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AN ISLAND IN THE SUN
AT 259 BELOW ZERO.

If the tank shown were filled
with gaseous natural gas, it would
hold only enough to heat about
nine average-sized houses for a
typical Midwestern winter.

But natural gas, refrigerated
to 259° below zero, liquifies,
shrinking in volume 630 times.
And enough of this Liquid Nat-
ural Gas (LNG) can be stored in
the tank to pull 5,670 homes
through the winter!

It’s easy to see why the infant
LNG industry is growing so fast,
with new projects under con-
struction totaling half a billion
dollars. By suddenly making it
economically feasible to ship nat-
ural gas in tankers, and to store
it anywhere during summer, the
LNG people have put vast quan-
tities of this clean-burning, effi-
cient fuel within easy reach of
energy-hungry areas the world
over. Experiments are even un-
derway to run carson LNG.

That’s the temperature
inside this tank, filled
with liquid natural gas.
Such cold would stun
most metals to brittle-

ness. But the tank’s inner
walls stay safely ductile

and tough. And nickel’s
helping make it happen.

International Nickel set
about designing an optimum
metal alloy to handle cryogenic
liquids like LNG back in the
early 1940’s. The result: today’s
9% nickel steel, actually able to
withstand the torture of —320°
Fahrenheit, the boiling point of
nitrogen.

The nickel’s in there to help
the metal retain its toughness
and ductility, and to give it a low
coefficient of expansion. Nickel
also aids fabricability, and makes
welding easy.

Though alternate materials
have been tried for cryogenic
service, 9% nickel steel is far and
away the leading choice. In fact,
of the first 21 large-capacity

(290,000 barrels and up) metal
LNG tanks in the United States,
nineteen will be lined with it.

Just as our metal is a helper,
improving other materials, so
International Nickel is a helper.

We assist dozens of different
industries all over the world in
the use of metals. We offer tech-
nical information. And the bene-
fit of our experience. Often, as in
the case of 9% nickel steel, Inco
metallurgists are actually able to
anticipate alloys that will be
needed in the future, and to set
about creating them.

This kind of helpfulness, we
figure, will encourage our cus-
tomers to keep coming back tous.

And that helps all around.

The International Nickel
Company, Inc., New York, N.Y.
The International Nickel Com-
pany of Canada, Limited,
Toronto. International Nickel
Limited, London, England.

INTERNATIONAL NICKEL HELPS

348,000 bbl. LNG tank built at San Diego Gas & Electric Company’s
facility at Chula Vista, Calif., by Chicago Bridge & Iron Company.
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The real

The lifeblood of our technological
civilization is energy from fossil fuels. .
But easily accessible domestic

reserves continue to diminish as
demand steadily increases.

Man must perfect techniques to extract
from nature’s abundance greater
quantities of supplemental energy.
Perhaps giant satellite solar cells;
perhaps proven safe atomic fission.

Or perhaps he will be encouraged

to seek greater yield from known natural
reserves and synthetics without disturb-
ing either the ecology or the economy.

Whatever the answers, they must be
foundwhile we still have the energy to

The ideal

A practical way to harness the pure, find them.
clean force of the sun, source of every
artist lippold The Metropolitan Museum of Art energy form man has ever known. AtlanticRichfieldCompany &
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Every record
you buy is one
more reason to

own a Dual.

If you think of your total
investment in records—which may
be hundreds, even thousands of
dollars —we think you'll agree that
those records should be handled
with the utmost care.

Which brings us to the
turntable, the component that
actually handles your precious
records and tracks their
impressionable grooves with the
unyielding hardness of a diamond.

For many years serious music
lovers have entrusted their records
to one make of automatic
turntable Dual. In fact, nearly all
professionals, including record
reviewers, use a Dual in their own
stereo component systems.

If you'd like to know why, just
mail the coupon.We'll send you an
article from a leading music
magazine that tells you what to
look for in record playing
equipment. We'll also send you a
series of independent test reports
on Dual.

When you read them, you'll
know why Dual has made an
impression on the experts and
none on their records.

United Audio Products, Inc.
120 So. Columbus Avenue,
Mt. Vernon, New York 10553.

Exclusive U.S. Distribution Agency for Dual.

[ Please send your free literature on turntables, 4@-_‘

| ing fest report reprints. |

l Name |
Address _— R l

| o |
State , __Zip _

| United Audio, 120 So. Columbus Ave., |

4

THE COVER

The picture on the cover symbolizes the theme of this issue of SciENTIFIC
AMERICAN: energy and power. It is a photograph of the sun, the source of
more than 99 percent of the energy available at the surface of the earth.
The sun also provides more than 99 percent of the energy used by man, in
the form of solar energy stored in fossil fuels, falling water and photosyn-
thetic plants. The remaining energy used by man is from the tides, the heat
of the earth and fission fuels (which are destined to play a much larger role
in the near future). The photograph was made with a 3.5-inch Questar
telescope equipped with an interference filter that transmits less than .003
percent of the sun’s light. At the time when the photograph was made
earlier this year there were no substantial spots on the face of the sun; two
faint sunspots can be seen, however, below the center of the solar disk.
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Cover photograph by Robert R. Richardson
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PANJET FALCON DOEING 717

Distance it takes various jets to reach an altitude of 35 ft. at maximum gross weight; a principal measurement of balanced field length,

The new Cessna Citation.
lands and takes off from 828 airports
where no other corporate jet can.

At $695,000 complete, this meticulously designed 8-place jet offers many advantages over corporate jets

1. THE DOOR-TO-DOOR JET.
The Citation can take off and climb to 35
feet in less distance than any other corpo-
rate jet: only 2950 feet. And that's at maxi-
mum gross weight —with a full load of fuel,
baggage and passengers.

Overnight, the Citation turns 828 air-
ports into jetports. It can fly you directly to
hundreds of airports where the runways are
too short for all other corporate jets.

It can save you time by flying you into
smaller fields located closer to major busi-
ness districts. Chicago alone has seven such
fields, all closer than O’Hare.

And when the Citation does use major
jetports it can get in and out of them faster
simply by using the shorter runways where
bigger jets aren’t allowed.

2. STATE-OF-THE-ART AVIONICS.
FACTORY INSTALLED.
The avionics on the Citation are the most
modern available in a corporate jet. Its
Bendix FGS-70 Flight Director System, for
example, is the same crucial piece of instru-
mentation used on many 747’s.

Installation of the avionics system is not
done piecemeal. The complete package is
installed before you take delivery of your
Citation (incidentally, the same is true of
your interior). So if's less expensive, stan-
dardized and easier to service. What's more,
the Citation goes to work for you the day we
deliver it. An important piece of capital
equipment won't lie idle for several months
in a conversion center.

The Citation’s avionics also represent a
saving in weight and space. This enables
her to carry a larger payload.

3. A PACKAGE, NOT A PLANE.

When you buy a Citation, you get more than
a Citation. Your pilots and mechanics will
be sent to the American Airlines Flight
Academy for an intensive Citation training
program.

A network of Citation factory and au-
thorized service centers will be completely

costing a million dollars and more.

at your disposal 24 hours a day.
Maintenance will be computerized; we’ll
notify you beforehand when your Citation
needs parts replaced and servicing.
The warranties on your Citation will be
the longest offered by any corporate jet today.

4. QUIETEST JET OF ALL.

Three engine parts make a jet shriek: inlet
guide vanes, axial compressors and stators.
The Citation doesn’t have any inlet guide
vanes, only one compressor and one set of
stators.

You could be standing near to the Cita-
tion’s takeoff point and still carry on a con-
versation in normal tones.

5. THE ONLY FAN JET UNDER
1.5 MILLION DOLLARS.

Fan jets are the wave of the future. You'll
find them on all the 747’s. You'll also find
them on the Citation. Fan jets burn less
fuel and operate more efficiently at a variety
of altitudes than ordinary jet engines. Fan
jets are a big reason the overhead on your
Citation will be lower than the overhead on
any other corporate jet.

You won't find fan jets on any other
fully equipped corporate jet priced under
$1,500,000. For $1,500,000, you could buy
two Citations and get change.

6. MORE PILOT VISION THAN A 747.

The Citation offers a pilot more visibility
than any other corporate or commercial jet
in service today. Its wraparound windshield
enables the crew to scan 340 degrees of the
horizon (out of a possible 360). In fact, the
Citation windshield is comparable in size to
the windshield on a giant 747.

7. 20% BIGGER BRAKES THAN YOU NEED.
The size and weight of the Citation could be
increased by one fifth and its braking system
would still meet rigid airline standards. The
brakes have been purposely over-engineered
by twenty percent.

The bigger the brakes are, the better the
brakes are.

© 1971 SCIENTIFIC AMERICAN, INC

8. TWO LUGGAGE COMPARTMENTS
INSTEAD OF ONE.

Like nearly every other corporate jet, the
Citation has a luggage compartment aft of
the cabin. Unlike every jet, the Citation has
a second luggage compartment in its nose
section. And it's big enough to hold 8 aver-
age-size suitcases.

9. UNPAVED RUNWAYS.
The Citation can land on almost any kind
of runway. It has oversized, low-pressure
tires that absorb and disperse shock. Its land-
ing gear has passed arduous stress tests. Its
engines are positioned well-inboard so
they’re protected by the wings.

10. OVER 25,000 TESTS ON EVERY CITATION.
Before any Citation is sold, it will have
passed over 25,000 tests. Many of them pun-
ishing ordeals. In fact, the Citation will
receive the same certification as the 747.

11. A $150,000 SAVING.
The Citation is the least expensive corpo-
rate jet on the market today. In fact, it's
priced competitively with many leading tur-
boprops. Completely equipped, a Citation
costs about $150,000 less than its nearest jet
competitor.

The Citation: A $150,000 saving.

End of story.

If you'd like more information about
the remarkable Citation business jet write:
James B. Taylor, Vice President, Cessna
Aircraft Company, Wichita, Kansas 67201.




Introducing
a company that’s older

than you expected.

1916.

The Renault that started it all. The Renault that won the New The Renault that worried the
(Before the Model T York 24-hour race. We Red Baron.(1930:we are world’s
was a gleam in Henry’s eye.) get off to good start in America. largest maker of aircraft engines.)

1918 | 1924 1956.

The Renault that turned the The Renault that made the The Renault that set a world’s
tide in the trenches. Even first motor speed record at
Renault workers got citations. crossing of the Sahara. famous Salt Lake City flats.

1971

The Renault 10 arrives in U.S.A. The front-wheel drive Renault 16 Renault Alpines take 1st, 2nd, 3rd
Itgetsupto35 mpg arrives. But not before win- in Monte Carlo against
and gains a very solid following. ning “Car of the Year” in Europe. cars like Lancia and Porsche.
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Introducin
a carthat’s much more
than you expect.

The frontwheel drive Renault 12

1971-72. You can finally get
a reliable piece of transportation
that doesn’t ask you to sacrifice

good road holding, or trunk space,

or people space, or your bank
account. It gets up to 30 mpg and
goes for $2195¥*

We can promise you uncanny
road holding and better handling
because the drive wheels are in’

*Suggested retail price POE for the Renaullriz sedan, taxes, fre .r
aeliv t

overseas

front, and the engine is over them
for better traction.

We produce more front-wheel
drive cars than anybody in the
world. Over a million a year. So it
shouldn’t be surprising that we
know how to bring you the best

that front-wheel drive has to offer.

It is 7" longer than the Pinto.So
besides more leg room, it has

om wheels. tronl bum
ar write Renault

Dl\ll strated — cus
1 ey II‘FTF!'
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almost as much trunk as Pinto and
Vega combined, 12.8 cubic feet.
If you need even more trunk, the
Renault 12 station wagon has up to
58 cubic feet.

Itsengine is essentially the same
superb power plant that swept
MonteCarlo.Asis the ultra-precise
rack-and-pinion steering.

With this car, we think we have
a solid gold winner. And we know
America likes a winner.

It is somethingwe learned in 1909.

RENAULI®

largest producer
of front wheel drive cars.

Tar and dealer delivery char ndditional

ne 1008 A- ?- ewoad Ghille, New Tef "v""“‘-



Where the computers live.
And live.
And live.
And live.

Where do computers live?

Allover.(But you already knew that.)

The real question is where do com-
puters thrive?

Computers thrive where they are
properly supported.

With the righttemperature. The cor-
rect humidity. And precise power.

Especially precise power.

This is why some very smart com-
puter people have been bringing
some very important computers to the
Denver Technological Center.

The computers that handle United
Air Lines reservations, for example.

The Friendly Skies' Best Friend

The Denver Technological Center
designed and built a Total Energy
Plant for United which provides their
multi-million dollar computer installa-
tion with an environment for com-
puters that may well be the finest in
the world.

The electricity is clean. Computer-
precise., Well within IBM'’s standards
for input power.

The Foot on the Accelerator

Thereal secrettogenerating power
this precise is Fuel Control.

The second-generation solid-state
electronic fuel regulators maintain
constant generator speed regardless

VOLTAGE

During arecent three month period, the Denver Technological Center
continuously monitored the voltage from a commercial power source
and from the DTC-built Total Energy Plant at the United Air Lines Reser-

vations Center.

Using instruments sensitive enough to detect transients in the micro-
second range, a number of voltage fluctuations outside the permitted

of changes in load or in the BTU con-
tent of the fuel (natural gas).
Electronic load anticipation plays
a crucial part in maintaining precise
power. Whenever a dramatic increase
in demand is foreseen, the fuel going
to the turbine on the line is automat-
ically spiked, thus enabling United to
return to precise power with no
change in waveform. :
This electricity is fed to the com-
putersthroughundergroundbus ducts
in order to protect it from atmospheric
hazards common to most power gen-
eration and distribution systems.

All We Lose is the Noise

Another tremendous advantage of
having an energy plant like United’'s
working for you: It saves you money.

A series of heat recovery boilers
and absorption chillers utilize the tur-
bine’s exhaust to provide heating, air
conditioning, and hot water as virtually
free by-products.

Consequently, the efficiency of this
installation is at least twice that of a
conventional thermoelectric plant.

Unfortunately, no one could find a
way to make use of the sound made
by the turbines. So they did the next
best thing: They muffled it so well that
all you can hear outside the building
are meadowlarks.

Which brings up the obvious
question:

What about pollution?

Happily enough, there isn't any.
None. All the Plant adds to the atmos-
phere is water vapor and CO; in very
small quantities, nothing more.

Computers That Live Forever

United’s installation at the Denver
Technological Center is a self-
contained, closed system.

It can continue to function as the
hub of the airline even if all outside
utilities are cut off—except for com-
munications, of course.

If natural gas service is lost, the
turbines and other fuel-burning auxil-
iaries automatically switch over to the
18,000 gallons of propane kept on
reserve in a buried tank—a supply
sufficient for 1 week'’s operation.

If utility power (used for airhandling
equipment, lighting, etc.) goes out, a
gas turbine automatically comes on
line to pick up this load.

If the water supply is curtailed,

DTC Precise Power

Commercial Power

© 1971 SCIENTIFIC AMERICAN, INC

tolerances set by IBM were recorded. . i
The chart depicting commercial power reveals eight such discrep-
ancies.
The other chart shows four small fluctuations in the computer-precise
power produced by UAL's Total Energy Plant, but none exceed IBM's
specified tolerances.

there are ample reserves. Besides the
deep reservoirs in the cooling towers,
a nearby decorative pond is also de-
signed to supply any additional water
that may be needed.

Redundancy.
Redundancy.
Redundancy.

United has four new generation
gas turbineson hand,anyoneof which
can carry the entire computer load.

Normally, one is on-line, another is
keptinspinningreserve,and the other
two are utilized as stand-bys.

In case of malfunction, the on-line
turbine will automatically:

1. Switch its load to the reserve

turbine.

2. Shutitself down.

3. Read out the nature of the mal-

function in a “fault window'’

4. Signal a stand-by turbine to start

up. (It then will become the spin-
ning reserve.)

Where to Buy
A Total Energy Plant

The above-described Total Energy
Plantwas engineered and constructed
for United under the direction of the
Denver Technological Center—and
brought in on schedule and under
budget.

Figures.The Denver Technological
Center is expert at building environ-
ments for computers. (Including the
kind we all carry around inside our
heads.)

DTC,yousee,is 850 beautiful acres
of ways-to-make-men-and-machines-
more-productive just twelve minutes
southeast of downtown Denver.

Frequently cited as the finest busi-
ness environment in America, DTC is
fastbecoming the west’s headquarters
headquarters.

The lineup of firms that have cho=~
sen to locate here bears this out:
United. Kodak. Control

Data. Diners Club. )
Honeywell. Xerox. The = B
list goes on and on. te we
No question about it: '~ / A\ 4
Your computers will | A
work better at DTC. MAN AND HIS

And so will you. ENVIRONMENT
DENVER TECHNOLOGICAL CENTER

Valley Highway at Belleview
Englewood, Colo. 80110 (303) 758-2010




LETTERS

Leonard J. Goldwater’s article “Mer-
cury in the Environment” [ScIENTIFIC
AMERICAN, May] was well timed and is
full of important information. But why
did it omit the most interesting part of
the mercury story—the case of the giant
percomorphs? These remarkable fish,
members of the mackerel family, store
massive quantities of vitamin D in their
liver, and evidently accumulate methyl
mercury in their muscle tissue. Nowhere
does the author list a content of mercury
higher than .18 part per million in fish
except for those contaminated by indus-
trial discharge in Minamata Bay.

The recent discovery of high mercury
content in canned tuna followed the
announcement of high levels in fresh-
water fish in the Great Lakes, resulting
from man-made pollution. However, the
methyl mercury level of tuna, and the
even higher level of about one part per
million in swordfish, seem best explained
by the age-old mercury content of sea-
water. A. L. Hammond has estimated

Scientific American, September, 1971; Vol. 225,
No. 3. Published monthly by Scientific American,
Inc., 415 Madison Avenue, New York, N.Y. 10017;
Gerard Piel, president; Dennis Flanagan, vice-
president; Donald H. Miller, Jr., vice-president
and treasurer.

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

Advertising correspondence should be addressed
to Allan Wittman, Advertising Manager, ScIEN-
TIFIC AMERICAN, 415 Madison Avenue, New York,
N.Y. 10017.

Offprint correspondence and orders should be
addressed to W. H. Freeman and Company, 660 |
Market Street, San Francisco, Calif. 9410} For
each offprint ordered please enclose 25 cents.

Change of address (or other subscription cor-
respondence) should be addressed to Circulation
Manager, ScienNTIFIC AMERICAN, 415 Madison
Avenue, New York, N.Y. 10017. Please notify us
four weeks in advance of change. If possible,
kindly furnish an address imprint from a recent
issue. Send both old and new addresses or com-
plete and mail Post Office Form 3578.

Please enter change of address OJ
Please enter subscription
01 year, $10

NAME

O 2 years, $18 O 3 years, $25

NEW ADDRESS

OLD ADDRESS

that less than 1 percent of the mercury |
in the oceans can be attributed to the
activities of man (Science, Vol. 171,
page 789; 1971). We must conclude that
the swordfish concentrates “natural”
mercury just as the leguminous plant
Astragalus accumulates excessive quan-
tities of selenium. This is an essential
trace element for animals at levels of
about .1 part per million, and it is also a
carcinogen. Horses that eat Astragalus
become “locoed.”

On May 21 newspapers reported that
a woman who went on a “reducing” diet
including 10 ounces of swordfish daily
developed neurological symptoms from
which she recovered when she stopped
eating swordfish. A narrow escape! Her
predicament was quite analogous to that
of domestic cattle and horses that graze
on “loco weed.”

Tuo»as H. Jukes

University of California
Berkeley, Calif.

Sirs:

The reason for my omission of the in-
teresting story related by Dr. Jukes and
dealing with the giant percomorphs is
quite simple: I was unaware of it. Blame ‘
for mentioning only a few values for
mercury in fish must be shared by the
editors. In my original manuscript,
which was too lengthy for use in its en-
tirety, I did refer to a 1941 study in
which a level of 122 parts per billion of
mercury in fish was reported. I also
stated that there was evidence that mer-
cury concentrations in fish may be as
much as a thousandfold to ten-thou-
sandfold greater than that of seawater.
More recent data on mercury in fish are
given in the third item of the bibliogra-
phy and are quoted in the newspapers
almost as regularly as stock-market
prices. Dr. Jukes suggests that the per-
comorphs accumulate mercury in their
muscle. I am inclined to agree that this
is probable, but I have not seen any
analyses to support the contention. It
does not necessarily follow, however,
that accumulation of vitamin D in the
liver will be paralleled by a buildup of
mercury in muscle.

I am happy to know that Dr. Jukes
believes, as I do, that the mercury found
in tuna and swordfish is “best explained
by the age-old mercury content of sea-
water,” but I do not believe that this
naturally occurring mercury is danger-
ous. Whether or not the high levels in
Great Lakes fish are due to man-made
pollution remains to be determined. I |
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=pgh = Accuracy

Here's how this equation applies to power engineering:
Heat balance = f (Flow) = f (AP)= f (pgh)

Exactel Precision U-Tube Servomanometers® pro-
vide optimum characteristics for the metering of boiler
feedwater and condensate flow:

Accuracy: 0.0125% full scale

Sensitivity: 0.001 inch Hg

Line pressure: 5000 psi rated, 10,000 psi tested

Ranges: 40, 80, and 100 inches Hg

Servomanometers are now employed to maintain
optimum heat balance and thermal efficiency in approx-
imately 100 large steam-turbine generator units through-
out the world, through continuous data presentation to
computers and loggers.

Their exceptional precision and stability of calibra-
tion permit close comparison of data on operating effi-
ciency year after year, thereby providing huge savings
potential in energy conversion.

If you have a critical measurement requirement,
please write us for information:

Oxnard, California 93030, *
Telephone (805) 487-8511.

Statham Instruments, Inc.,

Industrial Division,
2230 Statham Boulevard,



In addition to the studies listed, Bechtel capabilities
include preliminary and final engineering, procure-
ment, construction and management in the follow-
ing areas of the power and energy fields.

Studies:

Feasibility Studies

Plant Optimization

Site Surveys

Industrial Master Planning
Techno-Economic Research
Right-of-Way Selection

Energy Source
Development:

Oil Field Development
Mine Design and Development

Energy Storage:

Crude O1l Gathering Systems

Crude Oil Storage Facilities

Marine Terminals

Off-shore Tanker Loading-
Unloading Facilities

Underground Storage
Development

Power Dams and Reservoirs

Pumped Storage Facilities

Power Station Fuel Storage
Installations

Petroleum Products Tank Farms

Specialized LNG Storage
Facilities

Liquefied Natural Gas
Systems:

Gas Gathering & Treatment
Liquefaction

Loading Facilities

Marine LNG Transport
Regasifications & Distribution

Energy Transportation:

Crude Oil Pipeline Systems

Natural Gas Pipeline Systems

Petroleum Products Pipeline
Systems

Coal Slurry Pipeline Systems

Unit Train Systems

Water Transferral Projects

Electric Power Transmission
Systems —AC/DC

Gas Distribution Systems

Bechtel. A leader in the

(Foralong

list

Offices in: San Francisco, Los Angeles, Houston, New York, Washington, D. C., Ontario, Quebec,

10
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Energy Conversion:

Crude Oi1l Refining to Energy
Products

Coal Gasification Plants

Petroleum-fired Electric
Generating Stations

Gas-fired Electric Generating
Stations

Coal-fired Electric Generating
Stations

Combination-fueled Electric
Generating Stations

Boiling Water Reactor Electric
Generating Stations

Pressurized Water Reactor
Electric Generating Stations

Sodium-cooled Fast Breeder

Molten Salt Breeder Reactor

Reactor Electric Generating
Stations

Electric Generating Stations

Gas-cooled Reactor Electric
Generating Stations

Heavy Water Reactor Electric
Generating Stations

Gas Turbine Powered Electric
Generating Stations

Diesel Powered Electric
Generating Stations

Hydroelectric Generating
Stations

Magnetohydrodynamic
(MHD) Power Stations

O1l Sands and O1l Shale
Projects:

Mine Development
Extraction

Process Development
Storage
Transportation

Miscellaneous Energy

Projects:

Frequency Conversion

Sub-station Design &
Construction

Geothermal Electric Generating
Facilities

Off-shore Petroleum & Gas
Development

Uranium Enrichment Plants

Nuclear Spent Fuel Processing
Plants

power & energy fields.

of reasons)

British Columbia, Johannesburg, London, Paris, The Hague, Tripoli, Mexico City, Melbourne, Tokyo
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“It is a continuing responsibility of
scientific management to act, not just react!”

Says John O. Logan, President, UOP

“Those of us who share the responsibility for pro-
viding solutions to our growing energy and environ-
mental needs face the unrelenting challenge of
taking care of tomorrow—today.

“Certainly, most of us are mindful that the man-
date is to seek new sources of energy and to find
more effective ways to utilize present sources. And
we must achieve this consistent with our needs, our
economic ability and our environmental objectives.

“It is the action rather than the reaction of scien-
tific, engineering and technological management
that must be applied today to benefit tomorrow.

“At UOP (Universal Oil Products Company), we
have an ongoing program of scientific action. Sev-
eral hundred men and women with a wide range of
scientific disciplines are applying their talents in
our Corporate Research Center to develop solu-
tions to today’s and tomorrow’s problems. Their
scientific action has already provided some out-
standing solutions. To mention a few:

 construction of a pilot plant to convert coal into
natural gas, without air-polluting sulfur.

e SULFOXEL*—a new process that allows burning
of high-sulfur content coal without pollution and
with economical sulfur recovery.

e new catalysts and a new Platforming® develop-
ment for producing high-octane leaded and lead-
free gasolines more effectively.

* ways to process tar sands, shale and coal into new
energy forms.

« zirconium alloy tubing, now the “life lines” of 75%
of the world’s nuclear power plants.

e unique nuclear recombiners that can be field
cleaned and reactivated for unlimited life.

* “Isomax”—a process for treating heavy oils to
provide more useable material from every barrel of
crude.

“And in the battle to solve our pollution problems:

¢ Purzaust® catalytic converters to cut automotive
pollution up to 90% when used with lead-free
gasoline.

« world-wide capabilities and equipment for con-
trolling air, liquid and solid waste pollution.

“The management responsibility to provide new
energy sources and better uses of present energy
sources, along with
environmental control
measures, was hever
greater. It calls upon
all of us to act with
every scientific ability
we have, that we may
together bring solu-
tions to these vital
problems of tomor-
row.”

*SULFOXEL Engineering, techni-
cal and marketing services are

available with this process upon
request.

John O. Logan

m World Headquarters, Ten UOP Plaza, Des Plaines, lll. 60016

A leading international supplier of products for the power industry, the petroleum and petrochemical
industries, the construction industry, the transportation industry, the foods and fragrances industries.

© 1971 UOP
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The way TRW pumps oil

turns Philadelp

Arnold Tauch of TRW Controls Corporation, a subsidiary of TRW Inc., discusses information-display

hia on.

for an energy-management system being supplied to a major power company. Systems such as these
are helping control and operate various manufacturing and generating, transmission, and distribution
facilities for a wide range of energy and energy-related companies.

The same kind of TRW automation
system used in Philadelphia to con-
trol power and help prevent brown-
outs also controls thousands of
wells in oil fields from Texas to
Australia.

Computer-based systems from
TRW units such as TRW Controls
Corporation combine software and
hardware with application experi-
ence to provide operational
efficiency, safety, accuracy, and
economy for users.

Electric power systems from
TRW, for example, yield automatic
load-frequency control, area-
requirement and economic dispatch,
and many other control/information

functions. A specific system may
encompass from one to dozens of
computers.

0il/gas production companies
use suitably tailored software with
similar TRW equipment to optimize
well production, detect and correct
alarm conditions, monitor remote
equipment status, and command
required well testing.

Pipeliners use TRW systems
for line dispatching, tracking vari-
ous batches of products along the
length of a line, continuous line and
system inventory, throughput
optimization, leak detection—and a
host of other chores associated with
maximizing operating efficiencies.

TRW systems provide both on-line
operation and off-line computing.
The unusual feature of direct,
multi-port access to memory
assures full computer utilization.
In most cases the operational-
control system can simultaneously
serve engineering, accounting
and other company needs as well
for maximum return on investment.
If you are concerned with real-
time control problems in any
geographically distributed environ-
ment, find out how advanced digital
scanning system technology can help.
TRW Controls Corporation,
5610 Parkersburg Road,
Houston, Texas 77036.

TRW INC.—A Diversified Technology Company Specializing in Products, Systems, and Services for Worldwide Markets, 1 Rm
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il ...
indianapolis

Get close to a
good thing in Indianapolis,
the middle of America’s
economic heartland. Be
within hours of most of the
nation’s major suppliers
and markets and minutes
from our own highly diversified industrial and
commercial facilities. Over 100 available site locations
give your company access to an outstanding
transportation system that includes . . .

m 7 Interstate Highways

Complete City-circling Interstate

Inner-city Interstate Loop Under Construction

18 U.S. and State Highways

More than 100 Major Truck Lines

5 Major Rail Carriers

Inner-City Rail Belt—100 Miles of Inner-city Track
Air Facilities For Major Passenger and Cargo Jets

Get close to 81 of the top 100 U.S. markets today. For
information on Indianapolis, for assistance on sites and
buildings and for computerized site selection data, write
John Hardy, Area Development Director, Dept. 739 or
call 317-635-6868 collect.

Indianapolis Power & Light Company

25 Monument Circle « Indianapolis Indiana 46204
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am cuwrrently engaged in studies de-
signed to shed light on these points.

The case of the woman who allegedly
developed mercury poisoning from eat-
ing swordfish is not, in my opinion, well
documented. I was present when Dr.
Herdman related the story at a hearing
before Senator Hart’s committee and
have studied the prepared statement
dealing with the case. Dr. Herdman was
careful to point out that “Mrs. Y.’s story
lacks the following essential information.
We do not have mercury determinations
at the time of illness to actually dem-
onstrate toxic levels. A really thorough
clinical study was not done with such
important information as visual fields
and electromyography. Certain neuro-
logical changes were either not looked
for or not present. The lack of these data
makes a precise diagnosis impossible.”
(The italics are mine.) In addition to the
weaknesses pointed out by Dr. Herd-
man, the fact that Mrs. Y. had recovered
almost completely is a strong argument
against a diagnosis of methyl mercury
poisoning, since one important char-
acteristic would be permanent, irrevers-
ible brain damage.

| Leoxarp J. GoLpwATER, M.D.

Duke University
Durham, N.C.

Sirs:

In the article by George Shiers on in-
duction coils [SCIENTIFIC AMERICAN,
May] the induction coil made by A.
Apps was termed the largest coil ever
made. A larger coil was installed some
10 years ago at Arnold Air Force Base
in Tennessee. The coil weighs 60 tons,
has an inductance of 200 microhenrys
and can carry a current of over one mil-
lion amperes, allowing an energy storage
of 100 million joules. The current is
built up by means of two special motor-
flywheel-generator sets, after which it is
transferred to an arc chamber by means
of switches and a circuit breaker. The
energy is discharged through an arc in
about 10 milliseconds, thus producing
momentarily a power of 107 kilowatts,
which is about equivalent to the power
of the TVA. The heated gas in the arc
chamber is the working gas of a hotshot
tunnel with a working section of 2.5
meters and a Mach number of about
20.

Jan A. vaN DER BLIEK

Badhoevedorp
! The Netherlands



" You have known us for our.brawn.
Now know us for our brains.

You know
Manpower,

whollift crates.
And type lefters.

Technical
Services Division:
draftsmen,
designers,
engineers,
resegrch experts,
scientists,
technical writers;’
« architects, even
nuclear
physicists
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Some things are changing for the better.

Many people know us as an instrument manufacturer: we
make more than 2000 products for measuyment, test and
analysis. Others know us as a computer company: more than
10,000 own onr programmable calculators and computers. We
prefer to think that ounr business is to serve measurment,
analysis and computation needs . .. in science, industry, medi-
cine and education. This is the rationale behind every new

instrument, computer or system that we tell you about in these
ads. This month.

Nuclear waste assayed automatically
for isotope inventories.

Of all industrial waste products, none requires more care than
radioactive materials. And the assay of radioactive wastes is
uncommonly time consuming and expensive.

In a significant simplification of this problem, Gulf
Energy and Environmental Systems, Inc. has developed a
mobile automatic assay system with the help of Hewlett-Packard
computerized nuclear instrumentation. Briefly, the system
produces a penetrating beam of nuclear particles to induce
gamma rays and measures the radioactivity without removing
the material from its container. The computer analyzes the
measurement, compares it with the known characteristics of
nuclear materials, and automatically determines the types and
quantity of isotopes present.

The Gulf system is better than previous techniques on at
least two scores. Because it computerizes the intricate analysis,
the system is easily operated by technicians. Results are
immediate and accurate to 1%.

Similar HP nuclear measurement systems, beginning at
$30,000, continuously monitor atomic power plant effluents and
print out the type and amount of radioactivity. Detailed
information is yours for the asking.

Pollution-free nuclear power generating plants now have
added assurance they will stay that way. A Hewlett-Packard
computerized measurement system helps by making a careful
accounting of nuclear waste materials.
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Keeping power generating equipment operating at capacity,
especially during periods of peak demand, is vital. To insure
against downtime, a new tool from HP can “look inside” key
machinery and predict when it will need service or
maintenance.

“Transformation Machine’’ converts
fuzzy signals into sharp answers
for power systems.

One user of the HP 5450 Fourier Analyzer acquired it
after spending 18 frustrating months on a central computer
trying to develop a method for the identification of load and
machine characteristics in a power system. In his own words:
“The 5450 makes practical the use of mathematics to do things
that scientists and engineers have wanted to do for 20 years.
Using a central computer isn’t satisfactory. It takes too long
and you cannot see the results during your experiment. With
the 5450 you can ‘play’ with the measurement signal to find
out what’s really going on. One session with the 5450 is worth
3 to 4 months on the central computer.”

Scientists in many other fields have been confronted by
measurement signals so complex that they look as useless as
noise. Until recently, the best solution was to use the complex
mathematics of the Fourier transform and program a computer
to do the complex signal analysis computations off-line.

With the HP 5450 Fourier Analyzer, any scientist can
perform these complex mathematical operations rapidly, while
he’s conducting his experiment. A computerized system that
makes fundamental measurements of complex waveforms, the
5450 transforms signals from time to frequency domain and
measures transfer function, coherence function, power spectrum
and cross-power spectrum . . . at the touch of a keyboard. It
unscrambles the waveforms into their individual frequency
components and identifies the phase and amplitude of each
component. The theory and use of the 5450 are described in
the June 1970 issue of the HP Journal.

A design-your-own calculator:
plug-in solutions to particular problems.

A user in virtually any discipline now can customize
a powerful new programmable calculator to his
specific computational needs.

An engineer at a utility company, for example, can use
the Model 10 to design a transmission line or do a complete
rate analysis. A broad spectrum of complex and tedious
calculations common to the power industry now can be per-
formed quickly and easily — often by simply entering the raw
data and hitting a single key. Similarly, a chromatographer can
obtain per cent concentration and relative retention time of
each component on his chromatogram . . . at a single keystroke.
A physicist completes a sequence of acceleration, velocity,
force and work . . . and a clinical pathologist computes a full
blood gas analysis . . . at a single keystroke. Et cetera.

W hatever your job, here's a
calculator that speaks your lan-
guage. You can customize its key-
board, memory size, display, programs and
peripherals to suit your number-cyunching tasks.

This is possible because the new Model 10 calculator has
interchangeable function blocks which can define its keyboard
to meet varying needs. One standard plug-in block emphasizes
powerful statistical computations, another gives higher
mathematics capability, and the third is completely user-
definable. This block provides single keystroke solutions to
multiple-step calculations commonly encountered by the user.
Once programmed, each key performs its customized function
whenever he strikes it.

For more on tailoring the $2,975 Model 10 to your
particular profession (full alphanumeric printing capability,
expandable memory, a wide line of peripherals, etc.) write for
our brochure.

For more complete information, write Hewlett-Packard,
1502 Page Mill Road, Palo Alto, California 94304.
In Europe: 1217 Meyrin-Geneva, Switzerland.

00114

HEWLETT y PACKARD
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Technically speaking, “N.J.” is
as much a part of the scientific
world as any other combination
of letters in the alphabet. It's
due in part to the fact that New
Jersey’s population contains a
higher proportion of scientific
talent than any of the other 49
States. There are probably more
than 26 reasons why you should
move your plant to New Jersey.
Any combination of which will
spell success for your Company.

For complete data, write today for
handy reference folder called:
DECPDPMOSAMIIEEEDODOM

BSRICATVRFGHzN.J.MAXBITC
RTPPMMILACDCU/LSTD!/

[ e e oy

Division of Economic Development
I & State Promotion, Suite E, I
Box 2766
I Trenton, New Jersey 08625
I Please send me your folder outlining rea-
sons why my company should move to I
I New Jersey. I
I NAME
COMPANY I
| TITLE I
| AopRess zIP |
 JR] S — STATE. ... I
I. PHONE
EENEE AN NN CEENS GEEAN SN GRNEN e PUSEE NN e

I &nyjmgy

07

Share in the
UNCOTIMIOn wealth
of New Jersey

20 AND 100
YEARS AGO

[ ScrxmRCAMERICAN |

SEPTEMBER, 1921: “The present
weekly Scientific American and the pres-
ent Scientific American Monthly are to
be combined into a single monthly mag-
azine. After 76 years of continuous pub-
lication Scientific American is to be en-
larged both in physical size and editorial
scope and converted into a monthly, be-
ginning with the issue dated November,
1921. This change has been decided
upon for the following reasons. In the
month of January, 1920, the weekly Sci-
entific American Supplement, after 44
years of publication, made its appear-
ance as a monthly. The advantages ap-
peared to be so many and the drawbacks
so few that the change was made with
full confidence that the Scientific Ameri-
can Monthly would meet with approval.
If letters of congratulation and increased
circulation are the true test, the change
has been an unqualified success. For
many months past the publishers have
discussed the advisability of making a

similar change in the parent publication,

the Scientific American weekly. Here

also the practical advantages to be
| gained greatly outweighed the draw-
backs. In the matter of contents and
quality we can assure the reader of the
present weekly and monthly that the
new magazine, which will combine the
two pubiications, will contain within its
covers the best features and the distin-
guishing qualities of each, and will em-
brace all branches of science, research,
engineering and industrial advance.”

