious strep­
tomycin or ampicillin resistance) was 
found to contain two distinct species of 
molecules, 60 megadaltons and six meg­
adaltons in size. 

It appears, then, that an R factor can 
be composed of an aggregate of two or 
more plasmid molecules. That is, delta 
(5) has the properties of an R factor, 
since it can transfer infectious strepto­
mycin resistance, but those properties 
are due to two independent molecules, 
one (delta) controlling transfer-factor 
properties and the other (5) controlling 
noninfectious streptomycin resistance. 
As a result of conjugation brought about 
by the presence of the delta factor, delta 
itself is transferred and the probability 
of simultaneous transfer of S is velY 
high. The majority of recipient cells 
therefore inherit both delta and 5 mole­
cules and show the characteristics of 
infectious streptomycin resistance. Occa­
sionally some of the recipient cells ac­
quire only one or the other of the two 
molecules, and then they acquire either 
transfer-factor properties or noninfec­
tious streptomycin resistance. Similar 
properties are proposed for delta (A) 
cells. 

In distinction to delta and delta-T, 
which like all other R plasmids were 
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found in a one-to-one molecular ratio 
with the chromosome, there were more 
than 10 copies of either the A- or the S­
plasmid for each chromosome. This new 
type of R factor, delta (S) or delta (A), is 
termed a "plasmid aggregate." Its evolu­
tion is difficult to explain by gene pickup 
and is clearly more consistent with extra­
chromosomal evolution. The plasmid ag­
gregate may be a more primitive evolu­
tionary type that can evolve, through a 
joining of the separate molecules, into 

a plasmid cointegrate such as delta-To 
E. coli is a normal inhabitant of the 

human alimentary tract; it seems unlike­
ly that during its evolutionary history in 
the preantibiotic era such an organism 
would ever have come into contact with 
an antibiotic such as streptomycin, 
which is produced by a very different 
genus of microorganism usually found 
only in soil. How then can the bacterium 
produce an enzyme that recognizes 
streptomycin and inactivates it? (The 

DNA MOLECULES of the R factor delta (S), a plasmid aggregate, are enlarged 40,000 di­
ameters in an electron micrograph made by Christine Milliken. The large nicked duplex 
loop (top) is the delta plasmid, the transfer factor. The small molecules (bottom) are S 
plasmids, carrying streptomycin resistance. One is supercoiled, one is a nicked duplex loop. 
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evolution of chromosomal, as opposed to 
R-factor, resistance is easier to explain, 
since chromosomal resistance stems from 
a change in the structure of a normal 
bacterial product, the ribosome, through 
mutation.) 

William Shaw of the University of 
Miami has pointed out that many R­
factor resistances depend on the imic­
tivation of antibiotics through such 
enzymic processes as acetylation, phos­
phorylation or adenylation, processes 
that normal metabolic compounds un­
dergo in the normal bacterial cell. Shaw 
suggests that enzymes coded for by R­
factor· genes and operating to inactivate 
antibiotics may have evolved from en­
zymes that originally acted on normal 
bacterial molecules. He has found that 
resistance to chloramphenicol by a num­
ber of plasmids of different origin is due 
in all cases to its acetylation by enzymes 
that are similar in size and constitution 
and appear to differ only in the efficien­
cy with which they can bind to chlor­
amphenicol. He suggests that these en­
zymes may have evolved from one that 
originally acetylated a normal cell com­
ponent. Mutations of the gene determin­
ing this enzyme might have modified the 
enzyme so that it bound to chloram­
phenicol with increasing efficiency, until 
now it binds to chloramphenicol rather 
than to the original molecule and can 
inactivate it effectively enough to pre­
vent its antibiotic activity. 

T
he rapid proliferation of R factors 
and the identification of R-plasmid 

aggregates suggest that similar entities 
could have importance in the normal 
regulatory control of bacteria. Genes on 
the bacterial chromosome determine the 
activities that enable the bacterial cell to 
grow and multiply in many very differ­
ent environments. Under most circum­
stances most of these genes are not ac­
tive; they are "switched off" except in 
the particular environment in which 
their function is needed [see "The Con­
trol of Biochemical Reactions," by Jean­
Pierre Changeux; SCIENTIFIC AMERI­
CAN, April, 1965]. Now, if a certain 
function determined by several sequen­
tially acting enzymes is required very in­
frequently, the continual replication of 
the genes that determine it may impose 
more of an evolutionary burden than 
would be compensated for by the rare 
need for the function. If, however, these 
determinant genes were carried on a 
plasmid present in only a few cells of a 
population, they would need to replicate 
only in those rare cells. Any time there 
arose a need for the function in ques-
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tion, these special genes could be ac­
quired rapidly by all the cells in a 
progeny population if the plasmid also 
had transfer-factor properties or (even 
more economically) if other rare cells 
contained transfer factors that could in­
teract to establish a plasmid aggregate. 

The control of a number of activities 
in this way by their distribution to a 
number of different plasm ids carried by 
different cells in the population would 
enormously increase the total gene pool 
and extend the overall metabolic poten­
tial of the species. This would appear to 
represent a logical extension of genetic 
regulation: from the present concept of 
individual cellular control by the switch­
ing on and switching off of chromosomal 
genes to a species-wide control of gene­
pool synthesis. 

As a matter of fact, entities that are 
similar to R factors but that control en­
zymes involved in metabolism have re-

cently been recognized. For example, 
genes for enzymes catalyzing the break­
down of complex organic molecules to 
enable them to be used as a source of 
carbon have recently been shown to be 
situated on plasmids in Pseudomonas, a 
genus of bacteria well known for its 
ability to grow on almost any kind of 
organic substance. Certain strains of 
Pseudomonas are enabled to grow on 
camphor by a number of enzymes deter­
mined by one plasmid, and a plasmid 
controlling a sequence of genes that al­
low another strain to grow on salicylic 
acid has been identified. Since R factors 
have recently been found in Pseudo­
monas strains (which are also being seen 
more often in postoperative infections), 
it would not be too surprising if much 
of the nutritional versatility of Pseudo­
monas turns out to depend on a series of 
plasmids, each controlling enzymes that 
make it possible for the organism to 
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grow on unusual organic compounds. 
Plasmids, which are being found in an 

increasing number of bacterial species, 
share many properties with bacterial vi­
ruses, particularly the "temperate" type 
of bacterial virus, which in the latent 
state establishes a stable symbiotic rela­
tion with its host bactelium. Bacterial 
plasmids can be thought of as symbionts 
without even the limited lethal effects of 
temperate viruses, whose spread de­
pends on the eventual destruction of 
their host cells. Since it has been recog­
nized that certain components of plant 
and animal cells, such as chloroplasts 
and mitochondria, also rely for their 
maintenance partly on extrachromosomal 
DNA, the possibility exists that plasmids 
not only may be common in many bac­
terial species and be concerned with 
activities other than antibiotic resistance 
but also may be closely related to other 
extrachromosomal elements in all cells. 

PLASMID AGGREGATE is an R factor composed of several in­

dependent plasmids. Here the original donor is resistant to strep­

tomycin (8), ampicillin (A) and tetracycline (T) and has a trans­

fer factor (delta). On conjugating it gives rise to three kinds of 

new donor, each carrying infectious resistance to one antibiotic. 

When these donor cells conjugate, the strains that result either 

have the same characteristics as the donor or have n:>ninfectiou8 

resistance (either 8 or A) or have only the transfer factor (delta); 

tetracycline resistance, however, is always infectious. These 'prop­
erties have now been explained by the presence of four distinct 

plasmids: delta, measuring 60 megadaltons; 8 and A, each of six 
megadaltons, and delta.T, a plasmid cointegrate of 67 megadaltons. 
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THE BRIGHTEST IN}-'RARED SOURCES 

Certain celestial objects radiate thousands of times more energy 

at infrared wavelengths than the sun does at all wavelengths. They 

evidently include stars being born and the debris of dying stars 

D
uring the past century large tele­

scopes equipped with photo­
graphic plates have provided 

most of what we know about normal 
stars, stars whose temperatures range 
from 2,000 degrees Kelvin, or a third 
the temperature of the sun, up to 50,000 
degrees K. Until the past 10 years little 
was known about the possible existence 
of stars and other celestial objects whose 
temperatures might range from 2,000 
degrees K. down to room temperature or 
even lower. The reason is that objects in 
this temperature range emit the bulk of 
their energy at wavelengths between 
one micron and 1,000 microns (one mil­
limeter), which lie in the infrared part 
of the electromagnetic spectrum and are 
therefore largely blocked by the earth's 
atmosphere. 

To observe objects that radiate pre­
dominantly in the infrared one must ei­
ther make measurements with special 
detectors through the few narrow infra­
red "windows" that exist in the atmo­
sphere or send instruments above the at­
mosphere in balloons or rockets. If one 
does so, one finds that even at a wave­
length of 20 microns the brightest ob­
jects are no longer ordinary stars. In­
stead the principal sources of 20-micron 
radiation are large clouds of dust and 
gas. In some cases the clouds appear to 
have been ejected from old, evolved 
stars; in other cases the clouds seem 
to represent protostars: cool, tenuous 
masses of dust and gas in the earliest 
stages of stellar evolution. The nucleus 
of our galaxy, which is invisible even 
with the largest optical telescopes, is ac­
tually a conglomerate of millions of stars. 
It stands out so conspicuously at wave­
lengths of 20 and 100 microns, however, 
that it seems likely that sources more ex­
otic than ordinary stars are contributing 
to the infrared emission. 

Since the sky presents a very different 
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appearance when it is observed at differ­
ent wavelengths, it is necessary to con­
duct surveys with instruments of differ­
ent spectral sensitivity in order to sam­
ple as many different kinds of object as 
possible. The choice of observational 
wavelengths, however, is determined 
less by what one would prefer than by 
what is technically feasible. Between 
one micron and 20 microns there are 
only seven windows in which the atmo­
spheric transmission exceeds 50 percent. 
At longer wavelengths there are poor 
windows near 35, 350 and 450 microns 
that are just beginning to be explored 
from very dry sites, such as the Mauna 
Kea Observatory in Hawaii. Finally at 
800 microns a broad transmission win­
dow opens and extends to wavelengths 
that are accessible to radio telescopes. 
The important region between 50 and 
300 microns, totally obscured at ground 
level, has been explored in the past two 
years from high-flying aircraft, balloons 
and rockets. 

It was only five years ago that we 
learned from the California Institute 

of Technology infrared survey how the 
northern three-fourths of the sky ap­
pears at a wavelength of two microns 
[see "The Infrared Sky," by G. Neuge­
bauer and Robert B. Leighton; SCIEN­
TIFIC AMERICAN, August, 1968]. Only a 
small fraction of the 6,000-odd stars 
visible to the unaided eye are prominent 
at two microns. The brightest objects at 
that wavelength have temperatures that 
fall primarily between 1,000 and 4,000 
degrees K. and thus radiate very little 
of their total energy in the visible part of 
the spectrum. In the several years since 
the Cal Tech survey was conducted the 
sensitivity of instruments for making in­
frared observations has increased nearly 
tenfold. In the same period the number 
of astronomers observing in the infrared 

part of the spectrum has grown signifi­
cantly. 

In this article we shall undertake to 
summarize the current thinking about 
various types of infrared objects by de­
scribing the brightest and most conspic­
uous sources in the sky as they are 
observed at two, 20 and 100 microns. 
These sources encompass a wide range 

BRIGHTEST INFRARED SOURCE at a 
wavelength of 20 microns is associated with 
Eta Carinae, a star emhedded in a well· 
known emission nebula in the southern half 
of the sky. The nebula appears in the color 
photograph on the opposite page. The loea· 
tion of Eta Carinae is indicated by an arrow 
in the black-and-white photograph above, 
which represents a small section of the color 
photograph. Eta Carinae flared up brilliant­
ly in 1843, but is now almost invisible to the 
unaided eye. Infrared measurements indi­
cate that Eta Carinae is surrounded by a 
cloud of dust about a tenth of a light-year 
across that is heated to 250 degrees Kelvin 
(some 20 degrees Celsius below the freez­
ing point of water). An object at that tem­
perature has a peak emission at about 15 

microns. The central star is probably holler 
than 10,000 degrees K. The color photograph 
was taken by G. Araya at the Cerro T 0-
1010 InterAmerican Observatory in Chile. 
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WAVELENGTH OF RADIATION emitted by heated bodies varies 
with tbe absolute temperature. The wavelength of the most intense 
emission is given by Wi en's displacement law, which states that for 
a thermal radiator tbe product of the peak wavelength and the ab­
solute temperature is a constant. In tbe units used here the con­
stant is about 3,000 micron-degrees_ Thus tbe sun, whose tempera­
ture is about 5,700 degrees K., bas a peak emission near .5 micron. 
The eye responds only to tbe narrow band of wavelength between 
.4 micron (violet) and .7 micron (red). The arrows along the bot-
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tom of the diagram indicate the center of narrow infrared "win­
dows" where the atmosphere allows the passage of 50 percent or 
more of the incident radiation. There are poor windows near 35, 350 
and 450 microns that can be exploited from observatories in dry 10' 
cations. The atmosphere becomes essentially transparent to incom. 
ing radiation at about 800 microns. Astronomers use photographic 
emulsions and photomultipliers out to one micron in the near·in­
frared. Infrared techniques are used between one micron and a 
few thousand microns, where they overlap with radio techniques. 
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of objects and include a sample of prac­
tically every interesting infrared source 
currently being studied in detail. 

In most cases the radiant energy emit­
ted by a heated body has a continuous 
spectrum with a broad peak whose maxi­
mum is related to the body's absolute 
temperature. The wavelength of the 
most intense emission can be computed 
by Wien's law, which states that for a 
thermal source the product of the abso­
lute temperature and the wavelength of 
the maximum spectral intensity is a con­
stant. This constant has a value of about 
3,000 micron-degrees. Thus the sun, 
which has a surface temperature of a 
little less than 6,000 degrees K. (actual­
ly about 5,700 degrees), radiates most 
intensely at about .5 micron. The visible 
spectrum extends from .4 micron (violet) 
to .7 micron (red). Objects at room tem­
perature (300 degrees K.) radiate most 
intensely at about 10 microns [see illus­
tration on opposite page]. 

As with visible celestial objects, in­
frared sources can appear bright either 
by virtue of their closeness or, if they 
are far away, by virtue of their high 
intrinsic luminosity. Luminosity refers 
to the total power radiated by an object 
at all wavelengths. 

Stars in our galaxy have luminosities 
that range from one ten-thousandth to 
one million times the luminosity of the 
sun. The effect of closeness is well ill us­
trated by the sun; although it is hot and 
thus relatively weak in the infrared, it is 
so close that it is by far the brightest 
source in the sky at all infrared wave­
lengths. Moreover, the moon and sev­
eral of the planets (at the right phases) 
are conspicuous objects in the infrared 
because of both their closeness and their 
temperature. We shall not, however, 
deal with them further here. 

Infrared observations at wavelengths 
between one micron and five microns 

have now become fairly routine. The 
most commonly used detectors are lead 
sulfide photoconductors in which charge 
carriers (electrons and "holes") are 
knocked into conduction bands of the 
crystal by incident photons (quanta of 
radiation). The cells are cooled to 77 de­
grees K. by liquid nitrogen to decrease 
the number of random electrons that 
jump into the conduction bands without 
being hit by a photon. 

We know from the Cal Tech survey 
that the brightest star at two microns 
observable from southern California is 
Betelgeuse, the well-known red star that 
is the second-brightest object in the con­
stellation Orion and the 12th-brightest 
among all stars at visual wavelengths. 

STAR RELATIVE APPARENT TEMPERATURE 
BRIGHTNESS (DEGREES KELVIN) 

1. SIRIUS 6.6 10,000 

2. CANOPUS 3.4 7,000 

3. ALPHA CENTAURI 2.2 6,000 

4. ARCTURUS 1.B 4,000 

5. VEGA 1.7 10,000 

6. CAPELLA 1.6 5,000 

7. RIGEL 1.6 12,000 

B. PROCYON 1.3 6,000 

9. ACHERNAR 1.2 14,000 

10. BETA CENTAURI 1.0 20,000 

BRIGHTEST VISIBLE STARS have surface temperatures that range from 4,000 to 20,000 
degrees K. All but four are significantly hOller, hence bluer, than the sun. Only the coolest, 
Arcturus, emits strongly enough in the infrared to rank among the 10 brightest objects 
observable at a wavelength of two microns (see list below). The star with the highest ab­
solute luminosity on the list, Rigel, emits more than 10,000 times as much energy as Alpha 
Centauri, our nearest stellar neighbor, which is only slightly more luminous than the sun. 

OBJECT TYPE RELATIVE APPARENT TEMPERATURE 
BRIGHTNESS (DEGREES KELVIN) 

1. BETELGEUSE S.G. 3.0 3,000 

2. R DORADUS L.P.V. 3.0 2,000 

3. ANTARES S.G. 2.5 3,000 

4. ALPHA HERCULES S.G. 1.9 3,000 

5. W HYDRAE L.P.V. 1.9 2,000 

6. MIRA L.P.V. 1.2 2,000 

7. GAMMA CRUS IS G. 1.2 3,000 

B. ARCTURUS G. 1.2 4,000 

9. CHI CYGNI L.P.V. 1.0 2,000 

10. ALDEBARAN G. 1.0 3,500 

BRIGHTEST OBJECTS AT TWO MICRONS include three supergiant stars (designated 
S.G.), three giants (G.) and four long·period variables (L.P.V.). Betelgeuse, the second­
brightest star in the constellation Orion, ranks 12th in brightness among all visible stars. 
Because of its low temperature it is distinctly reddish. The list is complete for the northern 
sky but is incomplete for the southern hemisphere. Nevertheless, R Doradus and Gamma 
Crucis in the southern sky are known to be very bright at two microns, hence are included. 

OBJECT RELATIVE SIZE APPARENT TEMPERATURE 
FLUX (ARC SECONDS) (DEGREES KELVIN) 

1. ETA CARINAE 40 6 250 

2. OMEGA NEBULA 35 500 250 

3. GREAT NEBULA IN ORION 25 100 100·500 

4. IRC + 10216 10 2 500 

5. VY CANIS MAJORIS 5 <2 500 

6. G 333.6·0.2 3 30 200 

7. CENTER OF GALAXY 2 40 200 

B. NML CYGNI 2 <2 500 

9. IRC +10420 2 <2 250 

10. W3 2 100 150-350 

BRIGHTEST OBJECTS AT 20 MICRONS are no longer ordinary stars. The list may omit 
some bright sources since a �omplete sky survey has not yet been made at this wavelength. 
Six of the 10 sources have a substantial angular size. Several radiate more than 10,000 times 
as much energy as the sun does, yet are below room temperature (300 degrees K.). The rela­
tive fluxes are given on a scale in which 1 equals the brightness of Betelgeuse at 20 microns. 
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In the southern sky R Doradus, which 
is just visible under favorable conditions, 
is about as bright as Betelgeuse at two 
microns [see top and middle illustra­
tions on preceding page]. 

The brightest sources at two microns 
are well-understood objects. Betelgeuse 
is visibly red because its temperature 
is only about 3,000 degrees K., which 
places it among the coolest stars visible 
to the unaided eye. It is a very luminous 
supergiant, a star that has burned much 
of its hydrogen and has dropped in tem­
perature while simultaneously expand­
ing and becoming more luminous. R 
Doradus, on the other hand, is a long­
period variable star whose energy out­
put changes by a large factor in the 
course of about a year. It is as bright as 
Betelgeuse at two microns not only be­
cause of its intrinsic luminosity but also 
because at 2,000 degrees nearly 15 per­
cent of its total energy is emitted in the 
band between two and 2.4 microns. The 
third- and fourth-brightest stars at two 
microns, Antares and Alpha Herculis, 
are visually bright stars in Scorpio and 
Hercules and are also luminous red su­
pergiants. In contrast, the fifth-brightest 
star on the two-micron list, W Hydrae, is 
too faint to be easily seen with the un­
aided eye. Like R Doradus, W Hydrae 
is a long-period variable star. The infra­
red radiation emitted by all the bright 
two-micron sources originates in the lu-

o· 

minous gas that forms the outer enve­
lope of the stars. 

At 20 microns the brightest sources 
are much more varied and complex than 
those that stand out most brilliantly at 
two microns. Furthermore, it is signifi­
cantly more difficult to make observa­
tions at 20 microns than it is at two mi­
crons. At 20 microns the most commonly 
used detectors are heat detectors-real­
ly thermometers. They are often made 
of semiconducting germanium "doped" 
with a suitable impurity, such as galli­
um, that yields a crystal whose electrical 
resistance changes with temperature. 
Such detectors must be cooled to about 
two degrees K. with liquid helium. 

The principal difficulty in making as­
tronomical observations at 20 microns 
is that objects at room temperature emit 
about half of their thermal energy in 
the region between nine and 20 microns. 
Thus the telescope and the atmosphere 
itself radiate strongly at just the wave­
lengths one wants to observe. A side ef- . 
fect of the large background flux at 10 
to 20 microns is that if more than a small 
area of the sky is observed, temperature 
fluctuations in the telescope and in 
the atmosphere introduce prohibitive 
amounts of noise. As a result ground­
based sky surveys in this wavelength 
region have not been notably successful. 
Within the past year, however, Russell 
C. Walker and Stephan D. Price of the 

Air Force Cambridge Research Labora­
tories have surveyed much of the sky at 
four, 10 and 20 microns with a helium­
cooled telescope in a rocket. 

A list of the 10 brightest sources at 
20 microns, compiled from our own 
data and from the work of others, in­
cludes none of the sources on the list of 
objects that are brightest at two microns 
[see bottom illustration on preceding 
page]. Although the list will almost cer­
tainly be altered by the discovery of 
other strong 20-micron sources, it is 
doubtful that a comprehensive sky sur­
vey would include any new class of 
objects. In fact, most of the bright 20-
micron sources in the northern three­
fourths of the sky were picked up by 
the two-micron survey; at two microns, 
however, the 20-micron sources are gen­
erally inconspicuous. Nevertheless, all 
but one of the bright 20-micron objects 
were selected for special study on the 
basis of some unusual characteristic, 
such as color or association with either 
a visible feature or a radio feature. 
Therefore they were known to be bright 
at 20 microns before the rocket survey. 
This repeats the experience of the two­
micron survey: all the brightest two­
micron sources had previously been ob­
served in the visible region and were 
known to be strong infrared emitters. 

Perhaps the most striking feature of 
the strong 20-micron sources is that they 

o· 

BRIGHTEST VISIBLE AND INFRARED OBJECTS are plotted 
on an equal.area projection of the celestial sphere. The 10 brightest 
visible stars are shown as white dots; the 10 brightest objects at 
two microns are shown as pink dots. Arcturus, which ranks No. 4 
among visible objects and No. 8 among two·micron sources, is half 

white and half pink. The 10 brightest sources at 20 microns are 
shown as dark red dots. Unlike the two·micron sources, which are 
all less than one second of arc in diameter, several of the 20·micron 
sources are complex objects with diameters ranging up to seven 
minutes of arc; all but one of them are near the galactic equator. 
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display a large range of angular sizes. 
Whereas all the bright two-micron 
sources are single objects less than one 
second. of arc in diameter, the bright 20-
micron sources are in some cases com­
plex objects with a diameter of several 
minutes of arc. As a consequence the 
ordering of any list of bright 20-micron 
objects must depend on the angular size 
specified. 

Like the bright two-micron sources, 
all the major 20-micron sources are with­
in our galaxy, but most of them are 
much more distant than the two-micron 
sources. The brightest visible and two­
micron stars lie within about 1,000 light­
years of the sun. In contrast the bright­
est 20-micron sources lie between 1,000 
and 30,000 light-years. It follows that 
the 20-micron sources must have high 
intrinsic luminosities, generally more 
than 10,000 times the luminosity of the 
sun. The bright 20-micron sources span 
a wide range of ages and include, we 
think, both dying stars and stars just 
being born. 

The object designated IRC +10216, 
fourth in our list of brightest 20-mi­

cron sources, appears to be typical of a 
large class of infrared objects. It is bare­
ly visible even on red-sensitive photo­
graphs taken with large telescopes and 
thus has no name other than its listing 
in the Cal Tech infrared sUlvey. (IRC 
+10216 stands for the 216th source list­
ed in the Cal Tech Infrared Catalogue in 
the declination band centered on + 10 
degrees.) The spectral distribution of 
the energy emitted by IRC +10216 
closely follows the curve that would be 
produced by a thermal source with a 
temperature of 600 degrees K. ; hence 
the peak of its emission comes at about 
five microns [see top illustration on this 

page]. A temperature of 600 degrees 
K. (+327 degrees Celsius) is almost ex­
actly the melting point of lead. Although 
the flux of radiation from IRC + 10216 
between two and 20 microns is devoid of 
spectral features, spectra taken at about 
.8 micron show bands produced by cy­
anogen, a simple molecule consisting of 
two atoms of carbon and two of nitro­
gen. This indicates the presence of a 
star rich in carbon whose temperature is 
about 2,000 degrees K. 

One model that explains most of the 
properties of IRC + 10216 consists of a 
carbon-rich star surrounded by a shell 
of dust particles. Interstellar and cir­
cumstellar dust particles, which typical­
ly are smaller than a micron, absorb 
visible and ultraviolet photons efficient­
ly but are quite transparent to infrared 
photons. A dense shell made of such 
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TWO OBJECTS BRIGHT AT 20 MICRONS, IRC +10216 and NML Cygni, are thought to 
be stars surrounded by thick shells of dust that absorb most of the short-wavelength radia­
tion from the central star. The heated dust produces a spectral distribution with a peak near 
bve microns. In this illustration and three similar ones including the one below, the curve 
for the sun is included only to show the spectral distribution of the sun's energy and is 
not to be compared with the curves for the infrared objects on the relative flux scale. 
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BRIGHTEST 20·MICRON SOURCE, Eta Carinae (see photograph on page 29), has a total 
emission integrated over all wavelengths exceeding that of the sun by a factor of more than 
a million. The portion of the curve shown in broken line is a guess; no measurements exist. 
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particles would absorb enough of the 
visible radiation from a central star to 
hide it. The radiation absorbed by the 
dust particles would heat the shell to a 
temperature of about 600 degrees K., 
making it glow in the infrared. 

It was possible to test this model di­
rectly when IRC +lO2 16 was occulted 
by the moon. Measurements were made 
at 2.2, 3.5, 4.8 and 10 microns of the 
time required for radiation to reappear 
when the source emerged from behind 
the moon. The results showed that most 
of the radiation comes from a disk .4 
second of arc in diameter, or essentially 
the size predicted for an opaque dust 
shell radiating at about 600 degrees K. 
[see illustration below]. A reasonable 
guess for the distance of IR C + lO216 is 
1,000 light-years, in which case the ra-

z 
o 
f= 
() 
w 
-' 
u. 
w 
o 

dius of the shell is about 60 astronomi­
cal units (60 times the mean distance 
from the earth to the sun), or about the 
diameter of Neptune's orbit. Surpris­
ingly, the occultation measurements in­
dicate that at 10 microns about half of 
the flux comes from a more transparent 
outer shell of dust that is some five times 
larger than the inner shell. The outer 
shell has a temperature of only about' 
300 degrees K. 

The general picture of an absorbing 
dust shell that is heated by a centra) star 
and reemits thermal radiation in the in­
frared apparently explains many of the 
sources that are bright at 10 and 20 mi­
crons. IRC + 102 16 is thought to repre­
sent an extreme example, with a very 
opaque shell, but evidence for similar 
shells has been found associated with 

IRe + 1 0216 AT 2.2 MICRONS 

AT 3.5 MICRONS 

AT 4.8 MICRONS 

AT 10 MICRONS 

STAR AT 2.2 MICRONS 

ONE SECoND 
IE' "I 

TIME ---3l-

SIZE OF INFRARED SOURCE IRC +10216 was determined when it was occulted by the 
moon. The first four curves sbow the time required for the radiation at four different wave­
lengths to return to full strength as the source emerged from behind the moon_ The bottom 
curve shows how the 2.2-micron curve looks when the object occulted is an ordinary star. 
The time of emergence of IRC + 10216 at a few microns corresponds to the time (shaded 

band) that would be required for a disk .4 second of arc in diameter. Assuming IRC +10216 
to be about 1,000 light-years distant, such a disk corresponds to a source, presumably a vast 
shell of dust, whose radius is 60 astronomical units, or 60 times the distance from the earth 
to the sun. At 10 microns about half of the flux comes from a cooler and more transparent 
shell about five times larger. The shells appear to surround a star of 2,000 degrees K. 
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stars of diverse characteristics. Although 
the precise chemical composition of the 
dust remains to be established, the 
energy distribution observed in several 
cases seems to point to particles made up 
of silicates. 

The source of the dust is also open to 
speculation; we cannot say whether it 
represents matter ejected from the star 
or whether it is accreted from material 
in interstellar space. Both possibilities 
must be considered. In several instances 
the shells seem to be associated with 
stars that are believed to be losing mass. 
Moreover, often (as in the case of IRC 
+ lO216) there is no evidence for nearby 
interstellar dust. In other instances, how­
ever, the stars with shells are in regions 
that are obviously dusty. 

A visually beautiful example of a star 
with a dust shell is Eta Carinae [see 

illustration on page 29]. Located deep 
in the southern skies in a nebulous re­
gion, Eta Carinae itself is a tiny nebu­
losity a few seconds of arc across. Rec­
ognized in the early 19th century as a 
faint variable star, it flared up dramati­
cally in 1843, rivaling Sirius as one of 
the brightest stars in the sky. Subse­
quently it faded until in this century it 
has been almost invisible to the unaided 
eye. Observed in the infrared at 20 mi­
crons, however, it is the brightest object 
we know outside the solar system. 

The total energy output of Eta Ca­
rinae can be estimated from observations 
at several wavelengths out to 20 microns 
and by making reasonable guesses for 
the shape of the curve beyond 20 mi­
crons [see bottom illustration on pre­
ceding page]. It appears that the total 
power emitted now is essentially equal 
to the output of the star at the time of 
its flare-up in 1843. It is attractive to 
speculate that material ejected from the 
central star is now condensing into a dust 
shell. Indeed, photographs taken a few 
decades apart do indicate that visible 
condensations are still moving from the 
central core. The estimated mass of the 
material in the shell is about a tenth the 
mass of the sun. 

Eta Carinae is large enough so that 
one can scan across it and determine its 
size at various wavelengths. At two mi­
crons the source is about one second of 
arc in radius; at 10 and 20 microns the 
radius is some three times larger. Ap­
parently at 20 microns one is sampling a 
cool outer shell with a temperature of 
about 250 degrees K. and a radius of 
6,000 astronomical units, or about a 
tenth of a light-year. At two microns one 
is evidently seeing dust particles that are 
hotter (about 450 degrees K.) because 
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they are only 2,000 astronomical units 
from the stellar heat source. The central 
source is probably hotter than 10,000 
degrees K. and is possibly two million 
times more luminous than the sun. 

It has been speculated on the basis of 
photographic observations that Eta Cari­
nae is a massive supergiant star that is 
rapidly evolving by the loss of mass and 
by nuclear processes. Another suggestion 
is that Eta Carinae may be a "slow" 
supernova, a more massive version of the 
supernova in the Crab Nebula that was 
observed by Chinese astronomers in A.D. 

1054. Since the size of Eta Carinae 
varies with wavelength, one must con­
clude that whatever the ultimate source 
of energy, the infrared radiation almost 
surely comes from heated particles of 
dust. 

A mong the 10 brightest 20-micron 
ft sources three others resemble IRC 
+ 10216 and Eta Carinae in having a 
diameter of less than 10 seconds of arc. 
Thus it seems likely that all five are stars 
surrounded by glowing shells of dust. 
The three remaining small-diameter 
sources are of interest in their own right 
for other reasons. For example, NML 
Cygni and VY Canis Majoris are prob­
ably supergiants surrounded by thick 
dust shells. Not only are they bright at 
20 microns but also they emit intense 
radio waves near 18 centimeters. Such 
emission is evidently produced by a 
maser amplification process involving 
the hydroxyl (OH) radical [see "Inter­
stellar Molecules," by Barry E. Turner; 
SCIENTIFIC AMERICAN, March]. In ad­
dition VY Canis Majoris can be ob­
served at visible wavelengths and has 
long been known for its complex struc­
ture and its association with nebulosity. 
The first hint of the brightness of IRC 
+ 10420, which showed up as a weak 
source in the Cal Tech two-micron sur­
vey, came from the 20-micron rocket 
survey carried out by Walker and Price. 
Except for its lesser strength the infra­
red emission of IRC +10420 closely 
duplicates the energy distribution of Eta 
Carinae. It is probably a similar kind of 
object, although it is not in a nebulous 
region. 

The remaining half of the 10 brightest 
20-micron sources range in diameter 
from about 30 seconds of arc to 500. All 
the sources except the center of the gal­
axy are identified with H II regions: reo 
gions containing ionized hydrogen atoms 
(bare protons) and electrons. The hy­
drogen atoms are ionized by ultraviolet 
photons emitted by very young hot stars. 
The H II regions also contain dust that is 
heated by the ultraviolet radiation with-

TWENTY·MICRON FLUX IN ORION NEBULA is superposed on a photograph taken at 
the Lick Observatory. The innermost contour is equal to half the 20'micron flux of Betel· 
geuse as measured with an aperture of .five arc seconds. The outermost contour equals a 
fiftieth the flux of Betelgeuse. Trapezium stars are within lower .05 contour. X denotes a 
point source that seems to be a proto star with a surface temperature of about 600 degrees K. 
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WA VELENGTH DISTRIBUTION OF TWO POINT SOURCES, one in Orion and one in 
a region known as W3 (see photograph on next page), shows similar characteristics. The 
peak emission at about seven microns in the curve for the Orion source indicates that it has 
a temperature of about 600 degrees K. The peak emission at about 18 microns in the W3 
source indicates that its temperature is no more than about 350 degrees K. Nevertheless, the 
total energy output of the W3 source is 30,000 times that of the sun : As noted under the first 
illustration of this type on page 33, the vertical positioning of the solar curve is arbitrary. 
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in the nebula; the heated dust presum­
ably emits the infrared radiation. Some 
H II regions, such as the Great Nebula 
in Orion, are conspicuous visible objects 
as well as strong radio sources. Other H 
II regions are not visible optically be­
cause of obscuration by interstellar dust 
and are identified only through their 
radio emission; the presence of the hot 
ionizing star is merely inferred. 

The 20-micron radiation from the 
Orion nebula comes from an enormous 
region roughly one light-year in diam­
eter. Within this region the radiation ap­
pears to be concentrated in two distinct­
ly different areas [see top illustration on 

preceding page]. One concentration is 
centered on a bright group of four stars 
known as the Trapezium, but it clearly 
extends beyond the group. Evidently the 
infrared radiation in this region arises 
from the nebular dust, which has been 
heated to between 100 and 200 degrees 
K. by the ultraviolet and visible radiation 
originating in the Trapezium stars. Two 
observations support this notion. First, 
the emission near 10 microns includes a 
broad spectral feature that resembles the 
spectral emission produced by silicate 
dust particles. Second, the observed 
temperature decreases with distance 
from the Trapezium stars in a manner 

expected for dust particles heated by 
stellar radiation. 

The second strong concentration of in-
frared radiation in the Orion nebula 

is about one minute of arc northwest of 
the Trapezium. Curiously, this source is 
not associated with visible bright stars. 
Furthermore, there is no indication from 
radio observations of any concentrations 
of the ionized gas one would expect near 
luminous hot stars. At about 20 microns, 
however, the flux from the second region 
is greater than the flux from the Trapezi­
um region! 

What is the origin of this intense flux? 

REGION AROUND W3 is shown in this photograph from the sky 
survey made with the 48·inch Schmidt telescope on Palomar Moun­
tain. The box encloses the region of maximum brightness at radio 

wavelengths. At visual wavelengths the region is almost completely 
obscured by dust. A comparison of the radio emission and the in­
frared flux at 2.2 and 20 microns is given on the opposite page. 
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At five and 10 microns most of the radi­
ation comes from an unresolved point 
source that is less than two seconds of 
arc in diameter and is, as far as we can 
tell, starlike. In contrast, D. E. Klein­
mann and Frank J. Low of the Universi­
ty of Arizona found that at 20 microns 
the strongest signal comes from an ex­
tended infrared nebulosity. 

In initiating infrared observations one 
of our earliest hopes was to discover evi­
dence for a protostar, that is, an object 
being formed from the condensation of 
dust and gas. A protostar would be ex­
pected to glow in the infrared by virtue 
of the energy released by gravitational 
collapse; nuclear burning would at most 
have barely begun. One of our first 
thoughts was that the pointlike source in 
the Orion nebula was a protostar with a 
surface temperature of about 600 de­
grees K. Since the Orion nebula cannot 
be much more than 10,000 years old, we 
discounted the possibility that the ener­
gy could come from an evolved dust­
embedded star like IRC +10216, which 
must be many millions of years old. 

For a time a rival hypothesis seemed 
more attractive than the protostar idea. 
Perhaps we were observing a bright, hot 
supergiant with a temperature of about 
7,000 degrees K. lying deep within the 
Orion nebula and so shrouded by dense 
clouds of dust that its visible light would 
be diminished by the enormous factor of 
perhaps 1030. (If the light of the sun 
were reduced by such a factor, it could 
not be seen from the earth even with the 
200-inch Hale telescope. ) Radio obser­
vations at wavelengths of about two 
millimeters established that gas and dust 
are indeed present. They are revealed by 
emission lines characteristic of the fOlm­
aldehyde molecule (H2CO). The char­
acteristic signature of absorption by sili­
cate dust particles has also been found at 
about 10 microns. 

Quite recently we have made scans at 
20 microns with a spatial resolution high 
enough to isolate the "point" source from 
the surrounding nebula. We find that the 
starlike source does emit strongly at 20 
microns in its own right. In fact, the flux 
at this wavelength is so intense that if it 
were being produced by a giant hot star 
whose radiation at ultraviolet and visible 
wavelengths was being almost totally 
blocked by dust, the hidden source 
would have to be from 10 to 100 times 
more luminous than any known super­
giant. Since this seems unlikely we have 
returned to the view that the point 
source is probably a protostar in the 
process of collapsing from the cold in­
terstellar material. 

Similar high-resolution studies of the 
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INFRARED AND RADIO MAPS OF W3 SOURCE show considerable similarity. The 
radio flux (bottom map) is associated with H II regions., areas surrounding stars so hot they 
ionize hydrogen atoms into free protons and electrons. The radio map also includes an in· 
tense source of I8-centimeter line radiation (cross) produced by a maser amplification 
process involving water molecules. The maser source shows up as a point source at the same 
location in the 20·micron map. The evidence suggests that the point source is a star in the 
process of being born. Radio map is by G. Wynn. Williams of the University of Cambridge. 

infrared nebula to the south of the point 
source indicate that much of its radiation 
is concentrated in isolated spots. These 
spots are probably similar to the point 
source except that they are embedded in 
a much thicker envelope of dust. Con­
ceivably we are observing stars in vari­
ous stages of formation. 

The infrared source that is 10th on 
the list of the brightest objects at 20 

microns lies in an H II region known as 

W3. It was first catalogued as a strong 
radio source by Cart Westerhout of the 
University of Maryland. At visible wave­
lengths the center of this H II region is 
completely obscured by dust [see illus­
tmtion on opposite page J. More than 
half of the radio emission at a wave­
length of six centimeters originates in 
three or four small compact regions. 
When one compares the emission from 
W3 at two microns, 20 microns and at 
the radio wavelength of six centimeters, 
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one can see a considerable similarity in 
the general distribution of radiation [see 
illustration on preceding page] . All the 
sources that are common to the infrared 
and radio maps are consistent with their 
being compact II II regions embedded in 
dust. They are evidently very young, and 
their energy is being supplied by newly 
formed massive hot stars. Eventually the 
pressure of the radiation from the stars 
may blow away much of the dust, leav­
ing an object that is similar in visual ap­
pearance to the Orion nebula. 

The W3 region also contains a point 
source that closely resembles the one we 
think may be a protostar in Orion. The 
two objects have an energy distribution 
that is very similar [see bottom illustra­
tion on page 35]. The pOint source in 
W3 is one of the most remarkable ob­
jects yet discovered through infrared 
observations. Although its temperature 
appears to be no more than 350 degrees 
K. (well below the boiling point of wa­
ter), it emits 30,000 times as much en­
ergy as the sun. To emit so much energy 
at such a low temperature the source 
must be larger than the solar system. It 
seems clear that nuclear burning has not 
yet begun in the source; if it had started 
as recently as 1,000 years ago, an H II 

region would already have been created 
and we should therefore be able to ob­
serve its radio emission. 