“No element of tragedy is wanting to
render the recent loss of the ZR-2 one
of the most lamentable disasters in naval
and military history. This huge dirigible,

the largest and fastest of its kind, was
approaching its landing place near How-
den, England, on August 24th after a
most successful and extended trial flight,
lasting for a day and a half, when with-
out warning she broke in two, burst into
flames and with terrific explosions fell
into the River Humber. This meant the

‘ failure and complete loss of an air ship

that was believed to embody the ripest

© 1971 SCIENTIFIC AMERICAN, INC

experience of the masters of aeronauti-
cal design, and that had been built at a
cost probably exceeding two million dol-
lars. That in itself was bad enough, but
a far greater tragedy is the fact that in
this disaster there died the very flower
of the dirigible experts of the U.S. and
Great Britain. At the present writing the
exact number of fatalities is not known,
but since not more than half a dozen
seem to have escaped death, it is pos-
sible that the final list will include more
than 40 officers and men.”

S TG A RN
TSR A i
SEPTEMBER, 1871: “This country is
so much indebted to the New York
Times for its recent exposure of gigantic
frauds in our government that we can-
not find it in our hearts to criticize that
journal very severely when it deserts the
realm of politics for that of science and,
to use a homely phrase, ‘puts its foot in
it.” The Times is an able champion when
it arrays itself against corruption in high
places, but its strength is wasted in en-
deavoring to champion the Rev. Mr. H.
Highton against the supposed injustice
of the British Association for the Ad-
vancement of Science in refusing to
allow that gentleman to occupy its time
by the reading of a paper before it. The
Times, if not versed in the science
of electromagnetism, is sufficiently ac-
quainted with the method of procedure
adopted by scientific and literary asso-
ciations to know that proper discrimina-
tion as to the character of papers offered
is absolutely necessary to prevent the
acceptance of absurd (and often worse
than absurd) essays that would only ex-
pose their authors to ridicule and bring
disgrace upon any body of men that
should consent to listen to them. Yet be-
cause Mr. Highton now avers that he be-
lieves he has made the greatest discov-
ery in electrical science that has been
given to the world since the days of Vol-
ta, the Times protests against the sup-
pression of his paper. It is proper to sup-
pose that there are men in the British As-
sociation competent to judge as to the
value of Mr. Highton’s alleged discov-
ery, and as it has been for some time
well known that the gentleman in ques-
tion was lost in the pursuit of a perpet-
ual motion or its equivalent, the British
Association very properly refused to give
countenance to his absurd ideas.”

“The leading engineers, both in Eu-



A curious thing is happening
in the camera business. Other
people are just beginning to
build what we discarded in 1957.
A 2Y4" camera with a focal plane
shutter.

At the root of the problem is
the sudden recognition of the
2%" picture size as one that
couples large format quality with
miniature camera versatility
(something that Victor Hassel-
blad recognized 23 years ago).
The trouble is, with everyone
rushing in to make 2%"” cameras,
quality isn’'t always a big con-
sideration.

Which is why you should know
—before you buy any 2¥%" cam-
era—why Hasselblad changed
from a focal plane to a leaf shut-
ter back in 1957.

FOCAL PLANE SHUTTER

The focal plane shutter has to
move across the entire film area,
exposing the negative piece by
piece, through a travelling slit.
When the subject is moving par-
allel to the film plane, like @ mov-
ing car, the position of the sub-
ject has changed by the time the
last slit is exposed. This time lag
can create distortion—an elon-
gated or compressed car.

The same thing happens when
taking pictures from a moving
car or plane. The landscape tends
to appear elongated.

In 35mm photography, focal
plane shutter distortion is mini-
mized by the short distance the
shutter has to travel. But with
2Y4" cameras, where the shutter
has to travel farther, the distor-
tion becomes more noticeable.

L@V

LEAF SHUTTER

The leaf shutter, on the other
hand (which we call a Synchro-
Compur shutter in the Hassel-
blad) exposes the entire negative
area all at once. Which makes it
a much more accurate and de-
sirable shutter.

The focal plane shutter has
another considerable disadvan-
tage. It can only be synchronized
with electronic flash at very low
shutter speeds. Which makes it
all but useless with strobe for ac-
tion and sports photography. (At
higher shutter speeds, only a
strip of the film would get ex-
posed. At slower speeds you end
up with ghost images.)

These problems are overcome
by the leaf shutter which can be
synchronized with all kinds of
flash at all speeds and apertures
(giving complete control over
depth of field and background
brightness). Making the leaf shut-
ter far more versatile and useful

The 1957 Hasselblad.
It’'s enjoying a revival. But not by Hasselblad.

L

to virtually every photographer.

So in 1957, Hasselblad care-
fully weighed the pros and cons
of both shutter systems and de-
cided to change over from the
focal plane to the leaf shutter.
We had to increase the camera
price to do so, because the leaf
shutter is a more complex, so-
phisticated mechanism. But the
objective was to build the best
camera possible, without being
forced to compromise through
economic necessity.

We then developed a full line
of ten interchangeable lenses,
each with its own leaf shutter
mounted between the lens ele-
ments next to the diaphragm, in
the most optically ideal position.

We increased the number of
interchangeable film magazines
to a total of six, providing a wide
variety of different capacities
and formats.

We added many accessories,
including a microscope shutter
and adapter, a gunstock tele-

photo lens mount, and a prism
viewfinder with exposure meter.
Giving greater flexibility to what
was already the most flexible
camera system. Leading NASA to
choose Hasselblad as the space
camera, using it aboard Mercury
and Gemini flights, taking it to
the moon on the Apollo flights,
and for use on Skylab orbiting
laboratories.

Many features of the 1957
Hasselblad were well worth copy-
ing. In fact we've copied many of
them ourselves. But we also
knew what not to copy. With the
result that most 2%” cameras
now employ the shutter system

a8
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we abandoned 14 years ago.

Of course, if price is a consid-
eration, you'll have to select a
camera with a less costly focal
plane shutter. But before you buy
a new imitation of the old 1957
Hasselblad, look into the used
camera ads. You can probably
pick up the real thing for less.

HASSELBLAD
Paillard Incorporated,
1900 Lower Road, Linden, N.J.07036.
Other products: Bolex movie equipment,

‘Hermes typewriters and figuring machines.
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Ralph and Doris Davis, Sarasota, Florida

A 3v-INCH QUESTAR PHOTOGRAPHS

THE FACE OF THE SUN

This photograph, taken some years ago during a peak of solar activity, not only
shows great detail in the enormous sunspot, but reveals the ‘‘orange peel'' or ‘‘rice grain”
texture of the surface, so familiar to experienced sun observers. Our photographic
print fails to show all the beautiful tracery so plainly visible on the negative.

One would not expect to get such pictures with a 314 -inch telescope, for these
granulations measure only 1 to 2 seconds of arc. This is a job for the great mountaintop
observatories, where a giant telescope can avoid sighting through the worst of the
earth's heat-agitated air. However, this picture was taken with the 7-pound portable
Questar at midday, right through the entire earth’s atmosphere—at sea level!

The exposure was 1/1000 second on 35 mm. Microfile film, using an effective focal
length of over 50 feet. The Davises, who took the picture, worked out the technique
which avoided overheating and damaging the telescope.

For totally safe observation of the sun, Questar developed its patented filters which
keep more than 999, of the damaging heat and light from entering the telescope.
This was the first thought anyone had given to keeping these rays out of the instrument
itself since Galileo sighted through his first telescope in 1609!

© QUESTAR CORPORATION 1971, All Rights Reserved

20

Questar, the world’s finest, most ver-
satile telescope, is now available in two
sizes, the 3%2 and 7, and in numerous
models. Prices begin at $865. Send for
our booklet containing more than 100
photographs by Questar owners. For
mailing anywhere in N.A., $1.00. By air
to rest of Western Hemisphere, $2.50;
Europe and North Africa, $3.00; else-
where $3.50.

QUESTAR

Box 20 New Hope, Pa. 18938
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rope and in this country, regard the un-
derground system as far preferable to
the bridge system for rapid city transit,
and new underground roadways have
been commenced or projected in all di-
rections—except New York City. In this
metropolis the municipal managers are
notorious for their crookedness, and they
exhibit a singular perversity and blind-
ness in respect to the engineering plans
for rapid city transit. Instead of building
tunnels under the river between Brook-
lyn and New York, which could be con-
structed in one or two years for one or
two millions of dollars each, they are
now proceeding with the slow process
of erecting a gigantic suspension bridge,
requiring 10 or 12 years for construction
at a cost of 10 or 12 millions of dollars,
drawn from the public chest. In the city
proper, where facilities for rapid local
travel are imperatively needed, instead
of encouraging the building of an under-
ground railway, which could be con-
structed in a couple of years for one or
two millions per mile, they contemplate
the erection of a monstrous elevated or
bridge railway, at a cost of some 60 mil-
lions of dollars. This new bridge will be
some 12 miles long, dividing the city
like a wall, greatly interfering with the
comfort of citizens resident near its line
and forming an ugly eyesore for every-
body.”

“The Brooklyn Union in a recent issue
gives its readers an account of the extent
to which opium is consumed in its city,
which may be considered as somewhat
astonishing. From $75 to more than
| $100 per annum is the cost of the opium
| consumption of single individuals de-
voted to this habit, from which the
quantity they take can be estimated. It
is difficult to estimate the aggregate

| quantity used for purposes of stimula-
tion alone in this country or any section
of it. The habit is easier to conceal than
the drinking of alcoholic liquors, and
statistics are hard to obtain. A country
physician once remarked to us that if
he could have the exclusive sale of the
opium consumed in the single township
where he resided, he could make his
fortune without charging exaggerated
prices.”

“The importance of petroleum to the
commerce of the U.S. can be judged
from the fact that it is now exported to
a greater value than any other product

‘ with the exception of bread stuffs and
cotton. The value of the exported pe-
troleum in the year 1870 was nearly 36
million dollars.”



AN ' i ‘-
1 ’ 4wﬂ 7§ b

.:.*;‘

Polkﬂﬂﬂw—
You can't fight it until you find it.
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Emrom'nentul Syslmm Cenler are using
a variety of technigues fo determine pre-

ciselywhere pollution exists, or will exist. -

Once it's found, automatic monﬂoring
systems and equipment from Raytheon

provide continual analysis of water quality.
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The world’s known o1l reserves.
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Alaska: 10 billion barrels w T, - - » - . A
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’
'Pw Europe: 4 billion barrels

el
Aftica: <~
K, - 75 billion barrels

*-.
s eowbsnea Ollreserves (source: A.P.I.; Oil & Gas-Journal estimates) q,
ey~ |1 0 j0r tanker routes

There is a lot of talk about oil these days.  creasingly remote places. To deserts. To arctic
For good reason. Oil now supplies more of the  barrens. To the bottom of the sea. But finding
world’s commercial energy than any other  oil has always been an uncertain business,

single source. demanding long-range planning and huge in-
Since oil can only be found where nature  vestments.
has placed it, our search now takes us to in- Once found, we then have to move it. By
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And the search goes on.

':f-}(!:dd{e East; 3 5 btfhon barrels %ﬂ ’
- . ;% . Far East: 14 billion harrels

pipeline. By tanker. And then we have to refine oil supply routes and the world’s proved oil re-
it into useful products. Finally, we must deliver serves which have resulted from years of search

these products to the consumer. to date.

To help you follow the news and draw
your own conclusions, we thought it would be Standard Oil Company
helpful to publish this map. It shows the major (New Jersey)
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Wekre building on the action

corner of America.

Working toward tomorrow; today:

The Southern
Company system
serves 120,000 square
miles of the wide-
awake Southeast. Our
growth is keyed to the
increasing electric
power needs of more
than two million
customers in this area.
The system’s four
operating subsidiaries
— Alabama, Georgia,
Gulf, and Mississippi
power companies—are
investing $673 million
this year in new plants
and equipment. In the
period 1971-73, the
projected demands for
electricity by residential,
commercial, and
industrial customers
will require an

expenditure of some
$2 billion.

In meeting such
demand, the system’s
growth will have to be
dramatic. Today’s
generating capacity
totals 10.9 million
kilowatts. By 1975, it
will surpass 20 million
kilowatts.

Building to serve
the needs of the future.
The Southern
Company system is
working toward tomor-
row, today.
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THE AUTHORS

CHAUNCEY STARR (“Energy and
Power”) is dean of the School of Engi-
neering and Applied Science at the Uni-
versity of California at Los Angeles. Be-
fore he assumed that position in 1967 he
had spent 20 years in industry, includ-
ing service as vice-president of North
American Rockwell and president of its
Atomics International Division. Starr re-
ceived his bachelor’s degree in electrical
engineering from Rensselaer Polytech-
nic Institute in 1932 and his Ph.D. in
physics from the same institution in
1935. He did work in the field of high
pressure at Harvard University and in
cryogenics at the Massachusetts Insti-
tute of Technology, was with the Radia-
tion Laboratory of the University of
California at Berkeley during World
War II as part of the Manhattan Dis-
trict and worked after the war on the
development of nuclear propulsion for
rockets and ramjets, on miniaturizing
nuclear reactors for space missions and
on devcloping nuclear plants for the
production of electric power. Among
other activities he is vice-president of
the National Academy of Enginecring
and a member of the President’s Task
Force on Science Policy.

FREEMAN J. DYSON (“Energy in
the Universe”) is professor in the School
of Natural Sciences of the Institute for
Advanced Study. Born in England, he
was educated at the University of Cam-
bridge and did operational research for
the Royal Air Force in World War II.
He joined the Institute for Advanced
Study in 1953 after two years as pro-
fessor of physics at Cornell University.

M. KING HUBBERT (“The Energy
Resources of the Earth”) is research geo-
physicist with the U.S. Geological Sur-
vey. He writes: “I was born in central
Texas only 30 years after the cessation
of Comanche Indian raids on the local
frontier communities. I attended one-
and two-teacher country schools until
about the ninth grade and then went for
a year to a small private school, from
which I was graduated in 1921. I spent
the next two years at Weatherford Col-
lege, a small junior college in Texas, be-
fore leaving in May, 1923, to work in
the wheat fields of Oklahoma and Kan-
sas and as a gandy dancer on the Union
Pacific Railroad, en route to the Univer-
sity of Chicago. In Chicago I was suc-
cessively a telephone installer, a postal

clerk, a waiter, a checkroom attendant,
a supernumerary in Romeo and Juliet
and in various operas and a camp cook
in Wisconsin in addition to attending
the university.” Hubbert took his bache-
lor’s, master’s and doctor’s degrees in
geology and physics at Chicago and
taught geology and geophysics at Co-
lumbia University for 10 years. He was
with the Shell Oil Company for 20 years
before he joined the Geological Survey
in 1964.

DAVID M. GATES (“The Flow of
Energy in the Biosphere”) is professor
of botany at the University of Michigan
and director of the university’s Biologi-
cal Station. From 1965 until this year
he was director of the Missouri Botani-
cal Gardens and professor of biology at
Washington University in St. Louis.
Gates began his career as a physicist.
Having received his bachelor’s, master’s
and doctor’s degrees in physics from the
University of Michigan, he spent the
first decade of his professional career in
research on atmospheric physics. Dur-
ing the second decade he continued
work in physics while taking an interest
in ecology and plant physiology. In the
third decade he has assumed responsi-
bilities that are primarily within biology.

WILLIAM B. KEMP (“The Flow of
Energy in a Hunting Society”) is lec-
turer in geography at McGill Univer-
sity. “Since 1962,” he writes, “much of
my time has been spent doing ficld re-
search among the eastern Eskimos of
the Canadian Arctic. I enjoy long peri-
ods of field research, but of greater im-
portance is the need to collect detailed
information on a way of life that is rap-
idly disappearing from the North Ameri-
can scene.” Kemp was graduated from
Miami University in Ohio in 1959 and
developed his interest in the Arctic
while doing graduate work at Michigan
State University. He received his mas-
ter’s degree there in 1961 and expects
to receive his Ph.D. “when I finish ana-
lyzing the information collected from
1967 to 1970.” Before going to McGill
in 1970 he taught at the State Univer-
sity of New York at Binghamton.

ROY A. RAPPAPORT (“The Flow of
Energy in an Agricultural Society”) is
associate professor of anthropology at
the University of Michigan. He did not
take up anthropology professionally un-
til 10 years after being graduated from
Cornell University with a degree in
hotel administration. During most of
those years he owned an inn in Lenox,
Mass. “In 1959,” he writes, “I left the
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Jorld
tconomy

A Statistical =g | ‘
Review of >

Trends in Output, Trade, and
Consumption Since 1925

ég
J

Joel Darmstadter with Perry D. Teitel-

baum and Jaroslav G. Polach In less
than five decades the world's energy
consumption has more than quadrupled.
The significance of this growth —re-
flecting shifting patterns of production,
consumption, and trade away from coal
and towards petroleum — is thoroughly
examined in this well-documented study.
Using long-term statistical data, the
authors show how these developments
have resulted in increased interdepen-
dence in world energy supplies. $22.50

The Changing World Market for
Iron Ore, 1950-1980

An Economic Geography

Gerald Manners By 1980 the size of
the world iron ore market will have
increased nearly five-fold over the 1950
level. In a sweeping survey of its
geographical characteristics, the author
discusses changes in the world market
and their implications for the future of
the iron ore industry. $14.00

Petroleum Conservation in the
United States

An Economic Analysis

Stephen L. McDonald The author finds
serious shortcomings in the complex
system of conservation regulations that
have evolved for governing privately
owned oil and gas industries. He out-
lines alternative methods that would
allow profit-motivated private enterprise
to regulate oil and gas conservatigﬂ.)

Foreign Investment in the
Petroleum and Mineral
Industries

Case Studies of Investor-Host
Country Relations

Raymond F. Mikesell and Others The
authors examine the conflicts precipi-
tated by recent efforts of host govern-
ments to increase state ownership and
control of foreign-owned petroleum and
mineral industries. $15.00

Published for Resources for
the Future, Inc.

.‘ﬁ\ THE JOHNS HOPKINS PRESS

Baltimore, Maryland 21218
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Environment. It’s the new national

WhO’S on the battle-cry. It’s the problem we all

must face; not just industry, not

Iltiliﬁes’ Side in just electric utilities. Reynolds

the'environment’

problem

I shares the growing con-
cern about our environ-
? mental resources, and naturally, we want
to do all we can to help solve the problem.
And we feel we have some answers
to help electric utilities, especially. We
have helped many utilities already, in fact.
First of all, we have a metal that
has the right basic—and aesthetic—proper-
ties. Aluminum is free of red rust. It resists
corrosion, stays attractive
even in atmospheres that at-
tack other materials. It never
has to be painted.

Color, when called
for, is no problem with alu-
minum. For years, painted
aluminum has proved itself
durable, practical, and at-
tractive enough for home

W. S. Ginn, v.p., Reynolds Electrical Division, €Xteriors, and it brings the

tells how aluminum—and Reynolds—help elec-

tric utilities expand with m

oreattractive facilities. Same benefits to power plant
structures and substation enclosures. It can
be color anodized and porcelainized, too.

Now it takes a lot of technical know-
how and experience to capitalize on all the
natural advantages of aluminum. That’s
whereReynolds engineering, technicai, and
even architectural styling and design serv-
ices come in.

Our engineers helped pioneer alu-
minumtransmission towersand substations.
Working with utility engineers, they're
using aluminum’s light weight, strength,
natural beauty, and corrosion-resistance to
design and build towers and substations
that not only do the job and please aes-
thetically, but make good economic sense
as well.

© 1971 SCIENTIFIC AMERICAN, INC



To prove out proposed aluminum
tower designs, we operate a transmission
tower testing facility in Richmond, Va. with
the latest in sophisticated instrumentation
and load monitoring equipment.

Perhaps one of the most important
answers to the "environment” problem is
underground distribution. In this area,
Reynolds can supply primary and second-
ary cables and the necessary technical
services, as well.

We’ve tested hundreds of different
cable and insulation combinations, for high
and low voltages, to build a fund of data
on service life, cost, and prop- Ty
erties. We've also developed
information on accessories,
installation techniques, even
tools. :

Our recent associa- L
tion with High Voltage Power
Corporation involves us even
deeper in advanced research
and development. High

VOltage Power is StUdying The durability and wide range of finishes

d . 1 d available with aluminum make it an ideal
compressed gas insulated -peautifier” for substations and power plants.

transmission lines for moving larger blocks
of power underground.

The services of other divisions of
our company are also available to help
with problems like these in many areas:
For example, architectural and building
products or transportation markets—rail-
roads, marine, trucking—as well as metal-
lurgical, styling and design, and product
development.

Whatever the problem, if aluminum
offers an answer, we’ll tackle it. Contact
your Reynolds representative, or write

The

Reynolds Metals Company, P.O. 1
Reynolds Mot electrical
Richmond, lREYNOLDS metal.

Va. 23261. ALUMINDM

© 1971 SCIENTIFIC AMERICAN, INC

by Reynolds—is one of the key answers to
the environment problem.
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The wire
that isn’t there

Dave Gardner, interested
citizen, homeowner and tax-
payer, recognizes the demand
for electrical energy and all
of its advantages. And the
problem of getting it where it’s
needed. But he doesn’t want
a transmission tower in his
front yard. Or a towering sub-
station across the street.

An important target of our
Power Systems Division is
environmental electrical dis-
tribution. For example, some
. of our developments have
2 Vil % contributed to underground,
or out of S|ght electrical distribution. Other efforts have
been directed towards low-profile substations, where
transformers and associated switchgear—designed for
minimum height—can be hidden in park-like settings.

The R & D activities of our Power Systems Division
will continue to improve our products and to improve
the environment. We know there’s a lot yet to be done.
And we intend to do it. We’re part of the scene.

McGraw-Edison Company
Elgin, lllinois 60120
McGraw-Edison Company is one of the nation’s leading manufacturers of electrical

appliances for the home (Toastmaster, Speed Queen, Thomas A. Edison), electrical
products for industry, and light and heavy equipment for electrical utilities.

7121C
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resort business to enter graduate studies
in anthropology at Columbia University,
receiving a Ph.D. from that institution in
1966 after doing archaeological field-
work in the Society Islands and ethno-
graphic fieldwork in New Guinea.” His
main interests are the ecology of nonin-
dustrial people and religion, and partic-
ularly the relation between ecology and
religion, which he examined in the book
Pigs for the Ancestors: Ritual in the
Ecology of a New Guinea People.

EARL COOK (“The Flow of Energy
in an Industrial Society”) is professor of
geology and geography at Texas A&M
University and also associate dean of
the College of Geosciences and director
of the Environmental Quality Program
at the university. He was graduated
from the University of Washington in
1943 with a degree in mining engineer-
ing. After service in World War II he
returned to the university, receiving his
master’s degree in geology in 1947 and
his Ph.D. in geology in 1954. From 1951
to 1964 he was at the University of
Idaho, starting as assistant professor and
ending as dean of the College of Mines.
He then spent almost three years as
executive secretary of the Division of
Earth Sciences of the National Academy
of Sciences—National Research Council
before going to Texas. He writes of his
interest in “the evolution of concepts,
particularly in Western thought, of
man’s relation to his environment and
how these concepts are related to man’s
impact on the environment.”

CLAUDE M. SUMMERS (“The Con-
version of Energy”) is consulting pro-
fessor of electric-power engineering at
Rensselaer Polytechnic Institute. After
receiving degrees from the University of
Colorado he was with the General Elec-
tric Company from 1927 to 1959, in-
cluding service as manager of the lab-
oratory at the Fort Wayne works. He
then spent nine years at Oklahoma State
University as professor of electrical en-
gineering. On retiring in 1968 he went
to Rensselaer to assist in the develop-
ment of a new electrical-machinery lab-
oratory.

DANIEL B. LUTEN (“The Econom-
ic Geography of Energy”) is lecturer in
geography at the University of Califor-
nia at Berkeley. Before going to Berke-
ley in 1961 he was with the Shell Oil
Company for 25 years, working at what
he calls “a wholesome variety of tasks.”
From 1948 to 1950 he was on leave to
serve as technical adviser to the chief
of the natural resources section in the



A cube is one of the ultimate forms that is
perfect in itself. You cannot add to it or subtract
from it without destroying it. Just like the Rollei
SL66, the medium format 2-/4 square single
lens reflex with built-in extension bellows It
is the ideal camera for all fields of technical
research from  archaeology
to zoology as well as nor-
mal photographic recording
applications. The SL66 is a
true system in itselfl The

practical accessories, of course...interchange-
able backs ..a superb selection of Zeiss lenses
from 4omm to 1,000mm...interchangeable
finders...screens. . .etc. Ask to see the Rollei
Sl66 at your dealer...and handle one of the
ultimates from Rolleil For a descriptive 32 page
full color brochure about the
Rollei SL66, please write
to Rollei of America, Inc,
100A lehigh Drive, Fairfield,
i New Jersey 07006.

ollei

..ultimately

© 1971 SCIENTIFIC AMERICAN, INC



This is how most oil companies
think.
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This is how we think.

It's easy for an oil company to get
locked into solving new problems the
same old way.

At American Oil we make things
harder on ourselves.

We leave ourselves open to every
possible way of cracking a tough prob-
lem.

We've found it's the only consistent
way to give you industrial lubricants
that are newer and better.

That's why we're important to you.

(AMERICAN)

~
S |

American Oil Company
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ARE YOU LOOKING

FOR REASONS TO MOVE
TO NORTH CAROLINA?

For a comprehensive inventory on what North
Carolina offers potential investors, write:

Gov. Robert W. Scott
Dept.CID
State Administration Bldg.
Raleigh,N.C. 27611

and ask for North Carolina’s brand new Data
File. It's the basic research document for peo-
ple interested in looking at a state with more
to offer.

North Carolina

has the climate for business.

8 Multipurpose
Telescope

(elestron’

OTIS KING
SLIDE RULE

Does Your Slide Rule
Provide Enough Accuracy?
Or must you check important calculations? Remarkable
cylindrical slide rule gives accuracy you need! Scales

64" long give reliable results to 4 or even 5 figures. On display at most Planerariums and Museums
Has C, D, & 5-place log scales, each over 6X longer The 80" (£/10-2000mm) focal length of this
than usual. I Patented spiral construction packs 3 66” scope is lished by Itiple p within the
scales in easily read pocket size calculator. Only 6” short 16" tube. 25# total weight and 9x12x24" se-
closed, 10” open. Simple to wuse. Full instructions. cured size. Complete with fork mount and clock drive.
Quickly learned. No Se'domﬂse‘d scales getting in way. é/ The Schmidt-Cassegrain optical system of the
Ideal for lab or field! M Lifetime chromed steel body Celestron 8 assures the sharpest 40X telephoto
can't warp or break. No fragile glass cursor. Precision images. Distortion-free and perfect color rendition.
crafted in England. B Gives fast, precise answers. Full"35mm format.
Stops errors Vv For the wif ture tel to study th
or. the wife — a nature telescope to stu e
Wh¥ Not Solve Your 2 frolicking of a bobolink at 150 feet or a bee polYina?-
Calculating Problems Today? ing a flower at 30 feet. She'll be sold.

Satisfaction Guaranteed! Only $24.95 ppd. U.S.
NN N N BN BN BN BN M BN BN NN N

[J Send me the OTIS KING SLIDE RULE for imme-

v/ For the kids — a real educational bonus. They'll

I study the wealth of detail of the Moon, rings of
diate delivery. | enclose $24.95. Refund within two Safurn.dfmrh?g sa*eillfesdar;d_lbe{lf sfrucfu?re obet;pl-
1 weeks if not delighted. (In Calif. add 5% tax) J ter.an e filamentary detail of a remote nebula.
l N I **Celestron Techniques‘’ published quarterly. Current issue
ame. I contains articles on Lunar, Solar, and terrestrial tele-
l Address photography and many full-color Celestron 8 shots of
1 1 these subjects. $2.00 for 4 issves.
Zip 1 Celestron 8 — price $850 — For details write to:

I caicutator COMPANY —Dept. 2A 2430 Amsler
1 Box 593, Lakewood, Calif. 90714

Celestron Pacific Torrance, Calif. %0505
h--------—-----J
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civil administration of occupied Japan.
Luten was graduated from Dartmouth
College in 1929 and obtained his Ph.D.
in chemistry from Berkeley in 1933. He
writes: “Have progressed from knowing
perhaps everything about what (for ex-
ample petroleum cresylic acids) my
friends assured me was nothing to may-
be not knowing nothing about every-
thing, but at least nothing about every-
thing I've tried to look into carefully.”

MYRON TRIBUS and EDWARD C.
MCcIRVINE (“Energy and Information”)
are with the Xerox Corporation; Tribus
is senior vice-president in the Business
Products Group and general manager of
research and engineering, and Mclrvine
is manager of the physics research lab-
oratory. Before joining Xerox last year
Tribus was with the U.S. Department
of Commerce as assistant secretary for
science and technology. From 1961 to
1969 he was dean of the School of En-
gineering at Dartmouth College, having
gone there following eight years as pro-
tessor of engineering at the University
of California at Los Angeles, where he
received his Ph.D. in engineering in
1949. In 1958 he was host, moderator
and writer for the Columbia Broadcast-
ing System’s television show “Thresh-
old.” Mclrvine, who was graduated
from the University of Minnesota in
1954 and took his Ph.D. in theoretical
physics at Cornell University in 1959,
joined Xerox in 1969 after nine years
with the Ford Motor Company.

MILTON KATZ (“Decision-making
in the Production of Power”) is Henry
L. Stimson Professor of Law at Harvard
University and director of Harvard’s In-
ternational Legal Studies Program. He
was graduated from Harvard College in
1927, spent a year crossing central Af-
rica on an anthropological expedition for
the Peabody Museum of Harvard and
then entered the Harvard Law School,
receiving his LL.B. in 1931. After sev-
eral years of service with the U.S. Gov-
ernment he joined the Harvard Law
School faculty in 1939. Recalled to the
Government in 1941, he returned to
Harvard in 1946 but in 1948 was ap-
pointed general counsel for the Eco-
nomic Cooperation Administration in
Europe. In 1950-1951 he became head
of the Marshall Plan in Europe, with
the rank of ambassador. From 1951 to
1954 he was vice-president of the Ford
Foundation, returning to Harvard in
1954. Among many other activities he is
chairman of the board of trustees of the
Camegie Endowment for International
Peace.



You're looking at India, as viewed
from a Gemini spacecraft.

You're also looking at one of the
world’s largest classrooms, as
“viewed'' by a broadcast relay
satellite.

In an experiment now being planned,
~ a NASA satellite will relay educational
broadcasts directly to TV sets in
thousands of remote villages =
throughout India. Programming will S
highlight subjects such as family >
planning and improved agricultural
techniques.

It's a concrete example of how our
space technologies can help bring
mass communications and practical
education to the underdeveloped
countries of the world.

= Think about the possibilities.
“'» The Boeing Company

-
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PUERTO RICO NOW

FROM BOOTSTRAP TO LIFT-OFF

Twenty years ago, Puerto Rico began
“Operation Bootstrap; an ambitious
experiment aimed at changing a one-crop
agricultural economy into a modern
diversified industrial community.
“Bootstrap” worked dramatically, to the
point that Puerto Rico now has over 2,000
manufacturing plants, including
representatives from 107 of Fortune’s top
500 companies. People like Ford, Union
Carbide, General Electric, RCA, Squibb,
ITT, Blue Bell, Phillips, Phelps Dodge.

Puerto Rico is now poised for the second

stage in its industrial expansion—

“Operation Lift-off” This is a new drive to
expand the island’s industrial base into
new and more diverse areas. The tax
incentives are still here, but now were
adding in a trained labor force that can
handle the most sophisticated
manufacturing processes. Plus some of the
world’s largest petro-chemical complexes,
which produce the raw materials for over
800 new product possibilities —right on the
island. And a northbound freight rate that
is less expensive than internal shipping
from many points in the U.S.A. And the
atmosphere of a progressive, stable
democracy under the U.S. flag.

There are many compelling reasons why
thoughtful manufacturers should take a
new look at Puerto Rico now. For specific
information and straight talk on how

Puerto Rico can fit your plan, write to
any one of our offices listed below.

Of course, proud as we are of the dollar-
and-cents practicality of a plant location in
Puerto Rico, we can’t resist pointing out
some rather interesting fringe benefits.
Here’s the view from the 13th hole at
Dorado Beach, where a lot of the island’s
top businessmen seem to find themselves
on Wednesday atternoons. Nothing wrong
with having more fun while youre making
better profits that are tax-free.

Ja T N T

q PUERTO RICO, U.5.A.

©1971 Commonwealth of Puerto Rico

COMMONWEALTH OF PUERTO RICO, ECONOMIC DEVELOPMENT ADMINISTRATION, 666 FIFTH AVE., NEW YORK, NY. 10019

BOSTON + PHILADELPHIA - ATLANTA - CHICAGO - HOUSTON - LOS ANGELES
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SCIENTIFIC
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Energy and Power

Man’s expanding need for energy creates difficult economic, social

and environmental problems. The solutions call for sensible choices

of technological alternatives by the market and political process

etween now and 2001, just 30
B years away, the U.S. will consume
more energy than it has in its en-

tire history. By 2001 the annual U.S. de-
mand for energy in all forms is expected
to double, and the annual worldwide de-
mand will probably triple. These project-
ed increases will tax man’s ability to dis-
cover, extract and refine fuels in the
huge volumes necessary, to ship them
safely, to find suitable locations for sev-
eral hundred new electric-power stations
in the U.S. (thousands werldwide) and to
dispose of effluents and waste products
with minimum harm to himself and his
environment. When one considers how
difficult it is at present to extract coal
without jeopardizing lives or scarring
the surface of the earth, to ship oil with-
out spillage, to find acceptable sites for
power plants and to control the effluents
of our present fuel-burning machines,
the energy projections for 2001 indicate
the need for thorough assessment of the
available options and careful planning
of our future course. We shall have
to examine with both objectivity and
humanity the necessity for the pro-
jected increase in cnergy demand, its

by Chauncey Starr

relation to our quality of life, the prac-
tical options technology provides for
meeting our needs and the environ-
mental and social consequences of these
options.

The artful manipulation of energy has
been an essential component of man’s
ability to survive and to develop social-
ly. Although primitive people and most
animals can alter their behavior to adapt
to changing environmental restrictions,
the reverse ability to substantially al-
ter the environment is uniquely man’s.
When primitive man learned to use fire
to keep himself warm, he took the first
big step in the use of an energy resource.

The use of energy has been a key to
the supply of food, to physical comfort
and to improving the quality of life be-
yond the rudimentary activities neces-
sary for survival. The utilization of en-
ergy depends on two factors: available
resources and the technological skill to
convert the resources to useful heat and
work. Energy resources have always
been generally available, and the heat-
ing process is ancient. Power devices
able to convert energy into useful work
have been a recent historical develop-

BAYWAY REFINERY of the Humble Oil & Refining Company in Linden, N.J., occu-
pies most of the land area in the aerial photograph on the opposite page. Placed on-stream
in 1909, when oil supplied less than 6 percent of the nation’s energy (it now supplies 43
percent), the refinery has grown with the demand for petroleum products. One of five
refineries operated by Humble in the U.S., the Bayway plant refines 200,000 barrels of crude
oil per day. Most of it is delivered by tanker and unloaded at docks bordering Arthur Kill,
a waterway that separates Staten Island, at the top of the picture, from New Jersey. The
multilane highway that cuts across the photograph at an angle is the New Jersey Turnpike.
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ment. The prehistoric domestication of
animals represented a multiplication in
the power resources available to man,
but not by very significant amounts. The
big importance of the horse and the ox
was that their fuel requirements did not
deplete man’s own food supply. During
this period the power available limited
man’s ability to irrigate, cultivate and
survive.

\Vater power for irrigation purposes,

exploiting natural differences in
elevation, was known in very early
times. The horizontal waterwheel ap-
peared about the first century B.c. with
a power capacity of perhaps .3 kilowatt.
By the fourth century the vertical water-
wheel had been developed to about two
kilowatts of power. These wheels were
primarily used for grinding cereals and
similar mechanical tasks. By the 16th
century the waterwheel was by far the
most important prime mover, providing
the foundation for the industrialization
of western Europe. By the 17th century
its power output was 1'eaching signiﬁ-
cant levels. The famous Versailles wa-
terworks at Marly-la-Machine is said to
have had a power of 56 kilowatts. The
windmill first appeared in western Eu-
rope in the 12th century. It was variously
used for grinding grain, for hoisting ma-
terials from mines and for pumping wa-
ter. The windmill had a respectable ca-
pacity ranging from several kilowatts to
as much as 12 kilowatts. The biggest dis-
advantage was the intermittent nature of
its operation.
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POWER OUTPUT OF BASIC MACHINES has climbed more than four orders of magni-
tude since the start of the Industrial Revolution (ca. 1750). For the steam engine and its
successor, the steam turbine, the total improvement has been more than six orders, from
less than a kilowatt to more than a million. All are surpassed by the largest liquid-fuel
rockets (not shown), which for brief periods can deliver more than 16 million kilowatts.
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COMMERCIAL ENERGY USE AND GROSS NATIONAL PRODUCT show a reasonably
close correlation. A more complete listing of countries is presented in the illustration on
page 142 in the article by Earl Cook titled “The Flow of Energy in an Industrial Society.”
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The development of the steam prime
mover is relatively modern compared
with the windmill and the waterwheel.
As early as the first century after Christ,
Hero of Alexandria demonstrated the fa-
mous Sphere of Aeolus, a steam reaction
turbine on a toy scale. Not until the 17th
century was steam used effectively. The
stcam pump invented by Thomas Savery
was a pistonless device using the vac-
uum of condensing steam to pump wa-
ter, with a power output of about three-
fourths of a kilowatt. Early in the 18th
century steam engines using a moving
piston were developed as power sources
of several kilowatts.

The steam engine was the first me-
chanical prime mover to provide basic
mobility. It was some time, however,
before this mobility was used. The early
Industrial Revolution was based on the
waterwheel and the windmill as prime
movers: the location of industrial cen-
ters, factories and cities was primarily
determined by the availability of those
power sources. It was the geographic
limitation on the expansion of water
power that gave the steam engine an
opportunity to continue the growth of
manufacturing centers. The first use
of the steam engine was as an auxiliary
to the waterwheel: to pump water to
an elevation sufficient to increase the
wheel’s power. It was not until the mid-
dle of the 19th century that the steam
engine became a principal prime mover
for the manufacturing industry of the
Western world.

M"he contribution of large power ma-

chines to the social development of
man became important after 1700 [see
top illustration at left]. Since 1900 a
steadily growing variety of smaller pow-
er-conversion devices have been intro-
duced whose chief virtue is mobility.
From 1700 on the power output of
energy-conversion devices increased
by roughly 10,000 times. Most of this
growth occurred in the past century, so
that it has had its major impact only re-
cently. It is this technological capability
that makes our age historically one of
accelerated energy utilization. The de-
velopment of these prime movers re-
quired and supported the technology of
iron and steel fabrication, and it in-
volved the rise of the railroads. The con-
sequence of these technological innova-
tions has been an exponential increase
in energy consumption.

For the millenniums preceding the
17th century the productivity of man
was principally determined by his own
labor and by that of domestic animals.



The growth in the world population and
the manifestations of greater average af-
fluence all appear to show significant in-
creases in parallel with the growth in
energy use. Simultaneously one wit-
nessed rapid developments in learning,
in the arts and in technologies of all
kinds. Although one must be cautious
when dealing with pluralistic and inter-
acting relations, a strong case can be
made for the hypothesis that the produc-
tive utilization of energy has played a

primary role in shaping the science and
culture of the past three and a half cen-
turies. This hypothesis is supported by
the linear relation one finds today be-
tween the per capita consumption of
energy for heat, light and work and the
per capita gross national product of vari-
ous nations [see Dottom illustration on
opposite page].

As an example of the effect of powar
machinery on the productivity of man,
the agricultural experience of the U.S.

following World War I is much to the
point [sce illustrations on page 41]. The
story is told in the following quotation
from the 1960 U.S. Yearbook of Agricul-
ture:

“Horse and mule numbers at that
time [1918] were the highest in our his-
tory—more than 25 million—but the rate
of technological progress had slowed
down. The availability of good new
land had dwindled to insignificance.
One-fourth of the harvested crop acre-
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U.S. ENERGY CONSUMPTION has been multiplied some 30
times since 1850, when wood supplied more than 90 percent of all
the energy units. By 1900 coal had become the dominant fuel, ac-
counting for more than 70 percent of the total. Fifty years later
coal’s share had dropped to 36.5 percent and the contribution from
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1950

1975

oil and natural gas had climbed to 55.5 percent. Last year coal ac-
counted for 20.1 percent of all energy consumed, oil and gas 75.8
percent, hydropower 3.8 percent and nuclear energy .3 percent.
Energy-consumption figures are from the U.S. Bureau of Mines;
projections conform to those given in the illustration on page 44.
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GROWTH IN ENERGY DEMAND in the U.S. is at the annual rate of about 1 percent per
capita. For the world as a whole per capita consumption is growing about a third faster.
Even so, the world supply of energy per capita in A.n. 2000 will be less than a fourth of the
projected U.S. figure. In India the rate of increase is only about a third of the U.S. rate.
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age was being used to produce feed for
power animals.

“If methods had not been changed,
many more horses, more men to work
them, and much more land to grow
feed for them would be required for
today’s net agricultural output. The
American economy of the 1960’s could
not be supported by an animal-powered
agriculture on our essentially fixed—in
fact, slowly shrinking—land base. Na-
tional progress on all fronts would have
been retarded seriously had not agricul-
ture reccived new forms of power and
sources of energy not restricted by bi-
ological limitations.

“With the adoption of mechanical
forms of power in engines, tractors, and
electric motors and development of
more and more types of adapted equip-
ment to use that power, American agri-
culture entered a new era of sharply ris-
ing productivity.”

The introduction of new hybrid
grains, the use of fertilizer and pesti-
cides, along with extensive irrigation,
all contributed to the increased produc-
tivity per unit of labor. Irrigation sys-
tems and the manufacture and transpor-
tation of chemical fertilizers on a large
scale all require substantial use of ener-
gy, as Earl Cook points out in this issue
(“The Flow of Energy in an Industrial
Society,” page 134).

It is evident that the present rate of

world population growth cannot be
sustained indefinitely; sooner or later en-
vironmental restrictions will cause the
death rate to increase substantially, and
the least developed countries will be the
first to suffer. The long-term alternative
for the world is a controlled birthrate.
Nevertheless, for some decades to come
social trends will cause an inevitable in-
crease in world population. In order to
meet not only the food requirements but
also a minimally reasonable quality of
life, the contributions that can be made
by the use of energy in various forms are
essential. The issue therefore is not
whether energy production for the
world should be increased. It is rather
how to increase it effectively with mini-
mum deleterious side effects.

Because the great increase in energy
consumption in the past century has
taken place chiefly in the advanced
countries, it is instructive to examine the
trends in the U.S. The annual consump-
tion of all forms of energy in the U.S.
has increased seventeenfold in the past
century, with a corresponding popula-
tion increase of a little more than five-
fold. During this period, in which our
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MACHINES REPLACED ANIMALS at a rapid rate on U.S. farms
between 1920 and 1960. In the same period farm output more than

doubled. In 1920 a fourth of U.S. farm acreage was planted in crops
required to feed the nation’s 25 million farm horses and mules.
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FARM OUTPUT PER MAN-HOUR approximately quadrupled be-
tween 1910 and 1958. The improvement was due not only to the

per capita energy use has slightly more
than doubled, fuel sources have shifted
steadily [see illustration on page 39].
Fuel wood was the dominant energy
source in 1850; by 1910 coal accounted
for about 75 percent of the total energy
consumption and fuel wood had de-
clined to some 10 percent. In the 50
years between 1910 and 1960 coal lost
its leading position to natural gas and
oil. Today nuclear power is emerging as
a national energy source.

Thus roughly 50 years seem to be

needed for the energy economy to shift
substantially to a new fuel. This is de-
termined primarily by the operating life-
time of power machinery and secondar-
ily by the long lead time for redirecting
available manufacturing and supply ca-
pability. For example, the steadily in-
creasing demand for electric power re-
quires construction of new power sta-
tions at a rate that exceeds the facilities
of the infant nuclear-power industry; as
a result fossil-fuel-burning plants must
be built for many decades to come in
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internal-combustion engine but also in part to higher-yielding
crops, extensive irrigation, fertilizers, herbicides and insecticides.

order to meet the nation’s needs. With
an expected operating life of 30 years
for such plants, it is evident that fossil-
fuel plants will be playing a role even
half a century after the change to nu-
clear power was initiated.

A century ago our energy resources
were primarily applied to the produc-
tion of heat for physical comfort. Less
than a quarter of the heat was utilized
for metallurgical processes and indus-
trial activities. Today more than half of
all energy consumed in the U.S. goes
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into useful work. Paralleling this shift in
the way energy is used there has been a
steady improvement in the efficiency
with which energy is converted to use-
ful forms [see top illustration on page
40]. There is no theoretical limit to the
efficiency of energy use for heating. The
theoretical limit on the conversion of
heat to work is the Carnot thermody-
namic efficiency, as is explained in this
issue by Claude M. Summers (“The Con-
version of Energy,” page 148). The best
of our power plants now operate at a
thermal efficiency of 40 percent, a figure
that may reach 50 percent by the year
2000. Other thermal prime movers are
not as efficient. The internal-combustion
engine thermal efficiency ranges from
10 to 25 percent, depending on how the
engine is used. Because of the impact
of efficiency on the economics of use,
the motivation for improving efficiency
will persist.

At present the U.S. consumes about
35 percent of the world’s energy. By the
year 2000 the U.S. share will probably
drop to around 25 percent, due chiefly
to the relative population increase of
the rest of the world. The per capita in-
crease in energy consumption in the

NUCLEAR POWER PLANT being built by the Duke Power Com-
pany near Clemson, S.C., has three 886,300-kilowatt units in various
stages of completion. Unit No. 1 (right) is ready to be loaded with
fuel; it is expected that it will be supplying power early next year.
The three nuclear steam-supply systems were designed and are be-
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U.S. is now about 1 percent per year
[sce bottom illustration on page 40].
Starting from a much lower base, the av-
erage per capita energy consumption
throughout the world is increasing at a
rate of 1.3 percent per year. It is evident
that it may be another century before the
world average even approaches the cur-
rent U.S. level. At that time the energy
gap between the U.S. and the underde-
veloped world will still be large. With
unaltered trends it would take 300 years
to close the gap. By 2000 the world’s
average per capita energy consumption
will have moved only from the present
one-fifth of the U.S. average to about
one-third of the present U.S. average.
Of grave concern is the nearly static and
very low per capita energy consumption
of areas such as India, a country whose
population growth largely negates its
increased total production of energy. If
the underdeveloped parts of the world
were conceivably able to reach by the
year 2000 the standard of living of
Americans today, the worldwide level
of energy consumption would be rough-
ly 100 times the present figure. Even
though this is a highly unrealistic tar-
get for 30 years hence, one must as-
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sume that world energy consumption
will move in that direction as rapidly
as political, economic and technical
factors will allow. The problems implied
by this prospect are awesome.

One can better appreciate the energy
problem the world faces if one simply
compares the cumulative energy de-
mand to the year 2000—when the an-
nual rate of energy consumption will be
only three times the present rate—with
estimates of the economically recover-
able fossil fuels [see illustrations on op-
posite page]l. The estimated fossil-fuel
reserves are greater than the estimated
cumulative demand by only a factor of
two. If the only energy resource were
fossil fuel, the prospect would be bleak
indeed. The outlook is completely al-
tered, however, if one includes the en-
ergy available from nuclear power.

There is no question that nuclear pow-

er is a saving technical development
for the energy prospects for mankind.
Promising but as yet technically un-
solved is the development of a continu-
ous supply of energy from solar sources.
The enormous magnitude of the solar
radiation that reaches the land surfaces

:

ing manufactured by the Babcock & Wilcox Company. There are
now 22 nuclear power plants with a combined capacity of 9,132
megawatts operating in the U.S. Another 99 plants with a capacity
of 90,000 megawatts are under construction or on order. By A.n.
2000 nuclear fuels may be supplying half of the nation’s electricity.



of the earth is so much greater than any
of the foreseeable needs that it repre-
sents an inviting technical target. Un-
fortunately there appears to be no eco-
nomically feasible concept yet available
for substantially tapping that continu-
ous supply of energy. This somewhat
pessimistic estimate of today’s ability to
use solar radiation should not discour-
age a technological effort to harness it
more effectively. If only a few percent
of the land area of the U.S. could be
used to absorb solar radiation effective-
ly (at, say, a little better than 10 percent
efficiency), we would meet most of our
energy needs in the year 2000. Even a
partial achievement of this goal could
make a tremendous contribution. The
land area required for the commercially
significant collection of solar radiation is
so large, however, that a high capital in-
vestment must be anticipated. This,
coupled with the cost of the necessary
energy-conversion systems and storage
facilities, makes solar power economi-
cally uninteresting today. Nevertheless,
the direct conversion of solar energy is
the only significant long-range alterna-
tive to nuclear power.

The possibility of obtaining power
from thermonuclear fusion has not been
included in the listing of energy re-
sources on this page because of the
great uncertainty about its feasibility.
The term “thermonuclear fusion,” the
process of the hydrogen bomb, describes
the interaction of very light atomic nu-
clei to create highly energetic new nu-
clei, particles and radiation. Control of
the fusion process involves many scien-
tific phenomena that are not yet under-
stood, and its engineering feasibility has
not yet been seriously studied. Depend-
ing on the process used, controlled fu-
sion might open up not only an impor-
tant added energy resource but also a
virtually unlimited one. The fusion proc-
ess remains a possibility with a highly
uncertain outcome.

The special environmental problems
associated with generating electricity
have drawn much attention, but the pro-
duction of electricity is not the major
environmental problem we face [see il-
lustration on next page]. Of all the en-
ergy needs projected for the year 2000,
nonelectric uses represent about two-
thirds. These uses cover such major cate-
gories as transportation, space heating
and industrial processes. The largest en-
ergy user at that time will be the manu-
facturing industry, with transportation
using about half as much. These projec-
tions are based on extrapolations of
present trends. One can speculate, how-
ever, on major changes in life style or

DEPLETABLE SUPPLY
(102 WATT-YEARS) WORLD us.
COAL 670 — 1000 160 — 230
PETROLEUM 100 — 200 20 — 35
GAS 70— 170 20— 3

SUBTOTAL 840 — 1370 200 — 300

NUCLEAR - -
(ORDINARY REACTOR) 3000 300
NUCLEAR _ ~30,000
(BREEDER REACTOR) 300,000

CUMULATIVE DEMAND

1960 TO YEAR 2000 350 — 700 100 — 140

(10° WATT-YEARS)

ECONOMICALLY RECOVERABLE FUEL SUPPLY is an estimate of the quantities avail-

able at no more than twice present costs. U.S.
a fourth of the world total and its reserves of
tal. Fossil-fuel reserves are barely equivalent
tween 1960 and 2000. Even nuclear fuel is n
ordinary light-water reactors. By employing

reserves of all fossil fuels are slightly less than
nuclear fuels are only a tenth of the world to-
to twice the cumulative demand for energy be-
one too plentiful if one were to use only the

breeder reactors, however, the nuclear sup-

ply can be amplified roughly a hundredfold. (1012 watt-years equals 29.9 X 1015 B.t.u.)

WORLD us.
CONTINUOUS SUPPLY
(10° WATTS) MAXIMUM | POSSIBLE | MAXIMUM | POSSIBLE
BY 2000 BY 2000
SOLAR RADIATION 28,000 1,600
FUEL WOOD 3 13 N 05
FARM WASTE 2 6 2 .00
PHOTOSYNTHESIS FUEL 8 01 5 001
HYDROPOWER 3 1. 3 A
WIND POWER N 01 01 001
DIRECT CONVERSION ? 01 ? 001
SPACE HEATING 6 006 01 001
NONSOLAR
TIDAL 1. 06 N 06
GEOTHERMAL 06 006 01 006
TOTAL 18+ 3 1.2 2
ANNUAL DEMAND
YEAR 2000 ~15 ~5—6
(10° WATTS)

CONTINUOUS, OR RENEWABLE, ENERGY SUPPLY can be divided into two catego-

ries: solar and nonsolar. Two sets of estimat

es are again presented, one for the world and

one for the U.S. alone. The figure for total solar radiation includes only the fraction (about
30 percent) falling on land areas. If an efficient solar cell existed to convert sunlight directly
to electric power, one could think of utilizing solar energy on a large scale. The sunlight

that falls on a few percent of the land area

of the U.S. would satisfy most of the energy

needs of the country in the year 2000 if converted to electricity at an efficiency of 12 percent.

technology that could substantially al-
ter these projections [see illustration on
page 45]. These hypothetical shifts in-
clude all-electric homes, complete air
conditioning, more use of electricity in
commercial buildings, the electric auto-
mobile, the use of electricity in indus-
trial processes, possible large-scale de-
salination of seawater and, finally, shift-
ing all electricity production to nuclear
plants. Such substantial changes could
reduce the estimated fossil-fuel require-
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ments in the year 2000 by more than 40
percent, with the greatest component
being the shift from fossil to nuclear
fuels in generating electricity. Even with
such drastic shifts, the total fuel con-
sumed for electricity would still repre-
sent no more than 60 percent of the na-
tional energy requirement, with the re-
maining 40 percent still dependent on
fossil fuel.

It is clear that if in the year 2000 the
U.S. were solely dependent on fossil
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tuels, the costs of energy would have to
increase substantially [see illustration on
page 49]. The availability of nuclear
power will allow these costs to be kept
reasonably low. A major reduction in
cost will be achieved when the breeder
reactor is successfully developed. In a
breeder reactor excess neutrons from the
fission of uranium 235 are used to con-
vert nonfissionable uranium 238 and
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year 2000 shows nuclear power contributing almost as much as coal
to the total energy supply but both running well behind oil and
natural gas. In the year 2000 the generation of electricity may con-
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thorium 232 into the fissionable isotopes
plutonium 239 and uranium 233 respec-
tively. The breeder reactor should make
it possible for nuclear fission to supply
the world’s energy needs for the next
millennium. (If the fusion process is ever
successful, its cost for electricity would
be similar to that of the breeder.)
The U.S. Government has recently an-
nounced that intensive development of

NATURAL-
GAS
LIQUIDS

COAL
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the fast breeder reactor is now nation-
al policy. With multimegawatt fast
breeders now being constructed in the
U.S.S.R. and in western Europe, there
appears to be little doubt about their
engineering feasibility. The problems
now are those of detailed engineering
and performance economics.

In the past century the perceived so-
cial benefits from the uses of energy

HYDRO
POWER

NUCLEAR  TOTAL FUEL
POWER CONSUMPTION

AS
ELECTRICITY

sume 38 percent of the total energy input compared with 25 per-
cent today. These estimates are a projection of present trends.
One can imagine, however, a major effort to substitute nuclear
for fossil fuels, with the results depicted on the opposite page.



overrode any constraint that might be
set by its environmental impact. As the
U.S. has grown in both population and
affluence, the amcunt and concentration
of our energy use has begun to make the
deterioration of the environment serious
cnough to be of national concern. It is
only recently that priority has been
given to the technology of pollution
abatement; there is little doubt that
eventually control of the environmental
side effects of energy utilization will be
brought to socially acceptable levels.
Pollution is man-made and is man-con-
trollable. Pollution control, however, is
itself a new growth industry and will
create an additional energy demand.
Pollution-control techniques use chemi-
cal-plant processes, all of which con-
sume energy. For example, the proposed
cflluent-treatment methods for reducing
pollutants from automobiles result in in-
creased fuel consumption.

In considering the harmful effects of

energy utilization it is well to distin-
guish between those that are short-term
and geographically concentrated and
those that operate over the long term,
often with worldwide consequences. Of
the latter there are only a few. The com-
bustion of fossil fuels, no matter how
efficiently done, must always produce
carbon dioxide. Its concentration in the
atmosphere has increased from some
290 parts per million to 320 within the
past century and may increase to 375
or 400 parts per million by the year
2000. The mechanism for the removal
of carbon dioxide is only partly under-
stood; it is eventually absorbed by the
occan, converted into minerals or in-
corporated by plants in their growth.
Thus the carbon dioxide ultimately but
slowly returns to the biosphere in some
nonpolluting form. Its effects while it
resides in the atmosphere are not now
predictable, although theoretically the
increased carbon dioxide should cause
a “greenhouse eflect” by reducing the
infrared heat loss from the earth and
perhaps raising the mean global temper-
ature one degree Celsius by the year
2000.

In parallel with the increase in carbon
dioxide in the atmosphere there has also
been a rise in suspended particulate con-
tamination. Fine particles are released
into the air not only by combustion but
also by volcanic eruptions. The in-
creased turbidity reduces solar radiation
to the earth’s surface. So far the ob-
served temperature trends are not mean-
ingful and the subject is not well under-
stood. The meteorological data available
indicate that neither the added carbon

FOSSIL-FUEL INCREASED INCREASED
REDUCTION ELECTRICITY NUCLEAR
(1°° WATT-YEARS) PRODUCTION ELECTRICITY
(10° WATT-YEARS) PRODUCTION
(10° WATT-YEARS)
ALL-ELECTRIC 220 9 %
100 PERCENT 4
AIR CONDITIONING NO CHANGE 14 !
INCREASED USE
OF ELECTRICITY
IN THE 90 53 52
COMMERCIAL
SECTOR
ELECTRIC 91
AUTOMOBILES 340 9
REPLACE 1/3 OF
INDUSTRIAL
CONSUMPTION 200 228 15
OF GAS
POTENTIAL NEED
FOR DESALINATION|  NO CHANGE 114 115
WESTERN U.S.
ALL ELECTRICITY
ERODLCTION 1040 NO CHANGE 515
TO NUCLEAR
SUBTOTALS (=) 1,900 (+) 600 (+) 1,000
REFERENCE
PROJECTION 4,315 1,030 515
(10°WATT-YEARS)
PERCENT CHANGE -44 +58 +194

MAJOR EFFORT TO REDUCE FOSSIL-FUEL USE by the year 2000 might conceivably
eliminate 1,900 X 109 watt-years from the demand of 4,315 X 109 watt-years projected in
the bar chart on the opposite page. This would amount to a reduction of 44 percent. The
next column shows the amount of electrical energy needed to replace fossil fuel in each
of the six categories of energy use listed at the left. The total increase in electric demand
comes to 600 X 109 watt-years, or 58 percent. The reference projection of 1,030 X 109 watt-
years assumes the conversion of 2,038 X 10? watt-years of fuel at a thermal efficiency of
51 percent. The reference projection also assumes that half of the electric-power produc-
tion, or 515 X 109 watt-years, will be nuclear in the year 2000. The last column shows the
increase in nuclear power required if all electricity were to be obtained from nuclear fuels.

dioxide nor the particulates are a serious
problem yet. In any case we have at
least several decades for determining
the carbon dioxide pathways in our bio-
sphere. If the carbon dioxide additions
to the atmosphere were determined to
be harmful, there is an ultimate but cost-
ly technological solution: we could use
nuclear electric power to manufacture
hydrogen by the electrolysis of water.
Hydrogen would make an ideal fuel be-
cause its combustion yields water as an
end product.

Other pollutants that arise from the
burning of fossil fuels are in a somewhat
different category. They tend to concen-
trate in the region where they are gen-
erated and have a relatively short life.
They all eventually disappear from the
atmosphere through photochemical re-
actions or meteorological processes such
as rain. The problems they create in ur-
ban areas because of their high concen-
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tration are those associated with either
material damage, aesthetics, physical
discomfort or public health. If one is
willing to pay the cost, one can reduce
the quantities of various harmful by-
products by changing combustion proc-
esses or by instituting effluent controls.
The end product of nuclear fission is
an assortment of radioactive isotopes
that have a wide range of lifetimes ex-
tending up to thousands of years. Al-
though the total radioactivity decreases
with time, there is no question that these
radioactive substances must be carefully
contained, controlled and stored. Fortu-
nately the physical amounts involved
are extremely small in bulk: about 10
cubic feet per year from a 1,000-mega-
watt fast-breeder power plant. The
problem is one of extracting these sub-
stances during the chemical processes
used for reconstituting the nuclear fuels,
and then containing and storing them in

45



a safe manner. Because of the small vol-
ume of material produced in the annual
operation of a nuclear power station
even elaborate handling procedures con-
tribute only a small part to the cost
of nuclear power. Although the total
amount of radioactive waste today is
relatively small, the amounts will be
large 30 years hence. Pilot programs are
needed now to develop safe handling for
these future wastes.

Al energy use ends up as unrecover-
able waste heat. The final heat sink
for the earth is radiation to space. The
worldwide man-made thermal load,
however, is so small compared with the
solar heat load as to be insignificant on
a global scale. In the year 2000 the
worldwide use of energy will still be
much less than a thousandth of the sun’s
heat input. Nevertheless, one can expect
that the concentrated generation and
consumption of energy in densely popu-

lated areas will be capable of affecting
both the local climate and ecological
systems. Since rationing of energy does
not seem feasible, the only practical
solution may be to limit the population
density of our major cities.

While recognizing the troposphere as
the ultimate heat sink, we have a num-
ber of options for influencing the flow
of heat from the point where it is re-
leased to ultimate radiation into space.
Of great public importance is the man-
agement of the large quantities of waste
heat produced in the generation of elec-
tricity. It has been customary to locate
electric-power stations on large bodies
of water, rivers, lakes or oceans, for the
purpose of using the available cooling
water to reduce the minimum tempera-
ture of the Carnot cycle involved in the
generation of power. Because of the re-
cent growth in electric-power genera-
tion many of the inland bodies of water
are approaching a natural limitation in

their ability to absorb waste heat. The
most severe of such limitations is the
ecological effect on marine life; the max-
imum temperature that can be tolerated
by marine animals is not high.

One way to avoid heating inland
bodies of water is to use the waste heat
to evaporate a relatively small volume
of water rather than to raise a large vol-
ume by only a few degrees. Evapora-
tion is carried out by means of a “wet”
cooling tower, which is now rather wide-
ly used by electric-power stations, par-
ticularly in Britain. This approach pre-
sents two problems. If the water is
drawn from a small river or a small lake,
the amount evaporated can reduce the
amount available for other purposes.
The second problem arises from the con-
siderable amount of water vapor added
to the atmosphere, which produces a
sharp increase in the local humidity. In
some regions of the country, valleys in
particular, this would produce heavy fog

CONTROL INDIVIDUAL SOCIETAL ECONOMIC TECHNICAL
SELECTION SELECTION FEASIBILITY ‘ FEASIBILITY
IMPLEMENTATION : ’
TIME (YEARS) 10 Wikl
COSTS INVOLVED S ; L
(DOLLARS) 10° — 10 10° — 10 10° - 10

OPTIONAL USES

DEVICE UTILIZATION

CONTROLLING FACTORS that enter into long.range energy
planning are listed in this table. Some factors, such as those listed
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SAFETY

under individual and societal selection, can operate in a relatively
short time. Other factors, such as those listed under economic



during much of the year, with consid-
erable discomfort to the local popula-
tion.

The next choice in heat disposal
would be direct dissipation to the air
from a closed-cycle heat exchanger in
the form of “dry” cooling towers. This is
the same technique used in an automo-
bile radiator for cooling the engine. Al-
though dry cooling towers obviate the
need for a water supply altogether, they
not only require a higher capital invest-
ment but also decrease the thermody-
namic efficiency of the power station
because ambient air temperatures are
generally much higher than the tem-
peratures that can be reached with a
water-cooling system. Nevertheless, for
inland power stations environmental con-
siderations may force a steady increase
in the use of dry cooling towers.

In many respects the most suitable
location for electric-power stations is on
or near the ocean. The ocean represents

NATURAL
LIMITATIONS

100 — 1,000

RESOURCES
FINITE FOSSIL-FUEL RESERVES
URANIUM USAGE DEPENDS ON BREEDER

CONTINUOUS SOURCES
LIMITED EXCEPT FOR SOLAR

ENVIRONMENTAL EFFECTS

THERMODYNAMIC LIMIT ON
CONVERSION EFFICIENCY

REGIONAL CLIMATIC EFFECTS

CO. PRODUCTION INEVITABLE
FROM FOSSIL FUELS

and technical feasibility and natural limita-
tions, involve the fate of future generations.

a heat sink of such magnitude as to be
on the average unaffected by the waste
heat man can introduce for the foresee-
able future. There are also many areas
of the ocean where local increases in
temperature could even be beneficial to
marine life. For this reason the location
of power stations on the shores of large
oceans may become increasingly popu-
lar throughout the world.

t is evident that the issues raised by
the role of energy in social develop-
ment fall into two broad categories:
those that relate to the highly developed
regions of the world and those that re-
late to the underdeveloped regions. Be-
cause industrialized nations now have
the capability both for sustaining a mod-
estly increasing population and for im-
proving the average quality of life, it is
likely that in the next century the per
capita energy consumption in advanced
countries will approach an equilibrium
level.

For the underdeveloped nations,
which include most of the world’s popu-
lation, the situation is quite different.
The peoples of these nations are still pri-
marily engaged in maintaining a mini-
mum level of subsistence; they do not
have available the power resources nec-
essary for their transition to a literate,
industrial, urban and advanced agricul-
tural society. Such a transition will be
significantly dependent on the availa-
bility of energy. It is sometimes suggest-
ed that because power production and
energy consumption have harmful ef-
fects on the environment the use of
energy must be arbitrarily limited. This
implies the same type of social control
as arbitrarily limiting the water supply,
food production or population. Given
the humane objective of providing the
people of the world with a quality of
life as high as man’s ingenuity can de-
velop, the essential role of energy must
be accepted.

Within nature’s limitations man has
tremendous scope for planning energy
utilization [see illustration on these two
pages]. Some of the controlling factors
that enter into energy policy depend on
the voluntary decisions of the individual
as well as on government actions that
may restrict individual freedom. The
questions of feasibility, both economic
and technical, depend for their solution
on the priority and magnitude of the
effort applied. The time scale and costs
for implementing decisions, or resolving
issues, in all areas of energy manage-
ment have both short-term and long-
term consequences. There are so many
variables that their arrangement into a
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“scenario” for the future becomes a mat-
ter of individual choice and a fascinating
planning game. The intellectual com-
plexity of the possible arrangements for
the future can, however, be reduced to
a limited number of basic policy ques-
tions that are more sociological than
technical in nature.

The first set of questions has to do
with the development of energy avail-
ability. These might be succinctly stated
as follows. Whose resources should be
utilized? Where should power be gen-
erated? Who shall receive the polluting
effluents from such activities? These
questions are particularly significant be-
cause fuel resources can be shipped all
over the world by inexpensive ocean
transport and electric power can be
transmitted as needed over grids of con-
tinental size.

Our present approach to fuel sources
has resulted in an international network
for the tapping of the world’s oil re-
sources. Until World War II the U.S.
was a net exporter of energy supplies.
Today the Middle East and Africa are
the major suppliers of oil, and they
possess more than half of the world’s
fossil-fuel reserves. Thus the underde-
veloped parts of the world are exporting
their natural fuel resources to the de-
veloped parts of the world. Both west-
ern Europe and Japan are unique cases
of highly industrialized areas almost
completely dependent on the importa-
tion of oil from underdeveloped coun-
tries. The economics of this situation has
been a prime factor in discouraging the
U.S. from meeting its petroleum needs
with oil shale and tar sands, which are
available in very large amounts. Never-
theless, both the political and the socio-
logical consequences of depending on
foreign sources of supply make it likely
that the oil shale and tar sands will be
tapped even at high cost. Long-range
planning to prepare for this technical
development obviously has to be includ-
ed in any national consideration of en-
ergy policies.

A current example of the knotty issues

involved in separating the source of
power from the user is found in the Four
Corners power-region development in
the U.S. The Four Corners embrace the
region where Utah, New Mexico, Ari-
zona and Colorado meet. It is a region
with abundant reserves of low-sulfur
coal, plentiful cooling water from the
Colorado River and a low population
density. The original plan was to build
six coal-fired plants to provide electric
power primarily for the large cities of
Los Angeles, Las Vegas, Phoenix, Al-
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buquerque and other urban communi-
ties of the southwestern U.S.—all far dis-
tant from the Four Comers. In spite of
the low population density of the Four
Corners area, considerable protest has
arisen over the environmental effects of
intensive strip mining, the use of the
Colorado for waste-heat disposal and a
large-scale outpouring of stack effluents.
Although some compromise of social
benefits and penalties will presumably
be reached to determine the acceptable
levels of pollution from these plants, the
Four Comers scheme epitomizes the
kind of problem we can expect to en-
counter increasingly in planning large
enecrgy centers.

The issue of who gets the pollution,
as contrasted with who gets the energy,
is not only one of geographic distribu-
tion but also one of time. For example,
if as a result of the rapid increase in
strip-mining for coal, the acid drainage
and soil erosion disrupt ecosystems over
a large region, it may take decades to
repair the damage in spite of the coal
mining company’s genuine effort to re-
swoie the local area to a semblance of its
original condition. This generation of
encrgy users will have been long gone
when succeeding generations face the
problem and the cost of repairing the
damage of such ecological degradation.
Other long-term and long-delayed prob-
lems may be associated with the efflu-
ents released by using power to do use-
tul work. The penalties imposed on fu-
ture generations are the result of social
choices made today.

Another category of choices relate to
the way we use energy after allocating
the fraction necessary for doing usefui
work. Our society provides many op-
tions in which energy is used for recrea-
tion, environmental Conditioning, com-
munication and entertainment. An auto-
mobile tour of a country, a powerboat
cruise, an airplane vacation trip all rep-
resent energy consumption subject to
individual choice and taste. They also
represent choices that produce effluents
with some effect on the environment.
Are we prepared to limit this freedom
of choice, which implies the freedom to
pollute? The answer will require a care-
tul balancing of values.

Most significant is the allocation of
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COMPARATIVE FUEL COST (ARBITRARY UNITS)
COMPARATIVE FUEL COSTS are plotted against the nation’s cumulative demand for
energy. The horizontal band covers the range in probable demand from 1960 to 2000. Ura-
nium used in present-day nonbreeder reactors is already cheaper than fossil fuels. The
fast-breeder reactor should hold fuel costs essentially constant far beyond the year 2000.

our national resources, manpower and
technology to the improvement of the
physical environment as compared with
other needs. If we did not count the
cost, there is little doubt we could so
reduce the effluents from the utilization
of energy that their effects on public
health would be truly negligible. The
cost, however, might be excessively
large. Thus one must ask if there is an
intermediate level of control that is ac-
ceptable for comfort, health and aesthet-
ics. The continuous exposure of man to
many natural pollutants (uninfluenced
by man) is great enough so that there
may not be much justification for reduc-
ing the pollutants of energy conversion
much below the natural background lev-
els. Since even the wealthy U.S. cannot
satisfy all the demands on its resources,
the level of pollution control seems
bound to emerge as a major factor in
the debate over national priorities. For
example, it may be much more impor-
tant to allocate resources to improving

ENERGY UNITS and conversion factors are presented on the opposite page. Physicists
find it convenient to use electron volts, ergs and joules. Biologists and nutritionists think
in calories. Engineers deal in British thermal units and watt-hours. Since Hiroshima energy
release is commonly expressed in tons of TNT. It is less often observed that a ton of
ordinary coal contains three times as much energy as a ton of TNT. The illustration is based
on one that appears in The New College Physics: A Spiral Approach, by Albert V. Baez.
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public health services rather than to use
that same sum to marginally reduce en-
vironmental pollution. It is unfortunate-
ly true that in a pluralistic society the
value systems and priorities differ
among the society’s sectors. The groups
seeking aesthetic and environmental im-
provement may be a minority compared
with the much larger number seeking
basic material improvements. In the en-
ergy field a decision on a national level
concerning the energy system may be a
determining factor in shaping the frame-
work of our society for some generations
to come.

Perhaps the most fundamental ques-

tion of national policy is how we
should allocate our present resources for
the benefit of future generations. The
development of new speculative energy
resources is an investment for the fu-
ture, not a means of remedying the prob-
lems of today. It is equally clear that the
quality of life of the peoples of the
world depends on the availability now
of large amounts of low-cost energy in
useful form. This being so, we must em-
phasize an orderly development of the
resources available to us with present
technology, and these are primarily
power plants based on fossil fuels and
nuclear fission.
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ENERGY IN THE UNIVERSE

The energy flows on the earth are embedded in the energy flows

in the universe. A delicate balance among gravitation, nuclear

reactions and radiation keep the energy from ﬂowing too fast

Man has no Body distinct from his Soul;
for that called Body is a portion
of Soul
discern’d by the five Senses,
the chief
inlets of Soul in this age.

Energy is the only life and is
from the Body;
and Reason is the bound or outward
circumference of Energy.

Energy is Eternal Delight.

—WiLL1AM BLAKE,
The Marriage of Heaven and Hell, 1793

ne need not be a poet or a mystic
O to find Blake’s definition of energy

more satisfying than the defini-
tions given in textbooks on physics. Even
within the framework of physical science
energy has a transcendent quality. On
many occasions when revolutions in
thought have demolished old sciences
and created new ones, the concept of
energy has proved to be more valid and
durable than the definitions in which it
was embodied. In Newtonian mechanics
energy was defined as a property of mov-
ing masses. In the 19th century energy
became a unifying principle in the con-
struction of three new sciences: thermo-
dynamics, quantitative chemistry and
electromagnetism. In the 20th century
energy again appeared in fresh disguise,

by Freeman J. Dyson

playing basic and unexpected roles in the
twin intellectual revolutions that led to
relativity theory and quantum theory. In
the special theory of relativity Einstein’s
equation E = mc?, identifying energy
with mass, threw a new light on our view
of the astronomical universe, a light
whose brilliance no amount of jour-
nalistic exaggeration has been able to
obscure. And in quantum mechanics
Planck’s equation E = hv, restricting the
energy carried by any oscillation to a
constant multiple of its frequencies,
transformed in an even more fundamen-
tal way our view of the subatomic uni-
verse. It is unlikely that the metamor-
phoses of the concept of energy, and its
fertility in giving birth to new sciences,
are yet at an end. We do not know how
the scientists of the next century will de-
fine energy or in what strange jargon
they will discuss it. But no matter what
language the physicists use they will not
come into contradiction with Blake. En-
ergy will remain in some sense the lord
and giver of life, a reality transcending
our mathematical descriptions. Its nature
lies at the heart of the mystery of our
existence as animate beings in an inani-
mate universe.

The purpose of this article is to give
an account of the movement of energy in
the astronomical world, insofar as we un-
derstand it. I shall discuss the genesis of
the various kinds of energy that are ob-
served on the earth and in the sky, and

CELESTIAL ENERGY SOURCE is represented by the computer-generated display on the
opposite page, which is based on data gathered by means of a rocket-borne X-ray detec-
tion device. The display, known as a correlation map, was used to locate with high preci-
sion a strong X-ray source (designated GX 5-1) in the constellation Sagittarius near the
direction of the galactic center. The experiment was carried out by a team of investigators
from the Massachusetts Institute of Technology; the details of the experimental procedure
are described in the September 1970 issue of The Astrophysical Journal. The mecha-
nism responsible for the large energy fluxes emanating from such sources is unknown,
but it is believed to play an important role in the overall energy flow of the universe.
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the processes by which energy is chan-
neled in the evolution of stars and gal-
axies. This overall view of the sources
and flow of energy in the cosmos is in-
tended to put in perspective the articles
that follow, which deal with the prob-
lems of the use of energy by mankind
on the earth. In looking to our local en-
ergy resources it is well to consider how
we fit into the larger scheme of things.
Ultimately what we can do here on the
earth will be limited by the same laws
that govern the economy of astronomical
energy sources. The converse of this
statement may also be true. It would not
be surprising if it should turn out that
the origin and destiny of the energy in
the universe cannot be completely un-
derstood in isolation from the phenom-
ena of life and consciousness. As we look
out into space we see no sign that life has
intervened to control events anywhere
except precariously on our own planet.
Everywhere else the universe appears to
be mindlessly burning up its reserves of
energy, inexorably drifting toward the
state of final quiescence described imagi-
natively by Olaf Stapledon: “Presently
nothing was left in the whole cosmos but
darkness and the dark whiffs of dust that
once were galaxies.” It is conceivable,
however, that life may have a larger role
to play than we have yet imagined. Life
may succced against all the odds in
molding the universe to its own pur-
poses. And the design of the inanimate
universe may not be as detached from
the potentialities of life and intelligence
as scientists of the 20th century have
tended to suppose.

rI*he cosmos contains energy in various

forms, for example gravitation, heat,
light and nuclear energy. Chemical en-
ergy, the form that plays the major role
in present-day human activities, counts
for very little in the universe as a whole.
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In the universe the predominant form
of energy is gravitational. Every mass
spread out in space possesses gravita-
tional energy, which can be released or
converted into light and heat by letting
the mass fall together. For any sufficient-
ly large mass this form of energy out-
weighs all others.