A fascinating property of the W3 
point source and the Orion point source 
is that both are near sources that pro­
duce emission lines attributable to ma­
ser processes involving either water or 
hydroxyl molecules. The physical con­
nection between the masers and the in­
frared sources is still uncertain, but it has 
been suggested that infrared photons 
provide the "pump" for the maser phe­
nomenon. 

The seventh-brightest source at 20 
microns, and one that is possibly 

unique, is the source or complex of 
sources located in the nucleus of the 
galaxy. The center of the galaxy lies in 
the constellation Sagittarius in a region 
of the Milky Way that is totally hidden 
by intervening dust at visible wave­
lengths [see illustration below]. In the 
infrared the galactic center stands out 
strongly. At two microns it is likely that 
we are observing the infrared flux from 
millions of stars concentrated in the 
galactic nucleus. The strong radiation 
observed at 20 microns is too powerful, 
however, to represent the added output 
of even millions of stars. 

The 20-micron radiation from the ga­
lactic nucleus is concentrated in a core 
six or seven light-years in diameter, cor­
responding to roughly .02 percent of the 
distance from us to the nucleus of the 

galaxy. The energy disl1 ibution of this 
core rises steeply between five and 20 
microns and probably peaks at a wave­
length beyond 50 microns [see top illus­
tration on opposite page ]. 

High-resolution infrared maps made 
by us with the 200-inch Hale telescope 
and by Low and C. Rieke at the Uni­
verSity of Arizona have shown that the 
apparently unitary core of the galactic 
nucleus is in fact made up of at least 
four separate sources, each with dif­
ferent relative intensities at different 
wavelengths. At shorter wavelengths 
the structure of the sources becomes 
confused with the background radiation 
of stars at two microns. At wavelengths 
longer than 20 microns the available in­
struments do not have the resolution to 
define the sources clearly [see bottom il­
lustration on opposite page and illust ra­
tions on page 40]. 

At present we lack the information 
needed to understand the sources un­
ambiguously. They could be concen­
trations of gas, dust and stars in which 
the dust has absorbed starlight and is re­
emitting the absorbed energy. In that 
case the sources would be similar to the 
other bright 20-micron sources. On the 
other hand, the radiation could result 
from some non thermal process. For ex­
ample, it could be a form of synchrotron 
emission: radiation produced by high-

CENTER OF THE GALAXY, marked by a rectangle, is hidden 
from view by vast clouds of intervening dust. At infrared and radio 
wavelengths, however, the area inside the rectangle can readily be 

mapped, as shown in the illustrations on the next two pages. The 
center of the galaxy is the seventh·brightest source at 20 microns. It 
is located 27,000 light.years away in the constellation Sagittarius. 
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energy electrons moving in a magnetic 
field. 

Whatever the source of the infrared 
radiation, it may serve as a nearby ex­
ample of processes taking place in the 
nuclei of other galaxies. Such nuclei 
exhibit a variety of phenomena, some of 
which are shared by the nucleus of our 
own galaxy. Specifically, many galactic 
nuclei show evidence for strong non­
thermal radiation at both visible and 
radio wavelengths, and in a number of 
them one can observe outflows of gas 
and other signs of violent activity. At 
radio wavelengths the center of our gal­
axy also shows strong nontherrnal emis­
sion and outflow. 

A number of galaxies exhibit radia­
tion at 20 microns well in excess of that 
expected from ordinary stars. The emis­
sion is particularly prominent in Seyfert 
galaxies (galaxies that have highly lumi­
nous pointlike nuclei) and in certain 
other types of galaxy. The amount of 
power such galaxies radiate in the in­
frared corresponds to as much as 1011 
times the power output of the sun. This 
is approximately the amount of power 
radiated by all the stars in our galaxy at 
all wavelengths. It therefore seems rea­
sonable to suspect that much of the in­
frared radiation produced by galaxies 
that are exceptionally luminous in the 
infrared must be nonstellar in origin. 

Since the nearest spiral galaxy resem­
bling ours is 1.5 million light-years away 
and most are much more distant, the in­
frared signals we receive from them are 
quite weak. Thus our best hope of un­
derstanding the violent events taking 
place in the center of distant galaxies is 
to probe the center of our own galaxy 
with ever higher resolution and at many 
different wavelengths on the assumption 
that our galaxy is more or less typical. 
Enough has already been observed to 
indicate that the center of our galaxy is 
far from quiescent. 

It is still too early to say much about 
how the sky looks to instruments sen­

sitive to 100-micron radiation. We can­
not even list the strongest sources at this 
wavelength because no comprehensive 
survey has yet been made. From limited 
searches made in the central plane of the 
galaxy, however, we expect that the H II 

regions providing some of the bright­
est objects in the 20-micron sky also 
dominate the sky at 100 microns. 

To observe at 100 microns one uses 
the same kinds of detectors and tech­
niques that are employed at shorter in­
frared wavelengths. In order to avoid 
the obscuration caused by water vapor 
in the atmosphere, however, it is neces-
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energy emission beyond 1,000 microns has been extensively studied by radio astronomers. 
At two microns the emission from the galactic center probably represents the summed 

output of millions of stars. It seems, however, that the intense flux at longer wavelengths 

must arise from other sources since it is much too strong to come from ordinary stars. 
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GALACTIC CENTER AT TWO MICRONS was mapped in 1968 by the authors using the 

24·inch telescope on Mount Wilson. The map covers the area within the rectangle in the 

photograph on the opposite page. The center of most intense two-micron emission is just to 

the left of the galactic equator. About a minute farther to the left is an intense point source 

of infrared radiation, marked by a cross. The map has a much higher resolution than the 

surveys of the same area at 100 microns and 3.8 centimeters, depicted on the next page. 
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GALACTIC CENTER AT 100 MICRONS was mapped by William F. Hoffmann and his 

collaborators at the NASA Goddard Institute for Space Studies with a small balloon-borne 

telescope. The resolution is necessarily much coarser than the authors were able to obtain 

at two microns with their 24-inch ground-based telescope. The rectangle outlines the area 

depicted in the two-mi cron map in the illustration at the bottom of the preceding page. 
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GALACTIC C ENTER AT 3 .8 CENTIMETERS, in the radio part of the spectrum, was 

mapped by D. Downes and A. Maxwell of Harvard University and M. L. Meeks of the Massa­

chusetts Institute of Technology using a 120-foot dish antenna .  Resolution is  about half as 

good as in two-micron map of galactic center and much higher than in the 100-micron map. 
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sary that the telescopes be carried by 
high-flying aircraft, balloons or rockets. 
Observations between 50 and 300 mi­
crons have been made in this way. 

Although the largest amount of in­
formation has corne from surveys with 
balloons, the poor pointing capabilities 
of balloon-borne telescopes place a limit 
on the angular resolution attainable. 
More detailed observations have been 
carried out from airplanes, even though 
a flight may last only a few hours, be­
cause an observer can go along to guide 
the telescope. Rockets, of course, pro­
vide the shortest observation times of 
all: only a minute or two. In compen­
sation rockets reach such high altitudes 
that the thermal background noise can 
be reduced to a very low level, making it 
possible to scan large areas of the sky 
much more rapidly than can be done 
from either a balloon or an airplane. So 
far the largest telescope carried aloft for 
observation near 100 microns has had an 
aperture of only 12 inches; as a result the 
angular resolution achieved is measured 
in minutes of arc rather than in the sec­
onds of arc attainable at shorter wave­
lengths with large ground-based tele­
scopes , 

The most general survey at 100 mi­
crons was carried out from balloons un­
der the direction of William F. Hoff­
mann of the NASA Goddard Institute 
for Space Studies. He and his colleagues 
surveyed 750 square degrees, roughly 2 
percent of the entire sky, mostly along 
the plane of the galaxy. They found a 
total of 72 sources, of which at least 12 
are not identifiable with objects observ­
able at either visible or radio wave­
lengths. Two-thirds of the objects, in­
cluding the brightest, are tentatively 
identified with known H II regions. By 
far the brightest object at 100 microns is 
the complex of sources associated with 
the nucleus of the galaxy. 

At 100 microns the map of the galac­
tic nucleus qualitatively resembles the 
maps made at two microns. This sug­
gests that the 100-micron flux is thermal 
radiation from dust heated by starlight. 
That is also suggested by the close re­
semblance between the 100-micron map 
and maps made at radio wavelengths, 
since the radio flux is thought to come 
mainly from large H II regions produced 
by luminous stars. 

In summary, we think we understand 
the brightest sources at two microns. We 
have much more to learn about the 
sources at 20 microns. We are just be­
ginning to explore the sky at 100 mi­
crons, Nonetheless, for an infant disci­
pline infrared astronomy has already 
proved to be highly informative. 
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We want to be useful . . .  and even interesting 

Fi lm to please and fi lm to differentiate 

; I 
A swatch of inks as rendered by Kodak color slide 
films that maximize consumer satisfaction with the 
greenness of grass, the blueness of sky, and the healthy 
glow of complexions. 

The same swatch photographed on the new KODAK 
Photomicrography Color Film 248 3 , *  our first de­
signed not for mere pleasure but for accentuating the 
ability of biological stains to differentiate structures 
visually indistinguishable without artifice. Note on the 
neutral step tablet the fewer greys between black and 
white. In photography for pleasure this high gradient 
would make most pictures harsh; in photography to 
inform and teach, this high contrast, along with the 
I OO-line/mm resolving power for 1 . 6 :  1 test-object 
contrast-remarkable resolution for a color film-brings 
out detail more conspicuously than do our other films. 

No un usual processing is required. KODAK Process E-4 
is easily run ill allY darkroom and routille with comm ercial 
labs. The film comes ill 36-exposure 135 magazines, 35mm 
x 125-fool rolls, and 4 x 5-inch sheets ill  packages of 25.  
Many dealers ill professional photographic supplies stock 
it. An inquiry to Kodak, D ept. 9 1 6, Roch ester, N.  Y.  1 4650 
will bring help if needed ill locating one . 

• If the package happens to be labeled "SO-456," please forgive us. 
lL 's  the same product. 

� R ight and wrong 

H. W. Rickett of the New York B otanical Garden, author of 
the monumental and magnificent multi-volume Wild Flowers 
of the United States, made these two exposures of Eupatori­
um coelestinum on Kodachrome-X film. 

What is  right and what is wrong in color reproduction is  
intimately bound up not only with what goes on in the indi­
vidual human head but with the physical conditions of view­
ing the original and the reproduction. Between a projected 
image in a darkened room and a p iece of paper or plastic in 
the hand or on the wall the objective differences seem almost 
too much for subjective comparison. But not really. Kodak 
scientists have spent whole careers in putting subjective color 
phenomena on an objective basis.  Their work, though pub­
lished, is little known to many who might find it useful. To 
follow it calls for a bit of mental concentration by a newcom­
er to this field, but the human intellect is known to be ca­
pable of leaping higher hurdles. 

With this warn ing, we would b e  pleased 
to send a reprint of a paper entitled "Ob­
jectives in Color Reproduction," by R .  W. 
G.  Hunt of the Research Laboratories of 
Kodak Lim ited in Harro w, England. A d­
dress request to Dept. 55 W, Kodak, Roch­
ester, N. Y. 1 4650. Colorful 
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Three basic reasons why 
the Pinto Wagon is ttte best -�elling 

economy wagon In Amenca. 

I n  less than one year, the Pinto Wagon beca me far and 
away America's favorite sma l l  wagon. Ahead of Vega 
Kammback and VW Squareback; ahead of al l  Toyota, 
Datsun and Opel  wagons combi ned. 

The reasons are si mple, and basic. 

YOU GET A LOT FOR YOUR MONEY. 
First and foremost, the Pinto Wagon is an economy car: 

low in price, easy on gas, low on upkeep. 
But it's a lso a roomy l ittle  wagon. 

Put the rear seat down and you get 
over 60 cubic feet of cargo space. 
(VW and Vega give you about 50.) 

The l ift gate swings up, the spare 
t ire is stored under the cargo floor 
to maxi mize carrying space. 

You get comfort and l uxury, too: 
high back front bucket seats, plush carpeti ng, and plenty 

of leg , head, shoulder and h ip room. 
Al l this at a base sticker price of $2,3 1 9  

�;;;;::::::==� forthe basic Pinto Wagon; $2,556 
for the handsome Squ i re Option 
version. (Prices exclude dealer 
preparation, desti nati on charges, 
if any, title and taxes. ) 

Shown here is the Pi nto Wagon with Squire 
Option, optional whitewal l  ti res, luggage rack, 
deluxe bumper group, automatic transmission. 

IT'S ENGINEERED FOR DEPENDABILITY. 
A rugged 2,000 cc cam-i n-head 
engine ( right) is standard on Pinto 
Wagon. It del ivers a l l  the power and 
pep you need to pu l l  the wagon, 
fu l ly loaded, a l most anywhere. I1s 

dependabi l ity has been 
developed in mi l l ions of 

miles of actual driving. 
Front disc brakes ( left) 

are standard, too-for dependable 
stopping and minimum fadi ng. 

BACK TO BASICS: DURABILITY. 
Virtual ly every part ofthe Pi nto Wagon was designed 

with durabi l ity in mind -from the welded u nitized 
steel body to the extra strength bal l  and universal 
joints and the fu l l  synchromesh transmission. 

Economy, depend­
abi l ity and durabil ity: 
those are the basics 
Ford made fa mous 
in the days of t h e  
Model T a n d  Model A. 
See your Ford Dealer. 

When you get back to basics, you get back to Ford. 

FOR D  PI NTO 
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Homo Sapiens 

I
n the middle of 1971, the latest date 

for which figures are available, the 
earth was inhabited by 3.7 billion 

people. They were having children at 
the rate of 34 per 1,000 per year and 
dying at the rate of 14 per 1,000. Thus 
they were increasing their total number 
by 2 percent per year, which would dou­
ble the world population by the year 
2006 if the rates were maintained (which 
would be an unlikely occurrence). Popu­
lation is increasing most rapidly in Latin 
America (2.9 percent per year), Africa 
(2.6 percent) and Asia (2.3 percent), and 
least rapidly in North America (1.2 per­
cent), the U.S.S.R. (1 percent) and Eu­
rope (.8 percent). The figures are from 
the United Nations Demographic Year­
book for 1971, which was published in 
February. 

Birth rates are decreasing in much of 
the world, according to the UN, palticu­
larly in Europe. The lowest rates in 1971 
were in West Germany (12.8 per 1,000), 

Luxembourg (13) and Finland (13.1). In 
1971 the U.S. rate was 17.3, but last year 
it dropped to 15.6. Twelve countries in 
Africa and Asia still had birth rates 
above 50 per 1,000; the highest rate, 
52.S, is shown for Swaziland. 

Official figures from China (the first 
for the Yearbook) show that Shanghai is 
the world's most populous city, with 10,-

820,000 people. It is thus considerably 
bigger than Tokyo (8,841,000) and New 
York (7,895,000). Peking, London and 
Moscow are the only other cities with 
more than seven million inhabitants. 

SCIENCE AND THE CITIZEN 

When it comes to urban agglomerations 
rather than central cities, the largest are 
New York (ll,572,000), Buenos Aires 
and Paris. 

Urbanization continues to advance 
throughout the world. Definitions of 
urban places vary and so it is somewhat 
misleading to compare different coun­
tries, but on the basis of national defini­
tions Belgium is the country with the 
highest degree of urbanization: 86.8 per­
cent. Australia (which has a broad defi­
nition encompassing built-up areas) re­
ports that 85.5 percent of its people live 
in urban places. Other countries that are 
more than 80 percent urbanized are 
Sweden, Israel and Uruguay. The U.S. 
figure is 73.5. The highest degree of 
urbanization in Africa is 47.9. Urbaniza­
tion does not, of course, equal crowding. 
Australia seems almost empty (two peo­
ple per square kilometer), whereas (apart 
from a number of small islands and city­
states such as Macau and Monaco) Bel­
gium is one of the most crowded coun­
tries (319 inhabitants per square kilo­
meter), along with England and Wales, 
the Netherlands and South Korea. 

The highest life expectancy at birth 
is found in Sweden and the Netherlands: 
female infants born in either country can 
expect to live for 76.5 years. Among 
males the longest-lived are Swedish 
(71.9 years), and male life expectancy is 
more than 70 in only four other coun­
tries: Norway, Iceland, the Netherlands 
and Denmark. Female life expectancy, 
on the other hand, is more than 70 in 43 
of the 108 countries for which data are 
available. There are seven countries in 
which men have a longer life expectancy 
than women. They are all African or 
Asian nations with high birth rates and 
high maternal mortality. 

Infant mortality, considered a good in­
dicator of a population's health, is de­
creasing generally. The Netherlands and 
Sweden had the lowest rate in 1971: 
ll.l per 1,000 live births. Finland 
(ll.8), Japan, Iceland, Norway, Den­
mark and France (144) followed in that 
order; the U.S. rate was 19.2. 

The marriage rate appears to be de­
clining in W'est Germany, Austria and 
Sweden; it is going up in Cuba, France, 
Italy, Ireland, Egypt, Israel and the 
U .S.S.R. As for divorce, the U.S., with 
3.7 divorces per 1,000 of population in 

1971, is the undisputed leader, yielding 
only to its "divorce mill," the Virgin 
Islands (4.6). Puerto Rico, Cuba and the 
Spanish Sahara come next, followed by 
the U.S.S.R. (2.6) and Hungary. 

Decisions, Decisions 

A computer can "crash," or fail, for 
any number of reasons. Usually the 

cause can be traced either to the failure 
of an electronic component or to a flaw 
in the program. When the machine 
crashes for no discernible reason, com­
puter engineers often describe the fail­
ure as a "glitch." 

A number of computer workers, most 
of whom are outside the computer indus­
try, have begun to suspect that a signifi­
cant fraction of glitches are caused by 
flip-flop circuits that have the task of 
synchronizing the receipt of information 
from peripheral equipment (such as tape 
drives) or from satellite computers that 
are not running on the same clock as the 
central processor. To ensure synchroni­
zation during data transfer, computer 
designers try to provide an ample time 
cushion. Thus a flip-flop might be al­
lotted several microseconds to receive an 
incoming message and "make up its 
mind" whether or not it has received 
one; meanwhile the computer's internal 
clock may have ticked several hundred 
times. At some tick of the clock, how­
ever, the flip-flop is interrogated and 
asked if it has received the message. It 
is at that moment, according to the 
synchronizer-glitch hypothesis, that the 
flip-flop may still be in a metastable 
state, undecided about whether or not it 
received an input pulse at the precise 
moment that the time allotted for ac­
cepting it ran out. 

It is difficult to evaluate the serious­
ness of the problem, because if a flip­
flop gets hung up in a metastable state 
and causes the computer to crash, it 
leaves no record of the fact. "Ninety­
nine out of 100 engineers would prob­
ably deny the existence of the problem," 
says Alan Kotok of the Digital Equip­
ment Corporation. "They believe that 
conservative design is all you need; you 
simply allow enough time for a flip-flop 
to reach a decision. But as computers 
are designed to run faster and faster, the 
safety factor gets squeezed out. I know 
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of a recent experimental machine in 
which synchronizer flip-Hops were al­
lotted only 30 nanoseconds to do their 
thing. The machine often died in an 
hour. In other words, maybe once in 
every few hundred million decisions a 
Hip-Hop went into a metastable, or un­
decided, state that lasted more than 30 
nanoseconds. To me the problem looks 
unresolvable except on a probabilistic 
basis." 

"I think it's an incredibly deep prob­
lem," says Anatol Holt, an information 
theorist at Massachusetts Computer As­
sociates. "It's Zeno's paradox in 20th­
century dress or a continuation of the 
philosophical battle over the discrete 
and the continuous. A computer ought 
to be able to decide whether it has re­
ceived a message or not, but in the 
mushy world we live in it sometimes 
can't. Metastability is not a freak prob­
lem but a basic conceptual one. We are 
confronted with defining what we really 
mean by 'choice.' '' 

"In general," says Charles E. Molnar, 
director of the Computer Systems Labo­
ratory at Washington University, "it does 
not appear to be physically possible for 
a synchronizer decision to be made with 
complete assurance that a definite con­
clusion will be reached within a fixed 
time interval. The result is an undecided 
condition that is fatal to a finite-state 
machine." 

Molnar and others believe the syn­
chronizer problem is bound to get 
worse as more and more individual com­
puters, each with its own clock, are tied 
together in interactive networks. One 
engineer working on an advanced sys­
tem of this kind, Severo Ornstein of Bolt 
Beranek and Newman Inc., doubts that 
present synchronization techniques are 
adequate for the task. "Some people say 
this is a tempest in a teapot," he says, 
"but I believe the problem is serious and 
is still being neglected." 

A No to NO 

A
mong the most troublesome air pollu-

tants produced by automobiles are 
the chemically active nitrogen oxides 
(NOJ. These substances are manufac­
tured when the high temperatures of the 
automobile engine cause atmospheric 
nitrogen and oxygen to combine. Now 
workers at Bell Laboratories have found 
catalysts that react nitrogen oxides with 
a reducing gas (hydrogen or carbon 
monoxide), converting them to nitrogen 
and such harmless by-products as water 
and carbon dioxide. 

The catalysts employ oxides contain-

ing manganese, rare earths and lead. 
Prepared in the form of powder, they 
can be coated on a ceramic SUppOlt to 
make a filter-like device that could be 
installed in an automobile. So far such 
devices have been tested only in the 
laboratory; further tests are necessary to 
see if they will stand up under the severe 
conditions in an exhaust system of an 
automobile running for extended peri­
ods. According to the Bell Laboratories 
workers, the catalysts produce much less 
ammonia (a compound of nitrogen and 
hydrogen) than more familiar catalysts 
do, particularly at low temperatures. 
Any significant output of ammonia 
would make a catalytic device unsuit­
able for automobiles. 

The automobile industry faces in­
creasingly strict Federal standards for 
reducing carbon monoxide, unburned 
hydrocarbons and oxides of nitrogen in 
exhaust emissions by 1976. Experience 
so far indicates that effective control 
of carbon monoxide and hydrocarbons 
tends to increase the yield of nitrogen 
oxides, whereas effective control of ni­
trogen oxides tends to increase the yield 
of carbon monoxide and hydrocarbons. 
A catalyst that dealt effectively with 
the nitrogen oxides without impairing 
the efficiency of devices that controlled 
carbon monoxide and hydrocarbons 
could ease the difficulty of meeting the 
standards. 

Newton Fudged 

O ne of the classic temptations of the 
scientist is to "fudge" data to fit a 

theory. To be sure, it sometimes tU111S 
out that the theory is right and the origi­
nal data were wrong. Be that as it may, 
it seems that even the great Isaac New­
ton fudged some of his data. 

According to Richard S. Westfall, 
writing in Science, Newton was a master 
at manipulating observations so that 
they exactly fit his calculations in the 
Principia. Westfall considers three exam­
ples in which Newton's theoretical pre­
dictions matched independent measure­
ments to a degree of accuracy that was 
then unheard of. The first example is 
Newton's calculation that the accelera­
tion of gravity at the earth's surface is 
equal to the centripetal acceleration of 
the moon in its orbit; the second is his 
computation of the velocity of sound; 
the third is his calculation of the pre­
cession of the equinoxes. Newton in ef­
fect claimed an accuracy of about one 
part in 1,000 in the second example, and 
of one pmt in 3,000 for the first and 
third examples. In fact, in the first exam-

pIe he carried his result to seven decimal 
places. 

At the tU111 of the 18th century such 
precision was unprecedented. Only some 
20 years before the Principia was pub­
lished Robert Boyle had proposed his 
gas law (Boyle's law) on the basis of 
measurements that frequently deviated 
from the law by one part in 100. Boyle 
believed this lack of precision was un­
avoidable. Newton insisted that it could 
be and must be avoided. The accuracy 
of his determinations supported his con­
cept of gravitational force, or "action at 
a distance," a concept that seemed mys­
tical to some of his contemporaries and 
was vigorously attacked by Gottfried 
Wilhelm von Leibniz. 

All three of the examples appear in 
the first edition of the PTincipia. In the 
second edition Newton introduced major 
changes that radically increased the level 
of apparent precision by mere numerical 
manipulation of the same basic body of 
data. Roger Cotes, the editor of the Prin­
cipia, was not only fully aware of what 
Newton was doing; his correspondence 
shows that he aided Newton in doing it. 
At one point in his work Cotes came to 
Proposition 37, which concerns the tides. 
When he corrected one calculation on 
the basis of more recent data, he noted 
that the new result would change the 
figures in the corollaries to the proposi­
tion, particularly the comparative masses 
of the moon and the earth. He wrote to 
Newton: "This alteration will very much 
disturb Your Scholium of y. 4th Proposi­
tion [the correlation of the gravitational 
acceleration with the moon's centripetal 
acceleration] as it now stands; neither 
will it well agree with Proposition 39th 
[the precession]." Newton replied that 
he had lost his copy of the amended 
Proposition 39 and directed: "If you can 
mend the numbers so as to make y. pre­
cession of the Equinox about 50" or 51", 
it is sufficient." 

The second edition of the Principia 
was a justification of Newtonian science 
as well as an amended version of the 
first edition. Cotes composed a preface 
for the beginning of it and Newton add­
ed a "General Scholium" at the end; 
both were devoted to the defense of 
Newtonian philosophy, of exact quanti­
tative science rather than speculative 
hypotheses. Near the end of their collab­
oration Cotes wrote to Newton: "I am 
satisfied that these exactnesses ... are in­
considerable to those who can judge 
rightly of Your book, but y" generality 
of Your Readers must be gratified wth 
such triHes, upon which they commonly 
lay y" greatest stress." Newton knew 

© 1973 SCIENTIFIC AMERICAN, INC



perfectly well that his case rested largely 
on whether or not he could provide bet­
ter answers than his opponents. After 
having insisted that a precise correlation 
between his calculations and the obser­
vations was the criterion of truth, he 
made sure that the precise correlation 
was presented, whether or not it was 
properly achieved. 

Bologna Hero 

I-l
oW might one find out how quickly 

organic matter decays in the high­
pressure environment of the deep ocean? 
The question is not only a scientific one; 
it is raised by the dumping of garbage. 
Part of the answer has been supplied 
by an inadvertent experiment. In 1968 

workers from the vVoods Hole Oceano­
graphic Institution were launching the 
small research submarine Alvin in the 
Atlantic when the vessel sank because a 
hatch had been left open. Inside the 
submarine was a box lunch consisting of 
a thermos of bouillon, a bologna sand­
wich with mayonnaise and two apples. 
The Alvin remained on the bottom at a 
depth of 5,000 feet until it was raised 
some 10 months later. 

Writing in the Woods Hole magazine 
Oceanus, H. W. Jannasch and C. O. 
Wirsen report on the condition of the 
box lunch after its high-pressure sub­
mersion. Although the foods had con­
tained the usual numbers of bacteria, 
they were practically untouched by de­
cay. The most perishable item, the bouil­
lon, was still potable. The bread, bo­
logna and mayonnaise of the sandwich, 
although soaked with seawater, seemed 
unspoiled. The bologna remained pink 
on the inside, indicating that the nitrate 
added to preserve its color had also es­
caped degradation. The apples had the 
appearance of having been pickled, but 
their juice was equal in acidity to fresh 
apple juice. 

Intrigued by these examples of re­
tarded decay, Jannasch and Wirsen ar­
ranged to anchor samples of a number 
of pure organic compounds, inoculated 
with known kinds and numbers of bac­
teria, at even greater depth and pressure. 
Duplicate samples, kept in the labora­
tory at just above freezing temperature, 
served as controls. After submersion for 
two to five months the samples were re­
trieved. Their rate of decay proved to be 
from 100 to 600 times slower than that of 
the unpressurized controls. Evidently 
even bacteria that thrive at low tempera­
tures find a high-pressure environment 
inhospitable. 

The practical lesson, the two investi-

gators note, is obvious. Since natural re­
cycling processes are nearly at a stand­
still in deep water, these areas are not 
appropriate dumping grounds for organ­
ic wastes. 

Electricide 

T
homas Edison and George vVesting-
house sternly disagreed about how 

electricity should be distributed. Edi­
son's company pressed for direct-current 
distribution, Westinghouse's for alter­
nating current. In 1890 the two systems 
had a curious confrontation: the first use 
of the electric chair. The episode is re­
counted in the February issue of IEEE 

Spectrum by Theodore Bernstein of the 
University of Wisconsin. 

Westinghouse espoused the alternat­
ing-current system because it would al­
low thl'1 use of transformers, and there­
fore higher voltages and lighter conduc­
tors. Edison argued that, in the event of 
electric shock, alternating current would 
be more dangerous than direct current 
of the same voltage. Thus when the elec­
tric chair was proposed as a humane sub­
stitute for hanging, Edison suggested 
that alternating current would be best 
for the purpose. Westinghouse strongly 
objected. Indeed, he tried to prevent the 
State of New York from getting one of 
his alternating-current generators for the 
first electric chair. 

The chair was nonetheless built in 
1889 with a generator that had been ob­
tained from a second-hand dealer. The 
first man to be put to death by electro­
cution was William Kemmler, who had 
murdered his girl friend. The electrocu­
tion was botched. The current was first 
applied for 17 seconds, after which 
Kemmler was observed to be twitching 
slightly. It was then turned on for an 
additional 70 seconds, at the end of 
which time one electrode began to 
smoke. Kemmler was now pronounced 
dead. 

Westinghouse said: "It has been a 

brutal affair. They could have done bet­
ter with an axe." Edison, it seems, had 
devoted considerable thought to what 
the new form of execution should be 
called. According to Bernstein, he sug­
gested "ampermort," "dynamort" and 
"electromort." One of his associates 
sought the opinion of Eugene H. Lewis, 
a New York attorney. Lewis favored 
"electricide," but he also pointed out a 
parallel in the naming of the guillotine 
after the French physiCian Joseph Ig­
nace Guillotin. A good term for being 
executed by electricity, he proposed, 
would be "westinghoused." 

There are three 
ways of getting 
to South America. 

By plane, by sbip, 
and by Land-Rover. 

Land-Rover was chosen for the 
Trans-Darien Expedition, orga­
nized to drive overland from North 
to South America. We remind 
you there are no roads going into 
the South American continent. 
Instead there's the Darien Gap. 
Over 200 miles of the most in­
credible and inhospitable jungle 
in the world. 

It's the kind of terrain the 
Land-Rover can conquer. Indeed 
it's the reason Land-Rover was 
chosen for this adventure. 

For the name of your nearest 
dealer call: 800-447-4700. In 
Illinois call: 800-332-4400. British 
Leyland Motors Inc., Leonia, 
N.J. 07605. 

Land-Rover 
STANDARD EQUIPMENT: On the new Series 
III Land-Rover we offer an all synchromesh 
gearbox (4 forward speeds and reverse, plus a 
2-speed transfer box. equals 8 forward, 2 re­
verse); alternator; larger capacity heater; im­
proved power brakes plus new facia and other 
styling advances. 

As always: Four wheel drive. Full length metal 
top. Body of corrosion resistant aluminum alloy 
with sliding side windows. Side-hinged rear 
door. Seats for seven. Windshield ventilators 
with built in fly screens. Dual braking system. 
Windshield washers. Back-up lights. Fresh air 
heater and defrosters. 
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The Control of the Water Cycle 
The recent emphasis in hydrologic studies on the crucial 

role played by the general circulation of the atmosphere 

has led to schelnes for altering this vast natural process 

"We made from water every living 
thing." 

-The Koran (Prophets 30) 

"All the rivers run into the sea; yet the 
sea is not full." 

-Ecclesiastes 1:7 

The importance of water to the cre­
ation and sustenance of every liv­
ing thing, including prosperous 

human communities, was profoundly ap­
preciated by the civilization-builders of 
the ancient Middle East. So was the vital 
role of the hydrologic cycle, the won­
drously Rckle process by which the ter­
restrial supply of water is constantly re­
plenished, thus ensuring the continued 
existence in a given place of man and his 
creations. 

Indeed, the loss of an adequate water 
supply can be implicated in the demise 
of many human settlements in the an­
cient world, most notably in the disap­
pearance of the original high civiliza­
tions in the formerly "Fertile Crescent" 
of the Tigris and the Euphrates river 
valleys. In more recent times the fall of 
the Roman Empire and the decline of 
the Arabian caliphates have been 
blamed on a more or less sudden decline 
in the amount of water available to their 
populations. In the modern world vast, 
potentially prosperous regions of Africa, 
Asia, Australia and South America-re­
gions stretching over millions of square 
kilometers in the subtropical latitudes­
are sparsely populated today because of 
a lack of water. Even in prosperous 
countries such as the U .S .  the increasing 
danger of an imbalance between water 
production and water consumption is 
acutely felt. 

Yet in spite of the obvious importance 
of water to the life and prosperity of 
humankind, societies have gone on for 
centuries using this precious commodity 
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by Jose P. Peixoto and M. Ali Kettani 

in a basically inefficient and wasteful 
way. It is only recently that some ten­
tative efforts have been made to con­
sider the possibilities of controlling the 
water cycle on a large scale to better 
meet human needs. In order to under­
stand why this long overdue develop-

ment has Rnally begun, it is necessary to 
review some recent trends in the study 
of hydrology. 

During the past few decades the wa­
ter balance at the earth's surface has 
been the subject of intensive research. 
Until the mid-1930's most of these in-

'J 

SITE OF PROPOSED PROJECT for controlling the water cycle over a section of the 

Persian Gulf is shown in this photograph, made from an altitude of almost 600 miles by a 

camera on board the National Aeronautics and Space Administration's Earth Resources 

Technology Satellite (ERTS). The proposed "heliohydroelectric" scheme, put forward in 
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vestigations dealt only with the terres­
trial branch of the water cycle, exam­
ining the balance of precipitation, evap­
oration, transpiration, runoff, under­
ground How and changes in ground-wa­
ter storage. This conventional approach 
to the water budget often yielded results 
that were not widely accepted by other 
hydrologists; at best the results were 
representative of the water budget only 
in limited regions or watershed systems.  
Actually the problem was that evapora­
tion from the surface of the earth is not 
uniform; the water released is continu­
ously removed by turbulent diffusion 
near the surface, by convection currents 
due to temperature differences in the air 
and by the wind. All these factors con­
dition the phenomenon of evaporation. 
Moreover, there is no single instrument 
that can measure natural evaporation di­
rectly. Measuring precipitation by direct 
means in many parts of the world is 
possible, but precipitation tends to be 
spotty, and simultaneous widespread 
sampling is at times inadequate. 

In view of these difficulties some re­
cent studies have approached the prob­
lem of the water balance by considering 
the atmospheric branch of the hydrolog­
ic cycle instead of the terrestrial branch. 
This approach is based on the principles 
of continuity and conservation of mass 
in the atmosphere rather than at the 
earth's surface. It has become feasible in 
recent years as a result of the rapid ex­
pansion of the upper-air sensor network 
and the resulting improvement in the 
quality of aerological observations, 
which are now adequate to deal quanti­
tatively with the large-scale processes of 
the atmospheric branch of the water 
cycle. This information in tum has be­
come available for evaluating the water 
balance at the earth's surface. For exam­
ple, the Planetary Circulations Project at 
the Massachusetts Institute of Technol­
ogy, with which we have both been as­
sociated, is engaged in studying the gen­
eral circulation of the atmosphere. This 
work has given impetus to a large num­
ber of investigations of the relations be-

tween the flux of water vapor in the at­
mosphere and the hydrologic cycle. It 
is out of investigations such as these 
that specific schemes for the control of 
the water cycle are beginning to emerge. 

Why Water Is Where It Is 

In primeval days our planet was de­
void of any atmosphere, since elements 
such as helium and hydrogen were too 
light to be trapped by the earth's gravi­
tational field. The earth had no oceans, 
and its entire surface was covered with 
active volcanoes from which poured 
lava, gases (mainly hydrogen and hydro­
gen-rich compounds) and vapors (mostly 
water vapor). Water molecules in the 
volcanic emissions were promptly photo­
dissociated, or split by sunlight, into 
their constituent atoms: hydrogen and 
oxygen. The hydrogen escaped and the 
oxygen reacted with ammonia (NHa) 
and methane (CH4) to form nitrogen 
(N) and carbon dioxide (C02). Thus the 
earth's original atmosphere is believed 

1970 by one of the authors (Kettani) in collaboration with L. M. 
Gonsalves, would utilize solar energy to generate through evapo­

ration an inflow of water from the open sea into an artificial reser­

voir called Dawhat Salwah (see illustrations on pages 58 and 59). 

The reservoir would he formed by building causeways between 

Saudi Arabia (landmass at left) and Bahrain (island at center) 
and between Bahrain and Qatar (peninsula at right). The inflow 

of ,vater through a conduit could be used to generate electricity. 
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WATER CYCLE OF THE EARTH, depicted in this highly sche· 

matic diagram, can be regarded as consisting of two parts: an at· 

mospheric branch (solia arc) and a terrestrial branch (broken 

arc). The earth yields water to the atmosphere mainly through 

evaporation from the oceans. This water is transported by the gen· 

era I circulation of the atmosphere in both the gaseous phase (water 

vapor) and the condensed phases (clouds). Eventually the water 

precipitates back to the earth, either as a solid or as a liquid. If it 

falls on land, it can infiltrate underground, run off in rivers and 

streams into the ocean or evaporate directly back to the atmosphere. 

to have been a mixture of the last two 
gases. Its composition later changed to 
its present state when plants appeared 
and started absorbing the carbon diox­
ide and liberating oxygen. After the 
first process of atmospheric formation 
had been stabilized, the excess water 
began accumulating in depressions, 
forming the oceans. 

The amount of water on the earth can 
be considered constant during the evolu­
tion of man. True, some new water is 
being produced by the remaining few 
volcanoes and hot springs. Most steam 
ejected by volcanoes, however, is ac­
tually either rainwater that had satu­
rated the upper layers of rock or seawa­
ter that was trapped at the time marine 
sediments were deposited. A certain 
amount of water may be destroyed in 
the upper atmosphere by the photodis­
sociation of water vapor by solar radia­
tion. Both effects are negligible on the 
geological time scale. 

At present the water existing on the 
earth is distributed in three separate 
reselvoirs. In order of importance they 
are the oceans, the continents and the 
atmosphere. The interior of the earth 
contains an appreciable amount of wa­
ter, either dissolved or chemically com­
bined with solid or molten rock, but 
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there is no satisfactory estimate of the 
amount of water thus locked up. 

About 97.3 percent of all the water in 
the hydrosphere is in the oceans ; the 
remaining 2 .7 percent is on the conti­
nents, mostly in the glaciers of the Arctic 
and the Antarctic. The atmosphere con­
tains a mere hundred-thousandth of the 
total water present on the earth. In terms 
of volume the total water in the oceans 
amounts to 1,350 X 1015 cubic meters; 
the entire atmosphere normally contains 
a constant quantity of water on the order 
of .013 X 1015 cubic meters . 

The water on the continents is in turn 
distributed in several reservoirs, name­
ly glaciers (29 X 1015 cubic meters), 
ground water (S.4 X 1015 cubic meters), 
lakes and rivers (.2 X 1015 cubic meters) 
and the living matter of the biosphere 
( . 0006 X 1015 cubic meters) . The amount 
of water locked in the polar ice is im­
pressively large, totaling some I.S per­
cent of all the water in the hydrosphere. 
Of the total amount of underground wa­
ter, vadose water (water present in soils) 
accounts for only .066 X 1015 cubic me­
ters. The remainder is about evenly di­
vided between reservoirs deeper than 
SOO meters and reservoirs shallower than 
that level. 

This distribution of terrestrial water 

changes with time. For instance, conti­
nental ice caps have periodically devel­
oped and melted again during the past 
two million years . If they were to melt 
altogether, the sea level would rise by 
as much as 60 meters and submerge a 
large area of the continents . During pe­
riods of maximum glaciation the sea 
level may have been lowered by as much 
as 140 meters, uncovering large areas of 
the continental shelves. These fluctua­
tions are accompanied by a disturbance 
in the balance of the water cycle. 

The Water Cycle 

The earth is constantly releasing wa­
ter vapor into �he atmosphere, both 
through evaporation from the surface 
(seas, lakes, rivers, glaciers, snowfields, 
man-made reservoirs, soil and so on) and 
through the transpiration of living mat­
ter. This natural transfer of water from 
the earth's surface to the atmosphere is 
extremely important, since it conditions 
the characteristics of the air masses, the 
energetics of the atmosphere, and the 
establishment and evolution of the hy­
drologic cycle. 