The laws of thermodynamics decree
that each quantity of energy has a char-
acteristic quality called entropy associ-
ated with it. The entropy measures the
degree of disorder associated with the
energy. Energy must always flow in such
a direction that the entropy increases.
Thus we can arrange the different forms
of energy in an “order of merit,” the
highest form being the one with the least
disorder or entropy [see illustration be-
low]. Energy of a higher form can be
degraded into a lower form, but a
lower form can never be wholly con-
verted back into a higher form. The
basic fact determining the direction of
energy flow in the universe is that gravi-
tational energy is not only predominant
in quantity but also highest in quali-
ty. Gravitation carries no entropy and
stands first in the order of merit. It is for
this reason that a hydroelectric power
station converting the gravitational en-
ergy of water to electricity can have an
efficiency close to 100 percent, which no
chemical or nuclear power station can
approach. In the universe as a whole the
main theme of energy flow is the gravita-
tional contraction of massive objects, the
gravitational energy released in contrac-
tion being converted into energy of mo-

FORM OF ENERGY

GRAVITATION

ENERGY OF ROTATION

ENERGY OF ORBITAL MOTION
NUCLEAR REACTIONS
INTERNAL HEAT OF STARS
SUNLIGHT

CHEMICAL REACTIONS
TERRESTRIAL WASTE HEAT
COSMIC MICROWAVE RADIATION

tion, light and heat. The flow of water
from a reservoir to a turbine situated a
little closer to the center of the earth is in
essence a controlled gravitational con-
traction of the earth, only on a more
modest scale than astronomers are ac-
customed to consider. The universe
evolves by the gravitational contraction
of objects of all sizes, from clusters of
galaxies to planets.

When one views the universe in broad
outline in this way, a set of paradoxical
questions at once arises. Since thermo-
dynamics favors the degradation of grav-
itational energy to other forms, how does
it happen that the gravitational energy of
the universe is still predominant after 10
billion years of cosmic evolution? Since
large masses are unstable against grav-
itational collapse, why did they not all
collapse long ago and convert their grav-
itational energy into heat and light in a
quick display of cosmic fireworks? Since
the universe is on a one-way slide toward
a state of final death in which energy is
maximally degraded, how does it man-
age, like King Charles, to take such
an unconscionably long time a-dying?
These questions are not easy to answer.
The further one goes in answering them,
the more remarkable and paradoxical
becomes the apparent stability of the
cosmos. It turns out that the universe as
we know it survives not by any inherent
stability but by a succession of seeming-
ly accidental “hangups.” By a hangup I
mean an obstacle, usually arising from
some quantitative feature of the design
of the universe, that arrests the normal

ENTROPY PER UNIT ENERGY

“ORDER OF MERIT” of the major forms of energy in the universe ranks the various en-
ergy forms roughly according to their associated entropy per unit energy, expressed in units
of inverse electron volts. The entropy, which measures the degree of disorder associated
with a particular form of energy, varies approximately inversely with the temperature asso-
ciated with that energy form. In the cases of gravitation, rotation and orbital motion there is
no associated temperature and hence the entropy is zero. Energy generally flows from
higher levels to lower levels in the table, that is, in such a direction that the entropy in-
creases. The cosmic microwave background radiation appears to be an ultimate heat sink;
no way is known in which this energy could be further degraded or converted into any other
form. The universe survives not by any inherent stability but by a succession of seemingly

accidental “hangups,”

or obstacles, usually arising from some quantitative feature of the

design of the universe, that act to arrest the normal processes of the degradation of energy.
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processes of degradation of energy. Psy-
chological hangups are generally sup-
posed to be bad for us, but cosmological
hangups are absolutely necessary for our
existence.

he first and most basic hangup built

into the architecture of the universe
is the size hangup. A naive person look-
ing at the cosmos has the impression that
the whole thing is extravagantly, even
irrelevantly, large. This extravagant size
is our primary protection against a varie-
ty of catastrophes. If a volume of space is
filled with matter with an average densi-
ty d, the matter cannot collapse gravita-
tionally in a time shorter than the “frce-
fall time” ¢, which is the time it would
take to fall together in the absence of any
other hangups. The formula relating d
with ¢ is Gdt? = 1, where G is the con-
stant in Newton’s law of gravitation. The
effect of this formula is that when we
have an extravagantly small density d,
and therefore an extravagantly big vol-
ume of space, the free-fall time ¢ can be-
come so long that gravitational collapse
is postponed to a remote future.

If we take for d the average density of
mass in the visible universe, which works
out to about one atom per cubic meter,
the free-fall time is about 100 billion
years. This is longer than the probable
age of the universe (10 billion years), but
only by a factor of 10. If the matter in
the universe were not spread out with
such an exceedingly low density, the
free-fall time would already have ended
and our remote ancestors would long ago
have been engulfed and incinerated in a
universal cosmic collapse.

The matter inside our own galaxy has
an average density about a million times
higher than that of the universe as a
whole. The free-fall time for the galaxy is
therefore about 100 million years. With-
in the time span of life on the earth the
galaxy is not preserved from gravitation-
al collapse by size alone. Our survival re-
quires other hangups besides the hangup
of size.

Another form of degradation of gravi-
tational energy, one less drastic than
gravitational collapse, would be the dis-
ruption of the solar system by close en-
counters or collisions with other stars.
Such a degradation of the orbital mo-
tions of the earth and planets would be
just as fatal to our existence as a com-
plete collapse. We have escaped this
catastrophe only because the distances
between stars in our galaxy are also ex-
travagantly large. Again a calculation
shows that our galaxy is barely large
enough to make the damaging encoun-
ters unlikely. So even within our galaxy



SIZE HANGUP, the first and most basic hangup that is built into

the architecture of the universe, is symbolized by this photograph
of a large cluster of galaxies in the constellation Hercules. A clus-
ter may contain anywhere from two galaxies to several thousand.
It typically occupies approximately 1020 cubic light-years of space
and maintains an average distance between galaxies of about a

million light-years. It is the extravagantly large volume of space
that is the primary protection against a variety of cosmic catastro-
phes. By making the “free-fall time” of the universe so long, for
example, the size hangup postpones the ultimate gravitational col-
lapse of the universe to a remote future. The photograph was made
with the 200-inch Hale reflecting telescope on Palomar Mountain.
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the size hangup is necessarv to our pres-
ervation, although it is not by itself suf-
ficient.

r]‘he second on the list of hangups is

- the spin hangup. An extended object
cannot collapse gravitationally if it is
spinning rapidly. Instead of collapsing,
the outer parts of the object settle into
stationary orbits revolving around the
inner parts. Our galaxy as a whole is pre-
served by this hangup, and the earth is
preserved by it from collapsing into the
sun. Without the spin hangup no plane-
tary system could have been formed at
the time the sun condensed out of the
interstellar gas.

The spin hangup has produced or-
dered structures with an impressive ap-
pearance of permanence, not only gal-
axies and planetary systems but also
double stars and the rings of Saturn.
None of these structures is truly perma-
nent. Given sufficient time all will be de-
graded by slow processes of internal en-
ergy dissipation or by random encounters

with other objects in the universe. The
solar system seems at first to be a perfect
perpetual motion machine, but in reality
its longevity is dependent on the com-
bined action of the spin hangup and the
size hangup.

The third hangup is the thermonu-
clear hangup. This hangup arises from
the fact that hydrogen “burns” to form
helium when it is heated and com-
pressed. The thermonuclear burning
(actually fusion reactions between hy-
drogen nuclei) releases energy, which
opposes any further compression. As a
result any object such as a star that con-
tains a large proportion of hydrogen is
unable to collapse gravitationally be-
yond a certain point until the hydrogen
is all burned up. For example, the sun
has been stuck on the thermonuclear
hangup for 4.5 billion years and will
take about another five billion years to
burn up its hydrogen before its gravita-
tional contraction can be resumed [see
top illustration on page 56]. Ultimate-
ly the supply of nuclear energy in the

universe is only a small fraction of the
supply of gravitational energy. But the
nuclear energy acts as a delicately ad-
justed regulator, postponing the violent
phases of gravitational collapse and al-
lowing stars to shine peacefully for bil-
lions of years.

There is good evidence that the uni-
verse began its existence with all the
matter in the form of hydrogen, with
perhaps some admixture of helium but
few traces of heavier elements. The evi-
dence comes from the spectra of stars
moving in our galaxy with very high ve-
locities with respect to the sun. The high
velocities mean that these stars do not
take part in the general rotation of the
galaxy. They are moving in orbits that
are oblique to the plane of the galaxy,
and therefore their velocity and the sun’s
combine to give a relative velocity of the
order of hundreds of kilometers per sec-
ond. Such a velocity is in contrast to that
of common stars, which orbit with the
sun in the central plane of the galaxy and
show relative velocities of the order of

SPIN HANGUP is exemplified by this photograph of a typical gal-
axy of the “open spiral” type. Galaxies, planetary systems, double
stars and the rings of Saturn are among the celestial objects that
are spared temporarily from the inevitable gravitational collapse
by the spin hangup. This particular galaxy, designated M 101, il-
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lustrates the mechanism of star formation that is probably still at
work in our own galaxy. Each spiral arm consists of clumps of
bright, newly formed stars left behind by the passage of a rotating
hydrodynamic-gravitational wave in the galactic disk. Photograph
was also made by the 200-inch telescope on Palomar Mountain.



tens of kilometers per second. The high-
velocity stars form a “halo,” or spherical
cloud, that is bisected by the rotating
galactic disk, which contains the bulk of
the ordinary stars [see top illustration at
right].

The obvious explanation of this state
of affairs is that the high-velocity stars
are the oldest. They condensed out of the
primeval galaxy while it was still in a
state of free fall, before it encountered
the spin hangup. After the spin hangup
the galaxy settled down into a disk, and
the ordinary stars were formed in orbits
within the disk, where they have re-
mained ever since. This picture of the
history of the galaxy is dramatically con-
firmed by the spectroscopic evidence
[see Dbottom illustration at right]. The
spectra of the extreme high-velocity stars
show extremely weak absorption lines
for all the elements except hydrogen.
These stars are evidently composed of
less than a tenth—sometimes less than a
hundredth—as much of the common ele-
ments carbon, oxygen and iron as we find
in the sun. Such major deficiencies of the
common elements are almost never
found in low-velocity stars. Since hydro-
gen burns to make carbon and iron, but
carbon and iron cannot burn to make
hydrogen, the objects with the least con-
tamination of hydrogen by heavier ele-
ments must be the oldest. We can still
see a few stars in our neighborhood dat-
ing back to a time so early that the con-
tamination by heavier elements was close
to zero.

The discovery that the universe was
originally composed of rather pure hy-
drogen implies that the thermonucle-
ar hangup is a universal phenomenon.
Every mass large enough to be capable
of gravitational collapse must inescap-
ably pass through a prolonged hydrogen-
burning phase. The only objects exempt
from this rule are masses of planetary
size or smaller, in which gravitational
contraction is halted by the mechanical
incompressibility of the material before
the ignition point of thermonuclear re-
actions is reached. The preponderance of
hydrogen in the universe ensures that
our night sky is filled with well-behaved
stars like our own sun, placidly pouring
out their energy for the benefit of any at-
tendant life-forms and giving to the ce-
lestial sphere its historic attribute of se-
rene immobility. It is only by virtue of
the thermonuclear hangup that the heav-
ens have appeared to be immobile. We
now know that in corners of the universe
other than our own violent events are the
rule rather than the exception. The prev-
alence of catastrophic outbursts of ener-
gy was revealed to us through the rapid

TWO STELLAR POPULATIONS are characteristically present in spiral galaxies, the old-
er stars forming a roughly spherical halo cloud and the younger stars forming a compara-
tively thin central disk. This photograph of the spiral galaxy M 104, seen almost edge on,
lgives a particularly clear view of the two types of stellar population. In our own galaxy
the arrangement is the same but the proportions are different. If our galaxy were seen
this way, the disk would look much brighter than that of M 104, the halo much fainter.

SPECTROGRAMS of two stars in our galaxy, a high-velocity halo star (second from top)
and a normal disk star (third from top) of approximately the same spectral type, were
made with the 120-inch telescope at the Lick Observatory. The spectrum of the high-
velocity star, designated HD 140283, shows comparatively weak absorption lines for all the
elements except hydrogen. The spectrum of the normal star, our own sun, contains numer-
ous lines associated with the heavier elements, particularly carbon and iron. Since hydro-
gen burns to make carbon and iron but carbon and iron cannot burn to make hydrogen,
the objects in our galaxy with the least contamination of hydrogen by heavier elements
must be the oldest. Spectra at top and bottom provide bright lines for reference purposes.
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STAGE DURATION

INITIALLY 600,
DECREASING RAPIDLY TO .7

. GRAVITATIONAL

143 MILLION YEARS
CONTRACTION

2. HYDROGEN
BURNING

INITIALLY .7,
INCREASING SLOWLY TO 3

10.3 BILLION YEARS

3. RESUMED
GRAVITATIONAL
CONTRACTION
OF CORE

500 MILLION YEARS 3-10

10-1.000, FLUCTUATING

e B 500 MILLION YEARS IN COMPLICATED FASHION

CARBON BURNING Y

5. FINAL
GRAVITATIONAL
CONTRACTION

13 MILLION YEARS 1,000—-.01

6. WHITE-DWARF INFINITE

PHASE | I .01, COOLING SLOWLY TO ZERO

EFFECT OF THERMONUCLEAR HANGUP on the life of the sun is evident in this table,
which gives the sun’s energy output at various stages in its evolution in units of the pres-
ent solar luminosity (2.1033 ergs per second). Only the first three stages are known well
enough to be accurately computed. The details of stages 4 and 5 are uncertain because the
mechanisms of convective instability in the sun’s interior and of mass loss at the surface
are not completely understood. During stage 4 the sun will probably pass through a “red
giant” phase, and during stage 5 through a “planetary nebula” phase. What is certain is
that in stages 4 and 5 the energy output will be high and the duration short compared with
the energy output and duration of stage 2. If it were not for the thermonuclear hangup of
stage 2, the sun would have squandered all its energy and reached stage 6 long ago, prob-
ably in less than a billion years. As matters stand, the sun is only halfway through stage 2.

| RANGE OF OUTPUT OF ENERGY

progress of radio astronomy over the
past 30 years. These outbursts are still
poorly understood, but it seems likely
that they occur in regions of the universe
where the thermonuclear hangup has
been brought to an end by the exhaus-
tion of hydrogen.

It may seem paradoxical that the
thermonuclear hangup has such benign
and pacifying effects on extraterrestrial
affairs in view of the fact that, so far at
least, our terrestrial thermonuclear de-
vices are neither peaceful nor particu-
larly benign. Why does the sun burn its

® + ® @ + POSITRON  +  NEUTRINO
PROTON PROTON DEUTERON
— .
© + @ —— @ + ©
DEUTERON DEUTERON HELIUM 3 NEUTRON
® + ® — @ + PHOTON
PROTON PROTON HELIUM 2
/ PN
@ == @) + POSITRON + NEUTRNO
HELIUM 2 DEUTERON

SOME IFUSION REACTIONS discussed in this article are depicted schematically here. In
the sun (top) ordinary hydrogen nuclei (protons) fuse to form a deuteron (a proton and
a neutron) plus a positron and a neutrino. In a thermonuclear bomb (second from top)
two heavy hydrogen isotopes, in this case both deuterons, fuse by the strong interaction
process to form a helium-3 nucleus plus a neutron. The proton-proton reaction proceeds
about 1018 times more slowly than the corresponding deuteron-deuteron reaction. If a he-
lium-2 nucleus could exist, the proton-proton reaction would yield a helium-2 nucleus plus
a photon (third from top), and the helium-2 nucleus would in turn spontaneously decay
into a deuteron, a positron and a neutrino (fourth from top). As a consequence there would
be no weak-interaction hangup, and essentially all of the hydrogen existing in the universe
would have been burned to helium even before the first galaxies had started to condense.
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hydrogen gently for billions of years in-
stead of blowing up like a bomb? To an-
swer this question it is necessary to in-
voke yet another hangup.

The crucial difference between the
sun and a bomb is that the sun contains
ordinary hydrogen with only a trace of
the heavy hydrogen isotopes deuterium
and tritium, whereas the bomb is made
mainly of heavy hydrogen. Heavy hydro-
gen can burn explosively by strong nu-
clear interactions, but ordinary hydrogen
can react with itself only by the weak-
interaction process. In this process two
hydrogen nuclei (protons) fuse to form a
deuteron (a proton and a neutron) plus a
positron and a neutrino. The proton-
proton reaction proceeds about 10!®
times more slowly than a strong nuclear
reaction at the same density and temper-
ature. It is this weak-interaction hangup
that makes ordinary hydrogen useless to
us as a terrestrial source of energy. The
hangup is essential to our existence, how-
ever, in at least three ways. First, with-
out this hangup we would not have a
sufficiently long-lived and stable sun.
Second, without it the ocean would be
an excellent thermonuclear high explo-
sive and would constitute a perennial
temptation to builders of “doomsday
machines.” Third and most important,
without the weak-interaction hangup it
is unlikely that any appreciable quantity
of hydrogen would have survived the
initial hot, dense phase of the evolution
of the universe. Essentially all the mat-
ter in the universe would have been
burned to helium before the first galaxies
started to condense, and no normally
long-lived stars would have had a chance
to be born.

If one looks in greater detail at the
theoretical reasons for the existence of
the weak-interaction hangup, our salva-
tion seems even more providential. The
hangup depends decisively on the non-
existence of an isotope of helium with a
mass number of 2, the nucleus of which
would consist of two protons and no
neutrons. If helium 2 existed, the proton-
proton reaction would yield a helium-2
nucleus plus a photon, and the helium-2
nucleus would in turn spontaneously de-
cay into a deuteron, a positron and a
neutrino. The first reaction being strong,
the hydrogen would burn fast to produce
helium 2. The subsequent weak decay of
the helium 2 would not limit the rate of
burning. It happens that there does exist
a well-observed state of the helium-2 nu-
cleus, but the state is unbound by about
half a million volts. The nuclear force be-
tween two protons is attractive and of
the order of 20 million volts, but it just
barely fails to produce a bound state. If



SURFACE-TENSION HANGUP has enabled fissionable nuclei
such as uranium to survive in the earth’s crust for aeons. Be-
fore these nuclei can split spontaneously their surface must be
stretched into a nonspherical shape, and this stretching is op-
posed by an extremely powerful force of surface tension. This
diagram shows the shapes of various nuclei when they go “over

the force were a few percent strong-
er, there would be no weak-interaction
hangup.

have discussed four hangups: size,

spin, thermonuclear and weak-inter-
action. The catalogue is by no means
complete. There is an important class
of transport or opacity hangups, which
arise because the transport of energy by
conduction or radiation from the hot in-
terior of the earth or the sun to the cooler
surface takes billions of years to com-
plete. It is the transport hangup that
keeps the earth fluid and geologically
active, giving us such phenomena as con-
tinental drift, earthquakes, volcanoes
and mountain uplift. All these processes
derive their energy from the original
gravitational condensation of the earth
four billion years ago, supplemented by
a modest energy input from subsequent
radioactivity.

Last on my list is a special surface-
tension hangup that has enabled the fis-
sionable nuclei of uranium and thori-
um to survive in the earth’s crust until
we are ready to use them. These nuclei
are unstable against spontaneous fission.
They contain so much positive charge
and so much electrostatic energy that
they are ready to fly apart at the slight-
est provocation. Before they can fly
apart, however, their surface must be
stretched into a nonspherical shape, and
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this stretching is opposed by an ex-
tremely powerful force of surface ten-
sion. A nucleus is kept spherical in ex-
actly the same way a droplet of rain is
kept spherical by the surface tension of
water, except that the nucleus has a ten-
sion about 10'8 times as strong as that
of the raindrop. In spite of this surface
tension a nucleus of uranium 238 does
occasionally fission spontaneously, and
the rate of the fissioning can be mea-
sured. Nonetheless, the hangup is so
effective that less than one in a million
of the earth’s uranium nuclei has disap-
peared in this way during the whole of
geological history.

No hangup can last forever. There are

times and places in the universe at
which the flow of energy breaks through
all hangups. Then rapid and violent
transformations occur, of whose nature
we are still ignorant. Historically it was
physicists and not astronomers who re-
corded the first evidence that the uni-
verse is not everywhere as quiescent as
traditional astronomy had pictured it.
The physicist Victor Hess discovered 60
years ago that even our quiet corner of
the galaxy is filled with a uniform cloud
of the extremely energetic particles now
called cosmic rays. We still do not know
in detail where these particles come
from, but we do know that they repre-
sent an important channel in the overall
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the hump” during fission; the shapes were computed according to
the liquid-drop model of the nucleus. The nuclei are labeled by a
parameter x, which is the ratio of electrostatic energy to surface
tension. Nuclei from thorium to plutonium all have values of x
between .7 and .8. The larger x is, the more unstable the nucleus is
and the smaller the deformation required before fission occurs.

energy flow of the universe. They carry
on the average about as much energy as
starlight.

The cosmic rays must certainly origi-
nate in catastrophic processes. Various
attempts to explain them as by-products
of familiar astronomical objects have
proved quantitatively inadequate. In the
past 30 years half a dozen strange new
types of object have been discovered,
each of which is violent and enigmatic
enough to be a plausible parent of cos-
mic rays. These include the supernovas
(exploding stars), the radio galaxies (gi-
ant clouds of enormously energetic elec-
trons emerging from galaxies), the Sey-
fert galaxies (galaxies with intensely
bright and turbulent nuclei), the X-ray
sources, the quasars and the pulsars. All
these objects are inconspicuous only be-
cause they are extremely distant from
us. And once again only the size hangup
—the vastness of the interstellar spaces—
has diluted the cosmic rays enough to
save us from being fried or at least steri-
lized by them. If sheer distance had not
effectively isolated the quiet regions of
the universe fromthe noisy ones, no type
of biological evolution would have been
possible.

The longest-observed and least mys-
terious of the violent objects are the
supernovas. These appear to be ordinary
stars, rather more massive than the sun,
that have burned up their hydrogen and
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passed into a phase of gravitational col-
lapse. In various ways the rapid release
of gravitational energy can cause the star
to explode. There may in some cases be
a true thermonuclear detonation, with
the core of the star, composed mainly of
carbon and oxygen, burning instantane-
ously to iron. In other cases the collapse
may cause the star to spin so rapidly that
hydrodynamic instability disrupts it. A
third possibility is that a spinning mag-
netic field becomes so intensified by
gravitational collapse that it can drive off
the surface of the star at high velocity.
Probably several different kinds of su-
pernova exist, each with a different
mechanism of energy transfer. In all
cases the basic process must be a gravi-
tational collapse of the core of the star.
By one means or another some fraction
of the gravitational energy released by
the collapse is transferred outward and
causes the outer layers of the star to ex-
plode. The outward-moving energy ap-
pears partly as visible light, partly as the
energy of motion of the debris and part-
ly as the energy of cosmic rays. In addi-
tion a small fraction of the energy may
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be converted into the nuclear energy of
the unstable nuclearspecies thorium and
uranium, and small amounts of these
elements may be injected by the explo-
sion into the interstellar gas. As far as
we know no other mechanism can create
the special conditions required for the
production of fissionable nuclei.

We have firm evidence that a locally
violent environment existed in our gal-
axy immediately before the birth of the
solar system. It is likely that the violence
and the origin of the sun and the earth
were part of the same sequence of
events. The evidence for violence is the
existence in certain very ancient meteor-
ites of xenon gas with an isotopic compo-
sition characteristic of the products of
spontaneous fission of the nucleus plu-
tonium 244. Supporting evidence is pro-
vided by radiation damage in the form of
fission-fragment tracks that can be made
visible by etching in pieces of other me-
teorites [see illustration below]. The me-
teorites do not contain enough uranium
or thorium to account for either the
xenon or the fission tracks. Plutonium
244, although it is the longest-lived iso-

ANCIENT EVIDENCE that a locally violent environment existed in our galaxy immedi-
ately before the birth of the solar system is provided by photographs such as this one,
which was made by P. B. Price of the University of California at Berkeley. The photograph
shows radiation damage in the form of fission-fragment tracks made visible by etching in a
crystal from a very ancient meteorite. Meteorites of this type do not contain enough urani-
um or thorium to account for the fission tracks. Instead the tracks appear to be the prod-
ucts of the spontaneous fission of the nucleus plutonium 244, which has a half-life of only
80 million years, a period that is very short compared with the age of the earth. Therefore
the meteorites must be coeval with the solar system, and the plutonium must have been
made close to, in both time and space, the event that gave birth to the solar system.
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tope of plutonium, has a half-life of only
80 million years, which is very short com-
pared with the age of the earth. There-
fore the meteorites must be coeval with
the solar system, and the plutonium must
have been made close to, in both time
and space, the event that gave birth to
the sun.

We are only beginning to understand

the way stars and planets are born.
It seems that stars are born in clusters of
a few hundred or a few thousand at a
time rather than singly. There is perhaps
a cyclical thythm in the life of a galaxy.
For 100 million years the stars and the
interstellar gas in any particular sector of
a galaxy lie quiet. Then some kind of
shock or gravitational wave passes by,
compressing the gas and triggering grav-
itational condensation. Various hangups
are overcome, and a large mass of gas
condenses into new stars in a limited re
gion of space. The most massive stars
shine brilliantly for a few million years
and die spectacularly as supernovas. The
brief blaze of the clusters of short-lived
massive stars makes the shock wave vis-
ible, from a distance of millions of light-
years, as a bright spiral arm sweeping
around the galaxy. After the massive new
stars are burned out the less massive stars
continue to condense, partially contami-
nated with plutonium. These more mod-
est stars continue their quiet and frugal
existence for billions of years after the
spiral arm that gave them birth has
passed by. In some such rhythm as this,
4.5 billion years ago, our solar system
came into being.

Whether some similar rhythms, on an
even more gigantic scale, are involved in
the birth of the radio galaxies, the qua-
sars and the nuclei of Seyfert galaxies we
simply do not know. Each of these ob-
jects pours out quantities of energy mil-
lions of times greater than the output of
the brightest supernova. We know noth
ing of their origins, and we know nothing
of their effects on their surroundings. It
would be strange if their effects did not
ultimately turn out to be of major im-
portance, both for science and for the
history of life in the universe.

The main sources of energy available

to us on the earth are chemical fuels,
uranium and sunlight. In addition we
hope one day to learn how to burn in a
controlled fashion the deuterium in the
oceans. All these energy stores exist here
by virtue of hangups that have tempo-
rarily halted the universal processes of
energy degradation. Sunlight is sustained
by the thermonuclear, the weak-inter-
action and the opacity hangups. Urani-



um is preserved by the surface-tension
hangup. Coal and oil have been buried in
the ground and saved from oxidation by
various biological and chemical hang-
ups, the details of which are still under
debate. Deuterium has been preserved
in low abundance, after almost all of it
was burned to form helium in the earliest
stages of the history of the universe, be-
cause no thermonuclear reaction ever
runs quite to completion.

Humanity is fortunate in having such
a variety of energy resources at its dis-
posal. In the very long run we shall need
energy that is absolutely pollution-free;
we shall have sunlight. In the fairly long
run we shall need energy that is inex-
haustible and moderately clean; we shall
have deuterium. In the short run we
shall need energy that is readily usable
and abundant; we shall have uranium.
Right now we need energy that is cheap
and convenient; we have coal and oil.
Nature has been kinder to us than we
had any right to expect. As we look out
into the universe and identify the many
accidents of physics and astronomy that
have worked together to our benefit, it
almost seems as if the universe must in
some sense have known that we were
coming.

Since the Apollo voyages gave us a
closeup view of the desolate landscape
of the moon, many people have formed
an impression of the earth as-a uniquely
beautiful and fragile oasis in a harsh and
hostile universe. The distant pictures of
the blue planet conveyed this impression
most movingly. I wish to assert the con-
trary view. I believe the universe is
friendly. I see no reason to suppose that
the cosmic accidents that provided so
abundantly for our welfare here on the
earth will not do the same for us wher-
ever else in the universe we choose to go.

Ko Fung was one of the great natural
philosophers of ancient China. In the
fourth century he wrote: “As for belief,
there are things that are as clear as the
sky, yet men prefer to sit under an up-
turned barrel.” Some of the current dis-
cussions of the resources of mankind on
the earth have a claustrophobic quality
that Ko Fung’s words describe very ac-
curately. I hope that with this article I
may have persuaded a few people to
come out from under the barrel, and to
look to the sky with hopeful eyes. I be-
gan with a quotation from Blake. Let me
end with another from him, this time
echoing the thought of Ko Fung: “If the
doors of perception were cleansed every
thing would appear to man as it is, in-
finite. For man has closed himself up, till
he sees all things thro” narrow chinks of
his cavern.”

RECENT EVIDENCE of violent events in parts of the universe other than our own is con-
tained in this cloud-chamber photograph of a primary cosmic ray track, obtained at an al-
titude of 17,200 feet on Mount Chacaltaya in Bolivia by Alfred Z. Hendel and his colleagues
at the University of Michigan. The cloud chamber contained 17 iron plates, each half an
inch thick. The cosmic ray, in this case a high-energy proton, entered the chamber from
the top and passed through five plates before colliding with an iron nucleus in the sixth
plate, producing a shower of secondary reaction products, mainly pi mesons. The energy
of the incoming proton, approximately 1,100 billion electron volts, was measured by means
of a detector mounted below the cloud chamber. Although it is not understood in detail
where cosmic rays come from, they are known to carry about as much energy as starlight.
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THE ENERGY RESOURCES OF THE EARTH

They are solar energy (current and stored), the tides, the earth’s

heat, fission fuels and possibly fusion fuels. From the standpoint

of human history the epoch of the fossil fuels will be quite brief

nergy flows constantly into and out
E of the earth’s surface environ-
ment. As a result the material
constituents of the earth’s surface are in
a state of continuous or intermittent cir-
culation. The source of the energy is
preponderantly solar radiation, supple-
mented by small amounts of heat from
the earth’s interior and of tidal energy
from the gravitational system of the
earth, the moon and the sun. The ma-
terials of the earth’s surface consist of
the 92 naturally occurring chemical ele-
ments, all but a few of which behave in
accordance with the principles of the
conservation of matter and of nontrans-
mutability as formulated in classical
chemistry. A few of the elements or their
isotopes, with abundances of only a few
parts per million, are an exception to
these principles in being radioactive.
The exception is crucial in that it is
the key to an additional large source of
energy.

A small part of the matter at the
earth’s surface is embodied in living or-
ganisms: plants and animals. The leaves
of the plants capture a small fraction of
the incident solar radiation and store it
chemically by the mechanism of photo-
synthesis. This store becomes the en-
ergy supply essential for the existence
of the plant and animal kingdoms. Bio-
logically stored energy is released by
oxidation at a rate approximately equal
to the rate of storage. Over millions of

RESOURCE EXPLORATION is beginning
to be aided by airborne side-looking radar
pictures such as the one on the opposite
page made by the Aero Service Corporation
and the Goodyear Aerospace Corporation.
The technique has advantage of “seeing”
through cloud cover and vegetation. This
picture, which was made in southern Vene-
zuela, extends 70 miles from left to right.

by M. King ITubbert

years, however, a minute fraction of the
vegetable and animal matter is buried
under conditions of incomplete oxida-
tion and decay, thereby giving rise to
the fossil fuels that provide most of the
energy for industrialized societies.

It is difficult for people living now,
who have become accustomed to the
steady exponential growth in the con-
sumption of energy from the fossil fuels,
to realize how transitory the fossil-fuel
epoch will eventually prove to be when
it is viewed over a longer span of human
history. The situation can better be seen
in the perspective of some 10,000 years,
half before the present and half after-
ward. On such a scale the complete cy-
cle of the exploitation of the world’s
fossil fuels will be seen to encompass
perhaps 1,300 years, with the principal
segment of the cycle (defined as the pe-
riod during which all but the first 10
percent and the last 10 percent of the
fuels are extracted and burned) cover-
ing only about 300 years.

What, then, will provide industrial
energy in the future on a scale at least
as large as the present one? The answer
lies in man’s growing ability to exploit
other sources of energy, chiefly nuclear
at present but perhaps eventually the
much larger source of solar energy. With
this ability the energy resources now at
hand are sufficient to sustain an indus-
trial operation of the present magnitude
for another millennium or longer. More-
over, with such resources of energy the
limits to the growth of industrial activ-
ity are no longer set by a scarcity of
energy but rather by the space and ma-
terial limitations of a finite earth to-
gether with the principles of ecology.
According to these principles both bio-
logical and industrial activities tend to
increase exponentially with time, but
the resources of the entire earth are not
sufficient to sustain such an increase of
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any single component for more than a
few tens of successive doublings.

Et us consider in greater detail the flow

of energy through the earth’s sur-
face environment [see illustration on
next two pages]. The inward flow of
energy has three main sources: (1) the
intercepted solar radiation; (2) thermal
energy, which is conveyed to the surface
of the earth from the warmer interior by
the conduction of heat and by convec-
tion in hot springs and volcanoes, and
(3) tidal energy, derived from the com-
bined kinetic and potential energy of
the earth-moon-sun system. It is possible
in various ways to estimate approximate-
ly how large the input is from each
source.

In the case of solar radiation the in-
flux is expressed in terms of the solar
constant, which is defined as the mean
rate of flow of solar energy across a unit
of area that is perpendicular to the ra-
diation and outside the earth’s atmo-
sphere at the mean distance of the earth
from the sun. Measurements made on
the earth and in spacecraft give a mean
value for the solar constant of 1.395
kilowatts per square meter, with a varia-
tion of about 2 percent. The total solar
radiation intercepted by the earth’s dia-
metric plane of 1.275 X 10¢ square me-
ters is therefore 1.73 x 1017 watts.

The influx of heat by conduction from
the earth’s interior has been determined
from measurements of the geothermal
gradient (the increase of temperature
with depth) and the thermal conductiv-
ity of the rocks involved. From thou-
sands of such measurements, both on
land and on the ocean beds, the average
rate of flow of heat from the interior of
the earth has been found to be about
.063 watt per square meter. For the
earth’s surface area of 510 X 1012 square
meters the total heat flow amounts to
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some 32 X 1012 watts. The rate of heat
convection by hot springs and volcanoes
is estimated to be only about 1 percent
of the rate of conduction, or about
.3 X 1012 watts.

The energy from tidal sources has
been estimated at 3 X 1012 watts. When
all three sources of energy are expressed
in the common unit of 1012 watts, the
total power influx into the earth’s sur-
face environment is found to be 173,035
X 1012 watts. Solar radiation accounts
for 99.98 percent of it. Another way of
stating the sun’s contribution to the en-
ergy budget of the earth is to note that
at 173,000 x 1012 watts it amounts to
5,000 times the energy input from all
other sources combined.

SOLAR RADIATION

About 30 percent of the incident solar
energy (52,000 X 1012 watts) is directly
reflected and scattered back into space
as short-wavelength radiation. Another
47 percent (81,000 X 1012 watts) is ab-
sorbed by the atmosphere, the land sur-
face and the oceans and converted di-
rectly into heat at the ambient surface
temperature. Another 23 percent (40,-
000 X 1012 watts) is consumed in the
evaporation, convection, precipitation
and surface runoft of water in the hy-
drologic cycle. A small fraction, about
370 X 1012 watts, drives the atmosphe:-
ic and oceanic convections and circula-
tions and the ocean waves and is eventu-
ally dissipated into heat by friction. Fi-
nally, an even smaller fraction—about

40 x 10'® watts—is captured by the
chlorophyll of plant leaves, where it be-
comes the essential energy supply of the
photosynthetic process and eventually
of the plant and animal kingdoms.
Photosynthesis fixes carbon in the leaf
and stores solar energy in the form of
carbohydrate. It also liberates oxygen
and, with the decay or consumption of
the leaf, dissipates energy. At any given
time, averaged over a year or more, the
balance between these processes is al-
most perfect. A minute fraction of the
organic matter produced, however, is
deposited in peat bogs or other oxygen-
deficient environments under conditions
that prevent complete decay and loss of

energy.

SHORT - WAVE RADIATION
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FLOW OF ENERGY to and from the earth is depicted by means
of bands and lines that suggest by their width the contribution of
each item to the earth’s energy budget. The principal inputs are
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solar radiation, tidal energy and the energy from nuclear, thermal
and gravitational sources. More than 99 percent of the input is
solar radiation. The apportionment of incoming solar radiation is
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Little of the organic material pro-
duced before the Cambrian period,
which began about 600 million years
ago, has been preserved. During the
past 600 million years, however, some
of the organic materials that did not
immediately decay have been buried
under a great thickness of sedimentary
sands, muds and limes. These are the
fossil fuels: coal, oil shale, petroleum
and natural gas, which are rich in en-
ergy stored up chemically from the sun-
shine of the past 600 million years. The
process is still continuing, but probably
at about the same rate as in the past; the
accumulation during the next million
years will probably be a six-hundredth
of the amount built up thus far.

LONG - WAVE RADIATION

Industrialization has of course with-
drawn the deposits in this energy bank
with increasing rapidity. In the case of
coal, for example, the world’s consump-
tion during the past 110 years has been
about 19 times greater than it was dur-
ing the preceding seven centuries. The
increasing magnitude of the rate of
withdrawal can also be seen in the fact
that the amount of coal produced and
consumed since 1940 is approximately
equal to the total consumption up to
that time. The cumulative production
from 1860 through 1970 was about 133
billion metric tons. The amount pro-
duced before 1860 was about seven mil-
lion metric tons.