The water cycle is the fundamental 
concept of hydrology. It is a conse­
quence of the principle of conservation 
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of water in its three phases on the earth. 
It describes a closed sequence of natural 
phenomena by which water enters the 
atmosphere from the surface in the gas­
eous phase and returns to the surface in 
the liquid or solid phase. There it is part­
ly retained or runs off, to evaporate again 
into the atmosphere. Energy is continu­
ously exchanged between the atmo­
sphere and the surface. It is this ex­
change that induces the circulation of 
water in a continuous cycle. 

Except for a negligible outflow from 
the interior of the earth, all the energy 
that drives the water cycle comes from 
the sun. The solar radiation reaching the 
earth's orbit amounts to two calories per 
square centimeter per minute, a quan­
tity termed the solar constant. The 
amount of solar energy actually received 
by the earth in one minute is equal to 
the product of the solar constant and 
the cross-sectional area of the earth: 
2.55 X 1018 calories .  Tpis amount corre­
sponds to an average energy of .5 calorie 
per minute per square centimeter, or a 
fourth of the solar constant. In terms of 
power that energy flux amounts to a total 
continuous input of about . 178 X 1018 
watts. As the solar radiation proceeds 
toward the surface of the earth, its ultra­
violet component is strongly absorbed 
by the ozone in the upper atmosphere, 
heating that part of the atmosphere. 
More radiation is absorbed by air mole­
cules, is reflected back into space by 
clouds or is simply scattered at lower 
altitudes .  Nevertheless, on the average 
about 81 percent of the incoming radia­
tion manages to reach the earth's sur­
face. Roughly a third of this energy is 
immediately reflected back into space. 
The remaining two-thirds is absorbed by 
the continents and the oceans. Of the 
absorbed radiation 77 percent is ulti­
mately reradiated as long-wave radia­
tion through the atmosphere back into 
space. The remaining 23 percent goes 
into the evaporation of water. 

The most important meteorological 
factor in the hydrologic cycle therefore 
is sunlight, the supply of energy that 
causes and maintains the circulation of 
water in the cycle. Air temperature, hu­
midity and wind mainly condition the 
evapotranspiration process. Clouds, the 
visible deposits of water in the atmo­
sphere, in turn condition the solar radia­
tion that reaches the earth. 

The hydrologic cycle has two distinct 
branches: the atmospheric branch, in 
which the horizontal flux of water is 
mainly in the gaseous phase, and the 
terrestrial branch, in which the flux of 
water in the liquid phase and the solid 
phase predominates. At the surface-the 

interface that separates the two branches 
of the cycle-complex processes arise 
owing to boundary conditions. Even in 
each branch of the cycle the physical 
processes are not simple, because neither 
the atmosphere nor the soil is homoge­
neous. The influence of regional and 10-

cal factors in hydrologic phenomena 
must therefore be taken into account. 

The Role of the Atmosphere 

The amount of water vapor in the at­
mosphere varies widely, both in space 

) 

OCEANS 
(1,350 x 10" CUBIC METERS) 

GLACIERS AND POLAR ICE 
(29 x 10" CUBIC METERS) 

UNDERGROUND AOUIFERS 
(8A x 10" CUBIC METERS) 

o 
LAKES AND RIVERS 

(.2 x 10" CUBIC METERS) 

o · 

ATMOSPHERE BIOSPHERE 
(.013 x 10" CUBIC METERS) (.0006 x 10" CUBIC METERS) 

DISTRIBUTION OF WATER on the earth is indicated in this illustration, in which the 

amount of water present in various natural reservoirs is represented in terms of compara­

tive spherical volumes. The number under the name of each reservoir denotes the contents of 

that reservoir in cubic meters_ Although the atmosphere contains a mere hundred-thou­

sandth of all the water in the hydrosphere, the influence of this small amount on the climate 

of the earth and on the location of hydrologic resources is far out of proportion to its mass_ 
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and in time, from a negligible minimum 
up to values of the order of .6 percent of 
the total atmospheric mass of a column 
of air. The annual mean water-vapor 
content averaged for the entire atmo­
sphere is rather small, amounting to 
about .3 percent of the total mass of the 
atmosphere. That quantity is of the same 
order of magnitude as the amount of 
water contained in freshwater lakes. 
Hence the atmosphere is a comparative­
ly small reservoir of water; at a given 
instant it holds only a tiny part of all the 
water that participates in the hydrologic 
cycle. In fact, if all the atmospheric 
water vapor were to condense at once, 
only a moderate amount of precipitation 
would result. Even though the total 
amount of water in the atmosphere is 
small, however, there is a huge transport 
of water vapor by atmospheric circula­
tions of various scales in space and in 
time. 

The influence of this small amount of 
water vapor on the climate of the ealth 
and on hydrologic resources is far out of 
proportion to its mass. Water vapor plays 
a major role in the overall energetics of 
the earth and in the general circulation 
of the atmosphere. It is the most im­
portant factor in all radiative processes 
of the atmosphere in that it regulates the 
energy balance through the absorption 
and transmission of radiation. In addi­
tion, the processes of evaporation, con­
densation and sublimation make pos­
sible the observed energy balance and 

MOVEMENT OF WATER VAPOR 
(HUNDREDS OF GRAMS PER 
CENTIMETER PER SECOND) 

• LESS THAN 1 
�1T04 

�5T08 
�9T012 
�13T016 

�17T020 
� 21T024 

GLOBAL TRANSPORT of water vapor by 
the atmospheric circulation was calculated 

by one of the authors (Peixoto) on the basis 

of data gathered at numerous stations from 

pole to pole during the International Geo­

physical Year (1958). The data consisted of 

daily measurements of the wind and the wa­

ter content of the atmosphere obtained with 

the aid of the IGY aerological radio-sensing 

network. The averaged results, which show 

the mean flow of moisture during the year 

as a field of vectors, represent the lower half 

of the atmosphere; the upper atmosphere 

contains only a negligible amount of mois­

ture. The asymmetric pattern of the vector 

arrows reflects important irregularities in 

the global transport of atmospheric water. 
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the water balance within the physical 
system of the earth and the atmosphere. 

On the average, whenever there is an 
imbalance between precipitation and 
evaporation, there is a need for a net 
transport of water vapor to or from the 
locality by atmospheric circulations . 
Can such water transports in the atmo­
sphere be assessed from the knowledge 
of the wind and the water content of 
the atmosphere? If the answer is affirm­
ative, then an independent check on 
the precipitation-evaporation difference 
is available. That would be a most wel­
come development in view of the short­
comings of the existing methods of mea­
suring these quantities separately. It 
must be understood, however, that for 
this purpose time averages of the wind 
and the humidity will not do, because 
it turns out that the effect of the devia­
tions of these factors from their arith­
metic mean cannot be neglected. The 
process must be evaluated instanta­
neously, say once each day; then an av­
erage of the results must be taken over 
a long enough interval. That must be 
done for several levels in the atmosphere 
up to an elevation of about five or six 
kilometers . Therefore, with the use of 
many stations at which soundings are 
taken, the volume of the calculations 
soon becomes enormous. Fortunately 
modern data-processing techniques are 
powerful enough to cope with the task. 

Some years ago one of us (Peixoto) 
made an attempt to perform this new 
type of moisture-transport calculation 
over the entire globe on a daily basis 
from pole to pole for the International 
Geophysical Year (1958). The project 
was palt of the comprehensive M.LT. 
study of the general circulation of the 
earth's atmosphere and of its energetics. 
The results in one form showed the 
mean flow of moisture during the year as 
a field of vectors [see illustration on 

MATHEMATICAL OPERATION was per· 

formed on the field of vectors in the illus· 

tration on pages 50 and 51 in order to 

compare the aerological data with conven· 

tional climatological estimates. The out· 

come is a contour map in which regions 

where there is a divergence in the field of 

vectors (white contours on color back· 

ground) correspond to net sources of mois· 

ture and hence to places where there is on 

the average an excess of evaporation over 

precipitation, whereas regions where con· 

vergence prevails (color contours on white 

background) correspond to net sinks of wa· 

ter vapor and hence to places where precipi. 

tation exceeds evaporation. The numbers on 

the contours indicate the equivalent depth 

of liquid water in centimeters per year. 
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pages 50 and 51 ] . These indicators are 
interesting to examine in themselves, but 
a second operation must be performed 
on them in order to compare the out­
come with the conventional climatologi­
cal estimates, which are arrived at by 
evaluating the excess of water that 
crosses the boundaries into any unit area 
of the earth's surface. In mathematical 
terms this operation is known as the con­
vergence of a field of vectors. 

When there is a divergence of water 
vapor in a given region of the atmo­
sphere, there will be a source of mois­
ture. This means that for the same in­
terval there is on the average an excess 
of evaporation over precipitation. On 
the other hand, when convergence pre­
vails, there is a sink of water vapor, 
and precipitation exceeds evaporation. 
Therefore the numerical value of the di­
vergence equals the rate of evaporation 
minus the rate of precipitation. The di­
vergence-convergence distribution cor­
responding to the vector picture is shown 
on the map on pages 52 and 53. This is 
the first such global chart ever to be 
drawn from actual aerological data. 

The distribution of divergence and 
convergence can be averaged around the 
world for various latitudes [see illustra­
tion at left]. Inspection of these fi gures 
shows that on the average there is ( 1) a 
net convergence in the equatorial zone, 
where heavy precipitation occurs; (2) a 
net convergence in the middle and high 
latitudes, where the large excess precipi­
tation over evaporation is associated 
with the migratory cyclones, the polar 
front and the alternation of air masses; 
(3) a net divergence in the subtropical 

A VERAGE DISTRIBUTION of divergence 

zones (dark color) and convergence zones 

(white) around the world were computed 

for various latitudes from the contour map 

on the preceding two pages. The resulting 

curve is almost symmetric with respect to 

the Equator, where there is a comparatively 

narrow zone of net convergence (excess of 

precipitation over evaporation). Flanking 

this intertropical convergence zone are two 

broader zones of net divergence over the 

subtropical latitudes, where the large excess 

of evaporation over precipitation, particu· 

larly over the oceans, accounts for most of 

the water vapor supplied to the atmosphere. 

The net convergence in the middle and high 

latitudes is associated with the migratory 

cyclones, the polar front and the alternation 

of air masses. There is a small net diver. 

gence in the polar regions. The main effect 

of this alternation of zones on the hydro. 

logic cycle is a net transport of water vapor 

northward and southward from primary 

sources of moisture in subtropical belts. 
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regions in both hemispheres, where there 
is strong evaporation, associated with 
the large semipermanent anticyclones. 
The results agree quite well with those 
obtained from independent earlier esti­
mates of evaporation minus precipitation 
by climatological methods. 

Thus the primary and most important 
sources of moisture for the entire atmo­
sphere are found over the subtropical 
regions, mainly in the oceans, where 
evaporation proceeds continuously. The 
moisture supplied to the atmosphere is 
transported from the sources and carried 
by the atmospheric circulation into re­
gions of prevailing convergence, where 
it condenses and falls as precipitation. 
Therefore the theory of the formation of 
precipitation from evaporation in a given 
place cannot be accepted. Judging from 
the present data, it is probable that the 
path length of the atmospheric branch 
of the water cycle varies from one lo­
cality to another. Taking as a criterion 
the average distance between diver­
gence and convergence centers, it ap­
pears that the mean path length in tem­
perate latitudes is of the order of 1,000 
kilometers. 

The Role of the Terrestrial Branch 

Regions of convergence must have a 
means for disposing of the excess of pre­
cipitating water. Over land this means 
generally drainage by rivers, and hence 
convergence regions should coincide 
with the catchment basins of large 
streams. This conclusion agrees with 
findings on the divergence-convergence 
map, an outcome that lends support to 
the validity of the aerological method 
used. 

The equatorial regions of the Atlantic 
and Pacific oceans show a general con­
vergence. Marked centers of strong con­
vergence are found just south of Pana­
ma, off the east coast of South America 
near the Equator and over Brazil (with 
high values in the headwaters of the 
Amazon River, as would be expected). 
This belt of convergence extends 
through the Atlantic Ocean with a cen­
ter over the Gulf of Guinea. In equa­
torial Africa the regions of convergence 
are found in the general vicinity of the 
headwaters and drainage basins of many 
large rivers. The areas of largest con­
vergence are found in Ethiopia and the 
Somali highlands, from which the Blue 
Nile derives most of its water; in north­
ern Zaire over the headwaters of the 
Ubangi and Congo rivers; in southern 
Angola, Rhodesia and the eastern part 
of southwest Africa, where the Zambezi, 
Orange and Limpopo rivers originate. 

In Ghana and the Ivory Coast there is 
convergence, and much of the excess of 
water associated with it is probably fed 
into the Niger, the Volta and perhaps 
the Senegal River. An extensive area of 
convergence extends from India through 
Southeast Asia, Indonesia and the entire 
Central Pacific to the west coast of Cen­
tral America, with several intense cen­
ters. Major river systems found in this 
belt include the Indus, the Ganges, the 
Brahmaputra, the Salween, the Mekong 
and the Yangtze. All these areas are 
known to have extremely high values of 
precipitation. 

The mid-latitude regions around the 
Southern Hemisphere also show many 
areas of convergence. The convergence 
areas are related to the polar front that 
is associated with the tracks of extra­
tropical storms across the South Atlantic, 
the South Indian Ocean and the South 
Pacific. The extensive area of conver­
gence that covers most of South America 
corresponds to the basins and headwa­
ters of a large system of rivers (including 
the Magdalena, the Orinoco, the Ama­
zon, the Paraguay, the Param't and the 
Uruguay). There is a convergence cen­
ter that extends through the eastern 
South Pacific and along the Chilean 
coast, where strong thunderstorm activ­
ity predominates. In the neighboring re­
gions the salt content of the ocean is low. 

The subtropical regions of the South 
Atlantic, the Indian Ocean and the 
South Pacific show strong and extensive 
areas of divergence (excess of evapora­
tion over precipitation). In the Atlantic 
region the divergence belt is elongated 
in an east-west direction without any in­
terruption. The strong divergence off the 
coast of central Brazil is reflected by a 
correspondingly higher salt content in 
the waters of that region of the Atlantic. 
By and large all the divergence regions 
over the oceans are associated with high 
salinity. These areas and the correspond­
ing ones in the Northern Hemisphere are 
areas where evaporation attains its max­
imum value. They are associated with 
the anticyclonic belt of the subtropical 
latitudes and are generally situated on 
the margins of the semipermanent high­
pressure cells where clear skies predomi­
nate. On land, areas of large divergence 
are found over northeastern Brazil, a re­
gion noted for droughts; in Angola, 
Uganda, Kenya and South Africa and 
over most of Australia. In the Northern 
Hemisphere there are strong divergences 
over southern Mexico and Lower Cali­
fornia in North America, over the Sahara 
in Africa and over Arabia and Iran in 
Asia. In the polar regions it seems that 
there is a small net divergence. With the 

presence of ice there is comparatively 
little evaporation. The divergence is 
higher over the North Pole than over the 
South Pole. 

The regions of strongest divergence 
tend to be found over the subtropical re­
gions, although there are exceptions such 
as the center over the eastern coast of 
Asia. When these regions are over ocean 
surfaces, there is of course no shortage 
of water to supply the net evaporation; 
it is always replenished by ocean cur­
rents. The situation is otherwise where 
the regions of strong divergence are over 
land, as they are, for example, over the 
Sahara. 

Where does the water come from in 
such places? It is now known that under 
this seemingly arid region huge amounts 
of water are buried in large formations 
of porous rock. Evaporation from these 
aquifers has been found to amount in 
certain areas to as much as 200,000 
cubic meters per year per square kilome­
ter. Minerals formed by the deposition 
of salt in the course of evaporation are 
common in the Sahara, where such evap­
orites are found in the salt flats called 
chotts. Deposits of minerals in the form 
of "desert varnish" are the result of 
strong evaporation followed by the ac­
tive oxidation of a thin layer that con­
sists mainly of iron compounds that have 
accumulated on exposed rock surfaces. 

The excess of evaporation over pre­
cipitation has to be made up by under­
ground drainage from the less arid areas 
that supply the water. The study of the 
flow of water below the surface in desert 
areas is demanding, but it is an enter­
prise that has increasing practical sig­
nificance. As early as 1940 Bo Hellstrom 
of the Royal Institute of Technology of 
Stockholm made such a study of the 
eastern Sahara near the Nile. It seems 
from historical and archaeological evi­
dence that the KMrga Oasis in Egypt 
was more abundantly supplied with wa­
ter from springs in ancient times than it 
is today. Apparently the decline was 
rather sudden and can be attributed to 
the puncturing through erosion and sub­
sequent leakage of a subterranean water­
bearing rock stratum in the bed of the 
Nile. This had the effect of decreasing 
the hydraulic pressure of the under­
ground water over the entire region and 
thus reducing the discharge of the Khar­
ga springs . Hellstrom suggested that the 
erection of a high dam at Aswan in 
Egypt would in effect repair the dam­
age. The higher head of the impounded 
waters would then prevent the leakage 
froni the break, which is located just up­
stream from Aswan. 

In a more recent study Robert P. Am-
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broggi of the United Nations Food and 
Agriculture Organization also analyzed 
the problem of water under the Sahara. 
He reached the conclusion that there are 
several internal drainage areas below the 
surface, indicating the existence of large 
sources of underground water [see "Wa­
ter under the Sahara," by Robert P. 
Ambroggi; SCIENTIFIC AMERICAN, May, 
1966]. The existence of similar under­
ground flows passing the oases said to be 
connected with the Nile River were re­
ported by F. M. Ali of the Egyptian 
Meteorological Department at the Sym­
posium on Tropical Meteorology held in 
Nairobi in 1960. 

It has been suggested that there may 
be another example of underground 
drainage in the Chad basin. According 
to the French hydrologist G. Drouhin, 
although Lake Chad receives water from 
the Sahara and Lagone rivers, its area 
and salinity content remain constant. 
Without a sizable subterranean drain­
age, the salinity due to the combined 
effects of evaporation and the transport 
of salts by the rivers should increase. 
Hydrological observations indicate that 
there is a flow toward the north-north­
east in an aquifer that extends under the 

lake. In a more recent work based on 
hydrological and geological evidence 
Eugene M. Rasmusson of the National 
Oceanic and Atmospheric Administra­
tion found some indications of large 
sources of underground water in the 
desert areas of the U.S. 

Control of the Water Cycle 

In order to decide in what direction 
the water cycle should be controlled, it 
is first necessary to determine just what 
human needs for water are. Water is a 
necessary component of all industrial or 
agricultural development. In the Trop­
ics, for example, to raise one metric 
ton of wheat requires some 8,000 metric 
tons of water. In industry 200 tons of 
water are needed to make one metric 
ton of steel, and 20 tons of water are 
consumed in refining one ton of gaso­
line. 

The water needs of an "average" per­
son range from 900 cubic meters per 
year in an agricultural society such as 
Iran to about 2,700 cubic meters per 
year in a highly- industrial society such 
as the U.S. Of the 2,700 cubic me­
ters of water consumed by the average 

American, a mere .5 cubic meter is need­
ed for drinking, 200 cubic meters is used 
in the home and the rest is spent in in­
dustry and agriculture. In the Tropics 
three cubic meters per year per square 
meter would be needed for agriculture. 
Assuming, then, that the water needs of 
an average man are about 1,500 cubic 
meters per year, the total world con­
sumption of water would be 4.5 trillion 
cubic meters per year. Just to keep up 
with the increase in world population 
the water demand will increase by about 
100 billion cubic meters per year. S ince 
the amount of water that traverses the 
water cycle in a year is limited, a solu­
tion to the water problem should clearly 
be found soon. 

What do we really mean by water 
need? Water molecules in the water cy­
cle, just like electrons in an electric cir­
cuit, do work in traversing a system. 
For example, the water drunk by a man 
is not destroyed; it passes through his 
body, doing work in the process, and 
then rejoins the water cycle. In this sys­
tem the body of the man acts as the load 
in the cycle, whereas the water acts as 
the flow of electrons. Similarly, the wa­
ter applied in the irrigation of a crop 
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does work by passing through the plants 
before rejoining the cycle through evap­
otranspiration. Basically the sun is the 
equivalent of the generator in the elec­
tric circuit. 

Continuing with the electric-circuit 
analogy, if the work done by water is to 
be increased, there are three possibili­
ties : (1) to increase the amount of water 
in each cycle by improving the effi­
ciency of the cycle at the load and at the 
generator, (2) to increase the number of 
cycles possible and (3) to accelerate the 
cycle by increasing the rate of both 
evaporation and precipitation. 

At this point some further considera­
tions should be taken into account in 
discussing the control of the water cycle. 
First, water as a carrier is able to do 
work only when it is in its pure or quasi­
pure state. Second, since man is a land 
dweller, he uses the water on the conti­
nents rather than the water in the seas; 
any water falling on the ocean is lost for 
human purposes. Third, water is mostly 
used in the liquid phase. Under these 
conditions one can establish three prin­
ciples for the control of the water cycle: 
( 1) Evaporation from the continents, 
from freshwater surfaces and from un­
derground aquifers should be minimized 
as much as possible. (2) Since seawater 
cannot be used as such, evaporation from 
the ocean surfaces should be accelerated 
as much as possible. (3) No water should 
be allowed to proceed in the cycle, How­
ing into the oceans or evaporating into 
the atmosphere, until it has done the 
largest possible amount of useful work. 
The desalting of seawater is a way to ob­
tain fresh water outside the natural cy­
cle, through the application of nuclear 
energy, fossil-fuel energy or concentrat­
ed solar energy. 

Control of the Atmospheric Branch 

One way of attacking the problem of 
lack of water in the arid and semiarid 
regions of the globe would be to speed 
up the hydrologic cycle in the atmo­
spheric branch by the artificial induce­
ment of precipitation over the region to 
be benefited, at times and in amounts 
previously fixed and with the assurance 
that the water thus formed would not 
fall on adjacent regions or on the sea. In 
fact, the atmosphere can be regarded as 
a resource for the extraction of liquid 
water by artificial meam. There have 
been some attempts in this direction 
through the seeding of clouds with silver 
iodide, frozen carbon dioxide ("dry ice") 
and other substances. In spite of the 
good results obtained under certain con­
ditions, the technique cannot be used at 

present because artificially induced pre­
cipitation is not yet economically justi­
fied or even physically defined. None­
theless, this field of research remains 
very active. One can be confident that 
the ultimate success of methods for the 
artificial release and control of precipi­
tation will depend on the acquisition of 
a much deeper knowledge of cloud 
physics, namely the mechanisms of nu­
cleation and the ways in which nature 
produces rain and snow. Present. at­
tempts at rainmaking must thus be un­
dertaken cautiously. 

The formation of dew is another way 
of extracting moisture from the atmo­
sphere. Dew has been a source of water 
since the Middle Ages, but only recently 
has it been collected on a larger scale. 
For example, it is a source of water for 
human uses in Gibraltar. The capture of 
water through the interception of fog has 
also been attempted with some success. 

A different line of attack on the prob­
lem of control of the atmospheric branch 
of the water cycle has been advanced by 
Victor P. Starr and David Anati of 
M.I.T. They have proposed that liquid 
water could be recovered from the atmo­
sphere through a partial duplication of 
natural moist-convection processes, in 
which air warmed and loaded with wa­
ter vapor by the heat of the sun rises 
until it reaches a point at which the wa­
ter vapor condenses. They suggest an 
experimental device conSisting essen­
tially of a large chimney, perhaps 100 
meters in diameter, erected to some 
height above the free condensation level 
of a parcel of ground [see illustration at 
rightJ. This device, called an aerological 
accelerator, would be self-energizing; no 
source of energy would be necessary oth­
er than the automatic release of the la­
tent heat of the condensing water vapor. 
Starr and Anati consider a hypothetical 
experiment within a tube extending to a 

HYPOTHETICAL DEVICE for recovering 

liquid water from the atmosphere by par­

tially duplicating natural moist·convection 

processes has been proposed by Victor P. 

Starr and David Anati of the Massachusetts 

Institute of Technology. Their device, called 

the aerological accelerator, would consist es­

sentially of a long, double-walled plastic 

tube filled with helium and allowed to float 

freely in the atmosphere at a fixed height 

above a parcel of land in a normally arid 

coastal region. They suggest a tube with a 

height of about 3,000 meters and a cross­

sectional area of 10,000 square meters. Moist 

air ascending within the tube should reach 

the condensation level, leading to precipita­

tion. The scheme could act in part as a 

mechanism for the desalting of seawater. 
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height of 3,000 meters and having a 
cross-sectional area of 10,000 square me­
ters. Assume that the vertical velocity of 
the moist air is of the order of 20 meters 
per second, and that one gram of water 
is released from each kilogram of air in 
the ascending column. A simple calcula­
tion shows that the water obtained 

would be sufficient to irrigate several 
square kilometers to a depth of 30 centi­
meters per year, if meteorological condi­
tions are favorable during a fair fraction 
of this period. 

Starr and Anati have considered Ara­
bia and the Gulf of Mexico as possible 
locations for experiments with the aero-

PERSIAN GULF 

SCALE of the heliohydroelectric project advanced by Kettani and Gonsalves is suggested 

by the map of the entire Persian Gulf area at top and by the more detailed map at bottom. 

The total surface area of the proposed reservoir (lighter shades of color) would be 6,460 

kilometers. The marginal lands that could he reclaimed from the sea in Dawhat Salwah, 

amounting to some 4,100 square kilometers, are indicated in the lightest shade of color. 
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logical accelerator. A computation based 
on aerological data for Aden on June 5, 
1958, shows that about 1 ,000 metric 
tons of water per hour can conceivably 
be extracted from the gaseous hydro­
sphere with a device having about the 
same dimensions as the one described 
above. It should be mentioned that no 
precipitation has been recorded in Aden 
for the month of June during the 10-year 
period from 1951 through 1960, and that 
the mean annual precipitation barely ex­
ceeds four centimeters per year. 

One can take advantage of the de­
pendence of the convection efficiency 
on the moisture content of the intake air 
to appreciably reduce the necessary 
minimum height of the tube. That would 
require the evaporation of additional 
moisture from the sea surface in a prop­
er manner at the intake. The scheme 
would then act, at least in part, as a 
mechanism for the desalting of ocean 
water. From a water-production point of 
view the "captive rainstorm" would for 
its size have some advantages over a nat­
ural one, since the lateral entrainment of 
drier air, which has a damping effect on 
the moist-convection dynamics, would 
be absent. Thus the presence of the tube 
should favor the desired process. 

The influence of such a device might 
extend beyond its immediate location: 
natural convection at higher levels could 
develop as a result of its action, and in­
dividual cells of free convection could 
possibly detach themselves from the top 
of the tube and drift off as autonomous 
thunderstorms. Obstacles to the con­
struction of an experimental unit include 
the need for much more study to deter­
mine the best theoretical design, the best 
location and so on, the engineering diffi­
culties connected with the construction, 
and the high cost of the enterprise. The 
scientific and practical interest of such 
a project could nonetheless be great 
enough to warrant a considerable effort 
under the proper circumstances. 

Real prototypes of the aerological ac­
celerator are found in ventilation shafts 
of deep gold mines in South Africa. A 
single such shaft can produce as much 
as 33,000 cubic meters of water per year. 
W'ater obtained in this way has actually 
been put to agricultural use. The great­
est obstacle to such schemes is the need 
for a mechanism to remove the rain­
drops from the rising air. 

Control of Surface Runoff 

The arid regions around the world in­
clude most of the African continent out­
side its equatorial zone, the entire Mid-
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CONDUIT would link the Dawhat Salwah reservoir with the open 

sea. The rapid loss of water due to evaporation in the confined 

reservoir would create a hydraulic head across the conduit, which 

could be exploited to produce electric power by controlling the 

flow of water in such a way that water is admitted to the conduit at 

the same rate at which it evaporates in the reservoir. For example, 

with a net evaporation rate of 3.5 meters per year and an optimum 

head of 12.4 meters, 300 million kilowatt·hours of electricity could 

be produced. In addition it has been suggested that magnesium 

could be obtained from the reservoir by precipitation methods. 

dIe East, all of central Asia, most of Aus­
tralia and most of the western part of 
the Western Hemisphere. Many of these 
regions lie near the shore, where water 
is plentiful. One might therefore be 
tempted to seek a solution to the water 
problem in desalination projects. The 
largest desalting plant in the U.S . ,  how­
ever, produces no more than 3.6 million 
cubic meters of fresh water per year, 
merely enough to satisfy the needs of a 
town of 3,600 people. The largest de­
salting plant in the U.S .S .R. is expected 
to yield 55 million cubic meters per year, 
enough for a city of 55,000 people. 

These figures compare poorly with the 
discharges of many rivers that are al­
lowed to dump huge quantities of fresh 
water into the sea, often in areas where 
these waters are most needed. For ex­
ample, the water discharged by the 
Amazon (6.8  trillion cubic meters per 
year) is enough to satisfy the needs of 
almost twice the present population of 
the entire earth. The Congo River would 
satisfy the needs of four times the popu­
lation of Africa ( 1 .35 trillion cubic me­
ters per year). The Mississippi alone dis­
charges into the ocean every year as 
much water as the entire consumption of 
the U.S .  (560 billion cubic meters per 
year). This waste goes on even in areas 
where water is most badly needed, such 

as the Middle East. There the Tigris and 
the Euphrates dump into the Persian 
Gulf as much water as the entire con­
sumption of Iran. If this water could be 
brought to Arabia by pipeline, the entire 
economy of the Arabian peninsula would 
be changed. 

To cite just one example where the 
control of running water might boost the 
economic capacity of a country, consider 
the case of Egypt. That country is liter­
ally a gift of the Nile; it has a popula­
tion of 34 million people, two-thirds of 
whom live in the 25,000 square kilo­
meters of the Nile delta. The remaining 
third live in about 14,000 square kilo­
meters along the banks of the river. Thus 
the entire population is concentrated in 
a mere 39,000 square kilometers in a 
country with a total area of one million 
square kilometers. The Nile itself has an 
average yearly discharge at Aswan of 92 
billion cubic meters, enough for a popu­
lation of 100 million people if utilized 
fully and efficiently. The waters of the 
Nile, which cross Egypt on a 1,550-kilo­
meter path, come from the Ethiopian 
highlands (84 percent) and from the 
lakes plateau of central Africa (16  per­
cent). 

The construction of the high dam at 
Aswan certainly reduced the annual 
amount of water lost to the Mediter-

ranean. It also brought 28,000 square 
kilometers of desert land into cultivation 
(of which 8,000 square kilometers are in 
Egypt and the rest in the Sudan) and 
generates 10 billion kilowatt-hours of 
electric energy. The lake behind the 
dam, however, introduces a new loss, a 
loss due to evaporation. (Seepage is not 
considered a direct loss because it helps 
to refill the underground aquifers. )  As­
suming an evaporation rate of three me­
ters per year, one can see that as much 
as 24 billion cubic meters of water 
would be evaporated yearly from the 
7,800-square-kilometer surface of the 
lake. This amount is huge, representing 
about a fourth of the entire discharge of 
the Nile at Aswan. Either water res­
ervoirs presenting such a large free sur­
face to the sun should be avoided in arid 
zones or a solution to the evaporation 
problem should be found. It might be 
well to examine the possibility of cover­
ing the entire evaporating surface by a 
layer of some material that would elimi­
nate or greatly reduce evaporation, such 
as a layer of liquid hexadecanol, plastiC 
covers, wood plates or dyes to retard 
heat absorption. 

The Qattara Depression, some 200 
kilometers west of Cairo and 60 kilome­
ters south of the Mediterranean, has long 
fascinated engineers and scientists. The 
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depression has a surface area at sea level 
of about 20,000 square kilometers, and 
its lowest point is 134 meters below sea 
level. It has been proposed that the de­
pression be used for power generation 
by admitting seawater from the Medi­
terranean. It would seem more benefi­
cial, however, to devote this large area 
to cultivation and settlement. If only a 
ninth of the Nile were diverted into it, 
the depression could be made the home 
of as many as 10 million people, and the 
silt brought by the Nile could transform 
large areas into farmland. The waste 
water would reenter the water cycle 
through evaporation. 

Control of Underground Water 

In sloping soils about 20 percent of 
precipitation infiltrates the ground. In 
flat, permeable soils the figure can be as 
high as 80 percent. These waters feed 
underground aquifers and make up for 
their loss through natural springs and 
evapotranspiration. 

Underground seas have been discov­
ered in arid regions such as Iran, Arabia 
and North Africa. Ancient peoples were 
already acquainted with these aquifers ; 
for example, some 3,000 years ago a sys­
tem of qanats, or underground channels, 
was built in Iran for tapping under­
ground water [ see "The Qanats of Iran," 
by H. E. Wulff; SCIENTIFIC AMERICAN, 
April, 1968]. The system was expanded 
under the Islamic caliphates to the rest 
of the Middle East and to North Africa. 
The qanat system consists of a simple 
network of underground channels bring­
ing water by gravity from the highland 
aquifers to the lowlands. Even today this 
system supplies 75 percent of the water 
needs of Iran. 

The underground water in Arabia was 
discovered as a result of drilling for oil. 
At present a great effort is being made 
to develop its potentialities. The eastern 
region of Arabia alone has seven major 
aquifers in Cenozoic and Mesozoic 
strata, with hydraulic gradients decreas­
ing from west to east. Near the Persian 
Gulf the Mesozoic strata reach a depth 
of 1,000 meters. The strata are not too 
deep to be mined efficiently. 

The discovery of the vast under­
ground water potential of the Sahara by 
Ambroggi and others confirmed a pre­
diction made by Starr and one of us 
(Peixoto) in 1958 on the basis of aero­
logical findings. There are seven major 
storage basins under the Sahara, having 
a total area of 4.5 million square kilome­
ters and a total water-storage capacity of 
15.3 trillion cubic meters. They are the 
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Great Western Erg, the Great Eastern 
Erg and the Tanezrouft in Algeria; the 
Niger basin in Mali; the Fezzan basin in 
Libya; the Chad basin in Chad, Niger 
and Nigeria, and the Western Desert 
basin of Egypt [see illustration on page 
56] .  The last is the largest, with a total 
area of 1.8 million square kilometers and 
a total water-storage capacity of six tril­
lion cubic meters. It extends into neigh­
boring African countries. 

Consider the Great Eastern Erg of 
Algeria, with an area of 375,000 square 
kilometers and a water-storage capacity 
of 1. 7 trillion cubic meters. Most of this 
water is fossil water gathered after the 
last ice age, when the Sahara must have 
been a tropical region with heavy rain­
fall. At present the aquifer is being re­
charged by the flood rains from the 
northern Tell mountains. The total nat­
ural recharge is estimated to be about 
900 million cubic meters per year. Since 
the total capacity of the aquifer does not 
change appreciably, there has to be some 
discharge. That discharge is evaporation 
from a large depression called Chott 
Melrhir-Djerid. The chott is dry except 
during rainy seasons, and its lowest point 
is 31 meters below sea level. It extends 
to Tunisia, where only about 20 kilome­
ters of sandy soil separates it from the 
Mediterranean. Chott Melrhir proper is 
entirely below sea level and extends over 
an area of about 10,000 square kilome· 
ters. 

If Chott Melrhir were flooded entirely 
by water from the Mediterranean, the 
discharge of the Great Eastern Erg 
through evaporation would be greatly 
reduced, thus limiting the loss of usable 
underground water. Moreover, the oil 
of eastern Algeria could be shipped di­
rectly from where it is produced, and 
great quantities of salt minerals could be 
extracted from the newly formed gulf. 
The annual supply of fresh water made 
available in this way would be enough 
to support the settlement of about a mil­
lion people in a region that now has 
scarcely 200,000 inhabitants. 

Control of the Oceans 

Some attempts have been made to 
control the water cycle over the oceans. 
The desalting of seawater is only an ex­
ample of such attempts. Schemes on a 
broader scale have been proposed, such 
as the ''heliohydroelectric'' project put 
forward in 1970 by one of us (Kettani) 
in collaboration with L. M. Gonsalves. 
The proposed scheme utilizes solar en­
ergy to generate through evaporation an 
inflow of water from the Persian Gulf to 

an artificially made reservoir called 
Dawhat Salwah. The reservoir, which 
would be formed by building causeways 
between Saudi Arabia and Bahrain and 
between Bahrain and Qatar, would have 
a total surface area of 6,460 square kilo­
meters [see illustrations on page 58] .  

The system formed would consist of 
two reservoirs linked by a conduit [see 
illustration on preceding page] .  The rap­
id loss of water due to the evaporation in 
the confined reservoir would generate a 
hydraulic head across the conduit, since 
the water level in the open sea would 
not be affected. Thus the flow of water 
across the conduit could be controlled 
in such a way that if water were ad­
mitted in the conduit at the same rate at 
which it evaporated in the enclosed res­
ervoir, electric power could be generat­
ed. With a net evaporation rate of 3.5 
meters per year and an optimum head 
of 12.4 meters, 300 million kilowatt­
hours of electricity could be produced. 
Four other avenues of economic exploi­
tation have been considered : mineral 
production, road communication, land 
reclamation and sea farming. 

The marginal lands that would be 
gained from the sea in Dawhat Sal wah 
would amount to about 4,100 square 
kilometers. The effect on Bahrain would 
be considerable : its area would increase 
almost four times. Because the amount 
of water in the atmosphere cannot be 
increased, the effect of creating such an 
artificial depression would be to raise 
the level of all the oceans of the world 
by .25 millimeter. Presumably nobody 
would object to this rise. 

The project is actually a replica of 
a natural phenomenon in central Asia, 
where the Caspian Sea sends 8.4 billion 
cubic meters through a narrow strait 
into a 10,400-square-kilometer desert 
basin called the Kara Bogaz Gol [ see 
"The Sea that Spills into a Desert," by 
Maurice A. Garbell ; SCIENTIFIC AMERI­
CAN, August, 1963] .  The Caspian, how­
ever, is a closed sea, and whatever water 
it loses goes directly into the overall wa­
ter cycle. As a result the surface level of 
the Caspian has been going down for the 
past 90 years. The flow into the Kara 
Bogaz Gol has not been large enough to 
keep up with the evaporation rate, and 
the area of that desert lake is still de­
creasing. 

Antarctic ice is the most important 
source of fresh water waiting to be 
tapped. The feasibility of towing Ant­
arctic icebergs to arid areas in America, 
Africa, Asia and Australia has been con­
sidered. It has been suggested that it 
would be possible to tow a train of 10 
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icebergs containing a total of about 10 
billion cubic meters of fresh water to 
southern California in about 10 months, 
with a loss of water content of only 10 
percent. The icebergs could be moored 
at their destination and then quarried 
for human use. 

Epilogue 

The hydrologic cycle on a planetary 
scale can be regarded as the result of 
a gigantic distillation scheme extending 
over the entire earth. The heating of the 
subtropical regions by solar radiation 
leads to a continuous evaporation of wa­
ter, which is released into the atmo­
sphere and is removed by the wind cir­
culation and transported, mostly in the 
lower half of the atmosphere, northward 
and southward into other latitudes. Dur­
ing the transfer process in the gaseous 
phase, because of cooling due to expan­
sion, some of the water vapor eventually 
condenses to form clouds, which lead to 
precipitation over the equatorial regions 
and over the middle and high latitudes. 
Finally the combined action of oceans, 
rivers and underground Bows provides 
the compensating return of water in the 
liquid or solid phases to the source re­
gions, closing the sequence of natural 
phenomena involved in the transition 
phase of the water. Thereafter the wa­
ter is once again available to be released 
into the atmosphere and to start the cy­
cle anew. 

Thus the hydrologic cycle is main­
tained by the general circulation of the 
atmosphere. We cannot understand the 
mechanisms of the hydrologic cycle un­
less we understand the mechanisms of 
the general circulation, and vice versa. 
This complex feedback process leads to a 
highly nonlinear coupling of the hydro­
logic cycle and the general circulation, 
which if well understood will make their 
control a foreseeable possibility. 

ASW AN DAM has contributed significantly 

to the economic capacity of the Nile valley 

region by reducing the annual amount of 

water lost to the Mediterranean, by bring­

ing thousands of square kilometers of desert 

land into cultivation and by generating pro­

digious amounts of electric energy. The loss 

of water due to evaporation from the lake 

behind the dam, however, is huge, repre­

senting about a fourth of the entire dis­

charge of the Nile at Aswan. One solution to 

the evaporation problem that has been sug­

gested is to cover the entire evaporating sur­

face of the lake by a layer of some material 

that would retard heat absorption. The dam 

is at upper left in this ERTS photograph. 
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ION IMPLANTATION 

Microelectronic devices are now being "doped" with impurity atoms 

by firing ionized atoms into the device with an accelerator. The 

technique offers greater precision than the older diffusion method 

by Frederick F. Morehead, Jr., and Billy L. Crowder 

The size of microelectronic circuits 
has decreased to the point where 
their surface dimensions are mea­

sured in microns (thousandths of a milli­
meter) and their thickness in angstroms 
(ten-millionths of a millimeter). In gen­
eral shrinking the surface dimensions of 
an electronic device such as a transistor 
also requires shrinking the vertical di­
mensions. For example, to make transis­
tors with surface dimensions on the or­
der of a micron requires the introduction 
of impurity atoms to within less than a 
micron of the surface. Such precise "dop­
ing" cannot readily be accomplished 
with the thermal-diffusion techniques 
that currently dominate the semiconduc­
tor market. Now, however, what was 
once only a research tool of nuclear 
physicists, the ion accelerator, offers a 
means of precisely implanting atoms of 
any desired species. The ion-implanta­
tion technique consists in accelerating 
ions in an electric field to energies high 
enough so that the ions will penetrate for 
some distance into a solid semiconductor. 

Many of the advantages of ion im­
plantation for doping semiconductors 
were anticipated in a patent submitted 
in 1954 by William B. Shockley, one of 
the inventors of the transistor. Shockley 
recognized that the depth of the intro-

duced ions could be controlled by con­
trolling the acceleration energy, and that 
the position of the ions could be con­
trolled by masking the semiconductor 
surface. He was right in his belief that 
the precision of ion implantation would 
be much greater than that of thermal 
diffusion, but he was wrong in his ex­
pectation that the depth of the im­
planted ions could be controlled within 
a few angstroms. It turns out that the 
depth at which projectile ions come to 
rest within the solid target can be pre­
dicted only within a few hundred ang­
stroms. 

I n the past few years the technique of 
implanting accelerated ions in silicon 

has been intensively examined in nearly 
every major laboratory involved in semi­
conductor research. Current methods of 
controlling the area of ion implantation 
rely on masking those portions of the 
semiconductor in which doping is not 
desired. Masks can be made from various 
types of material, for example insulators 
such as silicon dioxide, silicon nitride and 
aluminum oxide or metals such as alu­
minum, molybdenum and gold. To ex­
pose the regions in which ion implanta­
tion is desired the mask is removed by 
chemical etching. This removal is usual-

MOSFET DEVICE, a metal·oxide semiconductor field·effect transistor, shown in the photo­

graph on the opposite page is used in high-speed switching applications. The device, 

which has a maximum oscillation frequency of 14 X 109 hertz, owes its high speed to 

doping by the implantation of accelerated ions. The ion implantation was done in the 

area that appears as a brown diamond. The thin, light·colored line in the center of the 

brown diamond is the gate electrode, which measures one micron in width and about 100 
microns on a side. The gold tab below the diamond is the gate contact. The gate electrode 

and all the gold regions are aluminum. The gold diamond in the center is the drain elec­

trode and the surrounding gold area is the source electrode. The square at bottom right is a 

registration pattern that is used in the photoengraving techniques for the fabrication of the 

aluminum electrodes. The green areas are silicon oxide. More than a million MOSFET de· 

vices with gates smaller than the one that is shown here can be fabricated simultaneously 

on a silicon wafer that is one inch in diameter. The photograph was made by F. W. Goro 

with a Leitz Orthoplan microscope using differential interference contrast illumination. 

ly accomplished by coating the mask 
with a photosensitive or electron-sensi­
tive material. Areas of the sensitive ma­
terial exposed to light or electrons be­
come soluble in a special solvent and are 
etched away to uncover the masking ma­
terial. The uncovered areas of the mask 
are in turn etched down to the surface of 
the semiconductor. The semiconductor is 
then bombarded by accelerated ions, 
which penetrate the semiconductor only 
in the areas that are not protected by the 
masking material. 

Since the accelerated-ion technique 
offers fairly precise control of both the 
number of ions implanted and the depth 
of implantation, it is gradually replacing 
the older diffusion method of fabricating 
electronic devices with dimensions on 
the order of several microns. To produce 
devices with dimensions of one micron 
or less it will be necessary to combine 
the ion-implantation technology with the 
new electron-beam method of delineat­
ing patterns on the masking material 
[see "Microcircuits by Electron Beam," 
by A. N. Broers and M. Hatzakis; SCIEN­
TIFIC AMERICAN, November, 1972]. 

The ultimate ion-implantation system 
would be one in which no masks are 
used. A tiny ion beam less than one mi­
cron in diameter would write patterns 
directly on a semiconductor surface. 
Such a system, however, calls for tre­
mendous advances both in ion-source 
design and in ion-beam control. The best 
ion sources available are not nearly in­
tense enough to produce a sufficient 
number of ions in a micron-sized beam. 
Moreover, the control of an ion beam is 
inherently more difficult than the control 
of an electron beam because electrostatic 
lenses must be used rather than electro­
magnetic lenses. FOltunately for the fore­
seeable future the combination of ion 
implantation and electron-beam-gener­
ated patterns provides sufficient preci-
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PATH OF AN ACCELERATED ION in a solid is affected by its 

collisions with the nuclei and electrons of thl' solid. Here boron 

nuclei (color) are shown penetrating a crystalline lattice of sili· 
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CHANNELING increases the penetration of implanted ions. In a 

crystalline solid an ion may channel between rows of the lattice, 

as shown here, and such an ion is slowed by its interactions with 
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DIFFUSION of impurity atoms (color) into a solid, a more con· 

ventional process than implantation by acceleration, is usually 
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boron ions (short arrows). The final distri· 

hution of the implanted boron ions in the 

solid approximates normal curve (right). 

DEPTH� 

"open" direction in the lattice, there are 

two distribution peaks: one for deflected 

ions and one for channeled ions (right) .  

DEPTH--7 

dom walk." Most of the impurity atoms reo 

main near surface, as curve (right) indicates. 

sion to meet the miniaturization require­
ments of integrated electronic circuits. 

When a highly accelerated ion strikes 
a solid target, it loses energy within the 
solid by collision with the nuclei of the 
target atoms and by interaction with the 
electrons in the solid. The collisions with 
nuclei deflect the ion from its original 
course; the interactions with electrons 
merely subtract energy from the ion 
without changing its direction. For a 
given kinetic energy the range of pene­
tration of an ion into a solid depends 
principally on the atomic weight of the 
ion and on the number of atoms per unit 
volume in the solid. Penetration by 
heavier ions is always much less than 
that by lighter ions. Because of the ran­
dom nature of the collisions of the ions 
and the nuclei of the atoms in the tar­
get, the final distribution of the implant­
ed ions in the solid approximates a bell­
shaped curve. The peak of the distribu­
tion is called the projected range. The 
range distribution of ions implanted into 
noncrystalline solids can be predicted 
fairly accurately on the basis of a theory 
worked out by J. Lindhard, M. Scharff 
and H. E. Schi$iltt at the University of 
Aarhus in 1963. 

Crystalline solids present many chan-
nels that ions can follow. Along 

these channels the probability of an ion 
colliding with a nucleus is greatly dimin­
ished, and hence the range of the ion is 
greatly increased. A deeply penetrating 
ion is slowed down only by interaction 
with the electrons in the channel. When 
the dose of ions is large, however, the 
channels become clogged and the me­
dian range of the ions is decreased. 

Some of the atoms in the target struck 
by the ions will be displaced from their 
sites in the crystal lattice. This radiation 
damage must be repaired by annealing 
if the target is to have the desired semi­
conducting properties. The tempera­
tures required for the annealing of crys­
tals implanted with ions are much lower 
than those required for introducing the 
same ions into the crystal by thermal 
diffusion. With silicon, for example, tem­
peratures between 1,000 and 1,100 de­
grees Celsius are needed in order to in­
troduce dopants by diffusion. If the same 
dopant is put into the crystal by ion im­
plantation, temperatures as low as 550 
degrees C. are sufficient for annealing the 
radiation damage. It is an interesting 
fact that a large amount of radiation 
damage is more effectively annealed 
than a lesser amount. If the radiation 
damage is great enough to completely 
destroy the silicon's lattice structure 
near the surface, the amorphous layer 

will recrystallize when it is annealed 
at 550 degrees. A pattern is imposed on 
the amorphous layer by the underlying 
crystalline silicon. The process of re­
growth removes most of the defects in 
the crystal, leaving only the implanted 
ions as the electrically active sites. If, on 
the other hand, the radiation damage is 
not great enough to produce a continu­
ous amorphous layer, defects will re­
main until the material is annealed at 
temperatures above 800 degrees C. 

Much of the work on ion implantation 
in semiconductors has been done with 
equipment that was originally desig]led 
for research in nuclear physics. High­
voltage ion accelerators were developed 
by physicists primarily for the study of 
the nuclear reactions produced by bom­
barding nuclei with high-energy parti­
cles. With modifications these accelera­
tors can be used for implanting ions in 
solids. For example, in our laboratory at 
the Thomas J. Watson Research Center 
of the International Business Machines 
Corporation we have 50-kilovolt, 300-
kilovolt and 2.5-million-voIt accelerators 
for ion implantation. 

The 50-kilovolt accelerator serves for 
studies that do not require high-energy 
ions. Most of the implantation work is 
carried out with the 300-kilovolt ma­
chine, which has a power source of the 
Cockcroft-Walton type, a combination 
of high-voltage transformers and recti­
fiers submerged in a large vat of oil. The 
ions to be accelerated are produced at 
the high-voltage end of the system. 
The desired ion species is introduced 
as an un-ionized gaseous compound into 
a chamber that contains an electron 
source. Electrons boiled out of a heated 
filament are attracted toward a positive­
ly charged electrode in the middle of the 
chamber. The electrons pass through the 
anode and are repelled by a negatively 
charged end plate, whereupon they go 
back through the anode and are repelled 
by another end plate. Each such oscil­
lation results in some collisions between 
electrons and gas atoms. These collisions 
ionize the gas. A magnetic field confines 
the ionized gas and increases the effi­
ciency of the ionizing process. 

The positive ions are now extracted 
and accelerated in a high-voltage drift 
tube. The resulting ion beam is focused 
and passed through a strong magnetic 
field that bends the ions through a 90-
degree turn. Since the desired ion spe­
cies is introduced in a compound, more 
than one kind of positive ion emerges 
from the ionized gas, and it is necessary 
to separate the unwanted species. This 
separation is accomplished by adjusting 
the strength of the magnetic field so 
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ION IMPLANTATION is accomplished with an ion accelerator modified for the purpose. 

The ions are generated in a plasma at the high.voltage end of the system (top). A gas con· 

taining the desired atoms is introduced into the chamber. Electrons from a heated fila· 

ment are accelerated back and forth between two end plates by an anode; the electrons 

collide with gas atoms, ionizing them. The ions are extracted by applying a negative po· 

tential between the end plate with a central aperture and the extractor, and are accelerated 

by the difference in potential between the two ends of the system. The desired ion species 
(boron in this case) is selected by bending the beam in a magnetic field (bottom left). The 

boron·ion beam is collimated and focused and is scanned back and forth across the target. 

68 

that only the desired ions are bent 
toward the target. After collimation and 
focusing, the ion beam is about a milli­
meter in diameter. In order to get uni­
form coverage of the two-centimeter­
square target area the beam is deflected 
both horizontally and vertically so that 
it sweeps across the target area in a ras­
ter pattern similar to that of the electron 
beam in a television set. 

S ince the target is at ground potential, 
the current representing the number 

of ions hitting it can be measured di­
rectly. The 300-kilovolt accelerator can 
handle four different targets at one 
time; each target is inserted into the 
beam and then withdrawn by remote 
control. The targets can also be heated 
electrically to 600 degrees C. or cooled 
by liquid nitrogen to minus 170 degrees. 
Keeping the target at a high tempera­
ture during ion bombardment prevents 
the formation of amorphous zones . 
Moreover, if the hot crystal is carefully 
oriented, the number of ions that are 
channeled to greater depths is increased. 
Keeping the target at low temperature 
greatly decreases the dose of ions need­
ed to produce a continuous amorphous 
layer, particularly with light ions such 
as those of boron. 

Commercial machines that combine 
powerful ion sources and large target 
areas are available. The Lintott ion­
implantation system, for example, can 
produce an isotopically pure ion beam at 
40 kilovolts and at high current. The tar­
get can be electrically charged to as 
much as 150 kilovolts, so that the total 
accelerating potential can be as high as 
190 kilovolts. Whereas in our 300-kilo­
volt system the ion beam is swept over 
the target by deflecting it electrostatical­
ly, in the Lintott system the beam is 
positioned by moving the target. As 
many as 400 one-inch silicon wafers can 
be loaded into the machine at a time 
and processed to a uniformity of within 
1 percent in two hours. If each silicon 
wafer contained 200,000 devices (the 
present limit of diffusion methods for 
producing them), this machine could 
produce up to 400 billion devices a year. 
As methods for increasing the number of 
devices per wafer are developed, it may 
be possible for a single machine to pro­
duce more than a trillion devices a year, 
which is roughly the current total world 
production of semiconductor devices. 

The 2.5-million-volt Van de Graaff ac­
celerator makes it possible to implant 
ions much deeper. It can be employed 
to bombard target atoms with light but 
energetic particles, such as helium nu­
clei. The specific nuclear reactions and 
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THREE-HUNDRED-KILOVOLT ACCELERATOR at the Thomas 

J_ Watson Research Center of the International Business Machines 

Cilrporation was modified so that up to four targets can be inserted 

into the ion beam and withdrawn by remote control. In the target 

area (foreground) the targets. can also be heated electrically or 

cooled by liquid nitrogen. The plasma is generated in the dome 

(top left), which also encloses the high-voltage drift tube in which 
the ions are accelerated. The beam goes through an evacuated tube 

in which it is partially focused to a large magnet (upper right), 

which bends desired ions 90 degrees to aim them toward the target. 

the backward scattering of particles that 
result from this kind of bombardment 
can provide valuable information about 
such things as the distribution of ions in 
a crystal lattice_ These techniques are 
beginning to give us a better under­
standing of the components of thin-film 
electronic devices, such as transistor cir­
cuits involving several metals, switches 
between metals and semiconductors, and 
junctions between semiconductors and 
insulators. 

One intriguing aspect of ion implan­
tation lies in adding extremely small 
amounts of dopant (on the order of parts 
per million) to compound semiconduc­
tors, many of which are used as light-

emitters. With such small amounts of 
dopant material it is often difficult to 
determine if the dopant is responsible 
for altering the characteristics of a semi­
conductor. For example, incorporation 
of oxygen in zinc telluride makes it an 
efficient emitter of red light. In order 
to identify the precise role played by 
the oxygen James L. Merz and L. C. 
Feldman of Bell Laboratories attempted 
to incorporate the rare oxygen isotope 
0-18 into the zinc telluride crystal while 
it was being grown. The experimental 
results were complicated by the fact that 
the crystals were contaminated with 
large amounts of the omnipresent com­
mon oxygen isotope 0-16. 

It was possible to circumvent this 
problem with an ion accelerator. The de­
flection magnet of the machine can pro­
duce a beam of isotopically pure ions, so 
that the quantity of atoms of that iso­
tope in the beam is known. Hence Merz 
and Feldman could now shoot into a 
crystal of zinc telluride a known quanti­
ty of 0-18 atoms. Incorporation of the 
heavier oxygen into the semiconductor 
causes a slight but measurable shift in 
the spectrum of the emitted light. The 
shift was easily detectable following ion 
implantation. Furthermore, by masking 
half of the semiconductor from the ion 
beam they were able to show that it 
was the implanted oxygen that gave rise 
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BORON IONS 

HIGH·PERFORMANCE MOSFET is made in these steps. Light 

admitted through a mask sensitizes a "photoresist" protecting a 

silicon oxide layer grown on a silicon wafer (a). Unprotected sili· 

con oxide is etched away and phosphorus atoms are diffused into 

them to produce "source" and "drain" areas (hatching, b). A new 

area is exposed to light (c) and etched and the wafer is subjected 

to implantation by accelerated boron ions (d); the boron ions 
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h 
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implanted in the central area (fine hatching) provide the required 

level of p·type doping. A new protective layer of silicon oxide is 
grown and a layer of aluminum is evaporated over the wafer (e) 
and exposed to light (j). After etching, phosphorus ions are im· 

planted to extend source and drain regions to edge of the gate elec· 

trode (g). After being annealed at 550 degrees Celsius to remove 

radiation damage and activate phosphorus ions, device is complete. 
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to the observed luminescence and not 
something else. 

Another research application of ion 
implantation is in the study of diffusion 
of boron in silicon. The classic technique 
of measuring diffusion in solids is to add 
a small amount of a radioactive isotope 
of the dopant to a uniform concentra­
tion of nonradioactive dopant. The dif­
fusion constant under known conditions 
can be obtained by measuring the mo­
tion of the radioactive tracer. That is 
done by removing thin layers of the 
solid and measuring the radioactivity. It 
happens, however, that there is no suit­
able radioactive isotope of boron. Hence 
other methods are needed to measure 
the element's diffusion constant in sili­
con. When the rare isotope boron 10 is 
irradiated with slow neutrons, its nu­
cleus fissions into an energetic alpha 
particle (a helium-4 nucleus) and an en­
ergetic nucleus of lithium 7. The com­
mon isotope boron 11 and the isotopes 
of silicon do not undergo this reaction. 
To get the diffusion constant of boron, 
ion implantation is first used to uniform� 
ly dope a region of a silicon crystal with 
boron 11. Then tracer quantities of bo­
ron 10 are implanted. The diffusion con­
stant can now be determined by irradiat­
ing the silicon with slow neutrons and 
measuring the energy of the alpha par­
ticles that emerge. Alpha particles that 
originate deep in the crystal lose more 
energy than those that originate near 
the surface; hence the depth distribution 
of the boron 10 can be determined from 
the energy distribution of the emitted 
alpha particles. Boron in silicon exhibits 
a diffusion behavior that is concentra­
tion-dependent, that is, the rate of diffu­
sion increases with the increasing con­
centration of boron. 

An interesting application of ion im-
plantation has been in the pro­

duction of amorphous (noncrystalline) 
semiconductors by ion bombardment. 
Amorphous materials produced by evap­
oration, sputtering and chemical deposi­
tion often have a surface that is too 
rough for certain studies. With the ion­
bombardment method we start with a 
mirror-smooth crystalline surface and 
make the surface layer amorphous. The 
surface remains smooth, and the tech­
nique produces amorphous specimens of 
excellent quality. 

Ion implantation has taken nearly two 
decades to reach its maturity. It is clear­
ly a process at the frontier of semicon­
ductor technology, but at the very least 
it is a valuable research tool that is help­
ing us to increase our understanding of 
the solid state. 

SCANNING ELECTRON MICROGRAPH shows a MOSFET of the kind whose manufac· 

ture is diagrammed on the opposite page. The diagrams are of cross sections, whereas the 

micrograph is an oblique view of the surface. The five·sided tab (left center) is the gate· 

electrode contact; the gate electrode is the bright line that runs along the center of the 

diamond·shaped pattern. The MOSFET is enlarged 520 diameters in this micrograph. 

GATE ELECTRODE AND CONTACT are seen in sharp relief in this scanning electron 

micrograph, in which their junction is enlarged 6,400 diameters. The highest surface 

is a layer of aluminum; the lower steps are silicon oxide layers of various thicknesses. 
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TWA's Ambassador Service� 
What a long flight should be: 
Available on over 250 flights a day from 23 cities 
throughout the U.S.A. and on all flights between 
the U.S.A. and international destinations. 

8 Channel Audio. 
Only TWA offers it on all 
727 flights of 90 minutes 
or more. There is a special 

Curbside Check In. channel for executives and 

Check in your bags at the headsets are free. 

terminal curb. Choice of Meals. 
r_�.:. .. _ .. Ground Ambassador. A full-size meal or just a 

Get any assistance you need snack on most meal flights. 
at the departure lounge. Out and Back Scheduling. 

The 1\vin Seat in M -' " 1b most destinations you can 

707 Coach. ..,$.-_iii ...... i!F!!r,�· -" go and come back the same 

If nobody's sitting next to day on TWA. 

, you, fold down the middle TWA's L-IOl1. c-' '! seat and sit two across. an airplane should be: 

..... =----=--. Choice of Movies! 
Only TWA gives you a 
choice of movies on every 
movie flight across the U.S. 

Choice of Meals. 
We offer a choice of three 
main courses in coach and 
five in first class. 

TWA's Ambassador Express: 
What a short flight should be: 
Available on over 250 flights a day from 18 cities 
throughout the U.s.A. 

Gate- Area Ticketing. 
If you're late, buy your 
ticket right at the gate. 

Carry-on Luggage 
Compartments on all 727 s. 
Take a bulky package, even 
a full-size bag, right on the 
plane with you. 

The 1\vin Seat in Coach. 
If nobody's sitting next to 
you, fold down the middle 
seat and sit two across. 

The most modern plane in the 
world, featuring every comfort and 
convenience TWA ever put on an 
airplane. 

Coach. 
iP,'��You're never more than one 

tf!i�"'1n seat from the aisle. If the 
�:;e(jlL next to you is empty, 

you can turn that seat-back into a 
table, or you can raise the 
armrests and turn your seat into a 
couch. Only TWA coach has this 
flexibility. 

First Class. 
It feels like a big lounge, 
because there are club 
seats in the center area 

that swivel. Now you can chat and 
dine the way you would in a 
restaurant. 

t Entertainment at nominal 009t in coach. Movies by Inftight Motion Pictures, Inc. "'Service marks owned exclusively by TWA. 
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travel should be. 
What a vacation in the U.S.A. 

should be: 

Fares. 

(On Your Own.) 
We can help you with hotel 

�, reservations and car rentals. 
And you can take along a 
Getaway Guidebook with 
valuable discount coupons. 

This summer no other 
non-stop scheduled airline 
will have lower fares for you 
and your family over 
comparable routes and for 
comparable service between 
TWA cities. 

f m'� cd TWA's Getaway Card. iii� You can charge your trip on 

� .... .., 

Inflight Service. 
In addition to Ambassador 
Service, there are special 
games and movies to keep 
your children occupied. 

On the Ground. 
Mter you stay with friends 
or relatives, TWA can 
arrange for you to stay in a 
hotel, sightsee and rent a 
car for just a little more 
than the cost of your flight. 

Getaway* Adventures. 
Low airfare. First-rate tours. 
Hotels. Sightseeing. And 
more combinations of 
vacation places than most 
other airlines. 

What a vacation in Europe 
should be: (On a Tour.) 
Low airfare. Complete sight­
seeing if you wish. Each 
ground arrangement backed 
by a warranty. 

TWA's TOUR WARRANTY, 
If any tour element or serVICE' IS not delivered 8:-' described in 
TWA's Getaway Adventure brochure. TWA certlfles that an 

appropriate refund wdl be made of thai portion 01 the lOur price 
covenng the undeilvered LOur element as outlined In the brochure. 

t!jelpij '!ravel by air, by driving your 
own rented car, or by luxurious 
((Meteor" motor coach. 

-. . ' your Getaway Card and take 
up to two years to pay. 

What airline should you fly? 

TWA. And here's one more 
reason why: Only TWA can take you 
on a short flight within the U.S., a 
long flight across the U.S., a vacation 
to Europe or a trip around the world. 

W hich means you can fly from 
a TWA city to Europe or around the 
world without the nuisance of having 
to switch airlines and terminals 
along the way. 

What the future should be: 
We'll be doing a lot more to 

make travel better than ever. 
'Ib make vacations here and 

abroad more available, better 
organized and quality controlled. 

'Ib develop 
innovative new 
fares so that 
more people can 
travel for less. 
So call your '!ravel Agent or TWA. 

TWA is what travel should be. 

That isn't just a slogan. It's a 
commitment. 
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CLIFFLIKE BOUNDARY marks the margin between the ciliated 

cells of a bronchiole, with their hairlike appendages (right and 
bottom), and the unciliated cells that line a cup·shaped alveolus, 

one of the terminal air spaces of the lung. The tissue, magnified 
3,250 times in this scanning electron micrograph, is not from the 
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lung of an infant but from a laboratory animal with analogous lung 

structures; the animal is an adult rabbit. The micrograph was 

made by one of the authors (Nai.San Wang). The hole to the left 

of center is one of many "pores of Kohn" that open onto adjacent 

alveoli; the boulder·like bodies among the cilia are Clara cells. 
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The Lung of the Newborn Infant 

Certain cells essential to lung function mature only shortly before 

birth. A way has been found to accelerate the development of these 

cells in order to prevent respiratory distress in premature infants 

by Mary Ellen Avery, Nai-San Wang and H. William Taeuscb, Jr. 

T
he major challenge faced by an in­
fant during birth is switching from 
one oxygen source to another. In 

the u.s. until recently some 25,000 in­
fants died each year because they could 
not convert from oxygen obtained 
through the placenta to oxygen obtained 
through the lungs. Most of these infants 
were born before the normal 40 weeks of 
fetal growth and maturation. When such 
respiratory distress occurs, it has a pre­
dictable time of onset: at the moment of 
birth or within minutes thereafter. 

Every infant's first breath requires 
great effort. For infants with immature 
lungs the effort continues. Immature 
lungs cannot retain air, and as the first 
breath is exhaled the lung's air spaces 
empty completely and collapse. As a re­
sult the infant finds each inhalation as 
difficult and demanding as the first. Af­
ter a time plasma may begin to leak out 
of the lung tissue and coat the air spaces. 
This glassy pink coating gives respira­
tory distress in the newborn the name 
hyaline membrane disease. 

In the past some infants with hyaline 
membrane disease recovered spontane­
ously. Many became exhausted and died 
a few hours after birth. Today intensive 
care (including assistance in respiration) 
can often carry such infants through the 
critical first five or six days of life, and 
once this period has passed most of them 
recover completely. In an effort to re­
duce the losses still further interested in­
vestigators have in recent years directed 
their attention to the maturation of the 
fetal lung, and in particular to possi­
ble ways of accelerating the maturation 
process. 

Consider the mature lung. The total 
surface area of its 300 million terminal 
air spaces is between 70 and 80 square 
meters, or nearly the size of a badminton 
court. Throughout this enormous field of 

tissue the blood courses constantly, sepa­
rated from the atmosphere by a mem­
brane only a thousandth of a millimeter 
thick. Waste carbon dioxide diffuses 
through the membrane into the atmo­
sphere as atmospheric oxygen diffuses in 
the opposite direction. 

In tracing the lung's air pathways out­
ward from their many inner terminals we 
can begin with a single alveolus (Latin 
for "little hollow"). This cup-shaped de­
pression is from two- to three-tenths of a 
millimeter in diameter; its dimensions at 
any particular moment depend partly on 
the degree of inflation. Each of the 300 
million alveoli is surrounded by a net­
work of capillaries and by supporting 
connective tissue. It is estimated that in 
the network surrounding each alveolus 
there are 2,000 segments of capillary. 

Clusters of alveoli are connected by 
numerous ducts to the next-larger air­
ways of the lung: the richly branched 
minor passageways known as bronchi­
oles. Bronchioles by the hundreds open 
onto each of the small bronchi, and small 
bronchi by the score join the two main 
bronchi, one in each lung, that lead to 
the trachea [see illustration on next 
page]. All these minor and major con­
duits are surrounded by supporting con­
nective tissue and by a dense network of 
lymphatic channels; these channels are 
more abundant in the lungs than in any 
other organ of the body. 

From the most distant alveolus to the 
trachea the airways are lined with a pro­
tective layer of epithelial cells. The cells 
differ in type according to their location. 
For example, the epithelium of the tra­
chea and the main bronchi is composed 
of a layered array of four kinds of cells: 
tall columnar cells with hairlike cilia and 
a prismatic cross section, mucus-secret­
ing goblet cells, unciliated brush cells 
and short basal cells [see illustration on 

page 78]. Farther along, in the small 
bronchi, the epithelium is reduced to a 
single unstratified layer of cells, and 
where the bronchioles branch from the 
small bronchi the cells that form the lay­
er are more cubic than columnar. Where 
the ducts that lead to clusters of alveoli 
branch from the bronchioles the bound­
ary is marked by the presence of uncili­
ated cells that were once thought to have 
a secretory function; these cells are 
called Clara cells after M. Clara, who 
first described them in 1937. 

Three more kinds of cells, each dis-
tinctly different, are found within the 

alveolus. For convenience two of the 
three are now simply referred to as Type 
I and Type II cells. The epithelium con­
sisting of Type I cells is so fine-spun that 
the cells' existence was not even ac­
knowledged by some workers until elec­
tron microscopy provided incontroverti­
ble proof of their reality. Type II cells 
are readily visible under the light micro­
scope; over the years they have been 
variously named niche cells, dust cells, 
corner cells, great alveolar cells and 
granular pneumocytes. The third kind of 
cell in the lining of the alveolus is the 
macrophage, or scavenger cell. Macro­
phages are dislodged by the millions ev­
ery day and are swept away by the blan­
ket of mucus that is continuously moved 
along all the airways of the lung by the 
cilia of the epithelial cells. 

The lungs of a newborn infant are 
necessarily much smaller than an adult's. 
The reduction in lung size, however, is 
by no means directly proportional to the 
reduction in body size. A normal new­
born infant is only a twenty-fifth the size 
of an adult. Its trachea, however, is be­
tween one-third and one-fourth the size 
of an adult's, being some six millimeters 
in diameter as compared to 20 millime-
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ters in the adult. The smaller airways, 
from two to four millimeters in diameter 
in the adult, are about half that size in 
the newborn. The alveoli too are half­
size; moreover, the newborn infant has 
only a tenth as many alveoli as the adult, 
or a total of about 30 million. (The grow­
ing child requires about eight years to 
develop the other 270 million alveoli. ) 

If the newborn infant's lungs were a 
twenty-fifth the size of an adult's, the in­
fant would soon be dead. Airways that 

1-- TRACHEA ----+:�==I 

small would offer a fatal resistance to the 
passage of air. A comparison of the air­
way resistance in the lungs of a newborn 
infant with that in the lungs of an adult 
shows how rapidly resistance increases 
as airway size is reduced. Although the 
infant's airways are only some 50 per­
cent smaller than the adult's, the resist­
ance is five to six times greater. Resist­
ance is customarily expressed in terms of 
the pressure exerted by a column of wa­
ter of variable height. The force re-

quired to overcome airway resistance in 
an infant at rest is equivalent to the pres­
sure of a water column 30 centimeters 
high. 

This value scarcely compares with the 
resistance offered by the liquid-filled air­
ways of the lung at the time of a new­
born infant's first breath. A liquid, of 
course, is much more viscous than air. 
Moreover, the supface tension at the in­
terface between air and a liquid in­
creases as the diameter of the airway 

,\:,:;,,,---- LUNG SURFACE 

(��=-----��---- BRONCHUS 

��f2:::7f(t::;:::::;;;::;:;:r;������'k-- PULMONARY ARTERY 

..,,-,:';':��,'-;;--��2,,",----'--'--:�T�---- MAIN BRONCHUS 

'2f;-+.=7------7,�;,,--- LYMPH NODE 

PULMONARY VEIN 

:=;, .. ,i:',------,--'----��-- BRONCHIOLE 

ADULT HUMAN LUNG is shown schematically, starting with the 

trachea (top left) and continuing with the many ramifications, up-

ward and downward, of the left main bronchus. The total area of 

the lung's 300 million cup-shaped alveoli is some 70 square meters. 
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diminishes. As a result the pressure re­
quired to achieve the first breath may be 
the equivalent of 80 centimeters of wa­
ter. Even under the best of circum­
stances the infant's first few breaths call 
for pressures 10 to 15 times greater than 
the pressure needed for breathing once 
the lungs are aerated. With these values 
in mind it is easy to understand why the 
infant with hyaline membrane disease, 
whose successive breaths are often as 
difficult as the first, is quickly in danger 
of exhaustion. 

I-I0w are the lungs of the fetus just be-
fore birth readied to receive the in­

fant's first breath? At this time the poten­
tial air spaces of the fetal lung are dis­
tended to about a third of their total 
capacity by a liquid termed the alveolar 
fluid. Secreted by the fetal lung, the fluid 
resembles blood plasma except that it is 
more acid and contains only a fraction as 
much protein. 

The alveolar fluid must leave the lung 
at birth. A number of studies have sug­
gested that it departs by as many as 
three separate routes. Of an estimated 
total of 50 milliliters of fluid, perhaps 15 
are passively emptied from the upper air 
spaces and pharynx of the newborn in­
fant during its expulsion from the birth 
canal. At the same time as much as 25 
additional milliliters of fluid (and most 
of the fluid's protein content) probably 
enters the infant's lymphatic system. Fi­
nally, with the introduction of air into 
the lungs and the accompanying in­
crease in blood flow through the newly 
activated organ, a part of the alveolar 
fluid probably enters the bloodstream; at 
least the difference in osmotic pressure 
between the fluid and the blood favors 
movement in that direction. 

There are two reasons why the flow of 
blood through the lungs increases imme­
diately after birth. In the fetus a shunt 
known as the ductus arteriosus connects 
the right ventricle of the heart directly 
with the aorta. Studies of fetal lambs 
have shown that 80 percent of the blood 
from the right ventricle passes through 
this shunt and never enters the lung at 
all. The effectiveness of the shunt is aug­
mented by the resistance to the flow of 
blood offered by the still undilated arte­
rioles of the lung. 

It would, of course, be of little use to 
the newborn infant to breathe in air if 
there were no flow of blood through the 
lungs. Indeed, an occasional infant 
whose lungs are normal in all respects 
but who for unknown reasons shows per­
sistent low pulmonary blood flow simply 
dies of asphyxia. Such deaths are rare, 
because normally the ductus arteriosus 

BRONCHUS -';-7.--- PULMONARY ARTERY 

TYPE II CELL--���· 

PORE OF KOHN 

MACROPHAGE--�� 

BRONCHIOLE 

RESPIRATORY 
BRONCHIOLE 

ALVEOLUS 

CLUSTERS OF ALVEOLI, forming alveolar sacs, are connected by ducts to the smallest 

air pathways of the lung: the respiratory bronchioles. Several sacs and the network of capil. 

laries that surrounds them are illustrated here. Seen in cross section is a single alveolus 

with its lining of three distinctive kinds of cell. Cells labeled Type II secrete lipids that 

reduce surface tension during exhalation and keep the lung from deflating completely. 
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CELLS OF DIFFERENT KINDS comprise the lining of various 

parts of the lung. Both in the trachea and in the bronchi (a) the 

lining consists of a deep array. Short basal cells (color) are most 

prominent at the bottom. Rising between them are (left to right) a 

brush cell, which lacks surface cilia, a goblet cell, which secretes 

mucus, and a ciliated cell, columnar in form. More of these same 

cells continue the sequence. The lining of the smaller bronchi and 

the bronchioles (b) consists of only a single layer of cells; they 
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ALVEOLUS 

are ciliated and remain columnar in form. At the boundary between 

bronchiole and alveolar duct (c) ciliated cells, columnar in form 

elsewhere, are shortened and more cube-shaped. Among them ap· 

pear Clara cells (color) with an unknown function. Lining the in. 

dividual alveolus (d) are scavenger cells (color), the attenuated 

surface cells known as Type I and the more prominent cells of 

Type II. Organelles (light color) found within Type II cells may 

be sites where surface-active lipids the cells secrete are stored. 

© 1973 SCIENTIFIC AMERICAN, INC



and the arterioles of the lung react in an 
opposite and complementary manner 
soon after the infant's first breath. The 
increase in the amount of oxygen in the 
infant's internal environment causes the 
arterioles to dilate, so that resistance to 
the flow of blood into the lungs dimin­
ishes. At the same time the ductus reacts 
to the increased oxygen by constricting, 
thereby allowing all the blood formerly 
shunted away from the lung to enter the 
pulmonary circulation. In a newborn 
lamb the blood flow to the lungs in­
creases from about 100 milliliters per 
minute before birth to some 500 milli­
liters soon thereafter; the increase is 
probably about the same in the newborn 
infant. 

p ound for pound, a newborn infant 
consumes oxygen at nearly double 

the adult rate. The reason is that two or­
gans with a high rate of metabolism-the 
liver and the brain-represent a dispro­
portionately large percentage of the in­
fant's total weight. The infant's need for 
more oxygen is met in part by its propor­
tionately large lung surface, a tenth the 
size of an adult's. Whatever deficit may 
remain is overcome by the infant's high 
rate of respiration, which is two to three 
times more rapid than the adult's. 

If at birth the immature lung collapses 
with each exhalation, how does the ma­
ture lung avoid similar collapse? Two in­
vestigators have supplied the answer to 
this question, which is related to surface 
tension. In 1955 Richard Pattie, who was 
then working with the Chemical De­
fense Experimental Establishment in 
Britain, pointed out that the alveoli of 
the lung are coated with a complex sub­
stance that made bubbles from the lung 
long-lived. Other workers later identified 
lipids and proteins that act as "surfac­
tants" in the substance. This is to say 
that these components are "surface ac­
tive," and that their activity affects sur­
face tension. For example, when the sur­
face of the lung area is enlarged during 
inhalation, the increase in surface ten­
sion contributes significantly to the elas­
ticity of the lung tissue, enhancing the 
organ's elastic recoil. Conversely, when 
the surface area of the lung decreases 
during exhalation, the surfactant brings 
about a sharp decrease in surface ten­
sion; this stabilizes the airways of the 
lung, prevents their collapse and allows 
the organ to remain partially aerated. 
The fact that the surface tension can 
change when the surface area does, 
thereby preventing collapse of the lung 
during exhalation, was first appreciated 
by John A. Clements in 1957, when he 
was associated with the U. S. Army 
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TWO LIPIDS that comprise the pulmonary surfactant, lecithin (color) and sphingomyelin 

(black), are found in roughly equal quantities in human amniotic fluid until the 28th week 

of pregnancy. Normally the quantity of lecithin increases sharply about the 35th week. If 

amniotic fluid shows no increase, the fetal lung is not maturing normally and the child 

when born is in danger of developing hyaline membrane disease. Data for this graph were 

obtained by Louis Gluck of the University of California at San Diego School of Medicine. 

Chemical Center at Edgewood, Md. [see 
"Surface Tension in the Lungs," by John 
A. Clements; SCIENTIFIC AMERICAN, 
December, 1962]. 

Investigation has shown that the 
source of this crucial secretion is the 
Type II cells of the alveolus. The Type 
II cells contain in abundance not only 
the requisite organelles (mitochondria, 
endoplasmic reticulum and Golgi bodies) 
but also the enzymes necessary for the 
synthesis of fatty substances (lipids). 
Their capacity for such synthesis can be 
demonstrated in the laboratory by incu­
bating lung tissue with glucose labeled 
with tritium, the radioactive isotope of 
hydrogen. The radioactive glucose is 
promptly incorporated within the lipids 
that accumulate in the cytoplasm of 
Type II cells. Studies with rats show that 
the half-life of these radioactive lipids is 
between 14 and 18 hours; this suggests 
that the .supply of pulmonary surfactant 
is being renewed continuously. 

Now that we know the presence of a 
natural surfactant accounts for the suc­
cess of the newborn's first breath, we 
may ask when it is that an adequate sup­
ply of the surfactant becomes available 
to the maturing fetus. Most of our infor-

mation about the stages of development 
of the fetal lung comes from the study of 
laboratory animals: lambs, rabbits, rats, 
mice and others. Autopsies of human 
fetuses, spontaneously aborted or pre­
maturely born, suggest that the human 
sequence of development, if not the 
timetable, is approximately equivalent. 
In what follows the time intervals given 
are those that apply to human fetuses. 

The lung first arises in the 24-day 
embryo as a pouch in the primitive gut. 
Thereafter the sequence of development 
follows a "wavelike" pattern. This pat­
tern was first suggested by Sergei Soro­
kin of the Harvard Medical School and 
describes a process of maturation that 
proceeds generally outward from the tra­
cheal region until it finally involves the 
most distant alveolar clusters. 

There is evidence that some three 
weeks after the formation of the pouch 
in the gut the treachea has developed 
some cartilaginous support. Three weeks 
or so later mucus glands appear, and the 
surfaces of the growing ailways have be­
come lined with columnar epithelial 
cells. Within 15 weeks the columnar 
cells develop cilia; within 16 weeks gob­
let cells have appeared among them. At 
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about the same time the process of rami­
fication has brought into being a full ar­
ray of bronchioles. The terminal air 
spaces that open off the bronchioles, 
however, do not yet show any true alveo­
li. The cell lining in the spaces consists 
only of somewhat shortened columnar 
cells, and the supporting connective tis­
sue is far more prominent than the alve­
oli-to-be are. 