Petroleum and related products were

TIDAL ENERGY

TIDES, TIDAL CURRENTS, ETC.
3x10"2 WATTS

CONVECTION IN VOLCANOES AND HOT SPRINGS
3x10"7 WATTS

CONDUCTION IN ROCKS
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TERRESTRIAL ENERGY

z]\

NUCLEAR, THERMAL AND GRAVITATIONAL ENERGY

indicated by the horizontal bands beginning with “Direct reflection” and reading down-
ward. The smallest portion goes to photosynthesis. Dead plants and animals buried in
the earth give rise to fossil fuels, containing stored solar energy from millions of years past.
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not extracted in significant amounts be-
fore 1880. Since then production has in-
creased at a nearly constant exponential
rate. During the 80-year period from
1890 through 1970 the average rate of
increase has been 6.94 percent per year,
with a doubling period of 10 years. The
cumulative production until the end of
1969 amounted to 227 billion (227 X
10?) barrels, or 9.5 trillion U.S. gallons.
Once again the period that encompasses
most of the production is notably brief.
The 102 years from 1857 to 1959 were
required to produce the first half of the
cumulative production; only the 10-year
period from 1959 to 1969 was required
for the second half.

Examining the relative energy contri-
butions of coal and crude oil by compar-
ing the heats of combustion of the re-
spective fuels (in units of 10'? kilowatt-
hours), one finds that until after 1900
the contribution from oil was barely sig-
nificant compared with the contribu-
tion from coal. Since 1900 the contribu-
tion from oil has risen much faster than
that from coal. By 1968 oil represented
about 60 percent of the total. If the en-
ergy from natural gas and natural-gas
liquids had been included, the contribu-
tion from petroleum would have been
about 70 percent. In the U.S. alone 73
percent of the total energy produced
from fossil fuels in 1968 was from pe-
troleum and 27 percent from coal.

Broadly speaking, it can be said that

the world’s consumption of energy
for industrial purposes is now doubling
approximately once per decade. When
confronted with a rate of growth of such
magnitude, one can hardly fail to won-
der how long it can be kept up. In the
case of the fossil fuels a reasonably defi-
nite answer can be obtained. Their hu-
man exploitation consists of their being
withdrawn from an essentially fixed ini-
tial supply. During their use as sources
of energy they are destroyed. The com-
plete cycle of exploitation of a fossil
fuel must therefore have the following
characteristics. Beginning at zero, the
rate of production tends initially to in-
crease exponentially. Then, as difficul-
ties of discovery and extraction increase,
the production rate slows in its growth,
passes one maximum or more and, as the
resource is progressively depleted, de-
clines eventually to zero.

If known past and prospective future
rates of production are combined with
a reasonable estimate of the amount of
a fuel initially present, one can calcu-
late the probable length of time that
the fuel can be exploited. In the case
of coal reasonably good estimates of the
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amount present in given regions can be
made on the basis of geological mapping
and a few widely spaced drill holes, in-
asmuch as coal is found in stratified
beds or seams that are continuous over
extensive areas. Such studies have been
made in all the coal-bearing areas of the
world.

The most recent compilation of the
present information on the world’s ini-
tial coal resources was made by Paul
Averitt of the U.S. Geological Survey.
His figures [see illustration below] rep-
resent minable coal, which is defined as
50 percent of the coal actually present.
Included is coal in beds as thin as 14
inches (36 centimeters) and extending to
depths of 4,000 feet (1.2 kilometers) or,
in a few cases, 6,000 feet (1.8 kilome-
ters).

Taking Averitt’s estimate of an ini-
tial supply of 7.6 trillion metric tons and
assuming that the present production
rate of three billion metric tons per year
does not double more than three times,
one can expect that the peak in the rate
of production will be reached sometime
between 2100 and 2150. Disregarding
the long time required to produce the
first 10 percent and the last 10 percent,
the length of time required to produce
the middle 80 percent will be roughly

ASIA

the 300-year period from 2000 to 2300.

Estimating the amount of oil and gas
that will ultimately be discovered and
produced in a given area is considerably
more hazardous than estimating for coal.
The reason is that these fluids occur in
restricted volumes of space and limited
areas in sedimentary basins at all depths
from a few hundred meters to more than
eight kilometers. Nonetheless, the esti-
mates for a given region improve as ex-
ploration and production proceed. In
addition it is possible to make rough es-
timates for relatively undeveloped areas
on the basis of geological comparisons
between them and well-developed re-
gions.

The most highly developed oil-pro-
ducing region in the world is the coter-
minous area of the U.S.: the 48 states
exclusive of Alaska and Hawaii. This
area has until now led the world in pe-
troleum development, and the U.S. is
still the leading producer. For this re-
gion a large mass of data has been ac-
cumulated and a number of different
methods of analysis have been devel-
oped that give fairly consistent estimates
of the degree of advancement of petro-
leum exploration and of the amounts of

oil and gas that may eventually be pro-
duced.

NORTH AMERICA

One such method is based on the prin-
ciple that only a finite number of oil or
gas fields existed initially in a given re-
gion. As exploration proceeds the shal-
lowest and most evident fields are usu-
ally discovered first and the deeper
and more obscure ones later. With each
discovery the number of undiscovered
fields decreases by one. The undiscov-
ered fields are also likely to be deeper,
more widely spaced and better con-
cealed. Hence the amount of exploratory
activity required to discover a fixed
quantity of oil or gas steadily increases
or, conversely, the average amount of
oil or gas discovered for a fixed amount
of exploratory activity steadily de-
creases.

Most new fields are discovered by
what the industry calls “new-field wild-
cat wells,” meaning wells drilled in new
territory that is not in the immediate
vicinity of known fields. In the U.S. sta-
tistics have been kept annually since
1945 on the number of new-field wildcat
wells required to make one significant
discovery of oil or gas (“significant” be-
ing defined as one million barrels of oil
or an equivalent amount of gas). The
discoveries for a given year are evalu-
ated only after six years of subsequent
development. In 1945 it required 26
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scale gives the total supply. Each vertical block shows the appor-
tionment of the supply in a continent. From the first block, for
example, one can ascertain that Asia has some 5 X 1012 metric
tons of minable coal, of which about 86 percent is in the U.S.S.R.



new-field wildcat wells to make a signif-
icant discovery; by 1963 the number
had increased to 65.

Another way of illuminating the prob-
lem is to consider the amount of oil dis-
covered per foot of exploratory drilling.
From 1860 to 1920, when oil was fairly
easy to find, the ratio was 194 barrels
per foot. From 1920 to 1928 the ratio
declined to 167 barrels per foot. Be-
tween 1928 and 1938, partly because of
the discovery of the large East Texas oil
field and partly because of new explora-
tory techniques, the ratio rose to its max-
imum of 276 barrels per foot. Since then
it has fallen sharply to a nearly constant
rate of about 35 barrels per foot. Yet the
period of this decline coincided with the
time of the most intensive research and
development in petroleum exploration
and production in the history of the in-
dustry.

The cumulative discoveries in the 48
states up to 1965 amounted to 136 bil-
lion barrels. From this record of drilling
and discovery it can be estimated that
the ultimate total discoveries in the co-
terminous U.S. and the adjacent con-
tinental shelves will be about 165 bil-
lion barrels. The discoveries up to 1965
therefore represent about 82 percent of
the prospective ultimate total. Making

due allowance for the range of uncer-
tainty in estimates of future discovery, it
still appears that at least 75 percent of
the ultimate amount of oil to be pro-
duced in this area will be obtained from
fields that had already been discovered
by 1965.

For natural gas in the 48 states the
present rate of discovery, averaged over
a decade, is about 6,500 cubic feet per
barrel of oil. Assuming the same ratio
for the estimated ultimate amount of
165 billion barrels of crude oil, the ulti-
mate amount of natural gas would be
about 1,075 trillion cubic feet. Combin-
ing the estimates for oil and gas with the
trends of production makes it possible
to estimate how long these energy re-
sources will last. In the case of oil the
period of peak production appears to be
the present. The time span required to
produce the middle 80 percent of the
ultimate cumulative production is ap-
proximately the 65-year period from
1934 to 1999—less than the span of a
human lifetime. For natural gas the peak
of production will probably be reached
between 1975 and 1980.

The discoveries of petroleum in Alas-
ka modify the picture somewhat. In par-
ticular the field at Prudhoe Bay appears
likely by present estimates to contain

about 10 billion barrels, making it twice
as large as the East Texas field, which
was the largest in the U.S. previously.
Only a rough estimate can be made of
the eventual discoveries of petroleum
in Alaska. Such a speculative estimate
would be from 30 to 50 billion barrels.
One must bear in mind, however, that
30 billion barrels is less than a 10-year
supply for the U.S. at the present rate of
consumption. Hence it appears likely
that the principal effect of the oil from
Alaska will be to retard the rate of
decline of total U.S. production rather
than to postpone the date of its peak.

Estimates of ultimate world produc-
tion of oil range from 1,350 billion bar-
rels to 2,100 billion barrels. For the
higher figure the peak in the rate of
world production would be reached
about the year 2000. The period of con-
sumption of the middle 80 percent will
probably be some 58 to 64 years, de-
pending on whether the lower or the
higher estimate is used [see bottom il-
lustration on page 69].

A substantial but still finite amount of
oil can be extracted from tar sands and
oil shales, where production has barely
begun. The largest tar-sand deposits are
in northern Alberta; they have total re-
coverable reserves of about 300 billion
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Oil Company of New Jersey. They represent ultimate crude-oil
production, including oil from offshore areas, and consist of oil al-
ready produced, proved and probable reserves, and future discov-
eries. Estimates as low as 1,350 X 109 barrels have also been made.
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barrels. A world summary of oil shales
by Donald C. Duncan and Vernon E.
Swanson of the U.S. Geological Survey
indicated a total of about 3,100 billion
barrels in shales containing from 10 to
100 gallons per ton, of which 190 billion
barrels were considered to be recover-
able under 1965 conditions.

Since the fossil fuels will inevitably be

exhausted, probably within a few
centuries, the question arises of what
other sources of energy can be tapped to
supply the power requirements of a
moderately industrialized world after
the fossil fuels are gone. Five forms of
energy appear to be possibilities: solar
energy used directly, solar energy used
indirectly, tidal energy, geothermal en-
ergy and nuclear energy.

Until now the direct use of solar pow-
er has been on a small scale for such
purposes as heating water and generat-
ing electricity for spacecraft by means
of photovoltaic cells. Much more sub-
stantial installations will be needed if
solar power is to replace the fossil fuels
on an industrial scale. The need would
be for solar power plants in units of, say,
1,000 megawatts. Moreover, because so-
lar radiation is intermittent at a fixed
location on the earth, provision must also
be made for large-scale storage of en-
ergy in order to smooth out the daily
variation.

The most favorable sites for develop-
ing solar power are desert areas not
more than 35 degrees north or south of
the Equator. Such areas are to be found
in the southwestern U.S., the region ex-
tending from the Sahara across the Ara-
bian Peninsula to the Persian Gulf, the
Atacama Desert in northern Chile and
central Australia. These areas receive
some 3,000 to 4,000 hours of sunshine
per year, and the amount of solar en-
ergy incident on a horizontal surface
ranges from 300 to 650 calories per
square centimeter per day. (Three hun-
dred calories, the winter minimum,
amounts when averaged over 24 hours
to a mean power density of 145 watts
per square meter.)

Three schemes for collecting and con-
verting this energy in a 1,000-megawatt
plant can be considered. The first in-
volves the use of flat plates of photo-
voltaic cells having an efficiency of
about 10 percent. A second possibility is
arecent proposal by Aden B. Meinel and
Marjorie P. Meinel of the University of
Arizona for utilizing the hothouse effect
by means of selective coatings on pipes
carrying a molten mixture of sodium and
potassium raised by solar energy to a
temperature of 540 degrees Celsius. By



NEUTRON

FISSION AND FUSION REACTIONS hold the promise of serv-
ing as sources of energy when fossil fuels are depleted. Present nu-
clear power plants burn uranium 235 as a fuel. Breeder reactors
now under development will be able to use surplus neutrons from

means of a heat exchanger this heat is
stored at a constant temperature in an
insulated chamber filled with a mixture
of sodium and potassium chlorides that
has enough heat capacity for at least one
day’s collection. Heat extracted from this
chamber operates a conventional steam-
electric power plant. The computed ef-
ficiency for this proposal is said to be
about 30 percent.

A third system has been proposed by
Alvin F. Hildebrandt and Gregory M.
Haas of the University of Houston. It
entails reflecting the radiation reaching
a square-mile area into a solar furnace
and boiler at the top of a 1,500-foot
tower. Heat from the boiler at a tem-
perature of 2,000 degrees Kelvin would
be converted into electric power by a
magnetohydrodynamic conversion. An
energy-storage system based on the hy-
drolysis of water is also proposed. An
overall efficiency of about 20 percent is
estimated.

Over the range of efficiencies from 10
to 30 percent the amount of thermal
power that would have to be collected
for a 1,000-megawatt plant would range
from 10,000 to 3,300 thermal mega-
watts. Accordingly the collecting areas
for the three schemes would be 70, 35
and 23 square kilometers respectively.
With the least of the three efficiencies
the area required for an electric-power
capacity of 350,000 megawatts—the ap-
proximate capacity of the U.S. in 1970—
would be 24,500 square kilometers,
which is somewhat less than a tenth of
the area of Arizona.

The physical knowledge and techno-
logical resources needed to use solar en-
ergy on such a scale are now available.
The technological difficulties of doing
so, however, should not be minimized.

Using solar power indirectly means
relying on the wind, which appears im-
practical on a large scale, or on the
streamflow part of the hydrologic cycle.
At first glance the use of streamflow ap-
pears promising, because the world’s
total water-power capacity in suitable
sites is about three trillion watts, which

U-235 FISSION PRODUCTS NEUTRONS

approximates the present use of energy
in industry. Only 8.5 percent of the wa-
ter power is developed at present, how-
ever, and the three regions with the
greatest potential—Africa, South Ameri-
ca and Southeast Asia—are the least
developed industrially. Economic prob-
lems therefore stand in the way of ex-
tensive development of additional water
pO\Vel‘.

Tidal power is obtained from the fill-

ing and emptying of a bay or an es-
tuary that can be closed by a dam. The
enclosed basin is allowed to fill and
empty only during brief periods at high
and low tides in order to develop as
much power as possible. A number of
promising sites exist; their potential ca-
pacities range from two megawatts to
20,000 megawatts each. The total po-
tential tidal power, however, amounts to
about 64 billion watts, which is only 2
percent of the world’s potential water
power. Only one full-scale tidal-electric
plant has been built; it is on the Rance
estuary on the Channel Island coast of
France. Its capacity at start-up in 1966
was 240 megawatts; an ultimate capac-
ity of 320 megawatts is planned.

Geothermal power is obtained by ex-
tracting heat that is temporarily stored
in the earth by such sources as volca-
noes and the hot water filling the sands
of deep sedimentary basins. Only vol-
canic sources are significantly exploited
at present. A geothermal-power opera-
tion has been under way in the Larderel-
lo area of Italy since 1904 and now has
a capacity of 370 megawatts. The two
other main areas of geothermal-power
production are The Geysers in northern
California and Wairakei in New Zea-
land. Production at The Geysers began
in 1960 with a 12.5-megawatt unit. By
1969 the capacity had reached 82 mega-
watts, and plans are to reach a total in-
stalled capacity of 400 megawatts by
1973. The Wairakei plant began opera-
tion in 1958 and now has a capacity of
290 megawatts, which is believed to be
about the maximum for the site.
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the fission of uranium 235 (left) to create other nuclear fuels: plu-
tonium 239 and uranium 233. Two promising fusion reactions, deu-
terium-deuterium and deuterium-tritium, are at right. The energy
released by the various reactions is shown in million electron volts.

Donald E. White of the U.S. Geo-
logical Survey has estimated that the
stored thermal energy in the world’s ma-
jor geothermal areas amounts to about
4 X 1020 joules. With a 25 percent con-
version factor the production of elec-
trical energy would be about 102° joules,
or three million megawatt-years. If this
energy, which is depletable, were with-
drawn over a period of 50 years, the av-
erage annual power production would
be 60,000 megawatts, which is compara-
ble to the potential tidal power.

Nuclear power must be considered un-

der the two headings of fission and
fusion. Fission involves the splitting of
nuclei of heavy elements such as urani-
um. Fusion involves the combining of
light nuclei such as deuterium. Uranium
235, which is a rare isotope (each 100,-
000 atoms of natural uranium include six
atoms of uranium 234, 711 atoms of ura-
nium 235 and 99,283 atoms of uranium
238), is the only atomic species capable
of fissioning under relatively mild en-
vironmental conditions. If nuclear ener-
gy depended entirely on uranium 235,
the nuclear-fuel epoch would be brief.
By breeding, however, wherein by ab-
sorbing neutrons in a nuclear reactor
uranium 238 is transformed into fission-
able plutonium 239 or thorium 232 be-
comes fissionable uranium 233, it is pos-
sible to create more nuclear fuel than
is consumed. With breeding the entire
supply of natural uranium and thorium
would thus become available as fuel for
fission reactors.

Most of the reactors now operating or
planned in the rapidly growing nuclear-
power industry in the U.S. depend es-
sentially on wuranium 235. The U.S.
Atomic Energy Commission has esti-
mated that the uranium requirement to
meet the projected growth rate from
1970 to 1980 is 206,000 short tons of
uranium oxide (UzOg). A report recent-
ly issued by the European Nuclear
Energy Agency and the International
Atomic Energy Agency projects require-
ments of 430,000 short tons of uranium
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68

© 1971 SCIENTIFIC AMERICAN, INC

oxide for the non-Communist nations
during the same period.

Against these requirements the AEC
estimates that the quantity of uranium
oxide producible at $8 per pound from
present reserves in the U.S. is 243,000
tons, and the world reserves at $10 per
pound or less are estimated in the other
report at 840,000 tons. The same report
estimates that to meet future require-
ments additional reserves of more than
a million short tons will have to be dis-
covered and developed by 1985.

Although new discoveries of uranium
will doubtless continue to be made (a
large one was recently reported in north-
eastern Australia), all present evidence
indicates that without a transition to
breeder reactors an acute shortage of
low-cost ores is likely to develop before
the end of the century. Hence an inten-
sive effort to develop large-scale breeder
reactors for power production is in prog-
ress. If it succeeds, the situation with
regard to fuel supply will be drastically
altered.

This prospect results from the fact
that with the breeder reactor the amount
of energy obtainable from one gram of
uranium 238 amounts to 8.1 x 1010
joules of heat. That is equal to the heat
of combustion of 2.7 metric tons of coal
or 13.7 barrels (1.9 metric tons) of crude
oil. Disregarding the rather limited sup-
plies of high-grade uranium ore that are
available, let us consider the much more
abundant low-grade ores. One example
will indicate the possibilities.

The Chattanooga black shale (of
Devonian age) crops out along the west-
ern edge of the Appalachian Mountains
in eastern Tennessee and underlies at
minable depths most of Tennessee, Ken-
tucky, Ohio, Indiana and Illinois. In its
outcrop area in eastern Tennessee this
shale contains a layer about five meters
thick that has a uranium content of
about 60 grams per metric ton. That
amount of uranium is equivalent to
about 162 metric tons of bituminous
coal or 822 barrels of crude oil. With the
density of the rock some 2.5 metric tons
per cubic meter, a vertical column of
rock five meters long and one square
meter in cross section would contain
12.5 tons of rock and 750 grams of ura-
nium. The energy content of the shale
per square meter of surface area would
therefore be equivalent to about 2,000
tons of coal or 10,000 barrels of oil. Al-
lowing for a 50 percent loss in mining
and extracting the uranium, we are still
left with the equivalent of 1,000 tons of
coal or 5,000 barrels of oil per square
meter.

Taking Averitt’s estimate of 1.5 tril-



lion metric tons for the initial minable
coal in the U.S. and a round figure of
250 billion barrels for the petroleum
liquids, we find that the nuclear energy
in an area of about 1,500 square kilo-
meters of Chattanooga shale would
equal the energy in the initial minable
coal; 50 square kilometers would hold
the energy equivalent of the petroleum
liquids. Adding natural gas and oil
shales, an area of roughly 2,000 square
kilometers of Chattanooga shale would
be equivalent to the initial supply of all
the fossil fuels in the U.S. The area is
about 2 percent of the area of Tennessee
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and a very small fraction of the total
area underlain by the shale. Many other
low-grade deposits of comparable mag-
nitude exist. Hence by means of the
breeder reactor the energy potentially
available from the fissioning of uranium
and thorium is at least a few orders of
magnitude greater than that from all the
fossil fuels combined.

David J. Rose of the AEC, reviewing

recently the prospects for controlled
fusion, found the deuterium-tritium re-
action to be the most promising, Deu-
terium is abundant (one atom to each

2100 2200 %

6,700 atoms of hydrogen), and the ener-
gy cost of separating it would be almost
negligible compared with the amount of
energy released by fusion. Tritium, on
the other hand, exists only in tiny
amounts in nature. Larger amounts must
be made from lithium 6 and lithium 7
by nuclear bombardment. The limiting
isotope is lithium 6, which has an abun-
dance of only 7.4 percent of natural
lithium.

Considering the amount of hydrogen
in the oceans, deuterium can be re-
garded as superabundant. It can also be
extracted easily. Lithium is much less

2600

CYCLE OF WORLD COAL PRODUCTION is plotted on the
basis of estimated supplies and rates of production. The top curve
reflects Averitt’s estimate of 7.6 X 1012 metric tons as the initial
supply of minable coal; the bottom curve reflects an estimate of

4.3 X 1012 metric tons. The curve that rises to the top of the graph
shows the trend if production continued to rise at the present rate
of 3.56 percent per year. The amount of coal mined and burned in
the century beginning in 1870 is shown by the black area at left.
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The colored curve reflects Ryman’s estimate of 2,100 X 109 barrels
and the black curve represents an estimate of 1,350 X 109 barrels.
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WORLD RESERVES OF LITHIUM, which would be the limiting factor in the deuterium-
tritium fusion reaction, are stated in terms of lithium 6 because it is the least abundant iso-
tope. Even with this limitation the energy obtainable from fusion through the deuterium-
tritium reaction would almost equal the energy content of the world’s fossil-fuel supply.
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abundant. It is produced from the geo-
logically rare igneous rocks known as
pegmatites and from the salts of saline
lakes. The measured, indicated and in-
ferred lithium resources in the U.S.,
Canada and Africa total 9.1 million tons
of elemental lithium, of which the con-
tent of lithium 6 would be 7.42 atom
percent, or 67,500 metric tons. From
this amount of lithium 6 the fusion ener-
gy obtainable at 3.19 X 10-12 joule per
atom would be 215 X 103! joules, which
is approximately equal to the encrgy
content of the world’s fossil fuels.

As long as fusion power is depen-
dent on the deuterium-tritium reaction,
which at present appears to be some-
what the easier because it proceeds at
a lower temperature, the energy obtain-
able from this source appears to be of
about the same order of magnitude as
that from fossil fuels. If fusion can be
accomplished with the deuterium-deu-
terium reaction, the picture will be
markedly changed. By this reaction the
energy released per deuterium atom
consumed is 7.94 X 1013 joule. One
cubic meter of water contains about
10%5 atoms of deuterium having a mass
of 34.4 grams and a potential fusion en-
ergy of 7.94 X 102 joules. This is equiv-
alent to the heat of combustion of 300
metric tons of coal or 1,500 barrels of
crude oil. Since a cubic kilometer con-
tains 10° cubic meters, the fuel equiva-
lents of one cubic kilometer of seawater
are 300 billion tons of coal or 1,500 bil-
lion barrels of crude oil. The total vol-
ume of the oceans is about 1.5 billion
cubic kilometers. If enough deuterium
were withdrawn to reduce the initial
concentration by 1 percent, the energy
released by fusion would amount to
about 500,000 times the energy of the
world’s initial supply of fossil fuels!

Unlimited resources of energy, how-

ever, do not imply an unlimited
number of power plants. It is as true of
power plants or automobiles as it is
of biological populations that the earth
cannot sustain any physical growth for
more than a few tens of successive dou-
blings. Because of this impossibility the
exponential rates of industrial and popu-
lation growth that have prevailed during
the past century and a half must soon
cease. Although the forthcoming period
of stability poses no insuperable physical
or biological difficulties, it can hardly fail
to force a major revision of those aspects
of our current social and economic
thinking that stem from the assumption
that the growth rates that have char-
acterized this temporary period can
somehow be made permanent.



Conidiospores—really somatic
cells—ride the wind. In effect,
a single organism spreads
genetically identical extensions
of itself over a continent. In-
fection marks this ‘‘wind slot”
from a narrow opening in the
woods. Entire field was finally
affected.

Mississippi State College photo
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From spore to leafspot to new
spore can take as little as 60
hours where and when dew is
plentiful.

Mississippi State College photo
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In 1970 Johnson grass, rela-
tive of corn, stayed healthy.
Weeds and grass favor the
blight by slowing the drying of
the dew.

o

The mutant attacks the ears.
The original race of Southern
Corn Leaf Blight concentrated
pretty much on leaves.

We want to be useful
...and even interesting

Corn, 1971

This is how Southern Corn Leaf Blight is being tracked this
summer—by its color on KopAk AEROCHROME Infrared Film
2443 (EsTAR Base). (Useful also in estimating dwelling units
in a congested central city and in many other kinds of “re-
mote sensing.”) This film, instead of trying to imitate the
colors of the real world, works by shifting man’s color vision
a short way into the infrared. Has nothing to do with tem-
perature sensing but something to do with the way the brain
works and a lot to do with the spectral reflectance of green
plants.

Fortnightly since June 14, cameras have been flying 11
miles above 200 sample sites, each 1 mile by 8 miles, that
have been thoroughly studied on the ground. Film goes to
the Laboratory for Applications of Remote Sensing at Purdue
University, where the interpreters work. From their reports,
judgments are made that relate Race T of the asexually
reproducing fungus Helminthosporium maydis to the price
of hamburgers, steaks, chicken, milk.

“T” stands for Texas, as in Texas male-sterile cytoplasm,
an invention in genetic engineering that cuts out the heavy
cost of detasseling the hybrid seed plants (so that they shall
be pollinated only by the adjacent row of the male parent in
the cross). This was a most fruitful idea until, early in 1970,
there appeared in Florida a mutant of the previously unim-
portant H. maydis that specializes in Texas male-sterile
cytoplasm. With the dewy nights and warm days of the 1970
summer proving ideal for the development of the fungus,
Race T swept north. But hybrid corn from seed produced the
costly old way kept its high yield and the cob strength that
corn-handling machinery requires. Such seed, though, has
become scarce.

This year each grower has needed all the information he
could get for picking his own best strategy against this un-
familiar threat to profitable farming. Switch to soy beans?
Take a chance on hybrid seed corn blended with a percentage
produced by detasseling? Plant thickly or thinly? Deep or
shallow? Weed control? Liming against soil acidity? Crop
insurance? Hedge through the futures market? Participate
in the program for taking some acreage out of production,
specifically bottom land where dew is frequent? What a
tangled web of biology, economics, and divination extends
back from the meat counter to the not-so-simple farmer!

Never has the biologist’s need to communicate by means
of photographs been more strongly felt than in comparing
findings on the Race T problem and getting the new-found
facts out to all those individual decision-makers. See glimpses
at left and right of images that deliver their impact via TV and
press away from the cities and suburbs. A good communi-
cator, Dr. Luther Farrar of Auburn University in Auburn,
Ala., gave them to us with a little advice p
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The toxin hits only corn tissue,
but when it goes all the way to
stem rot it opens the way for
secondary organisms. Some of
these might produce toxins for
the animal kingdom.

Just poor quality and quantity
are trouble enough . . .

YA «a ]

B

. . . and weak cobs foul the
harvest.

e Take time for the careful
composition that lets a pic-
ture speak for itself.

Shoot important subjects in
both color and black-and-
white. (Color slides are best
for meetings, but converting
them to black-and-white for
low-cost publications brings
problems in picture quality.)

Picture quality is vital. Focus
with care, then stop down to
f/16 for depth of field. If
that calls for a slow shutter
speed, use a tripod.

For TV appearances, bring
11” x 14” prints mounted on
cardboard.
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Light a maitch.

in the air than a

nuclear power plant

Nuclear power plants don’t
burn anything to make electricity
And where there’s no fire, there’s no
smoke.

That’s why so many responsible
people concerned about our environ-
ment now favor nuclear power. It's
just about the cleanest way there is
to make electricity.

But what about the questions
that are being raised in people’s
minds about nuclear plants?

The question of radioactivity,
for example. Nuclear plants typically
add an average of less than 5 milli-
rems/year to the background radia-
tion levels of their sites. The nearest
neighbor to a typical nuclear plant
would be exposed in a year to about
the same extra radiation that he’d re-
ceive during a round trip cross coun-
try on a jet.

Or the question of safety. No
member of the public has ever been
injured by the failure of a reactor or
by an accidental release of radioac-

tivity. That's because safety has al-
ways been the first consideration in
building nuclear plants.

Then there’s the question of
thermal effects. All nuclear power
plants discharge heat, as do fossil-fuel
plants. America’s utilities, with many
years of experience, are working on
thermal problems at nuclear sites on
a plant-by-plant basis.

General Electric has made ma-
jorrefinements in nuclear technology
since pioneering it 14 years ago. To-
day, GE customers have 58 plants—
more than 42 million kilowatts—
working or in the works.

And, we're at work on new ways
to generate power for the future, in-
cluding the breeder reactor which
makes more fuel than it uses, placing
smaller demands on our supply of
natural resources.

The people at General Electric
are helping utilities keep ahead of the
country’s growing demand for elec-
tricity. The cleanestwaywe know how.

Men

helping
Ma

Il

GENERAL @D ELECTRIC
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And you put more smoke
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With the ILLUMITRAN

you can copy,
crop, correct,

enlarge or reduce;
make film strips
or internegatives

from transparencies

up to 4x35

faster than we can

tell you about it.

The Illlumitran, technically far ahead
of anything in its field, is the quickest,
simplest and most economical means
of producing top quality duplicate
transparencies.

Reason? The guesswork is taken out
of the operation by an automatically
controlled variable intensity electronic
flash which provides a repeatable con-
stant color temperature light source.
[No more guessing exposure or lens
apertures.] A coupled, direct reading
meter assures consistent exposure
compensation for copying originals of
\fl?rying density or for color balancing
ilters.

The [lumitran isn’t just for 1:1
copies on 35mm film. Using your own
camera you can reduce or enlarge at
will, copy originals up to 4 x 5 in size;
make sectional blowups, inter-nega-
tives or superpositions.

Maybe there's a job
the lllumitran can do
for you. Ask your
dealer about it or
drop us a line, we'll
send you a brochure
and magazine articles
which may give you
some useful ideas.

BOGEN PHOTO CORP.

100 So. Van Brunt St., P.O. Box 448
Englewood, N .J. 07631
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Layered Moon

he three-day reconnaissance of the
I moon carried out by David R.
Scott and James B. Irwin of Apol-
lo 15 has provided new and surpris-
ing facts about the lunar surface. The
landing site of the fourth manned ex-
ploration of the moon is a highland re-
gion, some 26 degrees north of the lunar
equator, where the mystifying gorge
known as Hadley Rille, 1,200 feet deep,
borders a range of mountains, the Apen-
nines, that rise to 14,000 feet. A major
objective of the mission was to photo-
graph the rille at close range and to col-
lect samples that might throw some light
on its origin. It was also hoped that
rocks collected near the Apennines might
represent fragments of the moon’s orig-
inal crust, formed perhaps 4.6 billion
years ago. Most of the rocks collected on
preceding missions were between 3.3
billion and 3.7 billion years old. (One
isolated specimen appears to have an
age of about 4.5 billion years.)

By all odds the most surprising visu-
al finding made by Scott and Irwin was
that the lower slopes of the Apennines
and the walls of Hadley Rille show evi-
dence of stratification. Looking across to
the west wall of the Hadley canyon,
Scott reported seeing “maybe 10 very
well-defined layers.” It has been thought
that many large, dark basins of the
moon, called maria, were created by the
impact of large meteorites and that the
basins were then flooded by lava re-
leased by the violence of the impact.
The Apennines evidently represent the
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walls thrust up by a particularly violent
impact that created Mare Imbrium, the
largest basin on the moon. The discov-
ery of “maybe 10” layers in a canyon that
cuts through the basin suggests that not
one but an entire series of lava floodings
took place.

The layering also seems to rule out
the previously favored hypothesis for
the creation of Hadley Rille’s V-shaped
gorge. On the earth, of course, such can-
yons are commonly cut by rivers. It has
been suggested that the channeling fluid
on the moon was lava pouring through a
subsurface tunnel. Subsequently the roof
of the tunnel collapsed, leaving the ex-
posed rille. Such lava tubes are some-
times formed on the earth, but they
run through only the layer at the sur-
face. There is no obvious way that lava
could cut cleanly through an entire series
of layers. The layering observed in the
sides of the Apennines is cqually sur-
prising because it was thought they con-
sisted of material that solidified before
any lava flows took place.

While Scott and Irwin were tramp-
ing and motoring over the lunar surface,
Alfred M. Worden was observing and
photographing the moon from the com-
mand module at an altitude of 70 miles,
covering some 20 percent of the moon’s
surface lying 27 degrees on each side of
the equator. He had been asked to pay
particular attention to lunar cones that
are surrounded by black halos, to deter-
mine, if possible, if they are of volcanic
origin. On the earth such cinder cones,
as they are called, are often seen in vol-
canic regions. Worden reported that he
could see vent holes in the centers of
many cones, which suggests that their
origin is indeed volcanic. In a succession
of passes Worden observed clusters of
cones along the southeast rim of the Sea
of Serenity, several hundred miles south-
east of the Apollo 15 landing site. After
the ascent module rejoined the command
module the astronauts spent another two
days in lunar orbit completing their
photographic assignment and carrying
out other experiments. Before leaving
moon orbit they ejected a 78-pound sci-
entific “subsatellite” carrying a variety of
instruments that will initially circle the
moon at an altitude of between 63 and
86 miles. The instruments include spec-
trometers (for measuring gamma rays,
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X rays and alpha particles), a mass spec- ‘

trometer for measuring the composition
and distribution of gases that may es-
cape from the lunar surface, and a mag-
netometer. Changes in the tiny satellite’s
orbit will provide information about ir-
regularities in the moon’s gravitational

field.

Energetic Protons

The promise that large-scale proton

accelerators hold for the elucidation
of the nature of matter has come closer
to realization with initial operation of
the 200-billion-electron-volt (200-GeV)
accelerator at the National Accelerator
Laboratory near Batavia, Ill., and the
completion of the first experiments with
the intersecting storage rings of the 28-
GeV proton synchrotron of the Euro-
pean Organization for Nuclear Research
(CERN) in Switzerland. At Batavia pro-
tons were fired around the four-mile
main ring of the accelerator for the first
time. Robert R. Wilson, director of the
facility, has voiced the hope that ulti-
mately the proton energy can be raised
to 500 GeV, roughly seven times the
energy of the largest accelerator now
operating: the 70-GeV synchrotron at
Serpukhov in the U.S.S.R.

The experiments at the CERN facili-
ty involved beams of protons with col-
lision energies some 20 times higher
than any achieved before. The energies
are made possible by having two beams,
traveling in opposite directions in the
two large concentric rings of the in-
tersecting-storage-ring complex, collide
head on. In such a system the collision
energy of the particles is twice the en-
ergy of the particles in each ring, where-
as the collision energy of particles strik-
ing a stationary target is only about a
fourth of the accelerator’s energy.

Two of the experiments involved elas-
tic scattering, wherein two protons that
collide simply bounce oft each other, and
one involved inelastic scattering, where-
in some of the energy of colliding pro-
tons is turned into mass and a spray of
new particles is created. The elastic-scat-
tering experiments produced evidence
that the proton acts like a disk of in-
creasing radius as its energy goes up.
The inelastic-scattering experiment con-
firmed a prediction by Richard P. Feyn-

The only Buffalo
left in Indiana.

Ask any
fourteen people
what they think
of Indiana and
thirteen of
them will say,
“Indiana? Oh
yeah . ..
hmmmm.” The
last guy will
ramble on for
hours about ‘“‘the
great herds of buffalo
roaming the grassy
plains somewhere out there
in the vast wasteland.”

The time has
come for us to face the facts.
Most people don’t know
what to think about us. So,
starting now, we’re going to
dispel the rumor that Buf-
falo Bill Cody is alive and
well in Indiana.

Indiana lives,
the myth is broken.

You may find
that statement a little hard
to swallow, but it’s true. We
have the theatre, the opera,
the symphony, and the art
museums you’ll find in New
York. We even have the
beaches, the parks, the fun,
and the sunshine you’ll find
in California.

What we have
isn’t nearly as important as
what we don’t have.

Other states will
tell you Indiana doesn’t have
everything they have. And
they’re right. We don’t have
commuters jammed on trains
for a ninety-minute ride
home. We don’t have to
drive fifty miles to find a

b
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park where we won’t
get mugged. And we
haven’t abolished

recess for
our kids because the air out-
side is choked with pollution.
We think it’s nice not to have
these things. You might say,
living in Indiana gives us
breathing room.

Moving your
plant to Indiana doesn’t
have to be a compromise.

Marvelous, you
say. I'd like to live where I
can stretch my legs without
stepping on someone’s toes.
But I don’t want to go bank-
rupt doing it. You don’t have
to. Industry is thriving in
Indiana. Our lifestyle keeps
people happy. Which means
they work harder, and pro-
duce more. And, once your
product is finished, you can
get it to market quickly and
economically.

So, what are you
waiting for?

We don’t believe
this ad alone will make you
move to Indiana, but we
hope it has stirred up your
interest. We’ve got a lot more
reasons why Indiana is a lot
more than you expected.

Indiana Department of Commerce
Lt. Gov. Richard E. Folz, Director
Room 3321, State House
Indianapolis, Indiana 46204

Indiana

...a lot more than you expected
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SCIENCE AND
CIVILISATION
IN CHINA

JOSEPH NEEDHAM
With the collaboration of
WANG LING and

LU GWEI-DJEN

“Rich as any galleon’s cargo of spices
and ivory” writes Philip Morrison in
his front-page New York Times Book
Review report on the newly published
Volume 4, Part 3 (Civil Engineering
and Nautics) of Joseph Needham's
great work in progress.

“Needham unfolds a spangled narra-
tive, everywhere informed with method
and purpose. ... Readers, to the shops
and the shelves!”