By 24 weeks the cartilaginous sup­
ports of the bronchi are almost fully 
formed. In the terminal air spaces lace­
like airways are developing as the for­
merly columnar epithelial cells assume a 
squat, cubic form. During the remaining 
16 weeks of gestation the lacelike air-­
ways continue to develop, and the num­
ber of capillaries associated with the de­
veloping airways increases. Most signif­
icant, the epithelial cells continue to dif­
ferentiate, becoming mature alveolar 
cells of Type I and Type II. 

In lambs and rabbits Sorokin's wave­
like pattern of development is readily 
apparent. The upper lobes of the lungs, 
that is, the lobes nearest the animal's 
head, tend to differentiate earlier than 

the lobes that are lower and farther to 
the rear. This may be explained by the 
fact that in lambs the lower lobes have as 
many as 25 divisions of bronchi as com­
pared with a maximum of 13 divisions in 
the upper lobes. Hence the distance 
from trachea to alveolus is generally 
greater in the lower lobes. 

Maturation of the lung does not halt 
at birth. One process that continues after 
birth is ''budding,'' whereby more and 
more clusters of alveoli form along the 
terminal bronchioles. This process, 
which begins during the late fetal pe­
riod, continues in infancy and childhood. 
Edward A. Boyden and D. H. Tompsett 
of the University of Washington Medical 
School, studying the casts of infant 
lungs, have found that the newly budded 
alveoli are larger in diameter than more 
mature ones. The reason is that the new 
alveolus is more saucer-shaped than cup­
shaped; as the months pass and the num­
ber of elastic fibers that support the al­
veolus gradually increases, it assumes a 
mature cup-shaped configuration that 
decreases its diameter. Another event 
during the first year of infancy is the ap-

SMALL LUNG BUDS look like clusters of spheres in this scanning electron micrograph 

of the cut lung surface of a 20·day.old rabbit fetus, seen magnified 250 times. As the lung 

continues to mature over tbe next 11 days the buds will elongate into airways terminating 

in alveolar sacs. This micrograph and the ones that follow were also made by Wang. 
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pearance of small holes between adja­
cent alveoli. They are known as the 
pores of Kohn, after Hans Kohn, who 
first described them in 1893. The pores 
allow air to pass between air spaces if 
an air passage becomes obstructed. 

We have seen that the performance of 
the newborn infant's lung depends on 
certain natural lipid surfactants that in­
fluence the surface tension of the air 
spaces and also that the surfactants are 
secreted by the Type II cells of the al­
veoli. It follows that the fetal lung will 
be deficient in lipids until after the time 
that Type II cells differentiate in the nor­
mal course of fetal maturation. At the 
Harvard School of Public Health in 1959 
one of us (Avery) and a colleague, Jere­
miah Mead, showed that the premature 
infant's fatally unstable lung was de­
ficient in surfactants. At the Johns Hop­
kins Hospital in 1961 Avery and a sec­
ond colleague, Sue Buckingham, exam­
ined the lungs of fetal mice at various 
stages of development and found that 
the first appearance of surfactant in the 
mouse lung coincided with the differen­
tiation of Type II alveolar cells and with 
the presence within Type-II-cell cyto­
plasm of certain organelles that stained 
readily when exposed to osmic acid. 
Such organelles are called osmiophilic. 

Later work has demonstrated that the 
osmiophilic bodies are associated with 
the surfactant. In the absence of surfac­
tant in the alveolar tissue the bodies are 
either altered in appearance or few in 
number, suggesting that they are or­
ganelles that store the surfactant after 
the Type II cell synthesizes it. 

In human fetuses osmiophilic bodies 
may appear in small numbers as early 

as the 20th week of gestation. The 
bodies are usually present after 26 
weeks. Surfactant too is found in some 
fetal lungs as early as the 26th week and 
is evident in most lungs between the 
28th and 32nd week. In contrast to this 
picture, examination of the lung tissue of 
premature infants who have died soon 
after birth of hyaline membrane disease 
shows that the cells of the terminal air 
spaces are still cubic in form and that 
the cell cytoplasm contains few, if any, 
osmiophilic bodies. When premature in­
fants do not die until a few days after 
birth, autopsy shows that the cell cyto­
plasm of the terminal air spaces often in­
cludes osmiophilic bodies. The obvious 
inference is that development of these 
surfactant reservoirs is a prerequisite 
to spontaneous recovery from hyaline 
membrane disease. 

Since the lung arises from a pouch in 
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SAUCER·SHAPED DEPRESSIONS in the stretches of cratered 

tissue are potential alveoli; shown in this scanning electron mi. 

SINGLE ALVEOLAR DEPRESSION in the tissue illustrated 

above appears magnified 2,000 times in this scanning electron mi. 

crograph is the cut surface of a rahbit lung the day before birth, 

magnified 450 times. One of the depressions is illustrated below. 

crograph. The cells of the alveolar surface are more cuboidal and 

more closely packed than in an adult (see illustration on page 74). 
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TAS 

TISSUE SECTION from the lung of an adult rabbit sbows a few of the final branchings of 

lung air pathways; the section is magnified 200 times in this scanning electron micrograph 

(lOp). At lower left a .respiratory bronchiole (B in diagram, bottom) forks to left and to 

right into two alveolar ducts (AD 1 and AD 2 in diagram). The left fork ends in two ter· 

minal air spaces (T AS); the right fork forks again (2A, 2B) and ends in other air spaces. 

the gut and is made effective by a secre­
tion from a differentiated epithelial cell, 
Buckingham was led to wonder whether 
lung epithelium and gut epithelium have 
any responses in common. Florence 
Moog of Washington University had 
found that she could accelerate the ap­
pearance of one kind of gut-enzyme ac­
tion in newborn mice by injecting the 
animals with adrenal steroids. When she 
gave nine-day-old suckling mice doses of 
steroid, the activity of the enzyme phos­
phatase in the gut increased, reaching a 
level normally seen in 20-day-old mice. 

Before we could do more than specu­
late what might happen if lung epitheli­
um were similarly treated, we received 
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information from New Zealand, where 
G. C. Liggins, an obstetrician in Auck­
land, was using sheep to study the role 
of the fetal adrenal gland in the onset of 
labor. To induce premature delivery 
Liggins injected a number of fetal lambs 
with steroids. His method worked, and 
as an entirely unexpected by-product of 
the experiment he found that some of 
the premature lambs survived even 
though they were born as early as the 
118th day of a normal 147-day gestation 
period. 

Liggins' results surprised workers at 
Johns Hopkins, where some time earlier 
George Brumley and his colleagues had 
concluded that the amount of pulmonary 

surfactant present in fetal lambs before 
the 125th day of gestation is insufficient 
to stabilize the air spaces of the lung. 
Robert deLemos and his associates at 
Johns Hopkins immediately decided to 
test the possibility that Liggins' steroid 
injections had accelerated the matura­
tion of the fetal lambs' lungs. Selecting 
ewes that were carrying twin lambs, they 
injected one twin in several pairs with a 
corticosteroid but left the other twin un­
treated. They then examined both twins 
from 16 hours to three days after the 
time of injection. The lungs of all the 
lambs that had received the injection 
were more mature than the lungs of their 
twins . 

.N. McGill University one of us (Avery) 
and Robert V. Kotas, both of whom 

had formerly worked at Johns Hopkins, 
decided to repeat and expand on the ear­
lier lamb studies, using rabbits as the ex­
perimental animals. It was just possible, 
we thought, that the phenomenon was 
confined to sheep. In our first experiment 
we gave one or more of the fetuses in the 
litters of several doe rabbits a single in­
jection of steroid on the 24th day of ges­
tation. (The normal gestation period is 
31 days. ) The litters were then examined 
on either the 26th or the 27th day. The 
lungs of the injected fetuses were ap­
proximately twice as mature as the lungs 
of their littermates; they respectively re­
sembled the lungs of 28- and 29-day rab­
bits. 

In a second experiment we found that 
injected fetal rabbits, when delivered 
prematurely, were able to keep their 
lungs inHated and hence survived on the 
average four times longer than their un­
injecied littermates. 

In all the injected rabbits it was clear 
that the steroid had accelerated the dif­
ferentiation of the lung epithelial cells. 
Microscopic examination revealed that 
the cells in the alveoli had changed from 
a cubic form to a more Hattened one and 
that osmiophilic bodies were abundant 
in the cell cytoplasm. As we had antici­
pated, pulmonary surfactaqt also had 
appeared ahead of schedule. The injec­
tions had no effect, however, on the 
Clara cells in the bronchioles; precisely 
what role the Clara cells play in the 
lung remains uncertain. 

As a part of our experiment we in­
Hated a number of fetal lungs to test 
their capacity to be distended. We 
found that at any given distending pres­
sure the lungs from cortisone-treated 
fetuses would hold more air per gram of 
lung tissue than those from untreated 
littermates. The finding provided further 
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UOP TEAMWORK IN TECHNOLOGY 

"THE END OF 

Mr. Price: By 1976 air 
pollution from new cars will 
be nearly eliminated by 
factory-installed controls 
using, in many cases, our 
UOP emission control 
catalysts. This won't help 
the older cars, though. A 
single 1968 car, on the 
average, will pollute the 
atmosphere as much as 
thirty-two 1976-model cars. 

Mr. Logan: That's why 
there's a big potential for 
effective retrofit devices such 
as our Mini-VerterTM. Millions of 
people live in severely-polluted 
areas that can't wait ten years, 
Bob, until new cars with 
emission controls replace 
the older cars. 

THE BEGINNING!' 
Highlights of a dialog between John O. Logan, President of 
Universal Oil Products Company, and W. Robert Price, Jr., 
Corporate Vice President. 

Mr. Price: The Mini-Verter 
certainly has a lot of ad­

vantages for use in regional 
air quality programs. It's 

simple, easy to install and 
effective. Road tests show 
that on a 1972 automobile 

the Mini-Verter reduces 
harmful reactive emissions 

by about 75%. On older, pre­
controls cars, the Mini-Verter 

Retrofit System will remove 
about one ton of pollution per 

year! 

Mr. Logan: Tests also show the 
Mini-Verter catalyst remains 

active over 50,000 miles, with 
only minor maintenance at 

25,000. But the best news is that 
use of the Mini-Verter makes it 
possible to tuneup a car for peak 
performance while reducing 
pollution at the same time. 

Mr. Price: Fleet operators will 
be happy to learn the Mini-Verter 
System costs one-third to one­
fifth as much as liquefied gas 
conversions and with none of 
the inconveniences. Emissions 
are even lower, too! 

Mr. Logan: Perhaps the end of 
the battle for cleaner air is in sight. 

Mr. Price: At least, John, with 
the help of our new Automotive 
Products Division, it may be the 
end of the beginning of the fight. 
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Photo of actual ranch/and taken at Sangre de Cristo Ranches 

Where the deer and the antelope play 
Sangre de Cristo Ranches. Midway between Denver and Albu­
querque. Where the Kit Carson Trail meets the Navajo Trail in 
beautiful Southern Colorado. 

Big country. Wide open spaces. Majestic mountains surround­
ing green hillsides of the sleepy San Luis Valley. Rugged, yet 
serene. Crisp, clean air, scented with sagebrush and pine. 

You can own land here. Leg-stretching, five-acre minimums. 
Land for ranches. For vacations. Retirement. For settling down 
and getting away from it all. For long term investment. To leave 
to your kids and for them to leave to theirs. 

This is good land. Land you can see for yourself. Land you can 
stand on and dig into. It's a subdivision of the gigantic, 260 square 
mile Forbes Trinchera Ranch. Forbes Inc., publishers of Forbes 

r----------------------------------------------------, 
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Sangre de Cristo Ranches Inc. 
DIVISION OF FORBES MAGAZINE 
Box 2000, Old Chelsea Station, New York, N.Y. 10011 

Without obligation, please send me FREE, more 
information on the Sangre de Cristo Ranches. 

Name ____________________________________________ ___ 

Address ____________________________________________ _ 

City __________________________ County ________________ _ 

State ______________________________ --'-Zip ______ _ 

A statement and oftering statement has been filed with the Department of State of 
the State of New York. The filing does not constitute approval of the sale or lease 
or offer f or sale or lease by the Department of State or any officer thereof or that 
the Department of State has in any way passed upon the merits of such offering. 
A copy of the offering statement is available, upon request, f rom the subdivider. 
NYA 72·833 
A450 AD 6609 (bl 

L ___________________________________________________ _ 
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Magazine and owners of Sangre de Cristo Ranches Inc. acquired 
the Trinchera Ranch some years ago. One of the oldest of the 
remaining big ranches in America, it ranks among the best known 
hunting preserves for deer, elk, game birds and other wildlife. 

Located near the intersection of U.S. Route 160 and Colorado 
Highway 159 just outside Fort Garland, Colorado, Sangre de 
Cristo Ranches are spread over thousands of rolling acres which 
rise to the towering mountain peaks of the Trinchera and Mount 
Blanca. 

Since Forbes Inc. began offering this section of its big ranch for 
home sites, thousands of people have come from all over the nation 
to see this magnificent land, to purchase their own Sangre de 
Cristo Ranch. 

Important guarantees backed by Forbes Magazine's distinguished 
reputation have contributed much to the Sangre de Cristo success 
story. Every investor is double protected: he has twelve months 
after his first payment during which he can-and is urged-to visit 
his ranch. And if it doesn't fully meet expectations, he can have 
all payments promptly refunded. Or if he simply changes his mind 
within sixty days of making his first payment, his money will be 
returned promptly. 

You can own part of this breathtaking land for just $50 month­
ly. With no interest or carrying charges, the total cost of these 
five-acre ranches is just $5,000. Other Sangre de Cristo ranch sites 
are available on comparable terms at prices ranging from $3,500 
to $7,500. This offer presents a wonderful opportunity for long 
term investment in the great southwest. 

For complete details on these ranches, without obligation, sim­
ply fill in and mail the coupon below to Sangre de Cristo Ranches, 
Box 2000, New York, N.Y. 10011. 

SANGRE DE CRISTO RANCHES INC .• is a duly registered subdivision developer in and 
under &oe laws of the State of Colorado. This registration is not to be cunstrued to 
imply state endorsement of the subdivision. 
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evidence of the surfactant's effect on the 
elasticity of the lung. 

Just how adrenal steroids trigger the 
differentiation of Type II alveolar cells is 
unclear. Moog's findings with respect to 
gut epithelium lead us to suspect that a 

steroid or some metabolic product of a 

steroid activates the enzyme systems 
that mediate the synthesis of the surfac­
tant. In any event it is clear that acceler­
ated maturation of the Type II cells en­
ables an otherwise immature organism to 
live at a gestational age when survival is 
normally impossible. 

How might this fact be put to use in 
terms of medical application? One an­
swer may lie in the results of work by 
Leonard B. Strang and his colleagues at 
University College Hospital in London. 
Some time ago Strang's group demon­
strated that the lung itself secretes the 
alveolar fluid that partially fills the fetal 
lung at the time of birth. Some of the 
fluid continuously overflows into the am­
niotic fluid bathing the fetus. The alveo­
lar fluid contains trace amounts of vari­
ous large molecules; among them are the 
two principal lipids-lecithin and sphin­
gomyelin-that represent the bulk of the 
pulmonary surfactant. 

Louis Gluck of the University of Cali­
fornia at San Diego School of Medicine 
has shown that as gestation advances the 
relative abundance of the two lipids 
changes. The closer the lung is to ma­
turity, the more abundant lecithin is in 
the alveolar fluid and the scarcer sphin­
gomyelin is. For this reason Gluck has 
suggested sampling the amniotic fluid, 
where both lipids should be present be­
cause of the overflow from the lung late 
in pregnancy. By determining the rela­
tive abundance of the two lipids it 
should be possible to assess the degree of 
lung maturation in the fetus. 

)l the least such an assessment would 
help the physician to identify the 

fetus with a greater than average pros­
pect of hyaline membrane disease. At 
the most an adverse finding might allow 
treatment of the fetus to hasten the dif­
ferentiation of Type II cells in the im­
mature lung. Already preliminary studies 
from Liggins' group in Auckland are 
promising: they find that treatment of 
the mother with steroid before the 32nd 
week of pregnancy can prevent hyaline 
membrane disease. The ability to assess 
lung maturation in combination with the 
ability to accelerate the maturation proc­
ess before {and even after} birth should 
substantially advance the physician's ca­
pacity to improve the outlook for the 
prematurely born. 

Large observatory telescopes optically folded into compact portables. lCa%o .. -
sharp Schmidt-Cassegrain optics. Apertures suHiciently large to make higher 
powers really worth using in telescopes light enough to pack away on vaca­
tion. Plus sharper images over a wider flat field than any other commer­
cially available telescope. 

Celestron S. A table-top observotory, bannister tele­
scope or telephoto lens to observe or photograph 
Moon, planets and nebulae, or the veined wings of 
a bee at 12 feet. ( Useful powers: 2S.300X, WI.: 12 
Ibs .• Base Price: $595) 
Celes.ron 8. A portable observotory in a suitcase for 
amateur astronomers to observe or record planetary 
features, compact stor clusters, filamentary details of 
nebuloe. (50·500X, 23 lb •. , $8951 

Celestron 14. The world's largest one-man-portable 
telescope. High-transmission optics reveal delicate 
contrast levels of planetary markings. nebulae and 
spiral galaxies. (50·S50X. lOS Ibs .• $3.600) 
Se. the world around you through the eyes of 
Cel.stron owners. Subscribe to Ce'eslron Tech· 
nlques. $2 for 4 Issues. 

Celestroll Pacific 2430 Amsler Box 357B A Torrance, Calif. 90505 
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• To learn about what lives in coastal 
waters, marshes, and estuaries, and 
why. 

• To support the littoral Society's coast­
al zone conservation projects. 

• To receive Society publications - a 
quarterly journal, newsletters, conser­
vation alerts. 

Annual dues are $7.50 ($5 for students> 
and help support the littoral Society's 
conservation projects. 

AMERICAN LlTIORAL SOCIETY 
HIGHLANDS, NEW JERSEY 07732 

To join the littoral Society, please fill 
in the coupon below: 
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American littoral Society. 

Enclosed is my check for $". 
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STATE ......................... ZIP 
Dues are tax deductible. 
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GIORDANO BRUNO 

It is generally assumed that he was burned at the stake because 

he espoused the Copernican system. It appears, however, that he 
believed in the system more for mystical than scientific reasons 

by Lawrence S. Lerner and Edward A. Gosselin 

E
arly in the morning of February 17, 

1600, after eight years of inter­
rogation and solitary confinement, 

Giordano Bruno was burned at the stake 
for heresy and monastic apostasy on the 
Campo dei Fiori in Rome at the behest 
of the Roman Inquisition. Among other 
offenses, Bruno had espoused the Co­
pernican view that the earth revolved 
around the sun and had maintained that 
most, if not all, heavenly bodies were 
populated with living beings just as the 
earth was. Thus, as is well known, 
ecclesiastical obscurantism reduced to 
ashes a leading forerunner of modem 
science. Within a generation the same 
forces would attempt to extinguish the 
last luminary of the Italian Renaissance: 
Galileo Galilei. When the Risorgimento 
returned light and learning to Rome al­
most three centuries later, the intellec­
tuals of the world were not slow to ac­
claim Bruno as the first martyr of the 
new science and as a precursor of the 
persecuted Galileo. 

It is not difficult to see how this view 
of Bruno arose from the constant war­
fare in the 18th and 19th centuries be­
tween the large majority of intellectuals, 
who were liberal and anticlerical in out­
look, and the strongly reactionary Pa­
pacy. It is nonetheless superficial and 
quite misleading. Its generalizations ob­
scure both Bruno's fascinating personali­
ty and his rich contribution to the philo­
sophical foundations of the scientific 
revolution. The real reasons for his con­
demnation have likewise been obscured, 
as has the intricate connection between 
his persecution and the persecution of 
Galileo. 

Giordano Bruno was born in 1548 in 
the small city of Nola, near Naples. At 
the age of 15 he joined the Dominican 
order and received a thoroughly Scholas­
tic education. He began his career as a 
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scholar in Naples, where he appears to 
have been in demand as a teacher of the 
then fashionable art of mnemonics. It 
was at this time that his unorthodox 
streak first came to the surface. In 1576 
he was forced to Bee Naples as a rene­
gade monk under a cloud of accusations 
of heterodoxy, one of the charges being 
that he had read the prohibited works 
of Erasmus and had hidden them in his 
privy. 

By this time Bruno's religiOUS and 
philosophical views had already solidi­
fied. He had embraced the system of be­
lief called Hermetic-Neoplatonism, and 
on it his entire career was based. We 
shall discuss the Neoplatonic view and 
its bearing on Bruno's physical science in 
due course. For the moment we need 
only remark that Bruno saw Neoplato­
nism as a basis for reconciling Catholics 
and Protestants in an era of violent re­
ligious warfare. 

Bruno's Bight took him to Rome, but 
he did not remain there long. He 

wandered through Italy, Switzerland 
and France, making his living by lec­
turing on and tutoring in the art of mem­
ory. He seems to have abandoned his 
monk's habit on several occasions and 
then resumed it. We have few details, 
but because of his tactlessness and bel­
ligerence in dispute he left less than cor­
dial feelings behind him in most of the 
places where he stayed. In 1581 Bruno's 
wanderings brought him to Paris. There 
he attached himself to the Palace Acad­
emy, a group of literary men and phi­
losophers in the court of Henri III. 

Henri is often represented as a weak 
and indecisive king, wavering continual­
ly and dishonorably between the ultra­
orthodox Catholic faction led by the am­
bitious and powerful Guise family and 
the equally powerful Protestant faction 

led by the Bourbon-Navarre family. 
Henri's personal life, particularly the fact 
that he was a homosexual and a trans­
vestite, has not enhanced his reputation. 
Yet Henri labored-not entirely without 
success-to avert the utter disintegration 
of a France polarized and tom by civil 
war. His purpose in founding the Palace 
Academy was to nurture a nondoctrinal, 
philosophical basis for the political rec­
onciliation of the Catholic and Protestant 
factions. It was in this atmosphere that 
Bruno's message of religious reconcilia­
tion fell on receptive ears. 

In 1583 Bruno received royal letters 
of recommendation to Michel de Cas­
telnaud, Marquis de Mauvissiere, who 
was Henri's ambassador at Queen Eliza­
beth's court. Bruno moved to London 
and remained attached to Mauvissiere's 
retinue until 1585, when the ambassador 
was recalled to Paris as a result of politi­
cal realignments at home. During this 
English sojourn Bruno wrote his most 
important works: six Italian dialogues. 
One of them, The Supper of Ashes (La 
Cena de le ceneri), is Bruno's major ex­
position on the Copernican theory. It is 
a strange and difficult dialogue, full of 
rich and denunciatory polemic. The view 
that Bruno was a scientific precursor of 
Galileo is based mainly on the apparent 
subject matter of this book. 

After 1585 Bruno resumed his wan­
derings through Europe, lecturing and 
writing and almost always managing to 
remain a center of violent controversy 
wherever he went. He continued to de­
velop his "true philosophy," which he 
hoped would be the basis for a recon­
ciliation not only of Catholic and Protes­
tant but also of man and God. Believing 
that the triumphal accession of the toler­
ant, newly converted Henri IV to the 
Catholic throne of France presaged the 
achievement of his mission, Bruno rashly 
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returned to Italy in 1592 with the idea 
that he could eventually convert the 
Pope to his philosophy. His Venetian 
host betrayed him to the local Inquisi­
tion, which then turned him over to its 
Roman counterpalt. Eight years later 
Bruno was led from his dungeon and, 
after scoffing at his executioners and 
avelting his eyes from the proffered cru­
cifix, was burned. 

The Inquisition had been in no hurry 
to dispatch Bruno, since it did not regard 
him as an imminent threat. Indeed, his 
long imprisonment was in large measure 
a macabre colloquium, partly oral and 
partly written, in which each side tried 
to convince the other of the error of the 
other's views and the correctness of its 
own. It is interesting to note that the In­
quisition gave scant attention to Bruno's 
advocacy of Copernicanism. When Bru­
no once raised the issue, perhaps hop­
ing to sidetrack the Inquisitors, they 
dropped the subject immediately, pass­
ing instead to the question of Bruno's re­
lations with Henri III, Henri IV and 
Queen Elizabeth. Moreover, Bruno's 
eventual execution seems to have been 
the Pope's part of a minor political qUid 
pro quo with Spain, whose antipathy 
toward Bruno was far stronger and more 
immediate than that of the Papacy. 

Bruno stated on several occasions that 
his mission to London in the 1580's 

was an official one. Although there is no 
incontrovertible evidence to support the 
claim, there is no doubt that Bruno's 
philosophical aims were entirely in line 
with the political goals of the French 
monarchy. In the interminable three­
sided struggle for political ascendancy 
between Spain, France and England the 
Spanish had gained the upper hand. It 
was thus only natural for France to seek 
closer ties with England as a counter­
balance. The French crown, however, 
was committed at least nominally to the 
Catholic side in the convulsions that 
shook Europe in the aftermath of the 
Protestant Reformation. As a result such 
a political commitment was a very 
touchy matter indeed. Ultra-Catholic 
Spain stood ready to back a take-over by 
the Guises in France, or by their kins­
woman Mary Queen of Scots in England, 
at the fir.st opportune moment. 

The liberal Catholic intellectuals in 
France and their inHuential liberal Prot­
estant counterparts among the English 
courtiers urgently sought to find out 
what bonds could be forged between 
them. Such an intellectual link could be­
come a powerful counterbalance to the 
doctrinal objection to a French-English 

alliance. The English cOUltiers included 
such many-sided Renaissance men as 
Sir Philip Sidney, the poet-philosopher; 
John Dee, the astronomer-technologist­
magician and royal astrologer; Thomas 
Digges, the Copernican savant; William 
Gilbert, the royal physician, mystic phi­
losopher, pioneer in magnetism and one 
of the few men to be Singled out by Gali­
leo for scientific praise, and Sir Fulke 
Greville, the courtier-intellectual-poet. It 
was to this circle that Bruno gravitated 
in England, and it is with respect to this 

circle that we must seek Bruno's aims. 
Like Galileo's two largest works, The 

Supper of Ashes is in the form of a dia­
logue in Italian. Most of the intellectuals 
at Elizabeth's court were fluent in that 
language; the Queen herself enjoyed 
showing off her profiCiency. Knowledge 
of Italian was not otherwise widespread 
in England (or for that matter in France), 
and this suited Bruno's purpose. That 
purpose was nothing less than the estab­
lishment of a Christian commonwealth, 
guided by his philosophical principles 

PTOLEMAIC SYSTEM OF THE UNIVERSE ( top half) was compared with the Copernican 
system (bottom half) by Giordano Bruno in his dialogue The Supper 0/ Ashes. Bruno used 
the diagram to demonstrate the ignorance of his anti-Copernican adversaries Nundinio and 
Torquato; in a real debate at Oxford in 1583, Bruno was defeated by the Ptolemaicists large­
ly on the basis of his own evident ignorance of the Copernican system. For example, in the 
bottom half of the illustration he put the earth and the moon on a common epicycle about 
an imaginary point in orbit around the sun, rather than placing the earth in an orbit around 
the sun and the moon in an orbit around the earth. Symbols from the outside in represent 
the fixed stars, Saturn, Jupiter, Mars, the sun, Venus and Mercury. Original wood-block en· 
gravings are white on black; they are reproduced with permission of Harvard College Library. 
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under the benign hand of Queen Eliza­
beth. Her tolerant and ambiguous stand 
on theological matters, together with 
her intellectual leanings, made her in 
Bruno's view a likely candidate. At other 
times in his career Bruno seems to have 
favored Henri III and particularly Henri 
IV in the same role. 

The dialogue revolves around the re­
counting of a stormy debate supposed to 

have taken place at Greville's house on 
Ash Wednesday in 1584. The dialogue 
within a dialogue involves "The Nolan" 
(that is, Giordano Bruno of Nola) in a 
defense of the Copernican theory against 
Torquato and Nundinio, two thinly dis­
guised caricatures of pedantic, logic­
chopping, hairsplitting, orthodox Protes­
tant Oxford scholars. 

In making their way to Greville's 

ILLUMINATION OF A SPHERE (presumably tbe eartb) by a small luminous object is one 
of Bruno's thought experiments from The Supper of Ashes. Tbe small luminous object, if 
placed a short distance above the nonluminous sphere, will illuminate a small part of the 
sphere. At successively more distant locations (labeled b) the source illuminates larger and 
larger areas of the sphere (labeled cd, ef, gh and ik). According to Bruno, when the source 
is removed to infinity, the entire sphere will be illuminated. Curiously, the points on the 
diagram are denoted by symbols different from those used in the accompanying text. 
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house Bruno and his friends encounter 
hilarious tribulations. To begin with no 
one arrives to pick them up at the ap­
pointed hour. They fall into the hands of 
feeble, insane boatmen whose boat leaks 
like a sieve. After disembarking they find 
themselves in an alley where they sink 
into a bottomless mudhole. Having 
struggled through the mire, they find 
themselves nearly where they started. 
They make their way through crowds 
of bestial, ill-natured townsfolk who go 
out of their way to push, trip and molest 
them. When they arrive at Greville's 
house, they are rudely b·eated by hang­
ers-on until finally they enter the sanc­
tum of the genteel Elizabethan courtiers. 
Bruno intends this passage to symbolize 
the decay into which society has fallen 
as a result of the total obscuration of the 
true religion and philosophy. 

The debate finally begins. The nature 
of the debate and of Bruno's oppo­

nents is best demonstrated by Bruno's 
ll1Qcking prose in translation. Teofilo, 
Bruno's mouthpiece, describes Torquato 
as he rises to speak: 

"With the same emphatic attitude in 
which Jove appears in Ovid's Metamor­
phoses, sitting in the midst of the coun­
cil of the gods on the point of pronounc­
ing that tremendous sentence against the 
profane Lycaon, ... Torquato, having ad­
mired his own gold chain ... , rose, with­
drew his arms from the table, shook his 
back a little, puffed and sprinkled a little 
with his mouth, arranged the velvet bi­
retta on his head, twirled his moustache, 
put his perfumed face in order, arched 
his brows, expanded his nostrils, settled 
himself with an oblique look. .. , pointed 
the first three fingers of his right hand 
and began to wag it back and forth, say­
ing: 'Tunc ille philosophorum proto­
plastes? [Are you then the foremost of 
philosophers?], " 

Such are Bruno's preposterous anti­
Copernican opponents. Yet it is clear 
from Bruno's remarks that he regards 
Copernicus as a great mathematician. 
Nevertheless, according to Bruno, Co­
pernicus failed to understand the true 
metaphysical meaning underlying his 
phenomenological calculations. Convey­
ing the "true" meaning is of course the 
aim of The SuppeT of Ashes. 

As we have mentioned, the dialogue 
purports to be a defense and enlarge­
ment of the Copernican view that the 
earth moves around the sun, rather than 
the opposite view, on which the Ptole­
maic system was based. When one be­
gins to inspect the argument carefully, 
however, one is sUlprised to find that 
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Copernicanism is simply not what the 
dialogue is about. Taken literally, Bru­
no's scientific arguments, two of which 
we shall discuss further, are a congeries 
of almost pure nonsense and non se­
quitur. The fact that we find them so 
from the vantage point of modern sci­
entific knowledge is not to the point. 
What is impOltant is that Bruno's con­
temporaries would also have perceived 
them as nonsensical, had they chosen to 
interpret the arguments literally. If they 
had, his enemies might well have ridi­
culed him, but they hardly would have 
bothered to burn him at the stake. 

Since it is evident that the scientific 
arguments could not have been intended 
to be taken literally, what was the sense 
in which they were intended? The an­
swer to that question makes it possible 
to understand the connection between 
Bruno and the scientific revolution. It is 
also vital for an understanding of the 
precise way in which Bruno's ghost hung 
as an incubus over Galileo in his vain 
attempt three decades later to convince 
the Inquisition that his views were nei­
ther heretical nor politically dangerous. 

Bruno appears to have deliberately 
chosen the Copernican theory as a ve­
hicle for introducing his own philosoph­
ical views, partly because there was con­
siderable current interest in it and partly 
because it could be adapted to his own 
theories. In addition Bruno and his con­
temporaries had reason to perceive Co­
pernicus as a reviver of magical Pythag­
oreanism, which they regarded as one of 
the sources of the Hermetic-Neoplatonic 
tradition. First, the Pythagoreans had 
held a heliocentric view; second, Coper­
nicus had alluded in his De revolutioni­
bus oTbiwn coelestium to Hermes Tris­
megistus, the reputed founder of the 
Hermetic-Neoplatonic tradition. 

Bruno's "scientific" arguments range 
widely. He discusses astronomical, phys­
ical, geological, archaeological and ge­
ometrical questions. They are entirely 
nonscientific in the modern sense and 
must be evaluated in terms of the place 
they occupy in late-Renaissance thought. 
One aspect of his approach is revealed in 
his treatment of optical thought experi­
ments. Bruno discusses the objection to 
the Copernican theory that as the dis­
tance between the earth and Venus var­
ies, the apparent size of Venus should 
change. He replies that, although the 
size of a nonluminous or opaque body 
diminishes with distance, this is emphat­
ically not true of a luminous body, be­
cause the visibility of the luminous body 
depends on its brightness. As a result 
its distance cannot be deduced. Bruno 

SUN IS LARGER THAN THE EARTH according to one of Bruno's proofs. If the sun (B) 
were smaller than the earth (C), then the shadow cone (DE) cast by the earth would di· 
verge.lf, on the contrary, the sun (A) is larger than the earth (C), the shadow cone (HIF) 
will converge. Bruno reasoned: We know that the earth's shadow never eclipses Mercury, 
therefore the sun must be bigger than the earth. He overlooked the fact that Mercury lies 
between the sun and the earth in both the Copernican and the Ptolemaic systems. If he had 
used Mars instead of Mercury, his argument would have been correct, at least in principle. 

scoffs at his opponents, demonstrating 
the absurdity of their arguments by 
means of a fallacious argument of his 
own. He maintains that if the distance 
from the observer to a luminous object 
(such as a candle) were repeatedly 
halved, the size of the object would in­
crease to "whatever size you can think 
of." Obviously this would be absurd. 
Bruno ignores the fact that this argu­
ment applies to opaque objects as well 
as to luminous ones. 

Strangely enough, Bruno pursues the 
fallacious argument to a correct con­

clusion: To a distant observer on another 
"star" the earth would look like a star. 
The size of the dark continents would 
apparently shrink as the distance in­
creased, whereas the shiny oceans would 
not. Ultimately the earth would appear 
entirely starlike. Conversely, Bruno con­
cludes that many of the stars are essen­
tially the same as the earth, only their 
great distance from us obscures their ad­
mixture of land and water. 

Bruno generalizes the argument in a 
curious way. A small luminous body a 
.short distance above a larger nonlumi­
nous sphere will illuminate a small part 
of the sphere [see illustration on opposite 
page]. As the distance between the two 

bodies increases, a greater part of the 
larger body will be illuminated until an 
entire hemisphere is illuminated. Now, 
says Bruno, increase the distance still 
further. More than a hemisphere will be 
illuminated, and when the distance be­
comes infinite, the entire nonluminous 
body will be illuminated! 

Bruno has a further generalization. 
Consider two small luminous bodies be­
tween which lies a larger opaque body, 
so that the light from either luminous 
body cannot reach the other. If the dis­
tance between the bodies is increased 
without limit, the opaque body will 
shrink to nothing, whereas the two lu­
minous bodies will remain the same size. 
At a sufficient distance the opaque body 
will no longer impede the passage of 
light between the luminous bodies. 

In modern terms these pseudogeo­
metric demonstrations have nothing at 
all to do with the Copernican theory. In 
Bruno's terms they turn the Copernican 
theory into one grand metaphor (or, as 
Bruno would put it, an emblem) of his 
own philosophy. Once we realize that 
Bruno was using the Copernican theory 
purely as a philosophical metaphor, his 
mathematical and physical blunders fade 
into inSignificance. If more proof is need­
ed of his total unconcern for his own lack 
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AN OPAQUE BODY between two smaller luminous bodies will 
not impede the passage of light from one to the other if the two 

luminous bodies are far enough apart. As one of the sources is 
moved to successively more distant points from the opaque body 

(smaller circle), the angle at the source becomes more acute. At a 
sufficient distance K the angle is in Bruno's words "so acute that it 

will . . .  appear . . .  as a line . . . .  So it follows necessarily that two more 
luminous bodies . . .  will not be impeded from seeing each other. " 

of understanding of the essential details 
of the heliocentric view, we can refer to 
his ignominious defeat in a debate on 
the Copernican hypothesis held at Ox­
ford in 1583. In appealing to De revolu­
tionibus at one point in the debate, 
Bruno appears to have misinterpreted a 
diagram. More remarkable, his defense 
of Copernicus was based not so much on 
De revolutionibus as on a work on magic 
by the Florentine Neoplatonist Marsilio 
Ficino. The incident is transformed in 
The Supper of Ashes; there Bruno is 
made to appcar as the victor, although 
his misinterpretation is preserved. He 
puts the ()arth anu the moon on the same 
cpicycle, instead of having the moon's 
epicycle revolve around the emth. Still 
more convincing eviuence of Bruno's 
lack of interest in astronomical details is 
a flat statement by Bruno himself in the 
dialogue. When the argument gets down 
to details, the Nolan says impatiently: "I 
do not care much about Copernicus, and 
I care little whcther you or others under­
stand him." Elsewhcre he states that he 
cares not at all for such things as optics. 

Bruno's real interest in heliocentrism 
was that it implies that the earth is not 
the only center of the universe. The im­
plication allowed him to put fOlth his 
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own views that the universe is infinite 
in extent, and that it contains an infinite 
number of worlds, each of which can be 
considered as much the center of the uni­
verse as any other. Bruno's belief in a 
centerless or multicentered universe was 
derived from the 15th-century Platonist 
Nicholas of Cusa, who had spoken phi­
losophically of a universe of indetermi­
nate dimensions whose "center is every­
where and whose circumference is no­
where." Indeed, this slogan embraced 
the Hermetic (and hence the Bnmian) 
definition of man. According to Bruno, 
the universe exhibits the same infinitude 
physically as the human mind does in­
tellectually. The universe is therefore a 
fitting creation of an infinite God who is 
All in All. It is also a fitting object of 
contemplation for the infinite receptacle 
that is man's mind. The mystical element 
in all of this is perfectly obvious. Accord­
ing to Aristotelian-Neoplatonic psychol­
ogy, the mind becomes what it contem­
plates. Thus man-microcosm becomes 
universe-macrocosm and as a result is 
brought closer to the Creator. 

I n the light of these arguments a picture 
of Bruno emerges that is quite differ­

ent from the one with which we began. 

He was truly a Renaissance man and in 
no sense a modern one. He reflected the 
holistic approach of the Renaissance in 
that he believed all knowledge is inter­
esting because all knowledge is inter­
related. The aim of, and the key to, this 
interrelation is understanding the place 
of man in the universe, that is, the rela­
tionship between man and God. Knowl­
edge is useful insofar as it elucidates that 
essential relationship. Like all knowl­
edge, physical knowledge is seen as part 
of a vast metaphor. The details are of 
little importance as long as they do not 
disturb the metaphor. 

Although Bruno eventually does de­
scribe some central aspects of Coperni­
cus' theory, his description of the earth's 
motions differs significantly from that of 
Copernicus. This discrepancy is attribut­
able in part to Bruno's limited under­
standing of astronomical details and in 
part to his desire to improve the fit be­
tween Copernicus' astronomy and his 
own philosophy. Bruno's real interest lies 
in constructing an image that is large 
in scope, convincing and aesthetically 
pleasing that leads to metaphysical en­
lightenment. It is in these nonmodern 
terms that Bruno invoked the Coperni­
can theory. 
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We are now in a position to consider 
the way in which Bruno's science and 
philosophy were expressed in his pro­
gram for practical action. Bruno's aim, 
as we have noted, was the reconciliation 
of man and God. The 16th century was a 
time of religious splintering. What was 
worse, Christians everywhere were kill­
ing one another in the name of God and 
seemed destined to coritinue doing so in­
definitely. The theological view that em­
phasized the evil side of man's nature 
appeared to be amply justified by experi­
ence. For all that the new Protestant re­
ligion contended that it harked back to 
original Christian principles, it seemed 
just as impotent as Catholicism to pro­
duce a universal public morality. Neither 
religion appeared capable of effectively 
inhibiting corrupt and cynical behavior 
on the part of either the individual or the 
public. Under both religions the parallel 
state of affairs in the world of learning 
was the proliferation of arid, nit-picking 
scholarship. 

Bruno's Hermetic-Neoplatonism pro-
posed a way out. He believed, as did 

many other Renaissance thinkers, that 
man had once lived in a golden age that 
was both phYSically and morally superior 
to his own times. Bruno and the other 
Hermetic-Neoplatonists used a series of 
works called the Corpus Hermeticum as 
the basis of their philosophical and his­
torical perspective. The Corpus Hermet­
icum was attributed to Hermes Trisme­
gistus (Hermes the Thrice Great), an 
Egyptian magician-philosopher-theolo­
gian believed to have been an approxi­
mate contemporary of Moses. (The 
works actually originated with the Gnos­
tics of the third century, a point demon­
strated conclusively in 1614. It is of no 
moment, however, insofar as the influ­
ence of the Corpus Hermeticum on the 
Hermetic-Neoplatonists is concerned.) 

The "true religion" revealed to Her­
mes Trismegistus was believed to have 
been passed down by the Greek Py­
thagorean and Platonic philosophers on 
the one hand and by the Judeo-Christian 
theologians on the other. (This opinion 
ultimately led Bruno to conclude that 
Christ was not divine but was a ma­
gician.) In the process the truth had been 
corrupted and diluted, accounting for 
the degraded state in which 16th-cen­
tury man found himself. It was in a re­
vival of the true religion that reconcilia­
tion of Catholics and Protestants could 
be sought and society reformed. 

In contrast to the orthodox Christian 
view that man had fallen from a state of 
grace through the original sin, the Her-

metists believed man had descended 
voluntarily from the nonmaterial world 
of the Divine Mind to earth and con­
tinued to partake of the divine nature 
that had been his before the descent. 
There was indeed a channel for contin­
ual communion between man in his di-

vine aspect and God. This channel could 
be deepened and widened by acquiring 
a kind of recondite knowledge we would 
call occult, which relied on certain af­
finities between man and the cosmos that 
Nicholas of Cusa had discussed. As a re­
sult of the curious juxtaposition of belief 

A BALL THROWN UPWARD illustrates the four Copernican motions of the earth, accord· 
ing to Bruno. The upward motion of the ball from A to B (not shown) corresponds to the 
annual revolution of the earth around the sun. The earth's daily rotation on its axis cor· 

responds to the spin of the ball around its center, resulting in the continual interchange of 
the points represented by I and K. In addition points 1,2,3 and 4 (not shown) on the cir· 
cumference turn into the points 5, 6, 7 and 8 (also not shown). Finally, the ball proceeds 
obliquely, so that I and K do not always pass through the same line and points 0 and V 
exchange positions. The last two ambiguously described movements are meant to correspond 
to Copernicus' third motion (an ad hoc one due to Copernicus' lack of understanding of in. 
ertia) and his fourth motion (precession). Bruno's eccentricity in failing to label points 
referred to in his text is common and is probably meant to have mystical significance. 
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in magic and in reason as paths to knowl­
edge of God, many serious scholars, in­
cluding Dee, Gilbert, Ficino and Para­
celsus, took part simultaneously (and 
with no sense of incongruity) in magical 
and scientific investigations. 

It was by realizing that there is an 
intimate connection between man and 
God that man was to attain both material 
and spiritual redemption. Moreover, the 
mystical connection provided a means 
for manipulating the universe. If God 
could use the connection in a "down­
ward" fashion to perform supernatural 
deeds as well as natural ones, man could 
do the same by working "upward" 
through the performance of magiC. From 
this standpOint the boundary between 
magic and scientific investigation, which 

in modern times is clear, becomes indis­
tinct. The Neoplatonists saw no incon­
sistency between the two activities; in­
deed, they were regarded as being com­
plementary and mutually reinforcing. 

Let us now reexamine Bruno's "opti­
cal" arguments in the light of his philoso­
phy. It is nonsensical to maintain that a 
light source sufficiently far removed can 
illuminate an entire sphere. Bruno, how­
ever, is talking about divine light rather 
than physical light. Surely the laws of 
physical optics do not restrict the flow of 
this spiritual light from God to' man, 
wherever the latter may be, figuratively 
as well as physically. The statement con­
ceals a rich multiple image that is worth 
considering in detail, both for its poetic 
value and for the light (in the Brunian 

"SHIP EXPERIMENT" was another of Bruno's thought experiments. A ship drifts smooth· 
ly with the current of a river. A man at the masthead and a man on the bank drop stones 
from the same point at the same time. Where will the stones strike the deck of the ship? 
Bruno concludes, correctly, that the stone dropped from the masthead will strike at the foot 
of the mast whereas the other stone will strike farther astern. There is a remarkable set of 
discrepancies between Bruno's text and his woodcut. The text seems to refer to a geomet· 
rical diagram, citing points A, B, C and so forth, none of which appear in the picture. This 
is not mere carelessness but can be interpreted in the iconographic traditions of the 16th 
century. Neither of the two experimenters described in the text is visible, nor are the stones 
that they drop. The ship is shown in a stern view, and this would be the worst place from 
which to ohserve the difference in the paths of the two stones. The ship, rather than being 
on a smooth river, is shown in a turbulent sea, representing the political and religious con· 
flicts of Bruno's age. Wind god represents their underlying spiritual causes. Flames issuing 
from the yardarms represent the star deities Castor and Pollux, the Twins, who stand for 
spiritual calm. Bruno introduced such symbols not merely to illustrate the text but to propel 
the reader beyond it in a quasimystical way that his contemporaries would have understood. 
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sense!) it sheds on how the Renaissance 
man integrated what we would call sci­
ence into the totality of his thinking. 

There is good reason to believe that 
Bruno is implicitly referring first of all 
to arguments put forward by Lactantius 
and Augustine, the early church fathers. 
Either the earth is flat or, if it is spheri­
cal, there can be no people living at the 
antipodes (that is, on the other side). If 
there were, their up would be our down 
and their summer our winter. Moreover, 
the descent of Christ at the Second 
Coming could not be seen by all. Since 
the ancients could not travel to the anti­
podes, people there could not be chil­
dren of Adam, tainted by the original sin 
and capable of redemption. By extension 
such people would not be subject to a 
16th-century pope. Knowledge gained 
through the great explorations had of 
course exploded this theory. Bruno is 
saying figuratively that through the new 
knowledge he is imparting, the meta­
phYSical counterpart of those explora­
tions can be accomplished. Divine il­
lumination can reconcile the seemingly 
opposite poles of Catholicism and Prot­
estantism. 

The argument of the opaque body sep-
arating the two luminous bodies is 

similar in intent. The outstanding doc­
trinal difference between Catholics and 
Protestants was (and still is) a dispute 
over the precise nature of the commu­
nion Host. The Catholic view is that the 
physical existence of the bread and wine 
is obliterated and miraculously trans­
formed into the physical substance of the 
body and blood of Christ. Protestant 
views vary, but whatever their precise 
significance, the bread and wine retain 
their own physical existence. What Bru­
no is saying is that a mere opaque physi­
cal substance such as the communion 
Host, whether or not it is transubstan­
tiated, cannot (or ought not to) stand 
in the way of the reconciliation and 
unity of souls, Catholic and Protestant, 
through the Divine Mind. In this image 
the souls are represented by the lumi­
nous bodies and the light is divine il­
lumination, transmitted by each to the 
other. Arguments similar to Bruno's had 
already been advanced in the mid-14th 
century by Nicholas of Autrecourt. They 
too had been applied to the doctrine 
of transubstantiation in an unorthodox 
manner. 

The strange title of Bruno's dialogue, 
which appears entirely irrelevant if the 
subject matter is indeed the Copernican 
theory, becomes entirely appropriate in 
terms of Bruno's arcane message. The 
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Supper of Ashes is about the eucharistic, 
or communion, feast. Indeed, the Eucha­
rist is called cena in Italian, in contrast 
to the more explicit "Lord's Supper" 
in English. The symbolic meaning of 
"ashes" comes from an ancient myth 
quoted by Bruno: "Alexander of Aphro­
disias says that Mount Olympus displays, 
through the ashes of the sacrifices, the 
condition of a very high mountain and 
of the air lying above the extremes and 
limbs of the earth." According to the 
myth, a man who had offered a sacrifice 
on the summit of Olympus wrote some 
words in the cold ashes before departing. 
The next year he returned, only to find 
the ashes completely undisturbed and 
the words just as legible as when he 
had written them. This picture is of 
course appropriate to the perpetual calm 
present in that high and quasispiritual 
region. Man can achieve this calm by un­
dertaking Bruno's program of spiritual 
regeneration. Ash Wednesday is the be­
ginning of Lent, a period intended for 
such regeneration, and the appropriate­
ness of the allusion to ashes is again 
clear. 

The modern mind can easily appreci-
ate the rich imagery of Bruno's writ­

ings. It is not so easy to give credence to 
the notion that Bruno would attempt to 
carry out a serious practical mission 
through such an arcane message. It is 
essential to realize, however, that the 
mentality of the 16th-century Neopla­
tonists had a strongly arcane bent, and 
that Bruno's message was aimed at the 
Hermetic-Neoplatonic court circle of 
Queen Elizabeth. Bruno's emblems and 
metaphysical optical symbols would 
have been clear to them. Regarded in 
this poetic and metaphysical light, Bru­
no's use of the Copernican theory as an 
emblematic hieroglyph would have been 
clear to his readers. The use of such 
devices was not uncommon, and Bruno 
himself employed them frequently in his 
writings. 

Bruno describes the Copernican the­
ory as a "hellebore," an herb supposed to 
be specific for the treatment of mental 
illness and thus a healing drug for the 
religious and political madness of his 
age. We can now understand why Bru­
no's inquisitors did not press him on his 
Copernicanism in the literal sense. They 
clearly realized that the scientific theory 
of Copernicus was entirely unrelated to 
Bruno's metaphorical use of that theory 
philosophically, religiously and politi­
cally. 

We also wish to suggest here, without 
elaboration, that the generally accepted 
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theory concerning the reasons for the 
trial of Galileo needs to be modified. 
There is considerable evidence suggest­
ing that in similar political circumstances 
during the Thirty Years' War, Galileo 
was construed by those in authority as 
a resurrected Bruno. Galileo was well 
aware of the danger that his works might 
be interpreted as being Brunian. He pro­
tested repeatedly and vigorously that his 
intent was limited to scientific investi­
gation, and that his writings were to be 
taken quite literally. His protestations 
were in vain. The condemnation of Gali­
leo in 1633 could well have had as its 
principal (although misguided) aim the 
condemnation of Protestant-Catholic al­
liances of the kind Bruno had advocated. 
Such alliances had already been consum­
mated, to the great discomfiture of the 
Papacy. 

Let us cite here one example of the 
Inquisition's deep suspicions that Gali­
leo's ultimate aims were philosophical, 
theological and political-that is, Brun­
ian-rather than scientific. When Gali­
leo's Dialogue Conceming the Two 
Chief World Systems first appeared, Nic­
colo Riccardi, the Master of the Holy 
Palace, expressed much concern over a 
symbol printed on the title page. The 
symbol consisted of three dolphins in a 
circle, each holding the tail of the next in i�=============��-1 its mouth. The dolphin was a common 
astrological symbol in Renaissance ico-
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nography. On hearing from a friend of 
Galileo's that this was the printer's colo­
phon and not the work of Galileo, Ric­
cardi was much relieved and said that 
Signor Galilei would have nothing to 
fear. Unfortunately Galileo's friend was 
unable at the moment to find another 
book published by the same printer that 
contained the dolphin symbol, and Ric­
caI·di's suspicions were revived. 

Such preoccupation with symbols 
rather than with the intent of the book 
is illustrative of the kind of suspicions 
that were likely to be held by the con­
temporaries of Galileo and Bruno. In 
spite of his own great efforts and those 
of his ecclesiastical friends, Galileo was 
never able to allay such suspicions. 
When the Inquisition forced him to 
swear that the earth did not move, they 
were far less interested in the physical 
motion than in the metaphorical motion 
they were sure Galileo had in mind, and 
whose significance was certain to be both 
subversive and heretical. 

In view of the great gulf between 
Bruno's mode of thought and Galileo's 
on what superficially appears to be the 
same subject, we must ask just what, if 
anything, was Bruno's influence on the 

scientific revolution. Gilbert, like Bruno, 
was a Hermetist, and it is possible that 
Bruno's influence on him was consider­
able. Bruno's influence was not, how­
ever, merely personal. Even though he 
was neither a scientific nor a method­
ological precursor of Galileo, we believe 
that for two reasons his influence on the 
birth of the scientific revolution was pro­
found. 

First, Bruno was supremely confident 
that man was at least in part a divine 
being and not merely the detestable 
product of the original sin, destined to 
fall lower and lower in the absence of 
some more or less capricious divine in­
tervention in human affairs. Such a be­
lief was heretical from the standpoint of 
both orthodox Catholicism and orthodox 
Protestantism, which were peSSimistic 
concerning natural man. Bruno's advo­
cacy of the Neoplatonic view made him 
a leading figure in the rebirth of man's 
confidence in himself, the like of which 
had not existed since classical antiquity. 
That confidence came to its greatest 
flowering in the 18th and 19th centuries, 
when serious men could believe that an 
earthly paradise was in prospect. Al­
though this view has been somewhat 
clouded in the 20th century, it still forms 
the basis of action for most Western peo­
ple. 

Second, Bruno believed the path to 
perfection is the path of knowledge. It 
is true that BrmlO's conception of what 
kind of knowledge is important was 
quite different from the modern view 
and would not in itself have led to much 
progress in the modern sense. Neverthe­
less, the conviction that man must look 
to knowledge rather than to faith in or­
der to solve his earthly problems is one 
without which the scientific and tech­
nological revolutions could not have 
come into being. 

Furthermore, Bruno believed in the 
ability of the human mind to compre­

hend the universe. He asserted that with 
such knowledge the savant can operate 
fruitfully on the world of nature in order 
to improve the human condition. That 
belief was synthesized into the highly 
influential views of Francis Bacon and 
has come to lie at the foundation of the 
goals of modern science. We have not 
been able to trace in detail all the 
threads of Bruno's philosophy. We hope 
nonetheless that we have been able to 
show the spirit of his approach, and to 
demonstrate that Bruno as Bruno was a 
richer contributor to the modem world 
than Bruno as proto-Galileo ever could 
have been. 

© 1973 SCIENTIFIC AMERICAN, INC



The Electronic Scratch-Pad 
for scientists and engineers. 

5495. 

14 digit accuracy in 
large, easy-to-read ___ � 
display 

Automatic decima/ __ -+ _______ --' 
placement 

Automatic 
exchange keY ---�hf-,o(,""'fi 

Change sign keY __ -I""'-i_�. 

Pi _______ -+�--�. 

Large, 
convenien t-size 
keyboard 

The tech n i ca l  problems you handle a re 
tough enough without u n necessary 
d istractions and delays. l ike the 
i naccu racy of a s l i de ru le ( I) O r  the t ime 
wasted with a mechanical  calcu l ator. 
And the bothersome chore of looki ng up 
log and trig fu nctions in va r ious tables. 

So Vi ctor desi gned a calcu lator that 
helps you keep you r  mind on the over­
a l l  problem by taki ng care of the 
complex mathematical operations fo r 
you. E leven d i gits more accu rately than 
a s l ide rule.  Considerably faster than a 
mechanical  ca l c u l ator. With i nstant, 
push-button access to log and trig 
fu nctions accu rate to 1 4  d ig i ts. Without 
interpolation. 

Standard 4-function 
calculator features plus 
scien tific engineering features 

What's more, i t's even capable of 
hand l i n g  long seq uential  operations 
exactly as they're written. So you don't 
have to b reak a problem down and 
store i n termedi ate answers.  

Al l  this  without sacrifi c ing the prac­
tical  featu res of a 4-fu nction calcu lator 
or  the rugged dependabi l i ty of a com­
pact, desk-top model. And a l l  for $495. 

Vi ctor's E l ectron ic  Scratch-Pad. I t  
takes ca re o f  the figu res whi le  you take 
care of the problems. 

For more comp lete i n formation 
on Victor's Series 1 800 Scientifi c! 
Engi neeri ng E lectronic  Calcu lator, 
s imply cal l  the Victor offi ce l i sted in yo u r  
Yel low Pages or send u s  the cou pon.  

�VICTDR 
ELECTRDNIC 
CALCULATORS 

Automa tic power 
raising key 

Automa tic square 
r=======---'------- root key 

Trig functions in 
'--_- degrees or radialiS, 

in terpolation not 
necessary 

U1�::miH-+--- Inverse trig and 
an ti-log functions 

Log functions, 
common or naturaf, 

..... _____ ...L_++ ___ interpola tion 
not necessary 

- - - - - - - - - - - - - - - --
( \ 

Victor Comptometer Corporation 
Busi ness Mach i nes Division 
3900 North Rockwel l  Street, 
Chicago, I l l i nois 6061 8 
Please send me fu l l  detai ls  about 
yo u r  New S e r i e s  1 800 S c i e n t i fi c/ 
Engineering E lectronic Calculator. 

Name 

Ti t le  

F i rm 

Address 

City State Zip 

Victor Comptometer Corporation, Chicago, I I I .  60618 
I Also Galt, OntariO, canada and Zurich, Switzerland. 

" SA·43 -- -- - - - - - -- - - - - - -

95 
© 1973 SCIENTIFIC AMERICAN, INC



© 1973 SCIENTIFIC AMERICAN, INC



The Energetics of the Bumblebee 
The bumblebee, like many other insects, evolved in interaction 

with the flowers it feeds on and pollinates. This evolutionary 

interaction is apparent in the energy budget of its activities 

Charles Darwin discovered that 
when red clover was sequestered 
from visits by bumblebees, the 

plant failed to produce seed. This led 
two 19th-century contemporaries, the 
German biologists Karl Vogt and Ernst 
Haeckel, to observe that the British Em­
pire owed its power and wealth largely 
to bumblebees, since its power resided 
mainly in the Navy, whose sailors sub­
sisted on beef, which came from cattle 
that subsisted on clover, which, as the 
mother of the chain, depended for its 
propagation on pollination by bumble­
bees. The bumblebee's ecological puis­
sance was demonstrated in a practical 
way by ranchers in New Zealand, who in 
1885 imported the insect and found that 
it indeed brought about large increases 
in the production of clover seed. 

Few members of the living world are 
linked together as intimately as bees and 
flowers. For bees the nectar of flowers is 
the sole source of food energy; for flow­
ers bees serve essentially as copulatory 
organs, delivering pollen from one plant 
to another and thereby effecting fertili­
zation. By mutual evolution bees and 
flowers have become exquisitely attuned 
to their mutual convenience. Many flow­
ers have evolved features making them 
attractive to those bees that are efficient 
in pollinating them and making them un­
attractive or essentially inaccessible to 
other foragers. The flowers attract by 
Signals such as scents and colors that 
identify them for their partners, and 
they minimize or avoid visits from other 

CLINGING UPSIDE DOWN to a dangling 

groundsel blossom in a shady Maine bog­

land (opposite page), a bumblebee of the 

species Bombus ternarius thrusts its probos. 

cis (left) into the flower to gather nectar. 

by Bernd Heinrich 

pollinators by blooming at times when 
the latter are not active or by holding 
their nectar in a long, tubular corolla 
where it can be reached only by the fa­
vored animals. 

Some ecological effects of the evolu­
tionary collaboration of bees and flowers 
have been investigated by Theodore 
Mosquin of the Canadian Department 
of Agriculture and by Herbert Baker of 
the University of California at Berkeley, 
working with Gordon W. Frankie at 
Texas A & M University and Paul Opler 
in Costa Rica. They have found that in 
each region the various plants requiring 
cross-pollination by bees bloom at differ­
ent times spaced out over the grow­
ing season, so that they avoid excessive 
competition for the attentions of the 
available pollinators. This separation of 
blooming periods no doubt has been 
brought about by natural selection as in­
fluenced by the bees' season-long feed­
ing needs. 

The nature of the pollinating agent 
has determined the properties of flowers 
in another way. If the nectar-seeking 
insect could obtain a full meal at one 
sitting, there would be no need to flit 
from flower to flower and consequently 
no cross-pollination. Evolutionary selec­
tion has therefore dictated that the in­
dividual flower offer only a small part of 
the pollinator's requirement, thus com­
pelling the forager to visit many blos­
soms to fill its needs. Each blossom must 
provide enough nectar to make a visit 
worthwhile but not enough to allow the 
pollinator to get its fill from just a few 
blossoms. 

I have investigated the matter quanti­
tatively by observing the feeding of a 
species of bumblebee (Bombus vagans) 
on the compound blossoms of hawk­
weed, which have only minute amounts 
of nectar at any one time and which are 

usually not very attractive to bumble­
bees. To test the bumblebee's capacity I 
placed a large deposit of nectar in a sin­
gle blossom and found that 100 micro­
liters or more was needed to sate a bee. 
Since a large fraction of the flowers on 
which bumblebees forage contain less 
than half a microliter of nectar, this in­
dicated that a bumblebee in the field 
probably visits 200 or more such flowers 
during a foraging trip. I followed one 
bee during part of such a trip and ob­
served that it visited 337 blossoms be­
fore I lost sight of it. 

Bees of course are well known to be 
indefatigable workers. The nature 

of their interdependence with flowers 
therefore suggests interesting questions 
concerning the bee's energy budget and 
the balance sheet it shares with flowers. 
I had already been impressed by the re­
markably high energy expenditure of the 
foraging sphinx moth and by its virtuos­
ity in regulating its body temperature 
[see "Temperature Control in Flying 
Moths," by Bernd Heinrich and George 
A. Bartholomew; SCIENTIFIC AMERICAN, 
June, 1972]. I was therefore drawn to a 
detailed study of the energetics of bum­
blebees. 

The bumblebee is a particularly inter­
esting subject because it can forage at 
temperatures as low as zero degrees Cel 
sius, where all other insects are immobi­
lized. Bumblebees are found not only in 
warm regions but also on high mountains 
and in arctic climates. As a cold-blooded 
animal ordinarily restricted in body tem­
perature to the temperature of the envi­
ronment, the bee must step up its gen-­
eration of energy to heat its muscles to 
the temperature necessary for flight; it 
does this by exercising the muscles of its 
thorax (essentially shivering) before it 
takes off. Thanks to the bumblebee's ca-
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pability for generating enough heat to 
keep it active over a wide range of en­
vironmental temperatures, it is possible 
to obtain comparative information about 
its energy requirements at various am­
bient temperatures. Furthermore, since 
essentially its sole metabolic source of 

10 
MAY 

energy is the sugar in the nectar it col­
lects from flowers, and since the extent 
of its foraging and the flowers it visits 
can be observed, one can estimate how 
much energy the bumblebee spends in 
its foraging trips. 

I conducted my field studies of bum-

blebee energetics at my family's farm in 
Maine and followed up with laboratory 
investigations at the University of Cali­
fornia at Berkeley. The area in Maine 
(near Farmington) is a haven for a vari­
ety of flowers and many species of bees, 
among which bumblebees seem to be the 
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production of nectar per floret of five plants that were shielded 

from foragers is expressed here in milligrams of sugar (gray). A 
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most common Hower-visitors. A bumble­
bee visits about twice as many blossoms 
per unit of time as other bees, and it 
works from dawn to dark. Active at all 
ambient temperatures, bumblebees serve 
as pollinators on nearly all days over the 
entire season, visiting the Howers that 

come into bloom one after the other. 
Although bumblebees are potentially 

promiscuous, being attracted to many 
species of Howers, they do show definite 
preferences, presumably based on the 
comparative nectar reward of the fa­
vored Hower. I came across an interest-
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ing case of individual taste: In a field 
where two almost identical species of 
hawkweed were blooming, the only ap­
parent difference being that one was yel­
low and the other orange, one bumble­
bee I followed for 146 consecutive visits 
chose only the orange Howers, whereas 
another bee of the same species showed 
almost as definite a preference for the 
yellow, selecting during a foraging trip 
the yellow species 170 times and the 
orange only 14 times. Evidently each 
bee had developed its own preference 
on the basis of its foraging experiences. 
Whatever the reasons, most of the bum­
blebees I studied tended to be faithful 
to particular species of flowers. This was 
convenient for my research, because it 
enabled me to estimate how much sugar 
the bees collected in a foraging trip. 

In order to investigate the bees' energy 
budget I had to find a means of mea­

suring their rate of energy expenditure 
in the field. The usual method of obtain­
ing this rate in an animal is to measure 
its oxygen consumption, a direct indi­
cation of its rate of metabolism. That 
method obviously would not be applica­
ble to a bee engaged in complex behav­
ior in the field. A good index to a bee's 
energy expenditure could, however, be 
obtained by measuring its temperature 
as it perched on a Hower and timing the 
duration of its flights between Howers. 
The energy expended by a bumblebee 
in Hight had been measured in the lab­
oratory by obserVing the bee's rate of 
oxygen consumption. About 80 percent 
of the energy a bee expends goes into 
heat as a by-product of the heightened 
rate of metabolism. To get an indication 
of the bee's rate of energy expenditure 
when it was perched on a Hower I there­
fore adopted a simpler technique: I 
would grasp it with a gloved hand be­
tween my thumb and forefinger and 
quickly thrust a tiny thermistor into its 
thorax, thus obtaining the temperature 
before the body could cool appreCiably. 

One striking finding that soon 
emerged was that whereas the thorax, 
where the muscles for the wings are 
located, shows a considerably elevated 
temperature, the abdomen (the rear pali 
of the body) remains at just about am­
bient temperature. The bee does not 
waste energy on the body part that is not 
involved in powering Hight, and thereby 
it saves itself half the metabolic cost of 
the energy it would have to produce if 
it heated its entire trunk. 

Another interesting observation was 
that, regardless of the length of time the 
bumblebees perched on a flower and re­
gardless of the proportion of time they 
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spent in Hight during a foraging trip, 
they usually maintained their thoracic 
temperature at a high level: between 30 
and 37 degrees C. (86 to 98.6 degrees 
Fahrenheit). This requires an exorbitant 
rate of heat production. A bumblebee 
may elevate its thoracic temperature by 
as much as 35 degrees C. when the am­
bient temperature is only about two de­
grees. For a bumblebee, only one or two 
tenths of a gram in weight, maintaining 
such an elevation of body temperature 
implies a prodigious rate of energy ex­
penditure, in view of its high rate of heat 
loss to the atmosphere. This rate of loss 
from the bee's small body is unavoidably 
high even though it is covered with fur 

(which serves to pick up pollen as well 
as to help to conserve heat in some 
measure). 

One might suppose the bee cools off 
while it is perched on a Hower. As a rule 
it does nothing of the sort. I found that 
in most cases bumblebees kept their 
body temperature at the level required 
for Hight even during long periods of 
stationary feeding, which I would 
stretch out by filling blossoms with a 
large amount of sugar syrup. Why do 
they spend all that energy to regulate 
their temperature while they are' not in 
Hight? The answer seems obvious: the 
engine remains revved up so that the bee 
does not need to spend time warming up 
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ENERGY IS CONSERVED when the foraging bumblebee can walk, rather than fly, from 

one nectar source to the next. The graph shows the thoracic temperature of bees that were 
foraging on meadowsweet. When the air temperature was below 24 degrees C., the thoracic 

temperature of the bees frequently fell below the 30·degree level required for flight as they 

crawled from floret to floret. Bees that had been most recently airborne were the warmest. 
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in order to take off. In the field the bee 
usually keeps itself ready to take off at 
an instant's notice, whether for the pur­
pose of flying on to another blossom or to 
escape some threat. 

H ow much energy must a bumblebee 
spend to maintain an elevated tem­

perature while it is not flying? On the 
basis of its passive rate of cooling when 
it is not foraging, I calculated that at an 
ambient temperature of five degrees C. 
a medium-size bumblebee must produce 
a little more than half a calorie of heat 
per minute to keep its thoracic tempera­
ture at 30 degrees, or 25 degrees higher 
than the air temperature. This rate of 
heat production is close to that required 
for flight itself. At high air temperatures, 
of course, the need for generating heat 
in the thoracic muscles is reduced. At 
ambient temperatures higher than 25 de­
grees C. the heat-regulation factor in 
perching bees is eliminated, and the total 
energy cost comes down to what is need­
ed to power Hight, with heat as an in­
cidental product. My measurements of 
oxygen consumption in the laboratory 
show that in bumblebees, as in sphinx 
moths, the energy cost of flight is the 
same at all air temperatures . 

Most other insects heat up their tho­
rax only during and just before flight; 
the bees are almost unique in their abil­
ity to maintain an elevated thoracic 
temperature while remaining still. As 
the Danish physiologist August Krogh 
and other investigators showed many 
years ago, bees produce a considerable 
quantity of heat by activating their 
flight muscles in a shivering mode. Ann 
E. Kammer of Kansas State University 
and I have investigated the matter by 
electrophysiological methods and have 
confirmed that the activation of these 
muscles is in fact solely responsible for 
the heating of the thorax. Curiously, 
when the bee is stationary, this warm-up 
is not accompanied by any visible vibra­
tion of the wings, such as is seen in 
moths. We have not yet found out how 
the bumblebee uncouples its wings from 
the flight muscles during its warm-up. 
We think, however, that it does so by 
means of a mechanical clutch mecha­
nism in the complex articulations at the 
base of its wings. 

Armed with the foregoing background 
of theory and information and with a 

thermistor and a stopwatch, I was ready 
to investigate the bees' energy cost of 
foraging in the field. First I measured the 
energy income they would obtain from 
the flowers. I collected samples of the 
nectar from a given flower species, mea-
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sured the sugar concentration in the 
nectar with a pocket refractometer and 
then computed the energy this repre­
sented in terms of calories. Such a mea­
surement showed, for example, that on 
the average a fireweed blossom filled 
with nectar (having been shielded from 
feeders for 24 hours) contained enough 
sugar to support a bee's maximum met­
abolic rate (the rate required for continu­
ous flight or for the maximum elevation 
of its body temperature when it is sta­
tionary) for about 13 minutes. Ordinar­
ily, of course, a bee does not often come 
on such a bonanza in the field. I found 
that in field conditions the same blos­
som in the afternoon, having already fed 
a series of visitors, would on the aver­
age provide only enough nectar to sup­
ply a bee with energy for about a min­
ute's flight. As a result to obtain a profit 
beyond the energy consumed in the for­
aging activity the bee would have to 
visit flowers at the rate of at least one 
or two per minute. Actually I observed 
that bumblebees commonly fed on fire­
weed blossoms at the rate of 20 to 30 
per minute, which was more than suf­
ficient to supply the bee's energy needs 
for flying and for keeping the engine 
revved up while it fed on the blossoms. 
Thus the flower amply repaid the bee's 
efforts, particularly since it might also 
provide a dividend of pollen that the bee 
would take back to its nest to feed its 
larvae. 

This example only indicates a general 
picture. In practice there are sever­

al factors complicating the question of 
whether or not a given foraging expedi­
tion will be worthwhile for the bee. That 
depends not only on the amount of ca­
loric reward offered by each flower but 
also on the distance between blossoms, 
on the air temperature at the time and 
on other factors. 

In general, as we have seen, if a bum­
blebee must maintain the necessary body 
temperature by shivering continuously 
while it is resting on each blossom, it 
needs to obtain enough sugar to pro­
vide more than .54 calorie per minute 
throughout the duration of its foraging 
trip, regardless of how much of the time 
it spends in flight. If it does not spend 
energy for warming up while it is feed­
ing but needs to spend more than 50 
percent of the time flying from blossom 
to blossom, it requires an intake of at 
least .27 calorie per minute. If it can dis­
pense with the stationary warm-ups and 
spend no more than 10 percent of the 
foraging time in flight, it can make an 
energy profit on an intake of only about 
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ENERGY INVESTMENT required to keep up the hody temperature that enables a bumble­

bee to fly varies with the air temperature. The graph shows tbe temperature of the bumble­

bee's abdomen, averaged in both sunlight and shade, at various air temperatures (black 

curve) and the average temperature of the thorax, the site of the bee's flight muscles, which 
must not fall below 30 degrees Celsius or rise above 44 degrees (colored curve). The tern· 

perature of the abdomen, only a few degrees higher than the air temperature, is maintained 

by passive heat flow only. Until the air temperature approaches 25 degrees C., however, 

maintenance of the thoracic temperature at an average of 33 degrees requires an investment 

of energy far greater than the one required for intermittent flight from flower to flower. 

.05 calorie per minute. Let us see how 
these requirements work out for the 
behavior of the bees and the pollination 
chances of various flowers. 

In the spring, when the bumblebees 
are forming their colonies and the 
queens and workers presumably have 
their highest need for energy, the early­
blooming flowers tend to be relatively 
rich in nectar. The foraging bees have 
ample energy for flying rapidly from 
flower to flower and keeping themselves 
well warmed up while feeding. Speed of 
foraging is at a premium at this time of 
year, and the bees are alert and difficult 
to capture even in the cool of dawn with 
the air temperature almost at the freez­
ing point of water. 

That is in sharp contrast to the situa­
tion in late summer, when the bee col­
onies are breaking up, the energy de­
mands and the need to bring in a profit 
at a high rate are not so large and the 
sources of nectar tend to become less 
abundant. The foragers in our Maine 
area then have to depend on the nectar­
poor blossoms of plants such as meadow­
sweet and goldenrod. Each floret has 
only a minute amount of nectar, but 
providentially the blossoms occur in 

dense panicles, clusters consisting of 
hundreds or thousands of florets. The bee 
can crawl from blossom to blossom and 
may spend a long time on each cluster, 
using a significant amount of energy only 
when it flies from one panicle or plant to 
another. While feeding on such plants 
the bee does not trouble to keep itself 
warmed up. I found that in relatively 
cool air (20 degrees C. or less) the bees' 
thoracic temperature was generally be­
low the threshold for flight. At such air 
temperatures many of the bees were so 
unready for flight while feeding that 
they could be shaken off the blossoms 
onto the ground. Bumblebees seldom 
ventured, however, to feed on meadow­
sweet or goldenrod unless the air tem­
perature was above 20 degrees C. or 
they were warmed above this tempera­
ture by the sun. If passing clouds cut off 
the sunshine on a cool day, the bees lost 
flight readiness within minutes. 

In short, these observations and simi­
lar ones on other plants showed that the 
bumblebee accommodates itself to a 
meager supply of nectar by practicing 
drastic economies in the use of energy. 
By means of these economies it is able 
to render the service of pollination to 
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COMPARATIVE COST of foraging on plants with single or few 

blossoms and on plants with many florets per bloom is shown 

schematically. Given a low air temperature, a bumblebee that 

crawls around on the blooms of meadowsweet or goldenrod will 

only warm up its flight muscles (color) and take flight twice duro 

ing a span of time when another bee, feeding on jewelweed or fire· 

weed, will have warmed up and taken off many times. The second 

bee, however, will probably gather a larger amount of nectar. 

plants offering only a spartan diet when 
richer sources are not available. In the 
case of the fireweed, a relatively rich 
provider (about .09 milligram of sugar in 
each Boret), a bee can afford to spend 
50 percent of its foraging time in Bight 
from Bower to Bower and to keep itself 
warmed up in readiness for Bying; in 
contrast, meadowsweet (offering only 
.005 milligram of sugar per Boret) limits 
the bee to only a fifth as much Bying and 
requires that the engine be cut to a low 
idling level during the stationary inter­
val. The sphinx moth, lacking the adapt­
ability and options of bees, cannot forage 
profitably on meadowsweet or golden­
rod, because it hovers over a Bower while 
feeding instead of settling on it and 

a 

b 

C 

d 

e 

therefore must continuously produce 
heat even at high air temperatures. 

The bumblebee may sometimes forage 
on some plants without taking nectar at 
all and instead collecting pollen to take 
to the nest. On meadowsweet, for exam­
ple, the bee simply sweeps the entire 
panicle and Bies rapidly from one to an­
other; on bittersweet it shakes the pollen 
loose by Bight-muscle vibrations that vi­
brate its body and the Bower and make 
a buzzing sound. For such operations the 
bee must, of course, use a large amount 
of energy. If the plant from which the 
pollen is collected does not furnish 
enough nectar, the bee setting out on a 

pollen-foraging trip must either use 
honey from the nest for its energy supply 

or collect nectar from other plants be­
fore it visits the pollen suppliers. 

We have seen enough to discern the 
outlines of an intricate web of interrela­
tions among the bees and the Bowers, 
governed by the energy needs and pay­
offs as its basic plan. The competition 
among plants for the pollinators' service, 
and among the pollinators for the plants' 
food rewards, decisively shapes the be­
havior and the structure and physiology 
of both the plants and the pollinators. 
The investigation of the energetics of 
the bumblebee therefore offers a beauti­
ful case study for insight into the opera­
tions of evolution and the way a cooper­
ative balance can be established in the 
ecology of a community. 

100 75 50 25 o 0 25 50 75 100 

TIME IN FLIGHT (PERCENT) 

PROPORTION OF TIME spent by bees in flight and in foraging is 

more closely related to the kinds of bloom visited than it is to the 

air temperature. Black bars show both activities at an air tempera· 

ture of 20 degrees C. in shade; colored bars, botb at 30 degrees. 
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TIME ON FLOWER (SECONDS) 

The plants are jewelweed (a), fireweed (b), milkweed (c), mead· 

owsweet (d) and goldenrod (e). The only significant increase in 
foraging time at low temperature occurred when bumblebees fed 

at length on the florets of goldenrod, whicb contain little nectar. 
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ANNOUNCING 
THE BEST-SELLING TITLES 
IN OUR 1972 BOOK OFFER 

MATHEMATICS 
A Human Endeavor 

I 
i.. 

t.:st fall we mailed a special book offer to all Scientific Ameri­
can subscribers in the United States and Canada. I n the bro­

chure we announced that a 15-volume Scientific American 
Resource Library would be given to anyone who could select the 

four books that would be ordered in the greatest numbers by 

recipients. The results have now been tabulated, and the winners 

have been notified by mail. For the interest of others who mailed 

in a selection, we list below the ten best-selling titles in the offer. 

1. Mathematics 
A Human Endeavor 
A Textbook for Those Who Think 

They Don't Like the Subject 

Jacobs, $8.50 

6. Altered States of Awareness 
Readings from SCIENTIFIC AMERICAN 

With Introductions by Teyler, 

clothbound $6.00, paperbound $2.95 

2. Worlds-Antiworlds 
Antimatter in Cosmology 
Alfven, $3.50 

3. The Psychology 

of Consciousness 
Ornstein, paperbound, $3.50 

4. Continents Adrift 
Readings from SCIENTIFIC AMERICAN 

With I ntroductions by Wilson, 

clothbound $7.00, paperbound $3.50 

5. Spacetime Physics 
Taylor and Wheeler, 

clothbound $5.50, paperbound $2.75 

Thanks to everyone who participated. 

7. Martin Gardner's Sixth Book 
of Mathematical Games 
from Scientific American 
Gardner, $9.95 

8. Compu ters and Computation 
Readings from SCIENTI FIC AMERICAN 

With I ntroductions by 
Fenichel and Weizenbaum, 

clothbound $10.00, paperbound $4.95 

9. Oceanography 
Readings from SCIENTIFIC AMERICAN 

With I ntroductions by Moore 

clothbound $11.00, paperbound $5.75 

10. The Social Animal 

Aronson, paperbound $3.50 

I. W. H. FREEMAN AND COMPANY 
660 Market Street, San Francisco, California 94104 

58 Kings Road, Reading, England RG1 3AA 
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SOME THINGS ARE CHANGING FOR THE BETTER: ----

A lot has happened 
to interferometry since 
Professor Michelson. 
In 1892 Professor A. A. Michelson used his 
recently invented interferometer to determine 
the number of wavelengths of cadmium light 
in the standard meter. His error was 5 x 10-8 
meter. It took another 70 years until the 
invention of the laser permitted the application 
of interferometry with this accuracy to 
everyday industrial measurements. 

Today, HP's laser interferometer has 
found a place in metalworking and integrated 
circuit manufacturing as the tool to guarantee 
that a given dimension is precisely achieved. 
This modern version of Michelson's invention 
is enhancing accuracies of all types of new 
and existing machines and, as a consequence, 
lowering inspection costs and reducing 
rejection rates. 

A little over a year ago, a group of HP 

engineers seeking to improve the quality and 
flexibility of this measurement technique 
developed the "HP Magic Cube." In essence, 
it is an interferometer that can have a laser 
beam aimed at it from some distance away. 

With it many kinds of measurements 
can now be taken without moving the laser 
head - pitch, yaw, flatness, straightness, 
squareness, and non-contact measurements -
all.that's needed to define a machine tool or 
measuring machine. 

It can even make measurements around 
a corner, in tight places, or simultaneously 
measure x and y axes. 

Moreover, it's portable. You can set 
it up, plug it in and start making error-free 
measurements in minutes wherever it's 
required in your metrology and quality control 
laboratories. 