Vol. 1: Introductory Orientations $15.50
Vol. 2: History of Scientific

Thought $23.50
Vol. 3: Mathematics and the
Sciences of the Heavens
and the Earth $32.50
Vol. 4: Physics and Physical
Technology
Part 1: Physics $15.50
Part 2: Mechanical
Engineering $32.50
Part 3: Civil Engineering
and Nautics $55.00

Volumes 1 through 4 (Parts 1, 2 and 3)
are available until the end of 1971 at the
special set price of $135.00.

“The most significant historical.

pr(ijgct of any sort now in progress.”
— Isis

“By the time the history of 20th-
century men has been punched into
the computer it may well be judged
that Joseph Needham wrote the last
great traditional and comprehensive
work of human scholarship.”—Horizon

CLERKS AND
CRAFTSMENIN
CHINA

AND THE WEST

A collection of articles by Dr. Need-
ham, all related to the theme of
Science and Civilisation in China. “To
pick it up is to join one of our cen-
tury’s remarkable minds as it ranges
the whole of Eurasia and the millenia
of history.”” — Science.

Illustrated. $22.50

CAMBRIDGE
UNIVERSITY
PRESS

32 East 57 St., New York, N. Y, 10022

man of the California Institute of Tech-
nology that the effective collision area
for the creation of new subnuclear par-
ticles is independent of the energy.

Toward a Metric U.S.

proposal that the U.S. switch to the
LA metric system with a nationally co-
ordinated 10-ycar program has been
sent to Congress by Secretary of Com-
merce Maurice H. Stans. The proposal
adopts recommendations made by the
National Bureau of Standards in A Mect-
ric America, a report on the U.S. Metric
Study that the Dbureau conducted in
accordance with an act of Congress in
1968 calling for “a study to determine
advantages and disadvantages of in-
creased use of the metric system” in the
U.S. The report describes metrication
as “a decision whose time has come.”

A major reason advanced for the
change was that the U.S. is now the only
major nation that is not on the metric
system or committed to change to it. “A
metric America,” the reportsays, “would
seem to be desirable in terms of our stake
in world trade, the development of in-
ternational standards, relations with our
neighbors and other countries, and na-
tional security.” The report notes that a
“general pattern of agreement” on mak-
ing the change emerged from the many
organizations and individuals whose
opinions were sought.

The next move is up to Congress. If
it follows the recommendations made
by Stans, it will adopt a plan for making
the change, assign responsibility for guid-
ing the change to “a central coordinating
body responsive to all sectors of our so-
ciety” and set a target date 10 years
ahead for accomplishment of the change.
Detailed plans and timetables would be
worked out by the groups involved. A
high priority would be given to teach-
ing children and the general public to
think in metric terms. By the target date
the U.S. would have become “predomi-
nantly, though not exclusively, metric.”
Presumably gains and losses in football
would still be described in yards and
sayings such as “A miss is as good as a
mile” would remain in the language.

Talk in Orbit

rl‘he Communications Satellite Corpo-

ration (coxysat) has begun a launch-
ing program that will establish by the
end of 1973 a network of six satellites
orbiting the earth for the international
relay of telephone, telegraph and tele-
vision signals. Three will be over the
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Atlantic Ocean, two over the Pacific
Ocean and one over the Indian Occan.
All will be of the type known as INTEL-
SAT 1v, representing the fourth genera-
tion of satellites since the corporation
launched iNTELSAT 1 (“Early Bird”) in
1965. The program is described in the
corporation’s annual report to the Presi-
dent and Congress.

At the end of 1970 coatsat had five
carlier-generation satellites in operation:
two over the Atlantic Ocean, two over
the Pacific Ocean and one over the In-
dian Ocecan. They will become spares
as the satellites of the INTELSAT 1v series
go into operation. Each of the new satel-
lites, costing about $13.5 million apiece
in addition to a launching cost of some
$16 million per launch, will be 208
inches high and 93.7 inches in diameter
and will weigh 1,587 pounds in opera-
tion. In average use it will have capacity
for about 5,000 two-way telephone cir-
cuits and occasional television service.
The third-generation satellites now pre-
dominantly in use are much smaller.

Knowing Noses

A group of investigators in England
has shown that a secretion from fe-
male rhesus monkeys, when smelled by
males of the species, serves to stimulate
the males’ sexual behavior. The secre-
tion thus qualifies as a pheromone: a
substance secreted by an animal that
affects the behavior of other animals of
the same species. Many pheromones are
known among animals such as ants. The
existence of a sex pheromone among
primates had been suspected but never
demonstrated.

Describing their work in  Science,
Richard B. Michael, E. B. Keverne and
R. W. Bonsall of the primate behavior
laboratory at the Bethlem Royal Hospi-
tal in Beckenham observe that earlier
work had established the fact that the
odor of rhesus vaginal secretions was
sexually stimulating to rhesus males.
That finding suggested the presence of
a sex pheromone. The three experiment-
ers began by inducing the secretion of
the putative pheromone in female mon-
keys whose ovaries had been removed.
This they accomplished by injections of
estrogen. Vaginal washings from the in-
jected monkeys were then concentrated
and the concentrate was applied to the
sexual skin of other females whose ova-
ries had been removed. The recipient
monkeys had been paired with males
daily in isolated cages during the pre-
vious two weeks. The females were sex-
ually unreceptive throughout the pe-
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If you know your abcs,
this little card will find your x's.

Once upon a time a quadratic equation, or a binomial
or Laplace distribution required a lot of time and a lot of paper.
- And the method of least squares, to say the least, was a dull,
rapelilive operation.
It you are still doing itthat way today, you're wasting a lot
of time. None of these are problems worthy of computer
time. but they re also not problems worthy of your time.
And thal's where Sony’s 2700W micro computer
comesin.
Basically, it's a sophisticated calculator with a
magnetic-card programming system.
Once you make up a magnetic program card for
a given problem (a matter of running through the
problam once on the Sony keyboard), you can
solve any similar problem simply by plugging in
the values and slipping in the magnetic card. The
Sony 2700W does the rest.
It has a capacity of 253 programming steps
and 12 memory registers.
And unlike human beings, the magnetic card
never forgets
And lo prevent human errors, there is a complete
checking, correcting and debugging facility builtin.
You can check out every step of the program
belore you use it. And unlike other systems you
can make changes or insert additional instructions
- without rewriting the whole program.
The Sony 2700W is a micro computer and it's
~avallable at a true micro-price.
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Sony Corp. of America
Business Products Division
47.47 van Dam Street, Long Island City, N.Y. 11101

Sand me more information on the Sony 2700W micro computer.
Name = =,

Aduress

o7 — - State Zip

R Wl Y | ©1971 Sony Corp. of America, 47-47 Van Dam St L.LC., N.Y. 11101,
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And it’s a lot of water cooling experience; one of the
major reasons why electric utilities rely on Marley®
as a partner in solving cooling problems.

For wherever there is a fossil or nuclear fueled
generating plant, there is a need to dissipate heat to
condense spent steam. Water is by far the most prac-
tical cooling medium. And cooling the cooling water
is Marley’s cup of tea.

In fact, whether it’s a 50 mw or a 2200 mw generat-
ing station, if it has a water cooling tower, odds are
it’s a Marley.

And Marley towers do more. They also help solve
difficult plant siting problems, for they conserve water;
make it possible to use the same water over and over
again. That means over the years much less water
need be available at a given site. And by cooling water
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before returning it to the environment, a Marley tower
can help eliminate thermal effects problems.

Marley has always been and will continue to be a
partner with electric utilities everywhere, helping them
meet the burgeoning demand for electric power.

May we share some of our cooling experience with
you? Write for our free booklet: ‘“Managing Waste
Heat.” If your company has a cooling problem of
any type, reading it may be an experience you can’t
afford to pass by

Nobody takes the heat off like . . . @

The Marley Co., Corporate Offices:
5800 Foxridge Drive, Mission, Kansas 66202. 913/362-1818.
Offices, plants and affiliates worldwide.
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In the minds of many, mod-
ern technology has created a
monster.

The computer.

We’'ve all heard the stories
about people making, say, a $30
purchase. And then being billed
for $3,000 by the computer.

Nonsense.

The danger is not that the
computer makes mistakes, but
that human errors remain uncor-
rected while the machine rolls
on, compounding them.

Computers are literal
minded. They must be correctly
instructed to help us in the
solution of problems. They do
exactly what they are told. Not
what they ought to have been
told.

The computer is man’s
assistant. Not his replacement.

The unaided human mind
needs help to cope successfully
with the complexity of our
society.

Intellectual aids, such as
computers, will not only in-
crease the skill of our minds,
but leave more time for human
creativity by freeing man of bur-
densome routine tasks.

Do we really believe that
ourachievementsin space could
have been accomplished with-
out computer assistance?

Do we really believe that we
can function efficiently in our
complex modern environment
without computer assistance?

The answer, of course, is
obvious.

In truth, the invention of
the computer can be compared
with the invention of the printing
press.

Engineers engaged in the
development of computer sys-
tems are convinced that over
the next decade it is possible to
develop networks of intercon-
nected computer systems capa-
ble of offering a wide variety of
services to the public.

By necessity, one-way
mass communications — radio,
television—deal with a common
denominator of entertainment.
This situation can be changed
by developing computer-based
systems that offer each indi-
vidual an almost unlimited range
of entertainment and informa-
tion. Each individual will select
what he wants, and to how
great a depth he wants to delve
into the areas in which he is
interested.

At his choice of time.

Apply this principle to
education.

What it amounts to is indi-
vidualized instruction. To meet
simultaneously the needs of
many students.

From a practical stand-
point, limits to excellence in
education are almost purely
economic.

The computer provides a
solution by performing high
quality instruction for large
numbers of students, economi-
cally.

Our goal is to make it pos-
sible for a teacher to provide in-
dividual guidance to many stu-
dents, instead of few.

Yet, computer-assisted in-
struction is not a concept which
has been enthusiastically em-
braced by all. There are many
who feel that the computer will
replace teachers.

Not so.

This interpretation implies
mechanizing, rather than per-
sonalizing, education.

Everywhere in our lives is
the effect and promise of the
computer.

Its ability to predict de-
mand makes it possible to
apply the economies of mass
production to a wide variety of
customized products.

It will allow for the use of
a computer terminal device for
greater efficiency in home shop-
ping and much wider diversity
in home entertainment.

It can be a safeguard
against the boom and bust cycle
of our economy.

In short, the computer
means accuracy, efficiency,
progress.

ARE THEY
FOR US OR AGAINST US?
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The computer affords us
the way to store knowledge in
a directly usable form—in a way
that permits people to apply it
without having to master it in
detail.

And without the concomi-
tant human delays.

The computer is indicative
of our present-day technology
—a technology which has ad-
vanced to such an extent that
man now is capable, literally, of
changing his world.

We must insure that this
technological potential is
applied for the benefit of all
mankind.

If you are interested in a
comprehensive index of over
1100 technical papers pub-
lished recently by RCA scien-
tists and engineers, let us know.

Write to: Mr. D. L. Crosier,
RCA, Bldg. 2-2, Camden, New
Jersey 08102.

Of course, we're an equal
opportunity employer.




Weighs only 8 oz.

THE CURTA IS A PRECISION
CALCULATING MACHINE FOR
ALL ARITHMETICAL OPERATIONS

Curta adds, subtracts, multiplies, divides,
square and cube roots continuous multi-
plication, negative multlpllcatlon standard
deviations and all statistical calculations,
squares and higher powers, co-ordinates and
associated land survey formulae, and every
other computation arising in science and
commerce . . . Available on a trial basis.
Price $125.00. Write for literature.

CURT.

DEPT. SA-9

VAN NUYS, CALIFORNIA

more than just a telescope more than just a microscope

Bmogkop &

a complete

vestpocket

optical system
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We went to Wetzlar, Germany (world capital
of fine optics) to find such perfection at such
a price. Remove the EMOSKOP from its fitted
leather case and it is a 30x microscope.
A twist of the wrist converts it to a 3x tele-
scope (ideal for theater, field or sky) or
a unique 3x telescope-loupe. Another change
and you have your choice of 5x, 10x or 15x
magnifying glasses. The perfect vest-pocket
companion for exacting professionals and
scientists and all those who wish to observe
anything closely and clearly. A most dis-
creet opera glass. If you make a fetish of
quality, the EMOSKOP will do you proud.
Coated lenses, fully achromatic, absolutely
flat field. Modern Photography Magazme calls
the EMOSKOP “. .. the only magnitier worthy
of the name "’

O Send me the EMOSKOP. | enclose $17.95
($16.95 plus $1 postage and insurance).
Calif. residents add 5% tax. Refund with-
in 2 weeks if not delighted. SA0S000
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Address.

584 Washington,
San Francisco' 9411
Phone (415) 981- 5688
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riod, and before the pheromone was
applied the males had averaged only one
attempt to copulate every other encoun-
ter. When the males were paired with
the unreceptive but scented females,
they made more than nine attempts to
copulate at each encounter—an eigh-
teenfold increase in sexual activity.

The experimenters next identified the
chemical constituents of the pheromone
by means of gas chromatography; the
secretion proved to be a mixture of five
volatile organic acids with short chains
of carbon atoms: acetic acid, propionic
acid, isobutyric acid, butyric acid and
isovaleric acid. When they prepared a
synthetic mixture with the same propor-
tions of the five substances, they found
on repeating their behavioral assay that
the males reacted in an identical man-
ner. Michael, Keverne and Bonsall con-
clude that the need for “comparative
studies in related primate species in-
cluding the human is now obvious.”

Universal Radicals

r[‘he same simple molecule that was
first discovered in the interstellar
reaches of our galaxy eight years ago
has now been detected within two other
galaxies some 10 million light-years
away. It is the hydroxyl radical, OH. Ra-
dio interferometry shows that it is pres-
ent in M 82, an exploding galaxy in the
northern constellatlon Ursa Major, and
in NGC 253, a small spiral galaxy in the
southern constellation Sculptor.
Spectroscopic studies long ago estab-
lished the existence of a numbel of fa-
miliar stellar atoms and molecules in
various galaxies, but such photographic
observations do not allow the detection
of interstellar molecules. Leonid N.
Weliachew of the Meudon Observatory
in France selected M 82 and NGC 253
for his study because both galaxies emit
strong radio signals from the galactic
center and thus could be examined with
the more sensitive instruments of radio
astronomy. Utilizing the array of radio
telescopes at the Owens Valley Radio
Observatory of the California Institute
of Technology, he conducted interfer-
ometer observations with base-line dis-
tances of as much as three-quarters of a
mile between pairs of antennas.
Absorption lines in the radio spec-
tra of the galaxies revealed that parts
of the 18-centimeter band—the particu-
lar wavelengths where hydroxyl radicals
are “visible”—were blocked. Evidently
hydroxyl molecules numbering about
one to every million hydrogen atoms in
the interstellar clouds beyond the galac-
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tic center are responsible for the absorp-
tion. This proportion of hydroxyl radi-
cals is about the same as that encoun-
tered in our galaxy.

Louw-Pollution Engines

Ovcr the next few years the U.S. will

begin to apply nationwide standards
restricting the quantities of hydrocar-
bons, carbon monoxide and oxides of
nitrogen emitted by new American auto-
mobiles under a variety of road condi-
tions. There is considerable uncertain-
ty whether today’s gasoline engine can
be improved or modified to meet the
proposed regulations. Although Detroit
seems to be betting that the gasoline
engine will survive, alternatives cannot
be ruled out.

One novel approach is being investi-
gated at the University of Rochester by
H. Searl Dunn with a small grant from
the National Science Foundation. Rec-
ognizing that today’s cars emit a large
fraction of their pollutants in brief spurts
when the vehicle is accelerating, Dunn
has designs for a car with an engine only
a little larger than is needed for cruising
conditions; the peak power demand will
be met by the use of hydraulic accumu-
lators that store energy over an extend-
ed period. A hydraulic accumulator con-
sists of a steel cylinder containing a
rugged rubber balloon blown up to some
mltlal pressure. During the energy-stor-
age cycle oil is pumped into the cylinder,
compressing the air in the balloon. When
energy is required, the air in the bal-
loon is able to eject the accumulated oil
at a high rate. The ejected oil can be
passed through a turbine to supplement
the power supplied by the engine prop-
er. Dunn believes the engine could be a
conventional piston engine much small-
er than the one in present cars, but he
thinks either a gas turbine engine or a
Stirling-cycle engine would be better.

The Stirling-cycle engine is a form of
heat engine in which fuel is burned con-
tinuously under optimum conditions.
The heat released is transferred to a con-
fined gas (such as helium or even hydro-
gen) that actuates one or more pistons.
Such engines have been under develop-
ment for more than 25 years at the
Philips Research Laboratories in the
Netherlands. The latest models have an
efficiency of 35 percent, compared with
25 percent for conventional automobile
engines, and have demonstrated low
emission of various pollutants. The draw-
backs have been complexity of design
and greater weight per horsepower than
is the case with conventional engines. In



He would have felt
very much at home
today in Nova Scotia.

For reasons that may
appeal to you,too.

Nova Scotia’s Metropolitan Halifax-
Dartmouth area is one of Canada’s largest
and most diversified scientific research
centres . . . and it’s still growing.

In terms of the number of scientists and the
range of their work, this Nova Scotian
community ranks third in the nation.

Along with new impetus given to work in the
oceanographic sciences through government
initiative, other reasons for the rapid growth
of Halifax as a community of international
importance are the demands of research-
oriented industry, and the number of
universities in Halifax and throughout

the province.

With excellent laboratory facilities and a
diversity of scientific disciplines, these
universities have an unusual research versa-
tility of potential benefit to manufacturers.
To industries located in Nova Scotia, the
services of the Nova Scotia Research
Foundation are available. These include
assistance in the solution of technical
problems, engineering advice on industrial
systems, work-flow analyses, and

technical library resources.
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Y our own Research and Development
programs, whatever their scope, can benefit
from a growing scientific community,
research talent and facilities, and the pool of
technical skills available in Nova Scotia.
For information on all that Nova Scotia can
offer your industry write to:

Hon. Ralph F. Fiske,

Province of Nova Scotia,

5670 Spring Garden Road,

Halifax, Nova Scotia, Canada.
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If your child can't go to school,
maybe the school can come to her,

A child who gets ill, or has an accident, can miss
weeks or months of school. Which may mean having to
repeat the whole year.

Now there are special telephone systems to help
children keep up with their studies, while they recover
from their setbacks.

One system is called Tele-Class. And it's working in
lots of places.

In Oakland, California, for example, all the child needs
is a telephone, a headset, the right textbooks, and a spe-
cially trained teacher like Mrs. Molly Steele.

Mrs. Steele used to teach regular elementary school.
But now she has a class of ten children. Some ill at home,
some in the hospital.

Every day she inserts cards into a special telephone
to dial her students. Once they are all on the line, class
begins.

Not only can Mrs. Steele talk to the children, but they
can talk among themselves. So they get a classroom at-
mosphere complete with discussions and question-and-
answer sessions.

They also get 20 hours a week of education they
probably would-have missed before.

The American Telephone and Telegraph Company
and your local Bell Company are continually looking for
new ways to make the telephone serve you.

One way is to help a child who can't go to school,

go to school.
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ENGINEERS

A career in
NUCLEAR
CONSTRUCTION

If you are happiest in a professionally produc-
tive environment, consider these opportunities
with Ebasco, where on-going projects assure in-
teresting assignments for years to come.

MECHANICAL & NUCLEAR ENGINEER

Senior & Principal Level

You need an engineering degree and ap-
proximately 6 years experience in nuclear
power plant piping engineering and design.
CONSULTING ENGINEER

Transmission & Distribution

You need an engineering degree and approx-
imately 10 years in electric power transmission
and distribution, preferably with an electric
utility or consulting firm.

Please forward your resume and salary require-
ment—in confidence—to Mr. N. Zibyock, Pro-
fessional Employment Dept. 166-I.

EBASCO
SERVICES INCORPORATED

@ a Boise Cascade Company

Two Rector Street
New York, N.Y. 10006

An Equal Opportunity Employer (M&F)
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a recent article in the Philips Technical
Review R. J. Meijer hints that the Stir-
ling engine may soon be ready to leave
the laboratory.

Never Too Late

In recent years it has become widely ac-

cepted that the experiences of early
childhood (or the lack of experiences)
establish irreversible patterns of behav-
ior and biological competence. Among
the animal experiments that have sup-
ported this view are those in which
young rats exposed to an environment
enriched by the addition of toys, lad-
ders, boxes and playmates develop a
heavier brain and learn to run a maze
faster than littermates reared in stan-
dard laboratory colonies or in isolation.
Ncw Walter H. Riege of the University
of California at Berkeley has found that
an enriched environment will produce
as great an increase in brain weight in
fully mature rats as in young rats, al-
though a longer period of environmental
stimulation is required by the adult rats
for the maximum effect. Adult rats from
the enriched environment also learn to
run a maze considerably faster and with
fewer errors than their controls.

Riege worked with male rats that were
kept in standard laboratory colonies un-
til they were about 300 days old. (Rats
are sexually mature at about 50 days and
can live two years or longer.) The 300-
day-old rats were assigned to one of
three environments in spiit litters, that is,
each litter was divided so that one rat
remained in standard colony conditions,
a littermate went to an enriched environ-
ment and another littermate was placed
in an isolated cage. Reporting his results
in Developmental Psychobiology, Riege
compares the brain-weight increase in
his adult rats with those found by other
investigators in weanling and adolescent
rats. He concludes that the magnitude
of the brain-weight changes in mature
rats is the same as the magnitude of the
changes in young rats, and in both ma-
ture and young rats the occipital (rear)
cortex shows the most change.

In young rats the greatest change is
observed at 30 days. In mature rats the
brain-weight increase is largest after 90
days. Enriched environments significant-
ly increase the activity of two brain en-
zymes (cholinesterase and acetylcholin-
esterase) in young rats after 30 days;
in adult rats the activity of the enzymes
is similarly affected after 90 days. Rats
reared in isolation have a lower brain
weight than littermates that experience
a richer environment. Considering his
data overall, Riege remarks: “The brains
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of year-old rats [are] as susceptible to
environmental influences as...those of
weanling rats.”

Whistling in the Culvert

From time to time over the past year
a man could have been seen crouched
off the shoulder of North Canyon Road
near the Strawberry Canyon swimming
pool in Berkeley, Calif., assiduously
thumping on a two-foot plywood square
placed across the mouth of a culvert.
Few observers would have guessed that
he was a physicist from the University
of California exploring the analogies be-
tween sound waves and electromagnetic
waves traveling in a channel.

The electromagnetic waves are the
well-known “whistlers,” first accidental-
ly detected by military communications
workers during World War I. Audible
at radio frequencies, whistlers proved to
be a signal generated by a lightning
stroke in one hemisphere of the earth
and conducted to the opposite hemi-
sphere through a natural wave guide
formed by the lines of force in the
earth’s magnetic field. The original sig-
nal is made up of many wavelengths,
and as it travels through the ionosphere
the longer wave components lag behind
the shorter. On arrival a hemisphere
away the signal that began as a click
has been transformed into a descending
wail.

Frank S. Crawford of the Lawrence
Radiation Laboratory at Berkeley en-
countered the acoustical analogue of the
whistler on a beach in May, 1970, when
his children led him to a 200-foot culvert
under a dune. He found that the sound
of a handclap at one end of the culvert
returned from the other end as a loud
descending “zroom,” and that the low
frequencies of the handclap took sev-
eral seconds to fade away. Writing in the
American Journal of Physics, Crawford
explains how this experience led to his
infatuation with culvert whistlers.

By experiment he determined that
the longer the culvert is, the easier the
whistler is to hear; in a 20-foot culvert
the phenomenon is barely audible. The
100-foot culvert under North Canyon
Road soon became Crawford’s favorite.
He found that a bongo drum was superi-
or to a handclap, and that banging on a
piece of plywood was the best of all
means of “generating a delta function.”
He observes that whereas the dispersion
of sound waves in acoustical wave guides
has been well understood for years, cul-
vert whistlers were not predicted by the-
ory and apparently had not been ob-
served earlier.



full power ahead

For Brown & Root, 1970 was a very good year to
design and build power plants.

In power plant construction, we moved up among
the nation’s leaders with contracts for over $900
million.

In power plant engineering, we began the year Brown @’ROOU"C.

with contracts for 18 units totaling 6,493 Mw, and E,';?,'s"tﬁﬁ,’%é%%“?%’8&‘?’34&%?&?%?5363

ended it with 31 units totaling 9,507 Mw. ﬁ M WORLD OVER

We acquired additional nuclear design capability -
through an operating agreement with NUS
Corporation of Rockville, Md.

We deepened our involvement in heat cycle
studies ... hydrology ... fuel conversion .. .control
center studies. . .transmission ... distribution . ..
switchyard studies. . .substations. .. systems
engineering . .. stress analysis. ;

Yes, 1970 was a good year. And 1971 is even better. _ 15

For more information about our current '
capabilities, write on your corporate letterhead.
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Most cargo ships waste 1 day out of 4 at dockside.
This cargo ship doesn’t even need a dock.

You don't load cargo into the
hold of this ship at dock. You
Joad cargointohuge barges that
are towed to this ship and lifted
aboard by the world's biggest
shipboard elevator.

So that this ship, called the
Seabee, doesnt need to go
anywhere near a dock.

This magnificently simple
idea promises a whole new
lease on life for the U.S. mer-
chant marine.

What does it mean?

It means that with these spe-
cially designed barges, cargo
can be transferred from land
transportation to the barges
outof the weather inaminimum
of time, and with a continuous
availability of barges.

It means Seabee barges, like
railroad freight cars at a factory
siding, can take almost any
kind of cargo in shallow water-
ways.

Itmeansyou load and unload
the same barge just once. At
the point of origin and the
point of destination.

Conventional seagoing ves-

sels can spend 25% or more of
their time with all this loading
and unloading in today’s busy
ports. Which is the big reason
shipping costs—including the
costs of damage, pilferage and
insurance — have skyrocketed.

Some 24,500 long tons of
cargo in thirty-eight 97-foot
special barges can be loaded
aboard the 875-foot Seabee. In
just 13 hours. Far away from
docks and piers, at a roadstead
or estuary.

It would take more than a
week to get this much cargo

The world’s largest dry cargo ship,
Seabee can carry up to 24,500 long tons of
cargo in 38 huge barges on three decks.

aboard conventional freighters
at a dock. Maybe after days of
waiting for dock space.

Lykes Bros. Steamship Co.
Inc.,of New Orleans conceived
the Seabee system. And its
promise is now being fulfilled

The Seabee concept makes possible
improved freight service to the many

areas of the world without highly de-

veloped, deep-water port facilities—
for example, Indonesia.
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at General Dynamics’ Quincy
Shipbuilding Division in Mas-
sachusetts where the first of
these ships was launched July
10, 1971.

The Seabee will be the larg-
est dry cargo ship afloat, with a
unique design and a cargo-han-
dling system that have led us to
some of the most exacting ma-
rine engineering solutions in
shipbuilding history.

The heart of the cargo-
handling system is a 2,000-ton
capacity submersible elevator
that lifts the loaded barges
safely from the sea, two at a
time.

A 2,000-ton capacity elevator will have
more lift than any crane in the world.



From the elevator, two self-
propelled transporters move
the barges into place in a fore-
and-aft position on three un-
obstructed decks that stretch
the entire length of the ship’s
cargo space.

Almost three football fields
long, with a 36,000 hp power

Flexible design permits carrying barges, 1,800
containers, or a vast roll-on, roll-off cargo.

Ship can be used as a military sealift vessel for
troops, tanks, wheeled vehicles, helicopters,
landing craft, containers and palletized cargo.

By eliminating dockside handling, loading time
can be cut from over a week to just 13 hours.

The Seabee concept makes shallow harbors
and inland waterways an integral part
of a global sea transportation system.
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The great advantage of the
Seabee’s open-deck arrange-
ment is the unique cargo-
handling flexibility it makes
possible.

It can accommodate barges.

Or stowage of 1,800 20-foot
containers on trays, twice as
many as even the latest cargo
ships can normally handle.

Or vehicles that can be
rolled on and off over almost
3% miles of single-lane “high-
way~ covering a staggering
146,000 square feet of deck.

Or such a cargo as an assem-
bled oil rig could be stowed on
upper deck space free of over-
head restriction.

And helicopters, including
the huge Skycrane, can be
flown from the upper deck.

Thistlexibility uniquely quali-
fies the Seabee for military
sealift use, as well as commer-
cial transport.

Buildingaship with thismuch
potential for saving time and
money for owner and shipper
alike called for radically new
concepts in engineering and
construction. But at General
Dynamics, it seems our people
are always doing something
that hasn’t been done before.

GENERAL DYNAMICS

© 1971 SCIENTIFIC AMERICAN, INC



1971 SCIENTIFIC AMERICAN, INC

e



The Flow of Energy in the Biosphere

The solar energy that falls on the earth warms the surface and is

ultimately radiated back into space. The tiny fraction of it that

is absorbed by photosvnthetic plants maintains all living matter

he radiant energy that bathes the
| earth builds order from disorder
through the processes of life. Most

events in the universe proceed toward
increasing entropy, but life postpones
the effect of this basic law by using the
stream of sunlight to build highly com-
plex assemblages of proteins, carbohy-
drates, lipids and other biological mole-
cules. The aim of this article is to trace
the radiant energy as it sustains the re-
markable diversity of living organisms.

A living organism can be viewed as a
chemical system designed to maintain
and replicate itself by utilizing energy
that originates with the sun. Life can-
not be sustained merely by an adequate
quantity of radiation; the light must
also be of a suitable spectral quality.
The flux of solar radiation received at
the ground is highly variable in both
quantity and quality because of the vari-
able transmissivity of the atmosphere
and the changing degree of cloudiness.
The earth’s atmosphere filters sunlight
by absorbing most of the ultraviolet
wavelengths and some of the infrared.

Light entering a chemical system can
be utilized in several ways. It can be
absorbed and then simply dissipated as
heat through the increased motion of
the molecules in the system. It can be
reradiated at the resonant frequencies
of the molecules or as fluorescence or
phosphorescence. It can be utilized to
accelerate a chemical reaction that ei-
ther increases or decreases the free en-
ergy of the participating molecules.

by David M. Gates

Light consists of the bundles of en-
ergy called quanta. The energy content
of a quantum is proportional to the fre-
quency of the light: the shorter the
wavelength, the higher the frequency
and the greater the energy content. A
mole of any substance (a weight in
grams equal to the molecular weight of
the substance) contains 6 X 10%% mole-
cules; that is the universal constant
known as Avogadro’s number. In dis-
cussing the interaction of light and mat-
ter it is convenient to use one mole of
a substance. The energy content of a
molecular bond can then be multiplied
by the number of molecules per mole
(6 X 10%) to get the bond energy of the
substance per mole. One can also re-
gard one mole as containing 6 X 1023
quanta and can multiply that by the en-
ergy per quantum in order to get the
mole equivalent energy of radiation.

The mole equivalent energy of blue
light at a wavelength of 450 nanometers
(a nanometer is a billionth of a meter)
is 64 kilocalories per mole; of infrared
radiation at 900 nanometers, 32 kilocal-
ories per mole, and of ultraviolet radia-
tion at 225 nanometers, 128 kilocalories
per mole. The strength of molecular
bonds (or the energy required to break
them) can be expressed in kilocalories
per mole. A single bond between two
carbon atoms can be broken with only
82.6 kilocalories per mole; a double bond
between the two atoms requires 145.8
kilocalories per mole and a triple bond
199.6 kilocalories per mole.

ABSORPTION AND REFLECTION characteristics of vegetation are partly indicated by the
aerial photograph on the opposite page. The vegetation, which is in a forested area north-
west of Sao Paulo in Brazil, is red because the photograph was made with a special emul-
sion that is sensitive in the near-infrared. Green plants absorb about 92 percent of the blue
and red light that energizes the process of photosynthesis. They absorb some 60 per-
cent of the near-infrared; the rest is reflected. Thus a photograph of vegetation in the near-
infrared shows considerably more intense reflection than one in visible region of spectrum.

© 1971 SCIENTIFIC AMERICAN, INC

It is evident from these numbers that
ultraviolet radiation has the energy per
mole necessary to break bonds. It is also
clear that visible light has relatively
little potential for breaking or forming
bonds and that infrared radiation has
even less. Light absorbed by a mole-
cule kicks one of the electrons associ-
ated with the molecule into an excited
energy state, thereby making the elec-
tron available for pairing with an elec-
tron from a neighboring atom or mole-
cule in an electron-pair bond. By this
photochemical process new molecules
are formed.

The most fundamental photochemical
reaction of life is photosynthesis in
plants. Photosynthesis combines mole-
cules of carbon dioxide and water to
form carbohydrate and oxygen; the en-
ergy converted in the process is 112
kilocalories per mole. It is known that
photosynthesis proceeds by means of
blue light and red light. From the rela-
tion of energy and wavelength I have
described it is clear that neither blue nor
red light can directly provide enough
energy for photosynthesis.

It turns out that photosynthesis is a
complicated stepwise process. Light is
absorbed by the chlorophyll molecule
(and by other pigments in the plant) and
is transferred to electrons in such a way
as to create strong oxidants and reduc-
tants, that is, molecules that readily re-
move electrons from other molecules
(oxidize them) or readily supply elec-
trons to other molecules (reduce them).
In photosynthesis the oxidants and re-
ductants assist with the storage of ener-
gy in chemical bonds, notably those of
carbohydrate and of adenosine triphos-
phate (ATP), the basic energy currency
of all living cells.

Animals, by eating plants, are able to
release the energy stored in them by
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means of the various oxidative reactions
of metabolic processes. ATP interacts
with the carbohydrate glucose to pre-
pare it, through glycolysis, for a long
series of complex reactions in the meta-
bolic sequence known as the citric acid
cycle. The energy released is employed
to do muscular work, to generate nerve
impulses and to synthesize proteins and
other molecules for the building of new
cells. The entire chain of life proceeds
in this way as energy cascades through
the communities of plants and animals.

I_ijving systems must be protected

against an excess of bond-breaking
radiation. The primordial atmosphere of
the earth contained no free oxvgen and
was highly transparent to ultraviolet
radiation. Once photosynthesis began
(with microorganisms in the ocean) oxy-
gen was released to the atmosphere.
Since the metabolic processes of the

INSOLATION
1.700.000

primitive organisms were primarily an-
aerobic, the oxygen in the atmosphere
built up. As the oxygen molecules (O.)
diffused upward they were decom-
posed by ultraviolet radiation into oxy-
gen atoms (O), some of which formed
ozone (Oy). Ozone strongly absorbs ul-
traviolet radiation, and as it built up in
the stratosphere it acted as a filter. In
this way the earth’s surface was shielded
against the energetic ultraviolet radia-
tion of the sun but remained transparent
to visible light.

The interaction of life and the atmo-
sphere has many more components than
the ozone shield against ultraviolet. For
example, the atmosphere contains .032
percent, or 320 parts per million, of car-
bon dioxide, which is essential to the
part of photosynthesis that assimilates
carbon into carbohydrates. Carbon di-
oxide, which at visible wavelengths is a
clear transparent gas, strongly absorbs

the radiation in certain infrared bands
of the spectrum. The earth’s surface ra-
diates heat into space entirely at infra-
red wavelengths. If there were no atmo-
sphere, or if the atmosphere were fully
transparent, the temperature of the
ground at night would be considerably
colder than it is.

What happens is that the absorption
bands of atmospheric carbon dioxide
capture some of the infrared radiation
headed toward space from the earth.
The captured energy is then reradiat-
ed in two directions: back toward the
ground and into outer space. Therefore
the ground is exposed not to the cosmic
cold of outer space but to a warm flow
of radiation emitted by atmospheric car-
bon dioxide.

Clouds and water vapor in the sky
also absorb and emit infrared radiation.
When the sky is clear, the water vapor
and the carbon dioxide only partly

IMPORT (BREAD FED TO FISHES) 408

GROSS
PRODUCTION

LIGHT
ABSORBED - PLANT
BY PLANTS PHOT;SRYA‘XTSHSET“’ RESPIRATORY
410.000 BIOMASS
389,190
el NET PLANT
PRODUCTION
8.833
PRODUCER PLANT
RESPIRATION
11977

LIGHT NOT ABSORBED
BY PLANTS
1.290.000

ENERGY IN A NATURAL SYSTEM flows as indicated in this
diagram of the ecosystem at Silver Springs, Fla., which consists of

a clear, spring-fed stream with vegetation covering the bottom and
numerous species of animals living in or near the water. The nu-

90

© 1971 SCIENTIFIC AMERICAN, INC



shield the ground from the cold of
space. When the sky is overcast, the
cloud cover serves as an opaque thermal
blanket. At such times the radiation
from the earth to space originates at the
top of the cloud deck rather than at the
ground.

Thus green plants not only get the
benefit of carbon dioxide but also are
warmed by the radiant flux returned to
the ground from the atmosphere. The
atmosphere’s window on space is trans-
parent to visible light but is closed at the
ultraviolet end by ozone absorption and
at the infrared end by absorption in
carbon dioxide and water vapor. This
grand-scale synergy of green plants and
the atmosphere is the result of millions
of years in evolution of life and of the
atmosphere, which are therefore closely
interdependent. Life depends on both
the clarity and the opaqueness of the
atmospheric window, and the waste

products of man that are discharged into
the atmosphere dirty the window, on
whose clarity all life depends.

The growth of green vegetation de-
pends simultaneously on the amount
of sunlight reaching the ground, the
temperature near the surface and the
amount of water available. If any of
these conditions is inadequate, growth
is reduced. Much sunlight and little wa-
ter produce a desert. Much sunlight and
low temperature produce tundra. Much
water and little sunlight make for a
stunted rain forest.

The annual productivity of green veg-
etation is limited by the seasonal dis-
tribution of sunlight, temperature and
moisture. The solar radiation reaching
the atmosphere is partly absorbed by
ozone, carbon dioxide, water vapor, ni-
trogen, oxygen, dust and aerosols. By
the time it reaches the ground it is
weakened in intensity and modified in

spectral quality. Solar radiation at the
ground—direct sunlight plus skylight—
varies from a maximum of between 200
and 220 kilocalories per square centime-
ter per year in desert areas to 70 kilo-
calories per square centimeter per year
in polar regions. Tropical rain forests re-
ceive from 120 to 160 kilocalories; much
of Europe, 80 to 120. The solar radia-
tion at the Equator varies relatively lit-
tle during the year except as it is affect-
ed by cloudiness. Polar regions experi-
ence the midnight sun of summer and
perpetual darkness during the winter.

Now that we have traced the solar flux

down through the atmosphere to
the surface of the ground, let us see
how it is partitioned and what it does.
Clearly if it strikes bare rock or soil, it
will be partly reflected and partly ab-
sorbed, and the rock or soil will gain
energy. If the surface bears vegetation,

<——— 460 DECOMPOSER PRODUCTION

DECOMPOSER INTAKE 5.060

DECOMPOSERS
TOTAL
HERBIVORE N
PRODUCTION TOP TOP DECOMPOSER
1478 CARNIVORE | CARNIVORE = CARNIVORE = CARNIVORE RESPIRATION
\ INTAKE | PRODUCTION INTQAKE PROD%CT\ON 4600
i | i .T 1
H AV I B\ \ | e A
TOTAL
'NTB’?KE DOWNSTREAM
XPORT
HERBIVORES - 2.5%0
3,368 N
%
T HERBIVORE T TT—CARNIVORE T TT—TOP-CARNIVORE TOTAL COMMUNITY RESPIRATION
RESPIRATION RESPIRATION RESPIR3ATION 18,796
1,890 316 1

N
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bands and lines. The data were obtained by Howard T. Odum of
the University of Florida. Top carnivores are at top of food chain.

merals give inputs and outputs in kilocalories per square meter
per year, with relative energies indicated by the widths of the
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some of the incident solar radiation is
utilized in photosynthesis. Green fields
reflect from 10 to 15 percent of visible
light; dark green coniferous forests may
reflect only 5 to 10 percent.

Of the total amount of solar energy
entering the earth’s atmosphere only
about 53 percent is available at the
ground after all scattering, absorbing
and reflecting processes are taken into
account. The ground exchanges energy
by radiation, by the evaporation and
condensation of water, by the exchange
of sensible heat between the surface and
the air and by conduction into or out of
the soil. All the energy flowing to or
from the ground must be accounted for
in the energy budget relating to the
surface.

During the day the surface has a net
influx of radiation; during the night it
loses a net quantity of radiation. Dur-
ing the day, when the ground is warmer
than the air, heat is transferred from
ground to air by convection. At night
the air is usually warmer than the
ground, so that the convectional transfer
of heat is from air to ground.

Evaporation of water away from the
surface requires both a moisture gradi-
ent away from the surface and energy
sufficient to supply the latent heat of

vaporization. The amount of energy re-
quired is about 580 calories per gram
at a temperature of 30 degrees Celsi-
us. Evaporation and evapotranspiration
through the leaves of plants are almost
always taking place in daylight, except
when it is raining; sometimes they pro-
ceed at night as well.

If the ground is quite dry, the net
radiation input during the day will go
into convection and conduction. The en-
vironment will be turbulent and windy,
as is typical of deserts. If the ground is
moist or the vegetation is well watered,
evapotranspiration will consume the ma-
jor fraction of net radiation and the at-
mosphere will be more quiescent. These
are basically physical processes related
to the thermodynamics of the earth’s
surface and to the conditions of climate.
Let us now leave them in order to trace
out the pathway of light—the visible
wavelengths of radiation—as it affects
primary productivity (the growth of
vegetation) and the food chain of life.

f the total amount of sunlight reach-
ing the ground only about 25 per-
cent is of wavelengths that stimulate
photosynthesis, and only a fraction of
the 25 percent is actually used by green
plants. Most plants in the open are using

light at their maximum rate during most
of the hours of daylight. A forest or a
field receives, on a typical summer day
in the U.S., from 500 to 700 calories of
solar energy per square centimeter per
day. Assuming that plants are receiving
such an input and that they are using
as much sunlight as they can, one can
estimate the productivity of growing
things.

Robert S. Loomis and William A. Wil-
liams of the University of California at
Davis have made such estimates. Con-
sidering 500 calories per square centi-
meter per day a typical daily input of
energy during the growing season, they
found that potential net plant produc-
tion (gross production minus respiration)
is about 71 grams per square meter
per day. Assuming that this net produc-
tivity represents as storage in carbon
compounds about 3,740 calories per
gram, one finds that 26.6 calories per
square centimeter per day of solar radia-
tion ends up in biomass. This repre-
sents 5.3 percent of the total incident
solar radiation and about 12 percent of
the energy received as visible light,
which is 222 calories per square centi-
meter per day.

Plants reflect about 8 percent of pho-
tosynthetically active wavelengths. The

MEAN RADIATION of the earth is portrayed by isopleths (color)
that give the net radiation in terms of calories per square centi-
meter per minute. Areas marked H and L are respectively high or
low compared with their surroundings. The data were obtained by
satellites that measured the earth’s albedo, which indicates how
much of the solar radiation reaching the earth is reflected and how
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much is absorbed, and also measured the long-wave radiation from
the earth. The isopleths of the map give the resulting net radiation
and thereby provide information about the exchange of energy
between the earth and space. The work was done in the department
of meteorology of the University of Wisconsin by Thomas H. Von-
der Haar, now at Colorado State University, and Verner E. Suomi.
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percentage is considerably higher for
the portion of such wavelengths in the
near-infrared region of the spectrum;
there individual leaves have reflectivi-
ties of 40 percent or more. An individual
leaf will absorb some 60 percent of the
total incident sunlight. A dense stand
of vegetation, however, will absorb con-
siderably more. For example, a dense
corn crop may reflect 17 percent of the
total incident solar radiation, transmit to
the soil about 13 percent and absorb in
the leaves about 70 percent.

About 10 quanta of light are required
to reduce one molecule of carbon diox-
ide to carbohydrate. Respiration con-
sumes from 20 to 40 percent of gross
photosynthesis; the value used by
Loomis and Williams for their estimates
of productivity was 33 percent. Gross
productivity was 107 grams per square
meter per day and respiration burned
up 36 grams per meter per day. Of the
500 calories per square centimeter per
day incident on the crop 375 calories
were absorbed by the crop and the soil,
converted to heat and then transferred
by radiation to the atmosphere, by evap-
otranspiration, by convection to the air
and by conduction into the soil. The
evapotranspiration component may ac-
count for as much as 200 calories per
square centimeter per day.

A crop of Sudan grass at Davis pro-
duced 51 grams per square meter per
day during a 35-day period when the
incident solar radiation averaged 690
calories per square centimeter per day.
It is estimated that the maximum poten-
tial production by this crop was 104
grams per square meter per day, so that
the actual production was 49 percent
of the potential yield. At 51 grams per
square meter per day and with a caloric
content of 4,000 calories per gram, the
crop put into storage 3 percent of the
total incident solar radiation and 6.7
percent of the visible radiation. Barley
has been observed to convert as much
as 14 percent of the incident visible
light to carbon compounds. In general
the productivity of crops is much lower
than these maximum values.

Jen—hu Chang of the University of
Hawaii has made careful estimates
of potential photosynthesis and crop
productivity for various regions of the
world. He based his estimates on the
intensity and duration of sunshine and
the mean monthly temperatures over
the period under consideration, and he
assumed a well-watered crop. He made
estimates of potential net photosynthe-
sis, expressed in terms of crop produc-
tivity in grams per square meter per
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PHOTOSYNTHESIS AND RESPIRATION, which are the basic
metabolic processes of most living plants, obtain their energy from
sunlight. In photosynthesis energy from light is used to remove
carbon dioxide and water from the environment; for each mole-

day, for a four-month summer period
and an eight-month period centered
on the summer; he also calculated an
annual mean [see illustration below].
His results are of much interest and
should be compared with the highest
levels of plant production discussed
above.

During the four-month summer pe-
riod the lowest potential photosynthesis
is in the Tropics, and in particular at 10

TYPE OF CLIMATE

TROPICAL
RAIN FOREST

"o

FOUR MONTHS

degrees north latitude, which is the heat
equator of the earth. There the potential
photosynthesis is 25 percent lower than
it is in temperate regions. Highlands in
the Tropics have a higher yield than
hot, humid lowlands. Southern Alaska,
the upper Mackenzie River region in
northwest Canada, southern Scandi-
navia and Iceland have the highest po-
tential photosynthesis, exceeding 37.5
grams per square meter per day. The

EIGHT MONTHS

DRY SAVANNA

WARM, MOIST
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WARM WITH
DRY SUMMER

WARM SUMMER,
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| ! J

COLD. DRY WINTER
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POTENTIAL NET PHOTOSYNTHESIS is expressed in terms of
plant productivity in grams per square meter per day for various
climates. Calculations are made for a four-month period, repre-
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cule of CO, and H,0O removed, part of a molecule of carbohydrate
(CH,0) is produced and one molecule of oxygen (0O,) is returned
to the environment. In respiration by a plant or an animal com-
bustion of carbohydrates and oxygen yields energy, CO, and H,O.

reason is that these regions receive
many hours of sunlight per day during
the summer. Farther north the effect
of low temperature drops productivity
even though the summer day is still
longer.

Across the central U.S. the potential
net photosynthesis is about 30 grams
per square meter per day for both the
four-month period and the eight-month
period. At the Canadian border the

YEAR

40 0 10 20 30 40

PRODUCTION (GRAMS PER SQUARE METER PER DAY)
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senting the normal growing season for most plants, for an eight-
month period centered on the summer and for a year. Net produc-
tion is found by subtracting respiration from gross production.



four-month value is 36 grams per square
meter per day, the eight-month value
27.5 grams per square meter per day
and the annual value 17.5 grams per
square meter per day. The annual value
through the central U.S. is from 20 to
22.5 grams per square meter per day.
The same levels are found throughout
much of Europe, except in Spain, where
the level is above 25 grams per square
meter per day. Northern Europe has
enormous four-month potential photo-
synthesis, with values of up to 38 grams
per square meter per day. Clearly these
high-latitude regions are best suited to
crops with a short growing season. It is
significant in this context that the part
of western Europe between 50 and 60
degrees north latitude leads the world
in wheat production.

Chang has made a number of highly
interesting assessments of actual yields
compared with potential photosynthesis
in various countries. He finds that all
the developed countries have a four-
month potential photosynthesis in excess
of 27.5 grams per square meter per day,
whereas all the underdeveloped coun-
tries have much lower values. What the
difference means is that countries such
as the Philippines can expect to increase
their yields by 30 percent through im-
proved agricultural methods, but no
matter what they do they cannot im-
prove 500 percent or more in order to
reach the yields of such countries as
Spain. In other words, the underdevel-
oped countries are climatically limited.
Chang has compared rice yields with
the four-month potential photosynthesis,
cotton yields with the eight-month po-
tential (since cotton is planted in early
spring and harvested in late fall) and
sugarcane yields with the annual poten-
tial values (because sugarcane has a long
growing season). The situation is the
same throughout: the underdeveloped
countries are the climatically deprived
countries.

It is useful to compare the maximum

rates of photosynthesis by agricul-
tural crops, which are in principle plants
selected and cultivated for high produc-
tivity, with the levels of productivity
achieved by natural plant communities.
On an annual average the net produc-
tivity in grams per square meter per
day was nine for spartina grass in a salt
marsh in Georgia; six for a pine forest
in England during the years of most
rapid growth; three for a deciduous for-
est in England; 1.22 for tall-grass prai-
ries in Oklahoma and Nebraska; .19 for
a short-grass prairie in Wyoming, and
.11 for a desert in Nevada with five

POLLUTED STREAM

SILVER SPRINGS, FLA.

ESTUARY

POND WITH TREATED
SEWAGE WASTES

FERTILIZED POND
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GROSS PRODUCTIVITY in several environments during short periods of time favorable
for growing is expressed in terms of grams of dry matter produced per square meter per
day. The polluted stream was in Indiana, the estuary was one of several in Texas, the pond
with treated sewage wastes was in Denmark and the fertilized pond was in North Carolina.
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NET PRODUCTIVITY of seven environments is depicted. The salt marsh was in Ceorg?a,
forests were in England, prairie and desert in the U.S. and seaweed beds in Nova Scotia.
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inches of rain per year. It is evident that
the net productivity of most natural
stands of vegetation is considerably low-
er than the levels achieved for crops
managed by man.

Since each gram of dry matter pro-
duced has a caloric value of about 4,000
calories, the productivities can be con-
verted into percentages of solar radi-
ation utilized. For example, the salt
marsh in Georgia converted nine times
4,000 calories per square meter per day
into dry matter from the incident solar
radiation of about 4.5 million calories
per square meter per day for a conver-
sion factor of .8 percent. The conver-
sion by a forest is about .5 percent, by
a tall-grass prairie about .1 percent and
by a desert .05 percent or less. The av-
erage cornfield utilizes about 1 percent
of the incident solar radiation and sel-
dom exceeds 2 percent.

Many factors can limit primary pro-
ductivity. If only one of them is greatly

different from the optimum, productiv-
ity decreases. Among the important fac-
tors are sunlight, carbon dioxide, tem-
perature, water, nitrogen, phosphorus
and trace amounts of several minerals. A
tropical forest may have an enormous
standing mass of vegetation, but the rate
of growth is not as high as in other re-
gions because of high temperatures and
limitations of soil nutrients. The primary
productivity of deserts and grasslands is
severely limited for lack of water. Al-
pine and arctic tundras, which are very
wet because of low evaporation and the
presence of permafrost not far below
the surface, are limited in productivity
by low temperatures.

All vegetation is limited in growth by
the concentration of carbon dioxide in
the atmosphere or in bodies of water.
Plants will increase photosynthesis with
increasing concentration of carbon di-
oxide to at least three times the normal
concentration of 12.5 nanomoles per cu-

bic centimeter (.03 percent by volume).

All life on the earth depends in one
way or another on primary productiv-
ity, that is, on the growth of vegeta-
tion. Herbivores feed on the carbohy-
drates and proteins generated by pho-
tosynthesis, and carnivores get their
energy by feeding on the herbivores.
Decomposing organisms feed on both
plants and animals, so that the material
ingredients of life are returned to the
soil and the cycle continues.

Evolutionary events over the past
three billion years have created on the
earth some two million species of in-
sects, perhaps a million species of plants,
20,000 species of fishes, 8,700 species
of birds and almost numberless kinds of
microorganisms. Together they form a
continuum of life over the surface of the
earth. The organisms of the world are
all interdependent, forming a vast web
of protoplasm through which matter cy-
cles and energy flows.

AGE (YEARS)

37020

TYPE OF GROWTH

BARE FIELD

GRASS

GRASS AND SHRUBS |

CRABGRASS

GROWTH SUCCESSION in the piedmont region of the southeast-
ern U.S. progresses from grass to forest over a period of about 150
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ASTER

BROOM SEDGE

years. This is the succession that follows the abandonment of land
once used for crops. Energy flows from a less mature ecosystem to a



The diversity of species within habi-
tats varies enormously, from the incred-
ible numbers of plant and animal spe-
cies in a tropical rain forest to the se-
verely limited varieties of life in a desert
or a tundra. The diversity of species di-
minishes along gradients of water from
moist to dry, of temperature from warm
to cold and of light from bright to dark.
By far the most intense speciation is
found in a tropical rain forest.

Such a forest possesses an enormous

biomass, consisting mostly of large
trees laced with vines and lianas of vari-
ous kinds struggling skyward from the
dark interior to compete for light in the
canopy. Tremendous numbers of insects
and birds coexist in the canopy, and a
constant rain of detritus falls to the for-
est floor, where decay returns the nu-
trients to the soil. Every conceivable
niche of this biome is filled by a plant

or an animal.

Biologists have often debated the rea-
sons for the great diversity and stability
of life in a rain forest. There is no single
reason; there are several. The tempera-
ture is favorable to life and moisture is
abundant. Physiological processes in ani-
mals proceed faster in warm climates
than in cold ones. As a result life cycles
are shorter and are repeated more often,
so that genetic mutations are more likely
to arise.

Perhaps the most significant feature
is the relative constancy of the climate
and the relative absence of fluctua-
tion of environmental factors. For most
animals there is a dependable supply
throughout the year of the fruit, flower
or seed that a particular species needs.
The species can specialize in one or two
kinds of food because it does not have
to confront a lack of food at any time.

Mature and stabilized ecosystems tend
to have less productivity than immature
or transitional ones within the same gen-

eral environment. Energy flows from the
less mature one to the more mature one.
The total amount of energy required to
maintain a diverse and complex commu-
nity of organisms is considerable, but
per unit of biomass the amount of en-
ergy is smaller than it is in less complex
communities.

A case in point is a grass meadow
next to a forest. Left to itself the mea-
dow will eventually become forested
through a succession of plant communi-
ties beginning with grass and extending
through herbs and shrubs to trees [see
illustration below]. Compared with the
forest, the meadow has high instability,
low diversity of species and high pro-
ductivity per unit of biomass. Excess en-
ergy is available. It is tapped by the
plant succession, each member of which
requires more energy than the preced-
ing one, and by the animals of the forest,
which feed on the plants and animals
of the changing meadow. The natural

SHRUBS PINE

more mature one, which is to say that a mature, stabilized system is
likely to have less productivity than an immature, transitional one.

HARDWOOD UNDERSTORY
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OAK

HICKORY

The succession typical of abandoned farmland in the Southeast
was ascertained by Eugene P. Odum of the University of Georgia.
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| trend in succession within communities

is toward a decreasing flow of energy
per unit of biomass and toward increas-
ing organization.

n 1957 Howard T. Odum of the Uni-

versity of Florida published a thor-
ough analysis of the flow of energy
through a river in Florida: the famous
tourist attraction of Silver Springs. It
is of interest to follow the energy flow
through this system [sce illustration on
pages 90 and 91]. During one year each
square meter of the surface received
1.7 million kilocalories of solar energy.
The green plants of the stream fixed

[ 20,810 kilocalories per year in gross pro-

]

ductivity, which represented an efficien-
cy of 1.2 percent of the incident sun-
light and 5.1 percent of the sunlight
actually absorbed by the green plants.
Respiration by the plants accounted for
11,977 kilocalories per square meter per
year, so that the net productivity was
8,833 kilocalories per square meter per
year. The herbivores converted 1,478
kilocalories per square meter per year
into tissue while respiring 1,890 kilo-
calories. The carnivores had a net pro-
ductivity of 73 kilocalories per square
meter per year and respired 329. The
efficiency of conversion to net produc-
tivity from the primary level to the sec-
ondary level, represented by the herbi-
vores, was 18 percent; to the tertiary
level, represented by the carnivores, it
was 5 percent. The energy stored in
the bodies of the carnivores was only
one part in 23,300 parts of incident
sunlight—a very small fraction indeed.
Hence when man derives energy from a
wild animal, he converts only a fraction
of 1 percent of solar energy into body
tissue. By domesticating plants and ani-
mals, however, he has considerably
shortened the food chain and increased
the efficiency of the total system.

Considering the relation in which man
eats beef and beef animals eat corn (a
food chain far commoner in the U.S.
than in other countries), one can esti-
mate the efficiency of a domesticated
system. For simplicity the numbers that
follow are only approximate. The com-
field can be considered to convert about
1 percent of solar energy. The beef ani-
mal will convert to body tissue about 10
percent of the energy stored in corn, and
man will utilize about 10 percent of the
energy stored in the tissue of the animal.
Hence man derives at best about .01
percent of the incident solar energy
through the food chain.

Man’s basal metabolism is between 65
and 85 watts, depending on body size,
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or about .062 calorie per square centi-
meter per minute. An active adult walk-
ing slowly has a metabolic rate of 200
watts; if he walks rapidly, the rate rises
to as much as 400 watts. On a daily basis
man’s minimum energy requirement is
about 1,320 kilocalories if he is wholly
sedentary. With moderate activity the
need approaches 2,400 kilocalories per
day. In cold climates the requirement
rises to 3,900 kilocalories per day.

Assuming that the normal adult in our
society needs 3,000 kilocalories per day,
the requirement is equivalent to 30,000
kilocalories per day of beef, which in
turn requires 300,000 kilocalories per
day of energy in corn, which means 30
million kilocalories per day of sunshine.
If the corn is produced in a region with
an incident solar radiation of 500 calo-
ries per square centimeter per day, one
can compute that it takes a cornfield
with an area of 60 million square centi-
meters, or approximately 15 acres, to
feed one person for one day by means
of this food chain. The amount of land
needed might be reduced somewhat by
improved productivity, but at best it
would not be less than one acre per day
per person. How does this compare with
the amount of land used to feed the
world’s population today?

Some 3.5 billion (3.5 X 109) acres are
under cultivation, and some five billion
more acres are used for grazing. That
amounts to one acre of cultivated land
and 1.5 acres of grazing land for each
of the 3.5 billion people now living, The
total of potential arable land is estimated
at eight billion acres and of grazing land
at an additional eight billion acres. Clear-
ly in order to deliver 3,000 kilocalories
per day to each person it would be pos-
sible to support only about 2.5 times the
present population. Either we must in-
crease the productivity per acre or sub-
stantially reduce the input per person.
Many peoples of the world subsist on
about 2,000 kilocalories per day (the
global average is 2,350), but human
beings at that level cannot be very ener-
getic and cannot function effectively in
a complex industrialized society.

This analysis is undoubtedly too sim-
plistic. Even allowing for considerable
improvement in productivity, higher
levels of protein production, increased
land use and extensive use of the oceans,
however, it is unlikely that the earth
could support more than 10 to 12 billion
people reasonably well. If the global
population never exceeds eight billion,
the chances of feeding them well are
much higher and the risks are greatly
reduced.



Breadwinning
bread toter.

The Marlex”Marketing Team created it.

A bread toter is a pallet tray. The
bakery industry uses it for in-plant
handling of fresh bread and for
trucking it to retail outlets. This used
to be a problem because old-type
pallet trays were heavy, cumber-
some and costly to maintain.

Then the Marlex Marketing Team
stepped in.

First, market development experts
analyzed the problem. Then the rest
of the team went to work. Resin tech-
nologists, custom compounders,
mold designers, and production spe-
cialists worked out the solution.

They came up with an econom-
ical pallet tray made of a special
glass-reinforced Marlex high density
polyethylene resin. Lightweight. Dur-
able. Sanitary. Color coded. Custom
sized. Now saving time and money
in bakeries from coast to coast.

Your problems may be different,
but chances are, plastics can help
solve them. So you have every rea-
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son to work with Phillips. Inventors
of Marlex polyethylene and poly-
propylene resins.

Get help from the Marlex Market-
ing Team. Call:

Robert F. Lynch, Fairfield, N.J. 201 227-6600.
Bill Shriver, Southfield, Mich. 313 353-6666.
Ralph Porter, Villa Park, lll. 312 834-6600.
Harry House, Memphis, Tenn. 901 682-8317.
David Day, Los Angeles, Calif. 213 685-6380.

PHILLIPS

At Phillips 66 it's performance that counts
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The Flow of Energy in a Hunting Society

Early man obtained food and fuel from the wild plants and animals

of his environment. How the energy from such sources is channeled

is investigated in a community of modern Eskimos on Baffin Island

he investment of energy in hunt-
I ing and gathering has provided
man’s livelihood for more than 99
percent of human history. Over the past
10,000 years the investment of energy in
agriculture, with its higher yield per unit
of input, has transformed most hunting
peoples into farmers. Among the most
viable of the remaining hunters are the
Eskimos of Alaska, Canada and Green-
land. What are the characteristic pat-
terns of energy flow in a hunting group?
How is the available energy channeled
among the various activities of the group
in order for the group to survive? In
1967 and 1968 I undertook to study such
energy flows in an isolated Eskimo vil-
lage in the eastern Canadian Arctic.

I observed two village households in
particular. When I lived in the village,
one of the two households was character-
ized by its “modern” ways; the other was
more “traditional.” I was able to measure
the energy inputs and energy yields of
both households in considerable detail.
(The quantitative data presented here
are based on observations made during
a 54-week period from February 14,
1967, to March 1, 1968.) The different
patterns of energy use exhibited by the
two households help to illuminate the
process of adaptation to nonhunting sys-
tems of livelihood and social behavior
that faces all contemporary hunting so-
cieties.

For the Eskimos the most significant
factor in the realignment of economic
and social activity has been the introduc-
tion of a cash economy. The mainte-
nance of a hunting way of life within the

by William B. Kemp

framework of such an economy calls for
a new set of adaptive strategies. Money,
or its immediate equivalent, is now an
important component in the relation be-
tween the Eskimo hunter and the natu-
ral environment.

The village where I worked is one of
the few remaining all-Eskimo settle-
ments along the southern coast of Baffin
Island on the northern side of Hudson
Strait [see illustrations on next pagel.
In this village hunting still dominates
the general pattern of daily activity. The
economic adaptation is supported by the
household routine of the women and is
reflected in the play of the children. Vil-
lages of this type were once the charac-
teristic feature of the settlement pattern
of southern Baffin Island. Within recent
years, however, many Eskimos have
abandoned the solitary life in favor
of larger and more acculturated settle-
ments.

The community I studied is in an area
of indented coastline that runs in a
northwesterly direction extending from
about 63 to 65 degrees north latitude.
The land rises sharply from the shore to
an interior plateau that is deeply incised
by valleys, many containing streams and
lakes that serve as the only routes for
overland travel. At these latitudes sum-
mer activities can proceed during some
22 hours of daylight; the longest winter
night lasts 18 hours. Perhaps the most
noticeable feature of the Hudson Strait
environment is tides of as much as 45
feet. Such tides create a large littoral en-
vironment; bays become empty valleys,

BLEAK TERRAIN of the Canadian Arctic is seen in the aerial photograph on the opposite
page. The steep shore and treeless hinterland are part of an islet in Hudson Strait off the
coast of southern Baffin Island. By hunting sea mammals the Eskimos of the region can

obtain enough food and valuable by-products to keep them well above the level of survival.
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islands appear and disappear and strong
ocean currents prevail. In winter the
tides build rough barriers of broken sea
ice, and at low tide the steeper shore-
lines are edged with sheer ice walls. In
summer coastal navigation and the selec-
tion of safe harbors are difficult, and in
winter crossing from the sea ice to the
land tries the temper of men and the
strength of dogs and machines.

The varying length of the day, the
seasonal changes of temperature, the
tides and to some extent the timing of
the annual freeze-up and breakup are
predictable events, easily built into the
round of economic activity. Superim-
posed on these events is the variability
and irregularity of temperature, mois-
ture and wind, which affect the pattern
of energy flow for the community on a
day-to-day basis. In winter the tempera-
tures reach —50 degrees Fahrenheit,
with a mean around —30. In summer
the temperature may climb above 80
degrees, although temperatures in the
low 50’s are more typical. Throughout
the year there may be large temperature
changes from one day to the next. Mid-
winter temperatures have gone from
—30 degrees to above freezing in a sin-
gle night, bringing a thaw and some-
times even rain.

The heaviest precipitation is in the
spring and fall, and strong winds can
arise any day throughout the year.
Winds of more than 40 miles per hour
are common; on four occasions I mea-
sured steady winds in excess of 70 m.p.h.
Speaking generally, the weather is most
stable in March and April and least sta-
ble from late September into November.

Within this setting the Eskimos har-
vest at least 20 species of game. All the
marine and terrestrial food chains are
exploited in the quest for food, and all
habitats—from the expanses of sea ice
and open water to the microhabitats of
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BAFFIN ISLAND extends for nearly 1,000 miles in the area between the mouth of Hudson
Bay and the Greenland coast. The villagers’ hunting ranges lie within the black rectangle.

[CJoren-water Hunting [lec6-cotLecTing FE|TRAPPING
Ecarisou

HUNTING RANGES of one Eskimo village in southern Baffin Island change with the
season. The most productive months of the year are spent hunting in coastal waters. Trap-
ping and caribou hunting, generally winter activities, carry the hunters into different areas.
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tidal flats, leeward waters and protected
valleys—are utilized. Traditionally the
Eskimos of southern Baffin Island are
mainly hunters of sea mammals: the
small common (or ring) seal, the much
larger bearded seal and on occasion the
beluga whale and the walrus.

Survival in such a harsh environment
has two primary requirements. The first
is an adequate caloric intake in terms of
food and the second is maintenance of
a suitable microclimate in terms of shel-
ter and clothing. In the village where I
worked the Eskimos met these require-
ments by hunting and trapping and by
buying imported foods and materials.
They also bought ammunition for their
guns and gasoline for two marine en-
gines and two snowmobiles, transporta-
tion aids that increased their hunting ef-
ficiency. The money for such purchases
was obtained by the sale of skins and
furs (products of the hunt) and of stone
and ivory carvings (products of artistic
skill and of the Eskimos’ recognition of
consumer preferences). Because govern-
ment “social assistance” and some work
for wages were available, certain indi-
viduals had an occasional source of addi-
tional cash.

The daily maintenance of life in the
village called for an initial input of hu-
man energy in the pursuit of game, in
the mining of soapstone and in the man-
ufacture of handicrafts. The expendi-
tures of human energy for the 54-week
period were 12.8 million kilocalories.
They were augmented by expenditures
of imported energy: 10,900 rounds of
ammunition and 885 gallons of gasoline.
The result was the acquisition of 12.8
million kilocalories of edible food from
the land and seven million kilocalories of
viscera that were used as dog food. To
this was added 7.5 million kilocalories of
purchased food. By eating the game and
the purchased food the hunters and
their dependents were able to achieve
a potential caloric input of 3,000 kilo-
calories per day, which was enough to
sustain a level of activity well above the
maintenance level. The general pattern
of energy flow into, through and out of
the village is shown in the illustration on
pages 108 and 109.

During my stay the population of the

village varied between 26 and 29.
The people lived in four separate dwell-
ings. One, a wood house, had been built
from prefabricated materials supplied
by the government. The other three
were the traditional quagmagq: a low
wood-frame tent some 20 feet long, 15
feet wide and seven feet high. These
structures were covered with canvas, old



BEARDED SEAL (left) is a relatively uncommon and welcome
kill. It weighs more than 400 pounds, compared with the common

mailbags and animal skins and were in-
sulated with a 10-inch layer of dry
shrubs. Inside they were lined with
pages from mail-order catalogues and
decorated with a fantastic array of trin-
kets and other objects. The rear eight
feet of each quagmaq was occupied by
a large sleeping platform, leaving some
180 square feet for household activities
during waking hours. The wood house
(Household II) was occupied by six peo-
ple comprising a single family unit. One
quagmaq (Household I) was occupied
by nine people: a widower, his son, three
daughters, a son-in-law and three grand-
children.

The quagmaq was heated in the tra-
ditional manner with stone lamps that
burned seal oil. The occupants of the
wood house heated it with a kerosene
stove. In a period when the highest out-
door temperature during the day was
—30 degrees, I measured the consump-
tion of fuel and recorded the indoor
temperatures of the wood house and the
quagmagq. The quagmaq was heated by
three stone lamps, two at each side of
the sleeping platform and one near the
entrance. In a 24-hour period the three
lamps burned some 250 ounces (slightly
less than two imperial gallons) of seal
oil. The fat from a 100-pound seal shot
in midwinter yields approximately 640
ounces of oil, which is about a 60-hour
supply at this rate of consumption. The

interior temperature of the quagmaq
never rose above 68 degrees. The aver-
age was around 56 degrees, with troughs
in the low 30’s because the lamps were
not tended through the night.

In the wood house the kerosene stove
burned a little less than three imperial
gallons every 24 hours. This represented
a daily expenditure of about $1 for fuel
oil during the winter months. (Since
1969 this cost has been fully subsidized
by the government.) The interior tem-
perature of the house sometimes reached
80 degrees, and the nightly lows were
seldom below 70. One result of the dif-
ference between the indoor and outdoor
temperature—frequently more than 100
degrees—was that the members of
Household IT complained that they were
uncomfortably warm, particularly when
they were carving or doing some other
kind of moderately strenuous work.

Before the Eskimos of southern Baffin
Island had acquired outboard motors,
snowmobiles and a reliable supply of
fuel they shifted their settlements with
the seasons. Fall campsites were the most
stable element in the settlement pattern
and were the location for the quagmaq
shelters. During the rest of the year the
size and location of the camps depended
on which of the food resources were
being exploited.

The movements of settlements to re-
sources served to minimize the distance
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seal’s 80 pounds, and its skin is a favorite material. Flat-bottomed
rowboat (rear) is used to retrieve seals killed at the floe-ice edge.

a hunter needed to travel in a day. Thus
little energy was wasted traversing un-
productive terrain, and good hunting
weather could be exploited immediate-
ly. This is no longer the practice. Long
trips by the hunters are common, but
seasonal movements involving an entire
household are rare. Therefore the loca-
tion of the village never shifts. The four
dwellings of the village I studied are
more or less occupied throughout the
year. Tents are still used in summer, but
they are set up within sight of the win-
ter houses. There is a major move each
August, when the villagers set up camp
at the trading post, a day’s journey from
the village. There they await the coming
of the annual medical and supply ships
and also take advantage of any wage la-
bor that may be available.

The hunters’ ability to get to the right

place at the right time is ensured by
a large whaleboat with a small inboard
engine, a 22-foot freight canoe driven
by a 20-horsepower outboard motor, and
the two snowmobiles. In addition the
villagers have several large sledges and
keep 34 sled dogs. The impact of motor-
ized transport (particularly of the ma-
rine engines) on the stability of year-
round residence and on the increase in
hunting productivity is evident in the
remark of an olderman: “As my son gets
motors for the boats, we are always liv-
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ing here. As my son always gets animals
we are no longer hungry. Do you know
what I mean?”

The threat of hunger is a frequent
theme in village conversation, but the
oral tradition that serves as history gives
little evidence of constant privation for
the population of southern Baffin Island.
Although older men and women tell
stories of hard times, the fear of starva-
tion did not generate the kind of social
response known elsewhere. In the more
hostile parts of the Arctic female infanti-
cide was common well into the first
quarter of this century. The existence of
the practice is supported by statistical
data compiled by Edward M. Weyer,
Jr., in 1932. For example, among the
Netsilik Eskimos the ratio of females to
males in the population younger than 19
was 48 per 100; in the Barren Grounds
area the ratio was 46 per 100.

Census data from Baffin Island in
1912 indicate that female infanticide
was not common along the southern
coast. In that year a missionary recorded
the population for the region; the total
was some 400 Eskimos. Among those
younger than 19 there were 89 females
per 100 males. Among those 19 or older
the ratio was 127 females per 100 males;
hunters often had short lives. The vital
statistics that have been kept since 1927
by the Royal Canadian Mounted Police
support the impression that death by
starvation was a rare occurrence on
southern Baffin Island. On the other
hand, hunting accidents were the cause
of 15 percent of the deaths. The causes
of trouble or death most usually cited by
the villagers were peculiarities of the
weather, ice conditions and mishaps of
the hunt. Starvation was commonplace
in the dog population, but for human
groups disasters were local. A 75-year-
old resident of the southern coast was
able to recall only one year when severe
hunger affected a large segment of the
population.

A major factor in reducing the possi-

bility of hunger is the Eskimos’
increasing access to imported goods.
Although store foods are obviously of
prime importance in this respect, energy
in the form of gasoline for fuel is also
significant. The snowmobiles in the vil-
lage are owned by an individual in each
household, but all the hunters help to
buy the gasoline needed to run these
machines and the marine engines. The
two snowmobiles consumed about twice
as much fuel as the two boat motors. A
snowmobile pulling a loaded sled can
run for about 35 minutes on a gallon of
gasoline. A trip from the village to the
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© 1971 SCIENTIFIC AMERICAN, INC



ik

SUMMER FOOD ] . _ LOST TO %)
FOR DOGS: { ACHE L"’ FROM VILLAGE: | _ 2 > OTHER 0
300,000 KCAL. FOOD CHAINS: g
(EST) 1;%205 z
‘ &
=
(@)
o
[V,
\ -
i)
| [a W
< z
o o
= <
WASTE w x
LOST THROUGH . @ z
SINKING i S P
3,604,442 KCAL. i S
A a 2 0\
! A o
L VY W
' 0N o
WINTER HUNTS < ! z 5
/ 627.124 KCA COMMO“ %
SEAL B
-
= o
= \ =)
SPRING HUNTS | & BEARDED
134994 KCAL. =~ | 2
SUMMER HUNTS ~_ | BELUGA % SKINS \
:-} g WHALE = (RAW MATERIAL)
' KCAL. 0 / &
FALLHUNTS < | T S
e ’5 OTHER -
/™ 517,797 KCAL. / LOST TO WILD FOOD
OTHER (CONSUMABLE
FOOD CHAINS: €<—-—--- TOTAL)
) 925,332 12,790,435
CAMP WORK MATERIAL CULTURE
; W 187 908 ENVIRONMENT
KCAL S
(WOMEN) S
MINING )
AND CARVING  ~_ 3
552,084 KCAL. MONEY \ .
WAGE WORK ENVIRONMENT OTHER HUNTERS
550,680 KCAL.
CARVINGS| WAGES
$3500 | $1,225
S,
L SOCIAL
(WOMEN) ENVIRONMENT DIVISION OUT: 924,988 KCAL.
VISIT  659.9 118.788
KCAL. KCAL.
(MEN) (WOMEN)

_/

ANSACTIOMNS

GOVERNMENT PAYMENTS $670 -

FOOD GIFTS GIVEN: 1.131,568 KCAI

_

&

left), enabled the four hunters and their kin (left, color) to heat
their dwellings and power their machines (left, black), and also
to join in many seasonal activities (colored arrows) that utilized
various parts of the environment in the manner indicated (right).

The end results of these combined inputs of energy are shown as a
series of yields and losses from waste and other causes (far right).
The net yields then feed back through various channels (lines at
borders of diagram) to reach the starting point again as inputs.
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edge of the floe ice 10 miles away took
55 minutes in each direction and cost
nearly $3.