If you would like to know more about 
laser interferometry, we'll be glad to mail you 
our comprehensive brochure on the HP 5526A 
Laser Measurement System. 
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High-performance liquid 
chromatography: a new HP 
analytical tool for life scientists. 
Gas chromatography (GC) has revolutionized 
analytical chemistry in practically every 
discipline. However, it has been of somewhat 
limited help to the life scientist because he 
works mostly with large molecules that cannot 
be vaporized for GC without breaking 
them down. 

As a result, liquid chromatography (LC) 
has always been more attractive to the life 
scientist because it separates a sample in the 
liquid state at relatively low temperatures. 
But only recently has LC instrument technology 
advanced enough to give him the analytical 
speed and sensitivity that he also needs. 

At the forefront of this new technology 
is HP's new Model 1010 Liquid Chromatograph. 
Already well established with European 
chromatographers, the 10lD is capable of 
performing all forms of LC, including 
ion-exchange and gel permeation. It delivers 
constant flow through the columns at pressures 
up to 3700 psig. A septum-less injector permits 
reproducible sample injection against full­
column pressure; column change and solvent 
flush are exceptionally fast and convenient. 
Completely modular in design, the 1010 can be 
equipped for solvent programming, gradient 
elution and fully automatic preparative 
operation. Ask for full information. 

HEWLETT � PACKARD 

Sales. service and support in 172 centers in 65 countries. 
Palo Alto, California 94304. Offices in prinCipal cities throughout the U. S. 

Just a better trace for your money. 
That's all. 
There's a great temptation to talk about the 
features on our new HP 7402A two-channel 
oscillographic recorder as though they were the 
last word in recorder design. But as we both 
know, the field is in a great state of flux, with 
new technology appearing in every model. 

Common sense prevails: We simply 
want you to understand that the HP 7402A 
delivers one of the clearest, most readable, 
traces you will find on any currently available 
machine irrespective of price. Yet the price 
of the HP 7402A can be as little as $1740 for 
a complete recorder; Domeslic USA price only. 

For your money, you get a big, wide, 
easy-to-read 50 mm trace on each channel. 
A high-pressure inking system puts down an 

instant drying, fine image with no overshoot, 
no skipping and no smear at any speed (in tests, 
the carbide tips showed no wear after 2,000 
miles of travel over 80,000 feet of chart paper; 
you can expect them to last the life of the 
machine). 

You also get the flexibility and economics 
of plug-in amplifier modules and a wide range 
of options to accommodate your exacting 
recording needs. 

We'll be happy to send you more 
information on this sensible recorder. 

00304 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ' .. 
Mail to: Hewlett-Packard, 1509 Page Mill Road, Palo Alto, CA 94304 .� • 
Please send me information on the following: • 
( ) H P 5526A Laser Measurement System 

• 
( ) HP Model 1010 Liquid Chromatograph 

( ) HP 7402A Oscillographic Recorder 

Name ________________________________ _ 
Title ________________________________ __ 
Company ______________________________ _ 
Address ______________________________ __ 
City State _____ Zip · 

'" . ... . . . . ... . . .......... . ..................... . 
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MATHEMATICAL GAMES 
How to turn a chessboard into a computer 
and to calculate with negabinar.r numbers 

by Martin Gardner 

" Napier's bones" (last month's 
topic) are the calculating rods 
that were invented by John Na­

pier, the 16th-century Scottish mathema­
tician who discovered logarithms. In 
Rabdologia, the book in which Napier 
first explained his "bones," he also de­
scribed a curious method of calculating 
by moving counters across a chessboard. 
This method, which seems to have been 
completely forgotten, deserves to be re­
membered for several reasons: it is not 
only a pleasant recreation but also a valu­
able teaching device and of considerable 
historic interest. It is the world's first 
binary computer, and it came almost 100 
years before Leibniz explained how to 
calculate with binary numbers! Although 
Napier did not express numbers explicit­
ly in binary notation, we shall see how 
his counting board is equivalent to doing 
so. 

The use of checkered boards and 
cloths for calculating was widespread in 
Europe during the Middle Ages and the 
Renaissance. English words such as "ex­
chequer," "check" and "counter" derive 
from these boards; even "bank" comes 
from the German word for counting 
board, Rechenbank. The algorithms for 
calculating on these boards, however, 
were clumsy. By adopting a binary sys­
tem and basing his algorithms on old 
methods of multiplying by "doubling," 
Napier created a remarkably efficient 
counting board unlike any that had been 
in use before. 

Napier's counting board is a chess­
board of arbitrary size, with columns and 
rows labeled by the doubling series 1, 
2, 4, 8, 16, 32, .... These numbers are, 
of course, successive powers of 2. Before 
explaining Napier's methods for multi­
plying, dividing and extracting square 
roots, let us see how his board can be 
used for addition and subtraction. Sup­
pose we want to add 89 + 41 + 52 + 
14. Each number is expressed by placing 
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counters on a row of the board [see "a" 
in top illustmtion on opposite page]. A 
counter has the value of its column. (Ig­
nore the row numbers on the right mar­
gin.) Thus the fourth row shows 89 as 
the sum of 64 + 16 + 8 + 1. If you 
think of each counter as 1 and the empty 
cells as 0, then 89 is represented in bi­
nary notation as 1011001, and similar 
notations can be made for the other 
three numbers. The counters can be po­
sitioned rapidly because any positive in­
teger is uniquely represented as a sum 
of the powers of 2. Start at the left and 
put a counter on the largest power less 
than the number to be represented, then 
move right and place a counter on the 
next larger power that, when added to 
the previous power, will not exceed the 
desired number. Continue in this way 
until the unique binary representation 
is obtained. 

To add the four numbers, first move 
all the counters down like rooks in chess 
to the bottom row [see "b" in top illus­
tration on opposite page]. Adding the 
values of all these counters will give the 
correct sum, but we want to express 
the sum in binary notation. To do this, 
"clear" the row of multiple counters on 
a cell by the following procedure. Start 
at the right, taking each cell in turn. Re­
move every pair of counters on a cell and 
replace them with a single counter on 
the adjacent cell to the left. We shall 
call this "halving up." Clearly it will not 
affect the sum of the counters' values 
because every pair of counters of value 
n is replaced by one counter of value 
2n. The final result after clearing is the 
binary number 11000100, or 196 in deci­
mal notation [see "c" in top illustration 
on opposite page]. 

Subtraction is almost as simple. Sup­
pose you want to take 83 from 108. Rep­
resent the larger number on the second 
row and the smaller on the bottom row, 
as shown in a in the bottom illustration 
on the opposite page. You can now do 
subtraction in the usual manner, starting 
at the right and borrowing as you go, 
but I prefer to alter the entire second 
row (preserving the total value of its 

counters) until each counter on the bot­
tom row has one or two counters above 
it, and no empty cell on the bottom row 
has more than one counter above it. This 
is done by "doubling down" on the sec­
ond row: removing a counter and re­
placing it with two counters on the next 
cell to the right. How the top row looks 
after it is transformed to meet the two 
specified conditions is shown in b. The 
next step is to "king" (as in checkers) 
each counter on the bottom row by mov­
ing a counter on top of it from the cell 
directly above. After this is done the 
second row shows in binary notation the 
difference between the two numbers. In 
this case it is 11001, or 25, as shown in 
c in the illustration. 

A different subtraction method is to 
"complement" the smaller number and 
add. A number is complemented by 
placing a counter on each of its empty 
cells and removing all counters originally 
there. In other words, each digit in its 
binary notation is changed: 0 to 1, and 
1 to O. (If the subtrahend has fewer 
digits than the minuend, before comple­
menting you must add zeros to the left 
of the subtrahend until it is the same 
length as the minuend.) Add the two 
numbers, clear the row by halving up, 
then transfer the counter at the extreme 
left to the extreme right. Clear again if 
necessary. To use the preceding exam­
ple, 1010011 is changed to its comple­
ment 101100. Adding and clearing pro­
duces 10011000. Shifting the counter 
from left to right gives 11001, or 25, the 
correct difference. 

Multiplication is delightfully easy. 
Napier explains it with the example 19 
X 13 = 247. One number, say 19, is in­
dicated below the board by marking the 
proper columns, and the other number, 
13, by marking the proper rows. A count­
er goes on each cell at the in tersection 
of a marked row and column [see "a" in 
illustration on page 108]. Every counter 
not on the column at the extreme right 
is moved diagonally up and right (like a 
chess bishop) until it is on the rightmost 
column. The result is shown in b. The 
sum of the values of these counters (as 
indicated on the right margin) is 247, 
the desired product, but we wish to ex­
press it in binary notation. That is quick­
ly done by halving up until the column 
is cleared. The final result is 11110111, 
or 247. 

It is easy to see why it works. Count­
ers on the first row keep their values 
when moved to the right, counters on 
the second row double in value, counters 
on the third row quadruple in value and 
so on. The procedure is equivalent to 
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multiplying with logarithms to base 2. 
In our example, 19 is expressed as 24 + 
21 + 20 and 13 as 28 + 22 + 20. Cross 
multiplying in the familiar manner (re­
memb.ering the basic law of exponents: 
xn X xV> = xn + In) yields 27 + 26 + 2 . 24 
+ 2 . 23 + 22 + 21 + 20. This corre­
sponds exactly to Napier's procedure. 
Indeed, moving the counters is equiva­
lent to cross multiplying. We are, in 
effect, multiplying by adding exponents. 

Napier was not the first to recognize 
that powers of 2 can be multiplied by 
adding their exponents. As early as 1500 
it had been clearly explained with expo­
nential notation by Nicolas Chuquet, a 
physician of Lyons, in the algebraic part 
of his T1'ipmty en la sciences des nom­
bres. It is Napier, however, who gets the 

a 

8 4 2 

Binqry addition: 89 + 41 + 52 + 14 

credit for the first mechanical device 
operating with logs with the base 2. 

Napier next explains how to do long 
division on 'his abacus, using the exam­
ple 250 -;- 13. The procedure, as one 
would expect, is the reverse of multipli­
cation. Complications arise that make it 
difficult to explain, although in practice 
one soon learns to do it quickly. The di­
visor, 13, is marked at the bottom of the 
board, and the dividend is indicated by 
counters on the column at the extreme 
right [see "a" in top illustration on page 
109]. You must now move the dividend 
counters like chess bishops, down and 
left, to produce a pattern that has count­
ers (one to a cell) only on marked col­
umns, and each marked column must 
have its counters on the same rows. Only 
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one such pattern can be formed, but to 
do so it is necessary at times to double 
down on the right column, that is, re­
move single counters, replacing each 
with a pair of counters on the next lower 
cell. 

Start with the top counter and move it 
diagonally to the leftmost marked col­
umn. If you see that you cannot proceed 
to form the desired pattern, return the 
counter to its original cell, double down 
and try again. If the first attempt fails, 
the second will succeed in beginning the 
required pattern, although more dou· 
bling down may be necessary. Continue 
in this manner, doubling down when­
ever you see that you must, gradually 
filling in the pattern by extending it 
down and right until finally the unique 

C 
25 

107 
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pattern is constructed [see "b" in top 
illustration on opposite page J. After the 
final counter at the bottom right corner 
of the pattern is in place you will have 
three counters left over. They represent 
the remainder. The rows containing 
counters are marked on the right margin, 
symbolizing 10011, or 19, the correct 
quotient. The three extra counters give 
the fraction, 3/13. 

A similar procedure is used to find in­
tegral square roots. If the root is not 
integral, the procedure gives the root of 
the largest square less than the original 
number. Counters left over then repre­
sent the difference between that number 
and the original. Napier demonstrates 
by finding the square root of the largest 
square less than 1,238. This requires a 
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! 

board extended higher than the standard 
chessboard. As in division, the number 
is represented by counters on the right­
most column [see "a" in bottom illustm­
tion on opposite page J. Since no divisor 
is marked on the bottom, how do we 
form a pattern? We must move counters 
diagonally down to produce a pattern 
with two properties: (1) every column 
with counters must have its counters on 
the same rows, and (2) the pattern must 
have bilateral symmetry along the diag­
onal passing through the board's lower 
right corner. This ensures, of course; that 
multiplier and multiplicand are identi­
cal. As before, start with the top counter 
and see if you can move it to the diag­
onal of symmetry. If you can, that is the 
correct first move. If you cannot, double 
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Binary lIIultiplication: 19 X 13 

108 

down and move one of the counters to 
the diagonal of symmetry. Continue in 
this fashion, doubling down when neces­
sai-y, until the required symmetrical pat­
tern is achieved. The result is 35 X 35 = 
1,225, with 13 leftover counters that rep­
resent the difference between the square 
and 1,238. 

The 15 patterns that generate all 
squares from 1 through 225 are shown in 
the upper illustration on page 110. 
Studying them will familiarize you with 
the kind of pattern that must be formed 
for square roots. Note that in every pat­
tern each row and column has a counter 
on the diagonal of symmetry. 

Napier's device will operate with any 
base notation, but above base 2 it is 
necessary to work with multiple count­
ers on single cells. As the base increases, 
the system becomes progressively more 
cumbersome and uninteresting, and 
more multiplying must be done in the 
head. For example, to multiply 77 by 77 
in decimal notation each of the four cells 
at the lower right corner must hold 7 X 
7 = 49 counters. After moving them to 
the right column you have 49 counters 
on the bottom cell, 98 on the next and 
49 on the next. Then every set of 10 
counters on a cell is replaced by a single 
counter immediately above it, resulting 
finally in counters on four cells that sig­
nify the product, 5,929. 

The most interesting extension of 
Napier's board was suggested by Donald 
E. Knuth, whose latest book on com­
puter programming was reviewed in this 
column in February. A checkered board 
can be used very efficiently for calculat­
ing in the "negabinary system." Because 
this remarkable notation is based on 
powers of -2, the rows and columns of 
the board are labeled with the series +1, 
-2, +4, -8, + 16, -32, ... , in which 
alternate powers are negative. The main 
virtue of negabinary is that every posi­
tive and negative integer can now be 
uniquely represented in binary notation 
without the use of signs. Examples are 
13 = 11101 (16 - 8 + 4 + 1) and -13 
= 1l01ll (-32 + 16 + 4 - 2 + 1). 

The negabinary forms of positive and 
negative integers from 1 through 20 are 
shown in the top illustration on page 
111. Note that every positive number 
has an odd number of negabinary digits 
and every negative number has an even 
number of negabinary digits. Every odd 
number, regardless of sign, ends in 1; 
every even number, regardless of sign, 
ends in O. Many other basic theorems are 
easily discovered. For example,. a nega­
binary number is divisible by 3 if and 
only if its number of l's is a multiple of 
3. Observe that every palindromic nega-
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binary number on the list (a number that 
is the same in both directions) is a posi­
tive or a negative prime. Is this true in 
general? If not, what is the first excep­
tion? 

I know of no better way to become 
acquainted with this extraordinary no­
tation (so rich in recreational possibili­
ties) than to calculate with it on Napier's 
board. Addition is handled exactly as 
before except that in clearing the sum 
the following two rules are observed: 
(1) A pair of counters on one cell and a 
single counter on the next higher cell 
cancel one another. Remove all three. 
(2) If any cells still have double counters, 
remove each pair and put single count­
ers on each of the two next higher cells. 
The clearing procedure, thanks to the 
cancellation rule, is unusually rapid [see 
lower illustration below]. 

The fastest way to do subtraction is to 
change the sign of the subtrahend and 
add! Changing the sign is the same as 
multiplying by -1, or 11 in negabinary. 
Since multiplying by 11 is the same as 
adding a number to itself, with one rep­
lica shifted one cell to the left, we can 
reverse the sign of any negabinary num­
ber by the following simple algorithm: 
add a new counter to every cell that is 
immediately to the left of a counter orig­
inally there, then clear the row as ex­
plained. For example, 11 (-1 in decimal 
notation) becomes 121, but the first two 
digits cancel (by rule 1), leaving 1, which 
is positive. Applying the algorithm again 
restores 11, or -l. When this algorithm 
is used on standard binary numbers, by 
the way, it is the same as multiplying by 
3. (Do you see why?) 

Any two negabinary numbers can be 

multiplied by using Napier's procedure, 
then clearing the result according to 
negabinary rules. The product will have 
the correct sign when translated into 
decimal notation. Try multiplying -4 
and -6. They are 1100 and 1110 in 
negabinary [see bottom illustration on 
opposite page]. After multiplying and 
clearing you get 1101000, or +24. If 
you had multiplied -4 and +6, or +4 
and -6, the result would have been 
111000, or -24. 

Division and square-root procedures 
are much trickier, although interested 
readers should be able to devise them. 
In finding square roots both positive and 
negative roots appear as solutions. Are 
there ways to use Napier's board effi­
ciently for converting a signed binary 
number to negabinary, and vice versa? 
Yes; we can exploit two simple algo-
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rithms given by Knuth as the answer to 
Exercise 12 on page 177 of his Semi­
numerical Algorithms (Addison-Wesley, 
1969). Readers are invited to work them 
out before they are disclosed next 
month. 

It is hard to believe, but the idea of 
negative-base notation (it applies to any 
radix) did not occur to anyone until the 
1950's, when many people independent­
ly thought of it. In 1955, when Knuth 
was a high school senior, he wrote a 
short paper on it for a science talent 
search, but the first published account 
(at least in English) seems to be a short 
Ie.tter by Louis B. Wadel in IRE Trans­
actions on Electronic Computers (Vol­
ume EC-6, June, 1957, page 123) . The 
term "negabinary" was coined by 
Maurits P. de Regt, whose series of pi­
oneering articles on negative radix arith­
metic is listed in "Bibliography" [page 
1241. 

Knuth also suggests the Fibonacci la­
beling, 1, 2, 3, 5, 8, 13, ... , for Napier's 
board. You cannot multiply or divide 
with it, but addition and subtraction 
can be handled by representing each in­
teger as the sum of the fewest possible 
Fibonacci numbers. Start by putting a 
counter on the column with the highest 
value less than the number to be repre­
sented, then work downward until the 
desired sum is obtained. For example, 
19 is uniquely indicated in Fibonacci 
notation by 101001, or 13 + 5 + 1. The 
adding procedure is the same as Napier's 
except that a row is cleared by the fol­
lowing two rules: (1) If single counters 
are on adjacent cells of the board, re­
move them and put one counter on the 
next higher cell. (2) For every pair of 
counters on the same cell, remove them 
and put one counter on the next higher 
cell and one on the second lower cell. For 
example, two counters on cell 13 are re­
placed by one on cell 21 and one on cell 
5 [see bottom illustration on opposite 
pagel. 

If you imagine the row extended two 
more cells to the right, with values of 1 
and 0 (or, alternatively, that the columns 
are labeled 0, 1, 1, 2, 3, 5, ... ), then the 
two rules above suffice. Otherwise there 
are two exceptions. A pair of counters 
on 2 is replaced by one on 3 and one on 
1, and a pair on 1 is replaced by one 
on 2. 

To subtract I know of no better way 
than the "kinging" procedure explained 
for binary subtraction. You must, of 
course, first change the minuend to the 
required pattern by applying the two 
clearing rules in reverse. There may be 
a better method. Indeed, there may be 
all kinds of clever algorithms for calcu-

lating on Napier's board, in various no­
tations, that no one has yet discovered. 

The answer to last month's question 
about Napier's bones is that one set 

of his original 10 rods will form every 
multiplicand of 11,110 or less, and two 
sets will form every multiplicand of 111,-
111,110 or less. 

In last September's column on Gray 
codes I reported that the number of five­
digit binary Gray codes (which corre­
spond to the number of Hamiltonian 
paths on the edges of a five-dimensional 
hypercube) had not yet been deter­
mined. This problem has since been 
solved by David Vanderschel of Hous­
ton, Tex., using a PDP-11/20 computer 
owned by his employer, Schlumberger 
vVell Services. His results for the subset 
of cyclic Hamiltonian paths was first 
confirmed by Steve Winker of Naper­
ville, Ill., and later by Alexander G. Bell 
and Peter Hallowell at the Rutherford 
High Energy Laboratory in Chilton, 
England. The results for "cubes" of n 
dimensions (n = 1 through 5) can be 
summarized as follows: 

The number of Hamiltonian paths 
starting at the 0 corner and ending on a 
vertex adjacent to 0: 1, 2, 12, 2,688 and 
1,813,091,520. That is the same as the 
number of ways (including reversals) a 
fly can start at a corner, make a round 
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----+-----.-: ---
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1 1 -1 1 1 

2 1 1 0 -2 1 0 

3 1 1 1 -3 1 1 0 1 

4 1 00 -4 1 1 0 0 

5 1 0 1 -5 1 1 1 1 

6 1 1 0 1 0 -6 1 1 1 0 

7 1 1 0 1 1 -7 1 0 0 1 

8 1 1 o 0 0 -8 1 0 0 0 

9 1 1 o 0 1 -9 1 0 1 1 

10 1 1 1 1 0 -10 1 01 0 

11 1 1 1 1 1 -11 1 1 o 1 o 1 

12 1 1 1 0 0 -12 1 1 o 1 o 0 

13 1 1 0 1 -13 1 0 1 1 1 

14 o 0 1 0 -14 1 0 1 1 0 

15 1 0 0 1 1 -15 1 0 0 0 1 

16 1 0 0 0 0 -16 1 0 0 0 0 

17 o 0 0 1 -17 1 1 0 0 1 1 

18 o 1 1 0 -18 1 1 0 0 1 0 

19 1 0 1 1 1 -19 1 1 1 1 0 1 

20 1 0 1 o 0 -20 1 1 1 1 o 0 

Negabinary notation of integers 

trip visiting each corner once and re­
tum to where it stmted. If you wish to 
obtain the number of such paths start­
ing at any corner, multiply each number 
by 2n. 

The number of Hamiltonian paths 
starting at 0, visiting each vertex once 
only and ending on any vertex except 0: 
1, 2, 18, 5,712 and 5,859,364,320. To 
obtain the number of such paths start­
ing at any corner, multiply each number 
by 2n. Thus, under the broadcast defi­
nition of "different," the number of five­
digit binary Gray codes, including re­
versals, is 187,499,658,240. 
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THE AMATEUR SCIENTIST 

Conducted by C. L. Stong 

T
he concept of an engine that 
would transform chemical energy 
directly into mechanical work has 

been pursued by experimenters for many 
years. Such a machine could be expected 
to be much more efficient in terms of fuel 
consumption than are the conventional 
systems that first convert chemical en­
ergy into heat or electricity and then into 

clear 
plastic 
tanks 
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Machines that work like muscles, and how 

Maxwell's demon was captured in a bottle 

mechanical work. A one-step conversion 
could also be expected to produce .less 
waste product. 

Engines of this type exist in the form 
of muscle. An animal's muscles convert 
almost half of the energy from food into 
useful work, whereas the best modern 
steam-turbine systems have an efficiency 
of about 40 percent. A promising step 
toward the development of an engine 
based on synthetic muscle was taken 
about 20 years ago by a group of inves­
tigators at the Weizmann Institute of 
Science in Israel. The group found that 
a certain gel resembles muscle in that it 
contracts and lifts a weight when it is 
immersed in a solution of appropriate 

Martin V. Sussman's mechanochemical turbine 

chemicals. Immersion in a different solu­
tion causes the gel to relax [see "Muscle 
as a Machine," by A. Katchalsky and S. 
Lifson; SCIENTIFIC AMERICAN, March, 
1954]. A comparable material is now 
manufactured in the form of collagen 
tape. With this material Martin V. Suss­
man of the Tufts University department 
of chemical engineering made, while he 
was a guest of the Weizmann Institute, 
a mechanochemical turbine that rotates 
as smoothly as an electric clock. The 
output power can be taken from a pulley 
on one of the rotating shafts. Sussman 
writes: 

"The new engine is actuated by a col­
lagen fiber in the form of a loop, a por-

lift-off 
roller -

T
rown 

Brine­
soaked 
collagen 

fiber 
returns 

to water 
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tion of which is wrapped helically 
around a pair of contoured spindles that 
are canted with respect to each other 
[see illustration on opposite page J. The 
spindles are partly submerged in a tank 
of salt solution and are free to rotate. 
The brine serves as the fuel. The remain­
ing portion of the fiber passes through 
a tank of fresh water below the fuel. 

"The salt solution causes the collagen 
to shrink and thus to develop a tensile 
force that is relieved as the fiber passes 
around the rotating tapered spindles. 
After spiraling through the brine the 
fiber is pulled from the solution by a 
belt-driven roller and lowered into the 
water bath. The diffusion of salt from 
the collagen into the water restores the 
material to its original length. Power de­
veloped by the turbine pulls the relaxed 
fiber from the water through a glass ring 
that guides the material to the top of the 
spindles for the next cycle. 

"In its present state of development 
the turbine generates mechanical power 
measured in milliwatts at the output 
shaft. Even so, it demonstrates a basic 
thermodynamic cycle of some interest. 
The cycle is outlined by the accompany­
ing graph [bottom of this page J, which 
shows how the length and the tension of 
one centimeter of collagen fiber vary in 
pure water and in brine. 

"In this experiment the brine consist­
ed of an eight-molar aqueous solution of 
lithium bromide. (A liter of solution at 
this concentration contains 695 grams of 
the salt.) The fiber shrinks to about 60 
percent of its normal length when it is 
transferred from a bath of fresh water to 
a lithium bromide solution of this con­
centration. Collagen retains its flexibility 
when it is saturated with salt; it can be 
stretched to its salt-free length by exert­
ing on its ends a tension of 52 kilograms 
per square centimeter of cross-sectional 
area. It is this property that the machine 
exploits to generate power. 

"As shown by the graph, the cycle be­
gins at point A, proceeds through points 
Band C and returns to A. At point A 
salt has been washed from the collagen. 
The fiber is at its normal length and in 
zero tension. In this state it is carried to 
the top of the spindles, which are cylin­
drical. The cylindrical shapes constrain 
the fiber so that it cannot shrink. The 
fiber makes two turns around the cylin­
ders to establish solid frictional contact 
between the slippery collagen and the 
surface of the spindles. 

"The material is then carried into the 
salt solution [point B J. Tension increases 
as the fiber absorbs salt. Tension is re­
lieved as the shrinking material spirals 
through the brine and exerts torque on 

glass 
guide 

132. 
mm. 

glass 
guide 

Dimensions of the turbine 

the tapered part of the rotating spindles 
[from point B to pOint CJ. The taper of 
the spindles enables the force against 
which the fiber acts to decrease gradual­
ly as tension in the fiber decreases. The 
arrangement allows efficient release of 
the tensile energy in the fiber. The cycle 
is closed by washing salt from the colla­
gen, which restores the fiber to its nor­
mal length [from point C to point AJ. 
The cycle can then be repeated, al­
though some degeneration of the colla-

150 
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collagen fiber 
In lithium bromide 
+ 'r t 
+ 1-
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gen becomes evident after about 100 
cycles. 

"The maximum power that an ideal 
turbine of this type can generate is pro­
portional to the area enclosed by points 
A, B, C and A of the graph. For a colla­
gen fiber with a normal dry length of 
270 centimeters per gram and a density 
of l.3 grams per centimeter the area en­
closed by points A, B, C and A of the 
graph indicates an energy conversion of 
7.85 X 106 ergs of work per gram of 

+ 
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length (centimeters) 
Thermodynamic cycle of I.he turbine 
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Demon demonstrator 

fiber. The turbine that was used in the 
experiments has a collagen throughput 
of .09 gram per second, which corres­
ponds to an ideal power output of 70 
milliwatts. 

"The machine delivers about 30 milli­
watts at its output shaft, which corre­
sponds to a mechanical efficiency of 
about 40 percent. A substantial portion 
of the difference between the ideal en­
ergy conversion and the actual output of 
the machine can be traced to power 
spent in overcoming friction in the bear­
ings of the machine and in pulling the 
fiber through the liquids. Another fac­
tor that impairs efficiency arises from the 
transfer of liquid between the tanks of 
brine and wash water, both of which 
tend to cling to the collagen. Liquids so 
mixed do not contribute to the output. 
Doubtless efficiency could be increased 
by installing wipers at the points where 
the fiber is withdrawn from the tanks. 

"The output of work per cycle can be 
increased somewhat by pretensioning 
the fiber before it is immersed in the 
brine. Pretensioning can be accom­
plished by feeding the washed collagen 
onto short inverted cones at the top of 
the cylindrical sections of the spindles. 
Salts other than lithium chloride can be 
used as fuel, including calcium chloride, 
magnesium chloride and potassium thio­
cyanate. I have even operated the tur­
bine on brine from the Dead Sea! 

"Any substance that shrinks reversibly 
or that develops tensile force when it is 
transferred from one environment to an­
other might be substituted for collagen, 
although I have not found any other ma-

114 

Intermediate energy level 

terial that works as well. Fibers of crys­
talline polyethylene or of rubber might 
be used as the working fiber. In that case 
the environmental change would have to 
be thermal rather than chemical. 

"The fact that stretched rubber tends 
to shrink when it is warmed was first ob­
served by the 19th-century physicist 
James Prescott Joule. A number of fas­
cinating engines have been based on this 
effect [see "The Amateur Scientist"; SCI­
ENTIFIC AMERICAN, April, 1971]. My 
turbine can be operated on a heat cycle 
by substituting a fiber of rubber for the 
collagen and replacing the salt solution 
with hot water. Output power will vary 
with the difference in temperature be­
tween the beginning and the end of the 
cycle. In theory it is possible to operate 
the contraction cycle in reverse; crank­
ing the output shaft should cause the 
turbine to operate as a chemical pump, 
which would remove salt from water, 
or as a refrigeration machine. 

"The principal dimensions of the tur­
bine appear in the accompanying illus­
tration [top of preceding page]. The 
working cones of the spindles taper at 
an angle of 10 degrees. The inverted 
cones for pretensioning the fiber taper 
at an angle of 15 degrees. A suitable 
angle for the axes of the spindles (the 
cant) is approximately seven degrees. 
The angle can be altered to adjust the 
pitch of the fiber helix, which will in 
turn control the extent of useful contrac­
tion of the fiber. The fiber will sponta­
neously follow a stable helical path 
when the spindles are rotated. Adjust 
the angle of the canted spindle so that 

Highest energy level 

the fiber contracts completely just before 
it leaves the helix. 

"The collagen I have used is supplied 
in the form of tape normally employed 
for making absorbable sutures. The ma­
terial is untanned. I tan, or cross-link, 
the molecules by soaking the fiber for 24 
hours in a 1 percent solution of formal­
dehyde at room temperature. The treat­
ment shrinks the collagen slightly. 

"In the machine with which I have 
experimented most I use 32 feet of size 
3/0 collagen tape in the form of a loop. 
The loop is closed by tying the ends with 
a square knot just before the material is 
soaked in formaldehyde. The slippery 
ends can be tied after soaking, but the 
tying is then best done by someone wilh 
surgical skills. 

"The spindles were machined from 
plastic bar stock. They are supported by 
shafts that turn in high-precision ball 
bearings of stainless steel. The bearings 
seat in flanges of stainless steel. The 
supporting plate, the flywheel and most 
of the other parts are made from corro­
sion-resistant metal. It is best to make 
the tanks of clear plastic so that all parts 
of the mechanism are visible. 

"At present the turbine does not hold 
great promise as a prime mover, but its 
deficiency in this respect is partly offset 
by its attractions as a demonstration ap­
paratus. I am grateful to Ethicon, Inc., 
of Somerville, N.J., for its contribution 
of the collagen tape." 

Sussman has also devised a scheme for 
illustrating what Maxwell's demon 

was supposed to do. The demon was in-
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Invoking Maxwell's demon 

voked by James Clerk Maxwell in one 
of his more puckish moments for a hypo­
thetical experiment relating to apparent 
differences in the statistical behavior be­
tween a gas in bulk and a gas as an as­
semblage of molecules. The experiment 
required a pair of adjacent rooms at 
equal temperature. The partition be­
tween the rooms was to contain a small 
hole. Maxwell proposed to station his 
demon at the hole with instructions to 
let all randomly moving fast molecules 
(hot molecules) pass through freely and 
collect in one room and to allow all ran­
domly moving slow molecules (cold 
molecules) to collect in the other room. 
Without expending physical work the 
demon would thus cause one room to 
become hot and the other one to become 
cold-in clear violation of the second 
law of thermodynamics, which stipulates 
that heat always flows from hot regions 
to cold regions and never in the oppo­
site direction. 

Maxwell never succeeded in laying 
hands on the elusive demon. Sussman, 
however, offers a trick for imprisoning 
the demon in a bottle that illustrates 
various aspects of thermodynamics. 
Sussman describes the arrangement as 
follows: 

"My demonstrator of Maxwell's de­
mon involves a relatively simple varia­
tion of an apparatus long used by teach­
ers to illustrate the nature of irreversible 
processes. Essentially the apparatus con­
sists of a flat-bottomed flask with a long 
neck that contains five white spheres 
and five black spheres [see illustration 

at left on opposite page J. The neck can 

Demon's work on molecules 

be sealed shut with a flame or with a 
stopper. A good stopper is a cork se­
cured with sealing wax. 

"Suppose the flask is inverted and 
the spheres have fallen into the neck so 
that the five black spheres are on the 
bottom and the five white spheres are 
above them. An 'irreversible' process 
can be illustrated by tilting the flask up­
right so that the spheres run into the 
bulb and mix, whereupon the flask is 
again inverted so that the mixed spheres 
fall into the neck. The mixing will doubt­
less alter the initial sequence of the 
spheres, because there are 252 ways in 
which five black spheres and five white 
spheres can be arranged in a row. (The 
number of possible permutations can be 
found by expressing the total number of 
spheres as a factorial number and divid­
ing it by the product of the number of 
black spheres and white spheres, which 
are also expressed as factorial numbers: 
101/51 X 51. The factorial symbol 1 in­
dicates the product of all integers from 
1 through the number of interest. For 
example, 51 = 1 X 2 X 3 X 4 X 5 = 

120. Similarly 101 = 1 X 2 X 3 X 4 X 5 
X 6 X 7 X 8 X 9 X 10 = 3,628,800. The 
number of ways in which two groups of 
five objects each can be arranged in a 
row is therefore equal to 3,628,800/120 
X 120 = 3,628,800/14,400 = 252.) 

"When the number of objects in­
creases to several thousand, the possible 
permutations become so many that the 
chance of a recurrence of an observed 
sequence is vanishingly small. That is 
why it is easy to mix cream into a cup 
of coffee but difficult to unmix the two. 

In such a case at least 1023 particles of 
fluid have been intermingled. The num­
ber of possible permutations is astro­
nomically large. 

"The apparatus can also illustrate the 
fine structure of energy in a system, 
showing that the energy carried by 
myriad bits of matter can change only 
in discrete steps. Assume that each of 
the black spheres has unit mass and that 
the white spheres symbolize massless 
spacers. Support the flask neck down 
with the black spheres at the bottom. 

"An energy level can now be assigned 
to each sphere according to its elevation 
above the closed end of the neck. The 
bottom sphere cannot fall below its pres­
ent position. Hence it can do no work. It 
occupies the zero energy level, which is 
termed the ground state. 

"An energy level can be similarly as­
signed to the four remaining black 
spheres. For example, the second sphere 
in the column could fall a distance equal 
to its diameter if the bottom sphere were 
removed. It could do work. One unit of 
energy is assigned to it. Two units of 
energy are assigned to the sphere in the 
next higher position, and so on. This 
scheme results in a total energy carried 
by the five black spheres of 0 + 1 + 2 + 
3 + 4 = 10 units. 

"Assume now that the spheres run into 
the body of the flask, mix and return to 
the neck in a different array [see center 

illustration on opposite page J. In this 
array black spheres occupy the ground 
level and the fourth, fifth, seventh and 
eighth energy levels, so that the new 
array has a total energy of 24 units. It 
is of course possible that the white 
spheres will find their way to the bottom 
of the neck and be surmounted by the 
black spheres. This pattern would repre­
sent the maximum energy configuration 
that the system could reach: 5 + 6 + 7 
+ 8 + 9 = 35 units. 

"Engaging now in a flight of fancy 
nomenclature, let each array be called 
a 'state.' As I have noted, a system of 
five black spheres and five white spheres 
can have 252 states. The energies of the 
states can range from 10 to 35 units. In 
the absence of factors prejudicial to one 
state or another one would expect the 
average energy of the flask to be 22.5 
units. 

"The energy of the system can be al­
tered by performing 'work' on the sys­
tem as a whole. For example, loosen the 
ring supporting the bottle and slide it 
and the bottle upward on the stand. All 
black spheres, since they have mass, 
gain energy when the bottle is lifted. 
The effect suggests a tenet of thermo­
dynamics: The energy of a system can 
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And Can't 

Read Fast! 
A noted publisher in Chicago reports 
there is a simple technique of rapid 
reading which should enable you to 
increase your reading speed and yet 
retain much more. Most people do not 
realize how much they could increase 
their pleasure, success and income by 
reading faster and more accurately. 

According to this publisher, many 
people, regardless of their present read­
ing skill, can use this simple technique 
to improve their reading ability to a 
remarkable degree. Whether reading 
stories, books, technical matter, it 
becomes possible to read sentences at 
a glance and entire pages in seconds 
with this method. 

To acquaint the readers of this publi­
cation with the easy-to-follow rules for 
developing rapid reading skill, the com­
pany has printed full details of its inter­
esting self-training method in a new 
booklet, "How to Read Faster and Re­
tain More," mailed free to anyone who 
requests it. No obligation. Send your 
name, address, and zip code to: Reading, 
555 E. Lange St., Dept. 858-00, Mun­
delein, Ill. 60060. A postcard will do. 

A catalogue . 
of natural disasters 

A report on over 400 important 
natural phenomena of the p ast four 
years - including oil spills, frog 
wars, earthquakes, and much more. 
Fully illustrated with 77 remarkable 
photographs plus hundreds of draw­
in gs. Recommended by Time as 
one of its gift books of ttie year. 
A Harmony Book. 8%· x 11" 

THE PULSE 
OF THE PLANET 

A State of the Earth Report 
f rom the S mithsonian Institu tion 
Center for Short-Lived Phenomena. 

Compiled and edited by JAMES 
CORNELL and JOHN SUROWEICKI 

Cloth $6.95, paper $2.95. Now at 
your boo ksto re, or send check or 
money order to CROWN PUBLISHERS, 
419 Park Avenue South, N.Y.C. 10016 

be increased by performing work on 
the system. 

"Just as the energy of the black 
spheres is increased with respect to the 
rest of the universe by lifting the bottle, 
so the work spent in compressing a gas 
adds to the energy of its constituent 
molecules. The similarity goes even fur­
ther, because the work of compressing 
the gas requires a change in the geo­
metric coordinates {volume} of the gas, 
just as the work done on the bottle re­
quires a change in the geometric coor­
dinates of the bottle. Continuing the 
analogy, the effect of increasing the en­
ergy of molecules by adding heat to the 
system can be simulated by altering 
the probability that a given state of the 
black spheres will appear. Simply add 
or remove white spheres. 

"In reality the addition of white 
spheres has two effects. Their presence 
allows individual black spheres to climb 
higher into the neck of the flask and so 
reach higher levels of energy. The white 
spheres also introduce indeterminacy 
into the system. Each white sphere that 
is added increases the number of ways 
that black spheres and corresponding 
energy levels can be permuted. Hence 
the addition of white spheres to the bot­
tle increases both the freedom of the 
black spheres to move through the ac-

________________ --L ________________ .....j cessible energy levels and the difficulty 

Announce Expansion of Only Bank Plan that 

Allows Checks and Top Interest at Same Time 

New Block of "U.S.A." 
Bank Accounts 
To Be Opened to the Public 
CHICAGO (SP) CITIZENS BANK 
announces release to the public of a new 
block of its "United Security Accounts." 

These are the only bank accounts in 
the United States that pay maximum 
savings interest on money that would 
ordinarily be kept earning nothing in a 
checking account for immediate access. 
Accountholders can write free checks 
on credit against the entire account while 
interest is compounded daily on the 
remaining balance. 

The bank is in the $225,000,000 class 
with exceptional reserves and F.D.I.C. 

insurance. All transactions are by post· 
age·free mail. 

Although "U.S.A." accounts are held 
by some 70,000 depositors throughout 
the U.S., new accounts have only been 
available to persons recommended by 
current accountholders. Now the bank 
s a y s  it w i l l  r e l e a s e  a b l o c k  of n e w  
accounts for applicants without recom· 
mendation. 

During this limited period, anyone 
interested is invited without obligation 
to send for a free booklet describing the 
advantages of these accounts. The cou· 
pan below should be sent without delay . 
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or uncertainty of describing the exact 
state of the system at any instant. 

"In thermodynamics the measure of 
that uncertainty is known as entropy. 
With no white spheres in the bottle 
there is only one possible state for the 
black spheres. There is no uncertainty 
and hence zero entropy-a condition 
analogous to achieving a temperature of 

3/4" cork 

Sh2" ball 
bearing. 

Cross section of black ball 

Chuck for machining ball 

ball 
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absolute zero in a perfect crystal. The 
second law of thermodynamics implies 
that any physical system left to itself 
can move only in the direction of in­
creased randomness. In other words, the 
'white spheres' of nature permeate and 
spread, destroying organization, struc­
ture and uniqueness. In short, entropy 
increases with time. 

"Having thus illustrated by analogy 
the irreversible processes of nature, the 
granular character of energy and the 
classical concept of entropy, the bottled 
particles can be returned to their initial 
state of minimum energy for another 
demonstration by invoking Maxwell's 
demon. Grasp the flask at the base of 
the neck in the neck-up position and 
swirl the contents with a circular motion 
of the wrist. The rotating spheres will 
climb to the middle of the bulb, where 
they will be held by centrifugal force. 

"While continuing the swirling move­
ment slowly turn the flask upside down. 
Gradually decrease the amplitude of the 
swirling movement. As the balls lose ve­
locity the black spheres will spiral into 
the neck, followed by the white spheres. 
Why? The explanation lies in an inof­
fensive deception. The black spheres are 
built so as to lose momentum rapidly. 
They are hollow and contain a small ball 
bearing. Friction between the inner sur­
faces of the sphere and the steel ball dis­
sipates some momentum as heat. The 
white spheres are solid. 

"For the bottle I use a two-liter flask 
with a long neck; it is available from 
distributors of chemical glassware. The 
cork spheres are 3/4 inch in diameter. 
They are stocked by novelty stores. 

"The black spheres are altered by cut­
ting the cork in half with a razor blade 
and removing material from the center. 
Improvise a semicircular template of 
7/32-inch radius from a piece of sheet 
metal. With a draftsman's compass in­
scribe a carefully centered circle on the 
flat face of each hemisphere. Materi­
al within the circle can be removed 
smoothly and quickly with a high-speed 
burr 3/8 inch or less in diameter. The 
inscribed circle defines the limit of the 
cut. The depth of the cut can be gauged 
with the template. The high-speed cut­
ter and the motor-driven chuck are avail­
able from dealers in craftsmen's sup­
plies. The hollow center can also be cut 
with a high-speed lathe. Chucks of vari­
ous kinds for supporting the hemi­
spheres can be improvised from either 
wood or metal. The complete Maxwell's 
demon bottle is also available commer­
cially from the Sargent-Welch Scientific 
Company (7300 North Linder Avenue, 
Skokie, Ill. 60076)." 

RALPH AND DORIS DAVIS A female Bighorn on rocky ledge shown In regular 

camera shot below. Questar close·up is on Tri-X 

at 1/125 second. 

QUESTAR "SHOOTS" THE BIGHORN 
Another Questor development expressly 
for the photogropher is the Fost Focus, 
a modification for the Questar Field 
Model. The increased focusing speed 
helps capture appeal ing shots of active 
wild life like this one of the Bighorn. 
You can acquire this feature as part of 
a new Field Model, or have it added to 
one you already own. We keep making 
it more convenient for you to get fine 
pictures with Questar's tremendous 
photo-visual resolution. 

QUESTAR, THE WORLD'S FINEST, MOST VERSA­

TILE TELESCOPE, IS PRICED FROM $865. SEND 

FOR OUR BOOKLET IN COLOR WITH 150 PHOTO­
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WHY MISS OUT? 
The important books you want 
to read and own are yours ... in 

The Library of Science 

reference NOW- books that cover every 
scientific dis<-ipline, and all at worthwhile 
savings. Why miss out? 

INTRODUCTORY OFFER: 
How many times have you passed up the 
books you wanted - only to discover they're 
impossible to find when you decided to get 
them? Let The Library of Science bring you 
the important books you want for reading or 

Take any 3 books (values to $49.45) 

all only $3.95 
if you will join now, and agree to take only 3 more books 
(at member discount prices) in Ihe next twelve months . . 

(retail prices shown) 
64771. NO LONGER ON THE MAP. Raymond H. 
Ramsay. A delightful voyage to "places that 
never were." Profusely illustrated with hun· 
dreds of old maps, this is an adventure in 
historical geography. $10.95 

42520. THE DOOMSDAY SYNDROME. John 
Maddox. The editor of Nature-discussing con· 
troversial topicS such as the fate of our natural 
resources, ecology, pollution-argues persua­
sively, with evidence, that the facts may well 
prove the doomsayers wrong. $6.95 

48400. THE FASCINATION OF REPTILES. 
Maurice Richardson. Handsomely illustrated 
appreciation of these scientifically neglected 
and often maligned animals. Includes infor­
mation on care and feeding. $10.00 

57280. KINGDOM OF THE SEASHELL. R. Tucker 
Abbott. Expert introduction to the fabulous 
world of marine mollusks-how they grow, 
reproduce and defend themselves. Magnificent 
illustrations, many in color. $14.95 

88120. YELLOWSTONE: A Century of the Wil· 
derness Idea. Ann and Myron Sutton. A lavish 
celebration-in evocative words and breath· 
taking photographs (72 of them in color)-of 
deer, bison and bears, awesome canyons, the 
spectacular lakes and forests of this great 
century-old national park. Counts as 2 of your 
3 books. $25.00 

61340. MATHEMATICAL STATISTICAL ME· 
CHANICS. Colin J. Thompson. A mathematical 
approach to classical statistical mechanics 
with important applications to biology. Author 
is Professor of Physics and Mathematics at 
Northwestern University. $12.75 

39891. THE COMPUTER FROM PASCAL TO 
von NEUMANN. Herman H. Goldstine. The 
world-famous mathematician and computer 
scientist traces graphically and absorbingly 
the history of the major scientific and tech­
nological development of our times. $12.50 

63950. THE NATURE OF THE CHEMICAL BOND. 
Linus Pauling. The winner of both the Nobel 
Prize in Chemistry and the Nobel Peace Prize 
updates and revises his classic work on the 
resonance theory. $17.50 

87410. WORDS FOR BIRDS. Edward S. Gruson. 
This ornithological. etymological and historical 
guide to 800 birds is a readable treasuretrove 
of fun as well as accurate information. Illus­
trations. $8.95 

63191. THE MOUNTAIN PEOPLE. Colin M. 
Turnbull. Compellingly readable first·hand ac· 
count of Uganda's strange Ik people-an iso­
lated tribe forced into inhuman cruelty by an 
inhospitable environment. and by an indiffer­
ent government. Photographs. $7.95 

�5830. THE VIEW FROM SPACE: Photographic 
Exploration of the Planets. Merton E. Davies 
and Bruce C. Murray. A wealth of information 
supplemented with useful detail on space 
photography and camera equipment. $14.95 

38940. THE CLOSING CIRCLE. Barry Com· 
moner. The man who has been called "the 
Paul Revere of ecology" analyzes our steadily 
worsening environmental dilemma and offers 
some cogent prescriptions for change. $6.95 

78340. SHAPES, SPACE, AND SYMMETRY. 
Alan Holden. By word and picture. the author 
explains. analyzes, and provides amazing in­
sights into hundreds of mathematical solids 
ranging from the tetrahedron to the trapezoidal 
hexacontahedron. $11.00 

50570. GRADUATE SCHOOL IN THE SCIENCES. 
Jack G. Calvert, James N. Pitts, Jr., and George 
H. Dorion. Three experts from .academic life 
and from industry offer some useful and prac­
tical advice for those who want to get into 
graduate school as well as for those who want 
to stay in. $9.95 

48090. THE FACE OF THE DEEP. Bruce C. 
Heezen and Charles D. Hollister. Superb, sci­
entific account of the strange and fascinating 
portion of the world's surface that is deeply 
covered by the sea. Beautifully illustrated with 
more than 600 photographs. Counts as 2 of 
your 3 books. $25.00 

32571. ALBERT EINSTEIN: Creator and Rebel. 
Banesh Hoffmann. More than a fascinating 
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pear of the great scientist. Many documents 
and intimate family photographs. $8.95 

48531. FINITE MATHEMATICS WITH APPLI· 
CATIONS. Abshalom Mizrahi and Michael Sui· 
livan. Brilliant work that puts such tools as 
probability, linear programming, matrices, 
directed graphs. game theory within the reach 
of the non·specialist. $10.95 

39960. COMPUTER HARDWARE THEORY. W. J. 
Poppe/baum. Introduction to the theory used 
in designing computers and their input/output 
equipment. Covers advanced devices. electro­
optics. noise theory, and non-linear circuits. 

$16.95 

78190. SEXUAL SELECTION AND THE DE· 
SCENT OF MAN. Edited by Bernard Campbell. 
In one seminal volume. ten of the world's 
outstanding biologists, anthropologists and 
sociologists assess some of the problems 
originally posed by Oarwin in 1871. Unani­
mously hailed as a modern masterpiece. 

$14.75 

57930. LAWS OF FORM. G. Spencer Brown. 
"Spencer Brown has succeeded in doing what, 
in mathematics. is very rare indeed. He has 
revealed a new calculus of great power and 
simplicity. I congratulate him."-Bertrand 
Russell. $9.00 

61590. THE MATURE SOCIETY. Dennis Gabor. 
The Nobel Prize winner and discoverer of 
holography offers prescriptions for the future 
of man. Raises many controversies and pro­
vokes intense and purposeful thought. $7.50 

47260. EXPLORING NEW ETHICS FOR SURVI· 
VAL. Garret Hardin. Frank look at many mod· 
ern attitudes which affect man's chances for 
survival. Elaborates on his essay "The Tragedy 
of the Commons." which burst like a bomb­
shell on the scientific community a few years 
ago. $7.95 

37411. CHALLENGING BIOLOGICAL PROB· 
LEMS: Directions Toward Their Solution. 
Edited by John A. Behnke. A number of dis· 
tinguished contributors examine 17 vital bio­
logical problems. including genetic interven­
tion. abnormal growth, aging, the biology of 
aggression and much more. $10.95 

62460. THE METAPHORICAL BRAIN: An Intro­
duction to Cybernetics as Artificial Intelligence 
and Brain Theory. Michael A. Arbib. Introduces 
a new concept of the brain as an action­
oriented, distributed computer, based on the 
latest experimental research and from. recent 
advances in the design of robots. $14.95 

34630. ASIMOY'S GUIDE TO SCIENCE. Isaac 
Asimov. The incomparable Isaac Asimov has 
done it again with this exciting general ac­
count of modern science-an encyclopedic work 
of 945 pages that is meant to be read and 
enjoyed. $15.00 

34610. ASIMOY'S BIOGRAPHICAL ENCYCLO· 
PEDIA OF SCIENCE AND TECHNOLOGY (New 
Revised Edition). Isaac As;mov. A fascinating 
reference work-the lives of 1,195 of the world's 
great savants from ancient Greeks to molec­
ular biologists. $12.95 
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hy Philip Morrison 

T
HE COMPLEAT NATURALIST: A 
LIFE OF LINNAEUS, by Wilfrid 
Blunt, with the assistance of Wil­

liam T. Stearn. The Viking Press 
($14.95). The hydra specimen, with sev­
en heads, each gaping mouth set with 
jaws of horrid sharp teeth, was a young 
one, perhaps cat size. It is here in a col­
orful reproduction of an engraving out 
of the four-volume natural history of 
Albert Seba of Amsterdam. Seba was a 
famous traveler and collector, but he 
had no hydra in his fine collection of 
curios; the one he published was copied 
from a drawing sent him by the burgo­
master of Hamburg, who owned the rare 
stuffed monster, once loot from Prague. 
Although Seba had never seen the speci­
men, he had no doubt of its genuine im­
portance; his book lists and describes 
similar wonders. Then Carl Linne, pass­
ing through Hamburg, inspected the 
relic and pronounced it a fake. The 
claws and gaping jaws were those of 
weasels; the body was covered with 
joined, glued snakeskins. Linne (better 
known today in the Latinized form Lin­
naeus) was not the first or the only 
doubter; the price had been dropping 
steadily ever since the burgomaster had 
begun seeking a wealthy buyer. No one, 
however, had been so sharp and con­
vincing a skeptic as the 30-year-old trav­
eler from Uppsala. His tactless clarity 
brought the price to zero, and he 
"thought it best to leave Hamburg forth­
with" for Amsterdam. 

So did the Swedish naturalist begin 
his foreign travel "in search of fame," 
as the biographer puts it. Linnaeus was 
not new to travel. He had made some 
mark by a summer's journey to Lapland, 
the northernmost part of Sweden. There 
Christian missions and a few official 
posts were scattered through the arctic 
mountains of a reindeer-herding people; 
it was a raw land not yet explored by 
naturalists. Linnaeus spent five months 
of his 25th year on a collecting trip, for 

BOOKS 
The man who named the plants and animals, 

and two studies of glaciers and their geolof!JY 

which the Royal Academy of Science 
had somewhat stingily paid, covering 
3,000 miles on foot and by inland wa­
ters. His collecting, his eventual system­
atic volume on the flora of Lapland, 
his wide and knowing interest in the en­
tire natural world, his clear and lively 
writing (although the drawings were 
awkward)-all set the pattern for his 
long lifework. 

No one who goes to the zoo or looks 
up an identification in herbal or bird 
book can now miss the name of Lin­
naeus. His systematic listing and de­
scription of plants and animals remain 
the first resort of the official canon of 
biological nomenclature. He first system­
atically employed the terse binomial 
scheme-each species' name affixed to 
the name given a genus, or set of related 
species, like a person's surname followed 
by a given name, instead of the longish 
descriptive phrases that had been in 
general use among botanists. His first 
version of Systema Naturae appeared in 
Leyden in 1735; it arranged the entire 
system of nature into its three kingdoms 
according to classes, orders, genera and 
species in 14 large, crowded pages. 

Today the mineral kingdom has left 
the rule of Linnaeus, but because re­
semblance, perspicaciously used, within 
the evolving world of life means real 
physical descent, biologists are still Lin­
naean. His work grew with him; 12 edi­
tions came out in his lifetime, the last 
one running to 2,300 pages in three vol­
umes. It is the 10th edition of this book 
that remains "the starting-point for the 
modern scientific naming of animals," as 
his Species Plantarum is for plants. Both 
books appeared in the 1750's. He in­
cluded then almost 8,000 species of 
plants and more than 4,000 of animals. 
The million and a half or more species 
we now count are still named in the 
same way; for plants the first descrip­
tions are still written in the same tech­
nical Latin, derived from Renaissance 
sources, that Linnaeus developed. 

Linnaeus was a physician by training 
and trade, like many a scientist of the 
day. His chief practice was among the 
venereally ill young rakes of Stockholm. 

("I hardly have a moment to snatch even 
a hasty meal. This fills my purse but . . .  
eats up my time . . . .  Aesculapius i s  the 
giver of all good things; Flora bestows 
nothing on me.") By good luck he fell in 
with the nobility and at last became 
professor of medicine and botany at 
Uppsala, "released from the wretched 
drudgery." As such he spent his life, 
writing prodigiously and acquiring a 
following of students, some of whom be­
came his "apostles": serious botanists. 
One of these was Daniel Solander, who 
sailed around the world with Captain 
Cook and became an official at the Brit­
ish Museum. Another was Carl Thun­
berg, whose work in South Africa and 
Japan is classic. Kept isolated, like most 
foreigners, on a tiny island in the harbor 
of Nagasaki for most of the 15 months he 
spent in Japan, poor Thunberg searched 
daily for plant specimens in the fodder 
the Japanese brought for the cattle and 
swine. (The black-eyed Susan is Thun­
bergia alata.) 

Linnaeus is for Sweden a kind of 
Newton. He was heaped with the honors 
of the learned of Europe. In his prime he 
would lead a retinue of 150 much-im­
pressed students from many lands out 
every Saturday to botanize. They would 
assemble at a set hour, and the master 
would benignly identify their plants. "A 
table was spread for twenty, provided 
with fruit and syllabubs, and those who 
had found the rarest plants sat with the 
Master at this table." At the end of the 
day they all marched back into town 
with horns and drums, cheered Linnaeus 
and dispersed. That is the Swedish 
image of the Prince of Botanists. The 
English, who came to half-adopt him 
and who still hold his manuscripts and 
collections in the Linnaean Society of 
London, seem to have smothered the 
man with Victorian sentiment. Oscar 
Wilde retold the legend that "Linnaeus 
fell on his knees and wept for joy when 
he saw for the first time the long heath 
of some English upland made yellow 
with the tawny aromatic blossoms of 
the common furze." Perhaps more re­
vealing is Wilfrid Blunt's glimpse: the 
clever young man on the make, En-
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lightenment come from the rude north, 
full of new ideas, brash, conceited, some­
thing of a womanizer, whose costume on 
great occasions was his Lapland dress, 
complete with a shaman's magic drum, 
to set off his stocky frame and "piercing 
hazel eye" with the glamor of his travels. 

Blunt is an artist and a writer; he is at 
home with botany and its tradition, but 
he does not spend much space on sci­
ence, and curiously he does not seem to 
like Linnaeus, although he handles him 
fairly enough. The writing is evocative 
and rich with learning; it supplies a clear 
look into the times no less than the man 
and it treats as well, perhaps a little too 
thoroughly, the opinions of Linnaeus 
held since his time. William T. Stearn, a 
distinguished botanist, supplies an ex­
cellent, if brief, survey of Linnaeus' 
work and its influence on modern sys­
tematics. 

Linnaeus was, to be sure, not beyond 
his time. He believed, for example, that 
swallows wintered under water. He 
knew, however, what evidence is; he 
marked the species he listed to show 
whether he had seen the living plant, a 
dried specimen or only a written ac­
count of it. There exist an engraving and 
a letter demonstrating that he, and not 
his countryman Anders Celsius, invented 
the centigrade scale. He had an eye for 
all nature. He first saw the use of tree 
rings for dating, silicosis caused by the 
quarrying of grindstones, holes made by 
fly grubs in reindeer hides-all new to 
science. "He adored Nature in all her 
manifestations; and above all he never 
lost his sense of wonder." 

GLACIER ICE, by Austin Post and Ed-
ward R. LaChapelle. University of 

Washington Press ($20). GLACIAL AND 

QUATERNARY GEOLOGY, by Richard 
Foster Flint. John Wiley and Sons, Inc. 
($26.75). Mankind and glaciation go to­
gether. Today we know that the homi­
nids began some 10 million years ago, 
and that species ancestral to our own 
were making and using tools several 
million years back. The old Quaternary 
period, the latest geological epoch, a 
million years old at most and once con­
sidered the time of humans and of ice 
ages, now is too confining. The time of 
the ice too has been moved back. In the 
rocks of Antarctica the fossil record 
shows a warm climate early on, but for 
the past 10 or a dozen million years we 
find clear mark of the unstratified deposit 
of glacier ice: the glacial till. Professor 
Flint, whose wonderfully readable big 
text came out the year of his retirement, 
confides that his title is a little mislead­
ing now, but he keeps it out of old as-
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sociations; it would be a bit pedantiC to 
say late-Cenozoic geology. So the homi­
nids line up in the drawing, from Rama­
pithecus to Homo sapiens, getting taller 
and brainier as the temperature falls. 

The main evidence for this cooler 
climate is the traces of a rare mineral: 
ice. No solid component of the geological 
kingdom is so rapidly changing as ice, 
which is near its melting point even at 
the coldest spots and is transported in 
vapor and liquid phases. It flows in big 
sluggish streams; its most turbulent 
rapids, the ice falls, advance perh.aps a 
kilometer a year, and occasional ex­
plosive runaways, the glacial surges, 
reach speeds six times greater. Thus it 
erodes the rock floor, using rock tools 
like the eoliths of the clever apes; thus 
it grinds out rock flour, carries strange 
boulders snatched from scraped cliffs, 
sends meltwater flowing in lakes and 
streams to build piles and walls of 
crushed rock. Ice loads the landmass, 
deflecting it downward; the melt aug­
ments the sea, flooding the coasts. The 
plant world reflects the cool winds of the 
icy highlands, and the land and sea ani­
mals change in response. From all these 
lines of argument the geologists have re­
constructed the past when Boston and 
London lay under the ice cap, when the 
English Channel was dry, when the 
woolly rhinoceros roamed the steppes of 
Germany. The changes are swift, as 
epochs go; during this time the shifting 
continental plates could not drift far 
enough to close or open the oceans 
much. 

We can see the ice landscapes today 
if we travel to the right places. Indeed, 
the Alpine peasants have watched gla­
cier ice for centuries; they could not 
have missed the similarity of the mo­
raine across the green valley floor to that 
along the icy margin of the glacier. Nor 
did they. In 1815, well before Louis 
Agassiz visited the Rhone glaciers, a 
man named J. P. Perraudin orally com­
municated the inference from the mo­
raines-that once the glaciers had been 
far more Widespread-to a Swiss civil 
engineer. 

Only a few people live near the ice, 
and almost none live on it. Glacier Ice is 
a joint product of two men who for a 
dozen years have made aerial photo­
graphs, mainly of the glaciers that 
abound between Puget Sound and Ber­
ing Strait, in a systematic study of the 
details of glacier ice on the kilometer 
scale that is natural to it and well suited 
to the airborne camera. (They pay warm 
tribute to their pilot, William R. Fair­
child, killed in a tragic crash in 1969, for 
the skill that "made these projects pos-

sible.") The book is a rather thin volume 
whose large pages display more than 130 
crisp, revealing and beautiful photo­
graphs of the ice, mainly from the air 
but with some from the mountaineer's 
viewpoint. Some photographs are taken 
from other sources and show Himalayan 
or Alpine ice. The text is a masterpiece 
of scientific pedagogy, fitting and ex­
plaining the photographs very well; the 
book will speak eloquently to the tyro 
but should not let down the expert, al­
though it stops short of the quantitative. 
(Flint goes further, but still in an intro­
ductory way.) 

A few sights insist on description here. 
The glacier sole is the debris-laden layer 
at the very bottom of the glacier, its 
working face against the rock. It is an 
unlikely subject for aerial photography, 
but here is an area of the sole, the rock 
pieces showing strong parallel grooves. 
The glacier at the head of a long Alaskan 
fjord had just discharged an iceberg and 
several pieces from the bottom had 
floated to the surface and overturned to 
expose the sole as the photographer 
above made his exposure; only on the 
print did he learn of his remarkable sub­
ject. Life is scarce on the endless ice but 
not absent. The mountaineer is there 
(one dizzying shot shows a pair crossing 
a knife-edge ridge between two slotlike 
crevasses falling off into the dark) and 
the ski-equipped aircraft. Of course, the 
photographs are themselves the sign of 
the flying camera crew overhead. There 
is also the ice worm-no joke at all but a 
"common inhabitant" of the glacier snow 
surfaces of early summer along the 
North Pacific Coast. Like little earth­
worms an inch long, these animals live in 
the surface meltwater, feeding on wind­
falls of pollen or algae. They flee both 
the sun's heat by day and the freezing 
cold of night by retreating into the snow; 
they feed in the evening or in cloudy 
weather. They overwinter deeper in the 
snow, creatures adapted to permanent 
snow and ice. 

The most striking of all the manifold 
forms of the glacier is the ogive band, a 
regular arcuate transverse waving or 
banding of the flowing ice, on the scale 
of tens of yards, convex downstream, 
forming each year as regularly as sum­
mer and winter, below its icefall source. 
One remarkable view of an Alaskan gla­
cier shows the year-by-year advance 
plainly marked and dated. The "orderly 
highways" of the usual medial moraine 
stripes or the looping "marble cake" of 
the moraines that form on a surging gla­
cier is visually more striking. No form 
in cloud or sea, however, is more regu­
larly waving than the close-spaced 
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ogives of some of these glaciers. Their 
origin is unclear, although a plausible 
story or two has been spun by the ice­
watchers. 

The Flint volume, "a compromise be­
tween an encyclopedic treatment and a 
generalized summary," is an introduc­
tion to a handful of sciences. You will 
see a dozen curves marking temperature 
trend with recent geologic time, all put 
side by side on a page, to make clear 
how far these interpretations of oxygen­
isotope abundance and diatoms, of pol­
len and silt layers, agree with one an­
other. The verdict is: Tolerably well. 
The climate has fluCtuated worldwide 
over the past 70,000 years, north and 
south together. The glacial ages are 
temperature-controlled and not times of 
extra precipitation. Nor are they essen­
tially polar phenomena. During glacial 
maximum the northern ice sheet grows 
to double the rather fixed volume of the 
Antarctic ice; the inventory is here in 
quantitative estimate. The maximum ice 
sheet has three times the present ice 
volume, the bulk of it Canadian and 
Antarctic; Europe and the Andes have 
not much room for the ice. Even if the 
southernmost plateau were at lower lati­
tudes, it would be an ice cap; glaciers are 
phenomena of continental climates, high 
altitudes with enough precipitation to 
feed the flow. 

The causes? Will the ice sheet grow 
again? We do not know. Professor Flint 
has for a generation made the constant 
wager that a piled-up highlands geogra­
phy-such as the colliding continents 
have built over the past 100 million years 
-is needed, but is not sufficient, for the 
ice. Probably, he holds, the fault is not 
in ourselves but in our star: the sun. Does 
that furnace dwindle? Perhaps the neu­
trinos underground will yet tell us the 
answer. Meanwhile we can admire the 
ice and its creatures; on a few pages 
Flint reproduces a marvelous menagerie 
of the Quaternary, little scaled drawings 
the size of a thumbnail, of the beasts that 
lived on the earth while the clever ape 
struggled in the savanna. Did Siberian 
hunters, far afield, ever see the giant 
American browsing ground sloth, feed­
ing in the treetops like a giraffe but 
standing like a bear 16 feet tall? 

13ARN SCIENCE THROUGH BALL GAMES, 

by C. B. Daish. Sterling Publishing 
Co., Inc. ($3.95). The British edition of 
this penetrating and original little book 
has a more straightforward title: The 
Physics of Ball Games. The U.S. pub­
lishers have seen the matter more subtly, 
and no doubt there is truth on their side, 
but the direct aim of the book is rather 

to learn ball games through science. 
Never mind that all such interactions are 
reciprocal; the book hits the mark with 
the skill of a Nicklaus on the approach 
shot. With succinct tables, almost no 
formulas and the expertise both of 
thoughtful theory and a good many ex­
periments, Mr. Daish illuminates the 
way of bat, paddle and toe with balls 
from table tennis to soccer. Internal evi­
dence implies that he is associated with 
the golf-equipment industry; certainly 
the experiments he cites center there. 
(The absence of cricket suggests the 
pruning that seems to have produced 
the abridged but bargain-priced Ameri­
can edition.) 

Ball games have three physical stages: 
the propulsive (or ending) impacts, the 
long flight in the air and the contact with 
surfaces such as walls or playing field. 
The impact stage is swift: up to a few 
milliseconds span the contact time, so 
brief that in a golf stroke "the ball must 
have left the club face before the hands 
of the player feel the blow," let alone 
the signal to his brain. By the time the 
player is conscious of the impact the 
ball is two feet ahead of the club. These 
short times mean large forces. But they 
are dynamic: they depend on club-head 
speed and mass, not at all on shaft 
strength. A neat, if approximate, theory 
based on momentum balance and the 
bounciness of the ball shows that an in­
crease in club-head mass does no real 
good, since the club head already domi­
nates the mass of the golf ball. Indeed, a 
heavier club is harder to swing. Direct 
experiment bears this out: an increase 
by almost a factor of three in head mass 
does not noticeably affect the length of 
drives. 

The flight through the air is a major 
portion of any ball game. The crude 
drag-free approximations of the begin­
ning physics text are not worth much in 
practice; even a soccer kick reaches only 
about 210 feet on the field, although in a 
vacuum it would carry 410 feet. Table 
tennis is air-dominated. Swerves and 
curves are air-produced; they are of 
course real, not illusory. In golf they be­
come the hooks and slices that ruin shots 
when the deflections are horizontal. 
When the air gives lift (all golf shots, 
even the drive, are undercut), it is the 
golfer's aid, as it is the pitcher's. The 
drag of the turbulent wake and the side­
wise forces of the Magnus effect (the 
name given the transverse forces pro­
duced by the flow pattern around a 
spinning ball) are carefully considered. 
They are at the heart of baseball, tennis, 
golf and high-quality soccer. The draw­
ings of real trajectories and the explana-

tion of their nature give conviction to 
this excellent section, which is made 
simple but can repay sophisticated at­
tention. Squash and table tennis are 
played below the critical Reynolds num­
ber, soccer is well above it and golf 
(with dimpled balls but not with smooth 
ones) takes place above it as well. This 
regime is that of the turbulent boundary 
layer, when the wake is narrowed and 
drag drops sharply. 

Even more subtle are the effects of 
surface impact. Spin and its frictions, 
rolling and sliding, rule there. The bil­
liard cue is a tool for producing spin; 
the slides and swerves and hesitations 
the real cueman can produce have their 
analysiS here not in mathematical but in 
plain physical language. It is fair to re­
mind the reader that understanding is 
not the same as performance; a hustler is 
made by eye and hand, not by the ex­
plicit statement of spin axis and slip. Cue 
balls given "top" or "bottom" can act 
surprisingly on impact, but they must 
collide while still slipping. That control 
of distance and speed is not for be­
ginners. 

Energy and power in the end de­
termine motions. Since games are mus­
cle-powered, a chapter is devoted to 
human forces and energies. A golfer 
during the fraction of a second of a full 
stroke generates about 2.5 kilowatts, 
comparable to that of a high jumper, and 
with skill can store about half of the en­
ergy in the club head. He needs to bring 
into play some 10 kilograms of active 
muscle. Jack Nicklaus put it well: "You 
hit the golf ball with your legs." Most of 
the body's muscles are in the legs and 
thighs. 

There is much more in detail and in 
broad sketch in this fine book. More 
work remains to be done. One hopes two 
kinds of reader will come to the text: 
those who can learn from it for the first 
time, like any general reader, how to 
keep mind as well as eye on the ball, 
and those with the training and where­
withal to elaborate and extend these 
fascinating insights. 

REMARKABLE FLYING MACHINES: A 
PICTORIAL ACCOUNT OF CERTAIN 

EXTRAORDINARY AIRCRAFT THAT HAVE 

BEEN BUILT AND FLOWN SINCE 1783, by 
Henry R. Palmer, Jr. Superior Publish­
ing Company, Seattle ($12.95). The sub­
title makes the contents clear enough. 
Put another way, these photographs, 
more than 200 of them (plus one en­
graving from the prephotographic days 
of the brothers Montgolfier), exhibit the 
curious species evolved chiefly to fill 
unusual niches in the ecology of human 
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WW Oxford 
.. University Press 

A Revolution in 
the Earth Sciences 
From Continental Drift to 
Plate Tectonics 

By A. HALLAM. In examining the de­
velopment of the continental drift 
hypothesis, the work of Wegener and 
others is used as the point of departure, 
showing how their theories are related 
to the revolutionary ideas that have been 
postulated in recent years. 45 figures. 

$9.75 
Underwater Science 
An Introduction to 
Experiments by Divers 

Edited by I. D. WOODS and I. N. 
LYTHGOE. "An unusual collection of 
papers by eight British scientist-divers 
aimed at telling the lay reader and the 
nondiving scientist what their craft has 
accomplished in the past decade or so. 
The approach is practical but quantita­
tive throughout .... The emphasis is on 
techniques and planning for further 
work."-Scientific American. 103 figures, 
1 plate. $13.75 

The Structure of 
Human Populations 
Edited by G. A. HARRISON and A. I. 
BO YCE. "We have long lacked a sub­
stantial interdisciplinary account of the 
nature of human populations; an ac­
count which brings together anthropol­
ogy, demography, ecology, genetics, psy­
chology and sociology .... [This] is a 
really exciting collection of authorita­
tive and lucidly written papers." - Times 
Literary Supplement. Illus. 

Cloth, $24.00. Paper, $10.25 

Biology and the 
Human Sciences 
The Herbert Spencer Lectures 1970 
By I. W. S. PRINGLE. Some of the 
ways in which biology is becoming not 
only relevant but vital to the under­
standing of human affairs are discussed 
in this book. Among the topics covered 
are aggression; population problems; the 
evolution of language, race, class; and 
man's capacity for acquiring culture. 

Cloth, $8.50. Paper, $3.50 

An Introduction to 
the Study of Man 
By I. Z. YOUNG. "The text is richly 
illustrated, selectively referenced, hand­
somely printed, and highly readable .... 
It is clear enough to be recommended 
for nonscientists and so interesting and 
authoritative that scientists will enjoy 
reading this distinguished neurobiolo­
gist's view of man." - American Journal 
0/ Human Genetics. 256 figures. $20.50 

What is 
Mathematical LogiC? 

122 

By I. N. CROSSLEY, J. C. STILL­
WELL, C. J. ASH, N. H. WILLIAMS 
alld C. BRICKHILL. The authors pro­
vide a stimulating and lucid introduc­
tion to mathematical logic and its 
historical development for readers with­
out mathematical training. Figures. 

Cloth, $4.50. Paper, $1.95 
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flight. A few show rather odd ways to 
fly-here is a metal-clad "tin blimp" in 
New Jersey before World War II, and 
the 1955 Army "flying platform," a rifle­
man standing on top of an engine with a 
ducted fan, nothing else. Mostly, how­
ever, we see the dodos and the hum­
mingbirds, the fleas and the toucans of 
the engineering zoology of flight. 

Dodo? The underpowered Dornier 
DO-X flying boat ("more engines than 
any aircraft ever built before or since") 
came to New York from her builders in 
Friedrichshafen in 1930. She too� 10 
months, what with weather, fires and 
just not enough zip to take off with all 
the fuel she needed for those dozen air­
cooled Siemens Jupiters: 6,000 horse­
power for 52 tons of weight, including 
two shower baths. (The takeoff power of 
a recent propeller-driven airliner of 
similar weight is two or three times 
greater, with four engines.) The hum­
mingbird? Consider the one and only 
Wee Bee, which for the photographer's 
benefit could be carried in the pilot's 
arms (with some straining). In flight he 
lay in belly-flop position as though on a 
sled. (The Wrights too cut drag by prone 
flight.) Flea? Well, out of the bomb bay 
of the huge, slow, propeller-driven post­
war B-36 bomber there was to have un­
folded a trapeze, and off that structure 
there was to buzz a tiny folding-wing 
jet fighter, swift and short-ranged, that 
could protect the mother craft-perhaps. 
That symbiosis was not a success, al­
though three hook-ons were accom­
plished. Piggyback flight is neither new 
nor obsolete: the American dirigibles 
Macon and Akron carried up to five 
fighters each, and a British piggyback 
scheme flew the Atlantic in 1938, one 
big flying boat carrying a smaller pon­
toon plane into the air. The multistaged 
rocket is the same solution, and the space 
shuttle plans to work it out on a grand 
scale with pilots aboard. As for the tou­
can, finally, various craft remind one of 
it with their special grotesqueries of 
form to house radar or bulky cargo; once 
"even a 49-foot yacht" flew in a Super 
Guppy, an oversize, hinged modifica­
tion of a Boeing Stratocruiser. 

Most of the artifacts shown are the 
serious work of professional design 
teams and not of eccentric inventors, al­
though a few of those appear as well. 
Flight demands cooperative skills, if not 
always much common sense, and is too 
social an enterprise for the odd dreamer. 
It is impressive to see, though, what the 
taxpayers have paid for in one or an­
other military project. The inflatable re­
connaissance planes of the late 1950's 
are rather endearing somehow. You take 

a small engine and some wrappings out 
of a not very big box, unroll the wing, 
fuselage and control surfaces made of 
layers of nylon, inflate and fly. The idea 
appears to have proved impractical 
("due, perhaps, to ...  a proneness to de­
flation in mid-air if holed"). Uglier, if no 
less heroic, is the Northrop Flying Ram, 
a small twin-jet intended to "dive on 
enemy bombers, slicing off tail assem­
blies ... .  The wings were built of heavy 
magnesium plate. . . .  This plane went 
out of control on its first test flight and 
crashed." 

U L TRAPURITY: METHODS AND TECH-

NIQUES, edited by Morris Zief and 
Robert Speights. Marcel Dekker, Inc. 
($37.50). Once the concept of chemical 
purity had to be wholly constructive: a 
sample was only as pure as you knew 
how to make it. Nowadays we have an 
absolute standard, almost Platonic; a vol­
ume of space that contains only repeated 
modules of one single molecular struc­
ture, or of one repeated lattice unit, with 
all nuclear species of a single isotopic 
nature, is a pure sample. Such a sample 
scarcely exists; this technical symposium 
surveys the 20-year history of ever closer 
approaches to the ultimate. The contrib­
utors are English, German and Ameri­
can; they represent university and 
government research centers and the 
specialized preparative industries from 
which the best reagents come. The treat­
ment is at a fully technical level, but the 
topic is so rich in ingenuity and under­
standing that it deserves some attention 
from many readers, certainly from teach­
ers and students of chemistry at almost 
any level. 

The alchemy of World War II, deal­
ing with intensely toxic and scrupulous­
ly purified new radioactive elements, be­
gan the modern trends. The key idea 
then was to handle materials dust-free, 
for the protection both of the sample 
and of the worker. No sample is pure if 
it contains dust specks drawn from the 
air, even though they are insoluble and 
often slip past the ordinary analyst. The 
filters developed by the Manhattan proj­
ect and its successors are still the stan­
dard: they are elaborate structures of 
submicron glass fibers. The individual 
filters are tested by measuring the pas­
sage of a carefully controlled organic 
smoke of known palticle size. An ap­
proved filter catches 99.97 percent of 
the . S-micron particles of the smoke. 
Build the ceiling of the laboratory en­
tirely of such filters, use a perforated 
grating for a floor and ventilate the 
room with a vertical draft of air, moving 
straight from ceiling to floor in smooth 
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parallel How at about 100 feet per min­
ute. Now you should have a tolerably 
dust-free room, one with fewer than 100 
particles as large as half a micron in di­
ameter per cubic foot. It is routinely 
achieved, although not without pains­
taking attention to detail. 

Ultrapure substances approach being 
the "universal solvent," not because of 
their high corrosiveness but because the 
almost inevitable small reaction with the 
container walls is ruinous to purity. The 
semiconductor industry must produce 
the purest of products, because the tiny 
mass of electrons and holes that course 
through their samples is disturbed by 
very slight impurities indeed. The chem­
ical apparatus the industry uses is there­
fore mostly made of vitreous silica, puri­
fied silica sand or quartz crystal, elec­
trically fused, with various surface treat­
ments. For the highest grades of such 
material the silica is prepared artificially 
by oxidizing some pure silicon com­
pound. This hard, clear, inert glass is 
perhaps the most broadly resistant en­
gineering material commercially avail­
able. If you store acid or water in a small 
silica flask, you can expect one part per 
million of silica in solution in 10 years. 
In a good bottle of resistant normal glass 
the effect is 10 times faster. For a trace 
contaminant such as iron there is not 
much difference between silica and 
glass, but for a leachable component of 
glass-sodium-the difference is a factor 
of 100,000. Ultrapure water is surpris-, 
ingly reactive; it attacks pure gum rub­
ber "quite severely." Yet the ideal bot­
tle for such water has been found. It is 
ice! The water is stored cold enough to 
promote "the formation of ice from pure 
water around the walls of a vessel." (The 
expert writing on the preparation of ul­
trapure water has the reassuring name of 
Verity C. Smith.) 

The initial preparation of pure sub­
stances is of course highly specific to the 
substance. Nearly a dozen classes are 
treated here: water, alkali metals and 
their halides, organic solvents, proteins 
and more. Parts per billion of contami­
nants give the broad range of practi­
cal analysis today, whether for special 
impurities or for insoluble particulates. 
Preparation under an inert atmosphere 
or in a vacuum can remove even gaseous 
contaminants, which are generally hard 
to exclude. 

This book is expensive in spite of its 
composition by typewriter; those in the 
trade are likely to find themselves di­
rectly repaid, but these technical chap­
ters are also full of surprisingly broad 
insights for any browser with a concern 
for the nature of matter. 
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mission, power steering, power 
front disc brakes, and a three­
way tailgate. 

In front, there is a split-bench seat with a 
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foam padding. 
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covered wall-to-wall 

with deep-loop pile 
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eluding the entire 
cargo area. And the 
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the world. 

If this sounds like a wagon that comes up to 
your standards, see your Chrysler-Plymouth dealer 
for a test drive. 

You'll be surprised at how easy it is to own 
the worlds most luxurious wagon for a little morc 
than the price of an ordinary wagon. 

-
CHIWSl.m 

Chrysler Town & Country ijii/"WIII 
E.xtra care in engineering .. .it makes a difference. 
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