Variations in fuel purchases are not
necessarily correlated with variations in
hunting yield or cash income. Debt can
be used to overcome fluctuations in in-
come, and the desire to visit distant rela-
tives may be as important a considera-
tion as the need to hunt. The largest
monthly gasoline purchase was made in
September, 1967. Wages paid for con-
struction work were used to buy a com-
bined total of 170 gallons of gasoline.
This fuel was utilized for the intensive
hunting of sea mammals in order to
make up for a summer when the Eski-
mos had been earning wages instead of
hunting,

Hunting was a year-long village occu-
pation in spite of considerable seasonal
variation in the kind and amount of
game available. An analysis of the spe-
cies represented in the Eskimos™ annual
kill confirms the predominance of sea
mammals. The common seal (with an
average weight of 80 pounds) provided
nearly two-thirds of the villagers” game
calories. When one adds bearded seals
(with an average weight of more than
400 pounds) and occasional beluga
whales, the sea mammals’ contribution
was more than 83 percent of the annual
total. Caribou accounted for a little
more than 4 percent of the total, and all
the other land mammals together came
to less than 1 percent. Indeed, the con-
tribution of eider ducks and duck eggs
to the villagers’ diet (some 7 percent)
was larger than that of all land mammals
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combined. The harvest of birds, fish,
clams and small land mammals may not
contribute significantly to the total num-
ber of calories, but it does provide di-
versity in hunting activities and in diet.

The common seal is hunted through-
out the year and is the basic source of
food for both the Eskimos and their
dogs. From January through March sea
mammals are hunted first at breathing
holes in the sea ice and then at the
boundary between open water and the
landfast ice. The intensity of sea-mam-
mal hunting during the winter months
varies according to the amount of food
left over from the fall hunt and the al-
ternative prospects for trapping foxes
and hunting caribou.

In winter some variety in the food
supply is provided by the hunting of sea
birds and small land mammals, but for
the most part seal meat remains the basic
item in the diet. In April hunting along
the edge of the floe ice is intensified, and
the canoe is hauled to the open water
beyond the floe ice for hunting the
bearded seals. In May and June hunting
along the edge of the floe ice (on foot or
by canoe) continues; the quarry is the
seal and the beluga whale. In late spring
seals are also stalked as they bask on top
of the ice. By the middle of July open-
water hunting is the most common activ-
ity, although much of the potential har-
vest is lost because the animals sink
when they are shot. In 1967 and 1968
the villagers lost five whales, five beard-
ed seals and 47 common seals.

The sinking of marine mammals
serves to illustrate the interplay of physi-

MIDNIGHT NOON MIDNIGHT

CONTRASTING METHODS of heating maintained different house microclimates with
the consumption of different amounts of fuel. In Household I (top), the more traditional
one, the use of three lamps that burned seal oil produced an average temperature of 58
degrees F. A kerosene stove (bottom) in the more modern Household II kept the average
closer to 75 degrees. As a result Household IT used three gallons a day to the other’s two.
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cal, biological and technological factors
the hunter must contend with. In late
spring the seal begins to fast and there-
fore loses fat. At the same time the melt-
ing of snow and sea ice reduces the sa-
linity of the surface waters. These inter-
acting factors reduce the buoyancy of
the seal, and a killed seal is likely to sink
unless it is immediately secured with a
hand-thrown harpoon. The high-pow-
ered rifle separates the hunter from his
prey; it may increase the frequency of
kill but it does not increase the frequen-
cy of harvest. In 30 hours of continuous
hunting on July 20 and 21 only five out
of the 13 seals killed were actually har-
vested.

From May through July the hunts are
usually successful, even with sinkage
losses as high as 60 percent. It is at this
time of the year that a large amount of
meat goes into dog food for the summer
and early fall. Meat is also cached in
areas the Eskimos expect to visit when
they are trapping the following winter.
The caches are deliberately only partly
secured with rocks; their purpose is to
bait areas of potential trapping. In May
the variety of foods begins to increase.
Seabirds, ptarmigans, geese, fish, clams
and duck eggs are taken in large num-
bers and become the most important
component of the food input. Only an
occasional seal or the edible skin of a be-
luga whale is carried home to cat. The
great variety of small game is consumed
within a few days. With the exception of
duck eggs, about half of which are
cached until after Christmas, none of
these foods is stored.

In September the sea mammals again

become the primary objective. Open-
water hunting continues until early No-
vember, when the sea begins to freeze.
Just before freeze-up the beluga whales
pass close to the village and are hunted
from the shore with the aid of rifles and
harpoons. The success of the fall whale-
hunting is the key to the villagers’ evalu-
ation of the adequacy of their winter
provisions.

As the sea ice thickens and extends,
hunting seals at their breathing holes in
the bays becomes the most common ac-
tivity. The unfavorable interaction of
physical, biological and technological
factors that affects open-water seal-hunt-
ing in spring and summer is reversed
where breathing-hole hunting is con-
cerned. As the sea begins to freeze, some
seals migrate away from the land in or-
der to stay in open water. Others remain
closer to the shore, using their claws and
teeth to maintain a cone-shaped hole
through the ice. The seal’s breathing is



now confined to specific points the hunt-
er can easily find on the surface of the
ice. The hunting technique calls for lo-
cating the breathing holes and distribut-
ing the available men to maximize the
chance of a kill. The hunting skill calls
for the patience to wait motionless for
periods of as much as two hours and to
depend on hearing rather than sight. By
mid-December the new ice is covered by
a deep layer of drifting snow, and the
breathing holes become harder to locate.
The Eskimos then move out to the edge
of the floe ice and the seasonal cycle be-
gins anew.

The analysis of hunting success on a
month-to-month basis shows great vari-
ability in the total caloric input and in
each member’s contribution to the total
[see illustration on next page]. The peak
hunting months for the two households
were June (some 2.5 million kilocalo-
ries), October (more than three million)
and November (2.9 million). Stockpiling
provides the motivation for the big Oc-
tober and November kills. Game taken
in these months will remain frozen and
unspoiled through the winter and will
help to feed the hunters and their de-
pendents in February, March and April.

In the fall days grow short and winds
often restrict the choice of hunting areas.
Daylight hours are utilized to the full,
and the evening darkness is filled with
the sound of the hunters struggling to
get their catch across the difficult terrain
of the tidal flats. In this period almost all
the food is brought back to the village;
it is stored in a small meat house, on ele-
vated platforms, under the hulls of old
boats and on top of the wood house. A
few of the seals shot in early fall are
cached on the land in order for the meat
to “age.” These carcasses are retrieved
in the spring, and the meat is considered
one of the more flavorsome food inputs.

The large kill in June results from the
fact that the daylight hours are at a max-
imum and that there is a much greater
choice of resources. If weather condi-
tions hamper open-water hunting, bask-
ing seals can be pursued. Under condi-
tions of severe wind or poor ice, spear-
fishing for arctic char is possible and
duck eggs can be collected. Summer
hunts last for three or four days; the
hunters sleep during the few hours of
least light or during brief pauses in the
hunt. Game killed in June will thaw in
the summer months, so that almost all
the two million kilocalories of sea mam-
mals harvested that month is destined
for the dogs.

Compared with the high caloric in-
puts of the spring and fall, winter hunt-
ing is much less productive in terms of

1967 ) R

FEBRUARY

MARCH

APRIL

MAY

JUNE

JULY

AUGUST

SEPTEMBER

OCTOBER

NOVEMBER

DECEMBER
1968

JANUARY

FEBRUARY

0 20 40
GASOLINE CONSUMED (GALLONS)

60 80 100 120

GASOLINE CONSUMPTION by two Eskimo households is shown over a 12-month period.
The fuel was used to power the two snowmobiles and the marine engines that greatly in-
creased the villagers’ hunting efficiency. Purchases by the three hunters of Household I are
shown in black and those by the single hunter of Household II are in gray. Gasoline is
second only to imported food among the exotic energy inputs to the Eskimo hunting society.

total harvest. For example, February,
1967, was only a fair hunting month for
Household I and a very bad month for
Household II. The combined kill (more
than 70 percent common seals) provided
only 166,500 kilocalories of food; more
than 90 percent of the total was taken
by Household I. A month of low food
input does not, however, mean hard-
ship. Such a February is an example of
the important role storage plays in the
villagers’ management of energy re-
sources. The fall hunt had provided
enough food for the winter, and as a re-
sult in February the villagers did more
visiting than hunting. Visiting is there-
fore one mechanism that takes hunters
out of the productive sector of the econ-
omy and creates a better balance be-
tween energy availability and energy
need. The same pattern holds true
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throughout the winter months, so that
the 500,000 calories that was harvested
from February through April was as
much a caloric expression of leisure as
it was of poorer hunting conditions. The
differential hunting success of individ-
uals or of households in the month of
February did not greatly influence enei-
gy distribution within the social unit.
Although one hunter may have more
skins to trade, food is stored in bulk and
is generally available to all.

The records show that although cari-
bou are hunted only occasionally, the
animals are then present in substantial
numbers. In the lean February of 1967
caribou made up some 7 percent of the
kill, providing about 11,000 kilocalories
of food. The following month caribou
comprised more than 37 percent of the
kill, amounting to a total of 90,000 kilo-
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duck eggs and even berries add variety to the Eskimo diet from
April through October, while caribou contribute to the smaller
game bag of winter months. The 13-month totals, however, show
that sea mammals (the common seal in particular) provide most
of the Eskimo households’ consumable kilocalories (bottom graph).
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calories. After that caribou were almost
absent from the villagers’ diet until Jan-
uary, 1968, when they furnished nearly
70 percent of the kill for a yield of 245,-
000 kilocalories.

Today no Eskimo community depends
exclusively on hunting for its food. Each
day the adults of the village consumed
an average of half a pound of imported
wheat flour in the form of a bread called
bannock, a pan-baked mixture of flour,
lard, salt and water. Bannock has long
been an Eskimo staple; it is eaten in the
largest quantities where hunting has
fallen off the most.

In addition to this basic breadstuff
the villagers consumed imported sugar,
biscuits, candy and soft drinks, and they
fed nonnursing infants and young chil-
dren a kind of reconstituted milk. A
daily ration consisted of 48 ounces of
water containing 1.2 ounces of dry
whole milk and 1.7 ounces of sugar.

I kept a 13-month record of the kind
and amount of imported foods bought
by the two households. During this
period the more traditional household
bought store foods totaling almost 3.3
million kilocalories and the more mod-
ern household store foods totaling 3.75
million kilocalories. The purchases pro-
vided 531,000 kilocalories of store food
per adult in Household I and 477,300
per adult in Household II. The larger
number of adults in Household I is re-
flected in the size of its flour purchase,
which made up 53 percent of the total,
compared with 40 percent in Household
II. The larger purchase of lard by House-
hold II (23 percent compared with 10
percent) is a measure of preference, not
consumption. Household I prefers to
use the fat from whales for bannock;
hence its smaller purchase [see illustra-
tion on next page]. The consumption of
the third imported staple—sugar—was
about the same in both households.

The quantities of store food that were
bought from month to month showed
substantial variations. In March, 1967,
the store purchases of the two house-
holds rose above one million kilocalories
because both households received a so-
cial-assistance payment. In February,
1968, social assistance was again given
each household, and as before the money
was used to buy more than the average
amount of food. The rather high caloric
input from store food in September,
1967, is attributable to money available
from wage labor.

Store foods, unlike food from the
land, are not stockpiled and they are not
often shared. Except for the staples and
tea, tobacco and candy, there is no
strong desire for non-Eskimo foods.

When vegetables are bought, it is usu-
ally by mistake. Canned meats, although
occasionally eaten, are not recognized
as “real” food. The villagers like fruit,
but it is never bought in large quantity.
Jam, peanut butter, honey, molasses,
oatmeal and crackers all find their way
into the two households. They are con-
sumed almost immediately.

The data on food input support the

general findings from other areas that
show the Eskimo diet to be high in pro-
tein. At least in this Eskimo group, even
though imported carbohydrates were
readily available and there was money
enough to buy imports almost ad libi-
tum, the balance was in favor of protein.

Over the 13-month period the villag-
ers acquired 44 percent of their calories
in the form of protein, 33 percent in the
form of carbohydrate and 23 percent in
fat. Almost all the protein (93 percent)
came from game; 96 percent of the car-
bohydrate was store food. The figures
suggest how nutritional problems can
arise when hunting declines. As store-
food calories take the place of calories
from the hunt, the change frequently in-
volves increased flour consumption and
consequently a greater intake of carbo-
hydrate. This was the case in Household
II during September, 1967, a period
when the family worked for wages. The
caloric input remained at 2,700 kilocal-
ories per person per day, but 62 percent
of the calories were carbohydrate and
only 9 percent were protein.

A framework of social controls sur-
rounds all the activities of the village, di-
recting and mediating the flow of energy
in the community. For example, even
though all the inhabitants are ostensibly
related (either by real kinship or by as-
signed ties), the community is actually
divided into two social groups, each op-
erating with a high degree of economic
and social independence. Food is con-
stantly shared within each social group,
and the boundary between groups is ig-
nored when a large animal is killed.

Village-wide meals serve to divert a
successful hunter’s caloric acquisitions
for the benefit of a group larger than his
own household. The meal that follows
the arrival of hunters with a freshly
killed seal is the most frequent and the
most important of these events. It is
called alopaya, a term that refers to
using one’s hands to scoop fresh blood
from the open seal carcass. The invita-
tion to participate is shouted by one of
the children, and all the villagers gather,
the men in one group and the women in
another, to eat until they are full. The
parts of the seal are apportioned accord-
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ing to the eater’s sex. The men start by
eating a piece of the liver and the wom-
en a piece of the heart. The meat from
the front flippers and the first third of
the vertebrae and the ribs goes to the
women. The men eat from the remaining
parts of the seal. This meal, like almost
all other Eskimo meals, does not come at
any specific time of the day. People eat
when they are hungry or, in the case of
village-wide meals, when the hunters re-
turn. If anything remains at the end of
an alopaya meal, the leftovers are divid-
ed equally among all the families and
can be eaten by either sex.

Whaleboats and freight canoes began
to replace the kayak for water transpor-
tation in southern Baffin Island some 30
years ago; by the end of the 1950’s out-
board motors had been substituted for
oars and paddles. The latter change,
which made possible more efficient
open-water hunting, coincided with a
high market price for sealskins. In the
early 1960’s a single skin might bring as
much as $30, and the value of the annual
village catch was between $3,000 and
$4,000. The good sealskin market en-
abled the villagers to buy their first
snowmobile in the fall of 1963. A decline
in skin prices that began in 1964 has
since been offset to some extent by the
growth of handicraft sales and by the
availability of work for wages.

As a result of these new economic in-
puts a new kind of material flow is now
observable. It consists of the movement
of secondhand non-Eskimo goods. The
flow is channeled through a network of
kinship ties between individuals with an
income higher than average and those
with an income lower. By 1971 anyone
who wanted a snowmobile or some other
item of factory-made equipment could
utilize this network and get what he
wanted through a combination of sal-
vage, gift and purchase.

For the individual the exploitation of
economic alternatives and the pattern of
activity vary according to taste and life-
style. Although life-style is in large de-
gree dictated by age, the effect within
the village is integrative rather than dis-
ruptive. A son’s snowmobile gives the
father the advantage of a quick ride to
the edge of the floe ice, and the son can
rely on the father’s dogs to tow a broken
machine or to help pull heavy loads over
rough terrain. The integration extends
to areas beyond the hunt. At home it is
not unusual to find the father making
sealskin rope or repairing a sledge while
the son carves soapstone. Neither con-
siders the other’s work either radical or
impossibly old-fashioned.

Social controls also affect the expendi-
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PURCHASES OF IMPORTED FOOD also show large monthly variations. The top graph
shows the kilocalorie values of staples such as flour, lard and sugar and of lesser items such
as powdered milk, biscuits, soft drinks and candy acquired over 13 months by Household I
(black) and Household II (gray). Most of the flour and lard went to make a kind of bread
called bannock. The 13-month totals (bottom graph) show how the two households dif-
fered in the percentage of all store-food purchases that each allotted to flour and to lard.
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ture of personal energy within the house-
hold. The losers are the teen-age girls.
Among the men of the village there is
little emphasis on authority structure or
leadership; decision-making is left to the
individual. Choices for the most part
converge, so that joint efforts are a mat-
ter of course. Among the women, how-
ever, authority structure is emphasized.
A girl is subordinate not only to the older
women but also to her male relatives.
One can make the general statement
that those who because of sex, age and
kinship ties are most subject to the de-
mands of others expend a disproportion-
ate amount of energy in household and
village chores.

One series of social controls has been

radically altered by the introduction
of non-Eskimo technology, energy and
world view. These controls are the be-
liefs and rituals relating the world of na-
ture to the world of thought. In the tra-
ditional Eskimo society the two worlds
were closely related. All living orga-
nisms, for example, were believed to
have a soul. In his ritual the Eskimo rec-
ognized the fragility of the Arctic eco-
system and sought to foster friendly rela-
tions with the same animals he hunted
for food. Obviously the friendship could
not be a worldly one, but it did exist in
the realm of the spirit. A measure of the
strength of this belief was the great care
taken by the Eskimo never to invite un-
necessary hardship by offending the soul
of the animal he killed.

Today ritual control of the forces of
nature and of the food supply has almost
disappeared; technology is considered
the mainspring of well-being. Prayers
may still be said for good hunting and
good traveling conditions, and the Sun-
day service may include an analysis of
a hunting success and even a request for
guidance in the hunts to follow. Hunt-
ing decisions may also be affected by
dreams. None of these activities, how-
ever, has the regulatory powers of the
intricate symbols and beliefs of earlier
times. The hunters complain of a change
in the seals’” behavior. Nowadays, they
say, only the young animals are curious
and can be coaxed to come closer to the
boat or the edge of the floe ice. The mu-
tual trust between man and his food sup-
ply has evidently been lost in the report
of the high-powered rifle and the rumble
of the outboard motor.

What conclusions can we draw from
the analysis of energy flows in a hunting
society? The Eskimos do not differ from
other hunters in that the processes sur-
rounding the quest for food involve
much more than a simple interplay of



environment and technology. There are
many times when a technological ad-
vance is fatal to an ecological balance;
this was particularly evident in the near-
extermination of the caribou herds west
of Hudson Bay with the introduction of
the rifle and the relaxation of traditional
beliefs. In southern Baffin Island, how-
ever, there is not yet any evidence of
a trend toward “overkill.” At the same
time that motorized transport has en-
hanced the ability to kill game, other so-
cial and economic factors have acted to
reduce the amount of time available for
hunting and have kept the kill within
bounds. Snowmobiles give quick access
to the edge of the floe ice; they also make
it easy to visit distant kinsmen. A regu-
lar day of rest on Sunday has a religious
function; it also contributes to the man-
agement of energy resources.

Do hunting societies have a long-term
future? In the case of the Eskimo one
can reply with a conditional yes. The
universal pressure on resources makes
continued exploitation of the Arctic a
certainty, and Eskimos should be able to
profit from these future ventures. Al-
ready it is possible to see three distinct
groups emerging within Eskimo culture.
One of them consists of the wage earn-
ers in the larger communities. Another,
which is just beginning to make its ap-
pearance, is an externally oriented group
that seems destined to regulate and con-
trol the inputs from the outside world:
the non-Eskimo energy flows and mate-
rial flows that, as we have seen, now play
a vital part in the hunters’ lives.

Finally, there is a third group, small in
numbers but vast in terms of territory,
made up of the hunters who will con-
tinue the traditional Eskimo partici-
pation in the fragile, far-flung Arctic
ecosystem. There will be linkages—ex-
changes of materials and probably of
people—between the wage earner and
the hunter. Those who choose to live off
the land may appear to be the more tra-
ditional of the three groups, but their
lives will be dynamic enough because
the variables that define the hunting way
of life are constantly changing. If a snow-
mobile is perceived to have greater util-
ity than a dog sled, then the ownership
of a snowmobile will become one of the
criteria defining the traditional Eskimo
hunter. With the outward-oriented Eski-
mos providing stability for the three-
group system through their control of
exotic inputs, the northern communities
should be able to evolve further without
developing disastrous strains. But the
fundamental linkage—the relation be-
tween the hunter and the Arctic ecosys-
tem—will remain the same.
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COMPOSITION OF DIET is presented for a 13-month period in terms of monthly acquisi-
tions of protein (top pair of bars), carbohydrate (middle pair of bars) and fat (bottom pair
of bars), measured in hundreds of grams. The colored bar of each pair indicates the num-
ber of grams acquired by hunting and gathering and the black bar indicates the number
acquired in the form of store food. Protein outranked the others in total acquisitions: 2.1
million grams, compared with 1.1 million grams of carbohydrate and .7 million grams of fat.
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The Flow of Enel‘gy in an Agricultural S()Ciety

The invention of agriculture gave mankind a more abundant source

of solar energyv. The energetics of a primitive agricultural system

are examined in New Guinea, with a moral for modern agriculturists

aising crops and husbanding ani-
R mals are man’s most important
means of exploiting the energy
that is continuously stored in primary
plant production. Man’s manipulation
through the practice of agriculture of
this energy store and of the food chains
it supports has enabled him to progress
beyond the bare subsistence provided by
hunting and gathering, and long ago
placed human culture on the road lead-
ing to the complex social systems of to-
day. Here we shall examine the flow of
energy in an agricultural society that
practices a mode of gardening known
for millenniums, a mode likely to have
been the first to enable pioneer farmers
to exploit an almost unpopulated part of
the world: the humid Tropics.

An examination of this type of gar-
dening is particularly appropriate to the
theme of this issue because the flow of
energy within it is easy to trace; its prac-
titioners have no power sources other
than fire and their own muscle and have
only the simplest tools. At the same time
their kind of gardening and swine hus-
bandry makes relatively light demands
on the farmers in terms of energy inputs,
provides for almost all their dietary
needs and, if properly practiced, alters
ecosystems less than other modes of ag-
riculture of comparable productivity do.
We shall compare this kind of farming
with the ecologically more disruptive
methods of modern agriculture, and we
shall examine how the flow of energy and
materials in agricultural systems affects
the diversity and stability of ecosystems
in general. We shall also consider the re-

by Roy A. Rappaport

Jation between social evolution, with its
ever increasing demand for expenditures
of energy, and ecological degradation.

The system of gardening is called
“swiddening,” and the place where I ob-
served it is the tropical rain forest of
New Guinea. The term comes from the
Old Norse word for “singe.” The meth-
od has often been applied in forest en-
vironments outside the Tropics, includ-
ing the forests of medieval England
where it got its name. It has many vari-
ants, but basic aspects of the procedure
are much the same everywhere in tem-
perate or tropical forests. A clearing is
cut in the forest, the cuttings are usually
burned (sometimes they arc removed
by hand or allowed to rot), a garden is
planted and harvested and the clearing
is then abandoned to the returning for-
est. On occasion the clearing is planted
two or three times before it is aban-
doned, but a single planting is more
typical.

“he mature tropical rain forest is prob-
ably the most intricate, productive,
efficient and stable ecosystem that has
ever evolved. Men are able to use di-
rectly for food only a tiny fraction of the
forest’s biomass: its total store of living
matter. The unmodified rain forest can
support perhaps one human being per
square mile. From the human viewpoint
such an environment is seriously defi-
cient, and swiddening provides a so-
phisticated and even elegant means of
overcoming its deficiencies. With swid-
dening population densities comparable
to those of industrialized countries are

GARDEN PLOTS that exemplify a very ancient method of farming lie scattered through
the swath of second-growth forest in the aerial photograph on the opposite page. The ag-
ricultural area lies on the east bank of the Simbai River in the central highlands of New
Guinea. Most gardens are located in the lower third of the area (see detailed map on next
page). In any year 90 percent of the land lies fallow, slowly returning once again to forest.

© 1971 SCIENTIFIC AMERICAN, INC

maintained with considerably less deg-
radation of the environment resulting.

The swiddening farmers with whom
we are specifically concerned are the
Tsembaga, one of several local groups
speaking the Maring language that live
in the central highlands of the Austra-
lian Trust Territory of New Guinea some
five degrees south of the Equator [sce
top illustration on page 119]. The Tsem-
baga occupy a territory on the southern
side of the Simbai River valley in the
Bismarck Range. From its lowest point
along the riverbank, about 2,200 feet
above sea level, their land rises in less
than three miles to the mountain ridge
at an altitude of 7,200 feet. In 1962 and
1963, when I was visiting the Tsem-
baga, their territory was 3.2 square miles
and their population totaled 204.

Not all of the Tsembaga land is ar-
able. The part that lies above 6,000 feet
is usually blanketed by clouds and its
vegetation consists of a moss forest un-
altered by man. The next zone, between
6,000 and 5,000 feet, is cultivable on a
marginal basis, but most of it has been
left as unaltered mature rain forest. Be-
low this zone, between 5,000 and 2,200
feet, is the main area of agricultural ac-
tivity, although portions of the land are
too rocky or too steep for gardening. Just
over 1,000 acres here were occupied ei-
ther by gardens or by fallow secondary-
forest vegetation in 1962.

Forty-six acres—about .2 acre per per-
son—had been newly planted that year.
Since some gardens yield a harvest for
two years or more, this practice means
that as many as 90 to 100 acres of Tsem-
baga land are often in cultivation simul-
taneously. Conversely, at any one time
at least 90 percent (and sometimes more)
is lying fallow. If one adds to these 900-
odd acres the 340 acres or so of mar-
ginally arable land in the zone between
5,000 and 6,000 feet that have never
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been cultivated, the percentage of po-
tentially arable land actually under cul-
tivation becomes even smaller.

In terms of their entire territory the
Tsembaga in 1962-1963 were maintain-
ing a population density of 64 per square
mile. In terms of all potentially arable
land the density was 97 per square mile,
and in terms of land that was then or
ever had been under cultivation the den-
sity was 124 per square mile. Even this
figure is below the carrying capacity of
the Tsembaga territory; without altering
the horticultural regime of keeping 90

percent of the land fallow the Tsem-
baga’s 1,000 best acres might have sup-
ported a population of 200 or more per
square mile.

Horticulture provides 99 percent of
the everyday Tsembaga diet, but the un-
altered forest beyond the gardens and
the secondary forest that covers the fal-
low land also play an economic role. For
example, the Tsembaga husbandry of
pigs depends on feral boars that roam
the forests. The Tsembaga castrate their
own boars because they believe it makes
for larger and more docile animals; the

AREA OF STUDY has four major divisions. One forested zone (a) just west of the Simbai
River is land as yet little used for gardens. The major agricultural zone is uphill from the
river to the west (b); it rises from about 2,300 feet above sea level at the river to about
5,200 feet at its boundary with a zone of largely virgin forest (c) farther uphill. The high-
est land, which is not farmed, lies in this zone and the adjacent one (d) on both sides of a
mountain ridge some 7,200 feet above sea level. The light patch (e) is a stand of kunai
grass that has sprung up in a cleared area and is resistant to the process of reforestation.
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sows (which wander free during the day,
returning home at dusk) must thus be
impregnated by chance contact with
feral boars. Feral pigs are also a source
of some protein for the Tsembaga, as
are the marsupials, snakes, lizards, birds
and woodgrubs also found in the forest.
Some forest animals and hundreds of
species of forest plants provide the raw
materials for tools, house construction,
clothing, dyestuffs, cosmetics, medicines,
ornaments, wealth objects and the sup-
plies and paraphernalia of ritual. The
greatest contribution of the forest, how-
ever, is providing a favorable setting for
the Tsembaga gardens.

In 1963 I kept detailed records of the

activities involved in transforming
an 11,000-square-foot area of secondary
forest into a garden. (These observations
were supplemented by a wide range of
measurements of similar activities of the
same people and others at different
sites.) Situated at an altitude of 4,200
feet, the land had been fallow for 20 to
25 years. On it, in addition to under-
brush, were 117 trees with a trunk six
inches or more in circumference, includ-
ing a number that measured at least two
feet. The canopy of leaves met some
30 feet overhead and had become dense
enough to kill a good deal of the under-
brush by its shade. In order to make
estimates of energy input during various
stages of the clearing work, I conducted
time and motion studies in the field.
These studies, in conjunction with the
findings of E. H. Hipsley and Nancy
Kirk of the Commonwealth of Australia
Department of Health, provided a basis
for my calculations. Hipsley and Miss
Kirk, working with other New Guinea
highlanders, the Chimbu, measured in-
dividual metabolic rates during the per-
formance of everyday tasks. My esti-
mates of crop yields are based on a daily
weighing of the harvests from some 25
Tsembaga gardens over a period of al-
most a year. I have used various stan-
dard sources in calculating the energetic
values of the produce.

In making a garden the Tsembaga
prefer to clear secondary forest rather
than primary forest because secondary
growth is easier to cut and burn. Even in
the secondary forest, clearing the under-
brush is hard work, although it was
made easier when machetes were intro-
duced to the area in the 1950’s. I found
that the performance of men and wom-
en in clearing the brush was surprising-
ly uniform. Although in an hour some
women clear little more than 200 square
feet and some of the more robust men
clear nearly 300 square feet, the larger



men expend more energy per minute
than the women. The energy input of
cach sex is approximately equal: some
.65 kilocalorie per square foot, or 28,314
kilocalories per acre.

Once the underbrush is cut about
two weeks are allowed to pass before
the next step: clearing the trees. This is
exclusively men’s work. On this occa-
sion most of the 117 trees in the garden
were felled. Their branches were then
lopped off and scattered over the piles
of drying underbrush. Trees whose thick
trunks would have been hard to burn
and a nuisance to drag away were left
standing, but most or all of their limbs
were removed. The process of tree-clear-
ing is far less strenuous than clearing
underbrush: the energy investment is
about .26 kilocalorie per square foot,
or 11,325 kilocalories per acre.

The next step is to make a fence to
keep out pigs, both feral and domestic.
The trunks of the felled trees are cut
into lengths of from eight to 10 feet and
dragged to the edge of the clearing.
The thicker logs are split into rails, and
the logs and the rails are lashed together
with vines to form the fence. Fence-
building is heavy work, even without
taking into consideration frequent trips
to higher altitudes for the gathering of
the strong vines needed for lashing. I es-
timate that the construction effort alone
involved an input of something over 46
kilocalories per running foot of fence.
Assuming a need for 370 feet of fence
per acre of garden and making allow-
ance for the energy expended in gath-
ering vines, I have calculated that the
total input for fencing is 17,082 kilo-
calories per acre. It is little wonder that
the Tsembaga tend to cluster their gar-
dens; clustering reduces the length of
fence required per unit of area.

After fences are built, and between
one month and four months after clear-
ing begins (depending on how steadily
the gardener works and on the weather),
the felled litter on the site is burned.
This is a step of considerable importance
in the swiddening regime. Burning not
only disposes of the litter but also lib-
erates the mineral nutrients in the cut
vegetation and makes them available to
the future crop. Since the layer of fertile
soil under tropical forests is remarkably
thin (seldom more than two inches in
Tsembaga territory) and is easily de-
pleted, the nutrients freed from the
fallen trees by burning are beneficial,
if not crucial, to the growth of garden
plants.

Not much energy is expended in the
burning process, although one burning
is never enough to finish the job. More-
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CENTRAL HIGHLANDS of the Australian Trust Territory of New Guinea are drained by
the Sepik and Ramu rivers; the Simbai River is a tributary of the Ramu. The colored dot
marks the territory of the Tsembaga, the group whose farming practices the author analyzed.

over, since considerable time usually
elapses between the clearing of the un-
derbrush and the burning, it is necessary
to weed the garden area before the burn-
ing. I estimate that two burnings and a
weeding involve an energy input of
9,484 kilocalories per acre.

While the women gather the litter into
piles for the second burning, the men
put aside some of the lighter unburned
logs. Some are laid across the grade of
the slope to retain the soil. The rest are
used to mark individual garden plots.
This task is also light work; I estimate

TRUST TERRITORY OF
NEW GUINEA (AUSTRALIA)

—

TRUST TERRITORY of New Guinea is one of the island’s three political divisions. West
Irian (left) is a part of the Republic of Indonesia and Papua is an Australian territory.
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LITTER IS BURNED in the clearing where a Tsembaga family is
preparing to plant a garden. Tree trunks that are not consumed

that the total energy input is 7,238 kilo-
calories per acre.

Burning completed and plot-markers
and soil-retainers laid, gardens are ready
to be planted. For planting stock the
Tsembaga depend primarily on cuttings,
although they raise a few crops from
seed. The gathering and planting of
the cuttings, which are set into holes
punched in the untilled soil with a heavy
stick, is relatively demanding work. I

estimate that the men and women who
do the planting expend .38 kilocalorie
per square foot, or 16,553 kilocalories
per acre.

It is appropriate here to list the plants
the Tsembaga grow and also to describe
the appearance of a growing garden.
The Tsembaga can name at least 264
varieties of edible plants, representing
some 36 species. The staples are taro
and sweet potato. Other starchy vege-

may be used as soil-retainers or plot-markers. Burning releases nu-
trients in the cut vegetation that are utilized by the garden plants.

tables such as yams, cassavas and ba-
nanas are of lesser importance. Sweet
potatoes and cassavas are used as pig
feed as well as for human consumption.
Beans, peas, maize and sugarcane are
also grown, along with a number of
leafy greens, including hibiscus. Hibis-
cus leaves are in fact the most important
plant source of protein in the Tsembaga
diet. An asparagus-like plant, Setaria
palmaefolia, and a relative of sugarcane

CLEARING CLEARING FENCING G S e
. WEEDIN RETAINERS. WEEDING UNTIL OTHER SWEET POTATO TARO
UNDERBRUSH TREES GARDEN  AND BURNING ETC. END OF HARVEST MAINTENANCE  HARVEST HARVEST
56.628 22.650 34.164 18.968 14.476 180.336 46.000 44.835 5.608
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TWELVE MAJOR INPUTS of energy are required in gardening.
The flow diagram shows the inputs in terms of the kilocalories per
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acre required to prepare and harvest a pair of gardens (see illus-
tration on page 122). Weeding, a continual process after the garden
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NEW CLEARING in second-growth forest contains many stumps of
trees that have been cut high for use as props for growing plants.

known as pitpit are valued for their edi-
ble flowering parts. So is the Marita pan-
danus, one of the screw pines; its fruit
is the source of a thick, fat-rich red fluid
that the Tsembaga use as a sauce on
greens. Minor garden crops include cu-
cumber, pumpkin, watercress and bread-
fruit.

Most of the principal crops are to be
found in most of the gardens and each
is often represented by several varieties

CASSAVA YAM
HARVEST  HARVEST CARTAGE
2,184 15,700 119.764

’

is planted, demands the most energy.. Bring-
ing in the garden harvest (right) ranks next.

of the same species. As Clifford Geertz
of the University of Chicago has re-
marked, there is a structural similarity
between a swidden garden and a trop-
ical rain forest. In the garden, as in the
forest, species are not segregated by
rows or sections but are intricately in-
termingled, so that as they mature the
garden becomes stratified and the plants
make maximum use of surface area and
of variations in vertical dimensions. For

561.307

I

9.218,188

/

Some, although stripped of their leaves, will survive; along with
invading tree seedlings they will slowly reforest the garden site.

example, taro and sweet potato tubers
mature just below the surface; the cas-
sava root lies deeper and yams are the
deepest of all. A mat of sweet potato
leaves covers the soil at ground level.
The taro leaves project above this mat;
the hibiscus, sugarcane and pitpit stand
higher still, and the fronds of the ba-
nana spread out above the rest. This in-
termingling does more than make the
best use of a fixed volume. It also dis-

UPHILL GARDEN

134,405

1,480,546 3.716,755

DOWNHILL GARDEN

BIOMASS OF CROP YIELD, also measured in kilocalories, gives more than a 16-to-one
return on the human energy investment. The Tsembaga use much of the harvest as pig feed.
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PLANT YIELD PER ACRE (KILOCALORIES)
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TWO KINDS OF GARDEN are planted by Tsembaga families, whose pigs are too numer-
ous for one garden to feed. Usually one garden is downhill from the other. The downhill
garden (gray) is planted with more of the family staples: taro and yam. The uphill garden
(color) is planted with more sweet potato, which is a staple food for pigs. The graph shows
the 16 principal Tsembaga garden crops and the comparative yields from two gardens.
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courages plant-speciﬁc insect pests, it
allows advantage to be taken of slight
variations in garden habitats, it is pro-
tective of the thin tropical soil and it
achieves a high photosynthetic efficiency.

If a Tsembaga man and his wife have
only one or two pigs, they usually plant
one major garden in the middle alti-
tudes, generally between 4,000 and
4,500 feet. But pigs are given a ration
from the gardens, and when their num-
bers increase, their owners are likely to
plant two gardens, one above 4,500 feet
and the other between 3,000 and 4,000
feet. These gardens differ in the propor-
tions of the major crops with which they
are planted. The lower-altitude gardens
include more taros and yams and the
higher-altitude gardens more sweet po-
tatoes, this last crop forming the largest
part of the pigs’ ration.

fter planting is completed the most
laborious of the gardening tasks,
weeding, still lies ahead. The Tsembaga
recognize and name several successive
weedings, but after the first weeding is
done (five to seven weeks after plant-
ing) the chore becomes virtually contin-
uous. I estimate the total energy input
for this task to be about 2.07 kilocalories
per square foot, or 90,168 kilocalories
per acre. Other miscellaneous tasks per-
formed at the same time (for example
tying sugarcane to stumps or other sup-
ports) require an additional 14,500 kilo-
calories per acre. It is noteworthy that
weeding aims at uprooting any her-
baceous competitors invading the gar-
den but that tree seedlings are spared
and even protected. Indeed, a Tsem-
baga gardener is almost as irritated
when a visitor damages a tree seedling
as when he heedlessly tramples on a taro
plant.

The Tsembaga recognize the impor-
tance of the regenerating trees; they call
them collectively duk mi, or “mother of
gardens.” Allowing tree seedlings to re-
main and grow avoids a definite grassy
stage in the succession following the
abandonment of the garden and for one
thing ensures a more rapid redevelop-
ment of the forest canopy. For another,
during the cropping period itself the
young trees provide a web of roots that
penetrate deeper into the ground than
the roots of any of the crops and are able
to recover nutrients that might other-
wise be lost through leaching. Above
the ground the developing leaves and
branches not only provide additional
protection for the thin forest soil against
tropical downpours but also immobilize
nutrients recovered from the soil for re-
lease to future gardens. They also make



The great bright hope

Since the invention of the incan-
descent lamp in 1879, scientists have
discovered countless new uses for
electricity. The demand for electric
power has never stopped growing.

To meet the steadily growing
need for electricity in tomorrow's
world, the Power & Utilities industry
is constantly working to develop im-
portant new sources.

As these sources are developed,
what changes will be demanded in
plant construction, maintenance and
equipment installation? In corporate

insurance and employee benefitplans?

Tomorrow’'s questions need an-
swers today. And the best place to
start is with Marsh & MclLennan. As
industry’s leading insurance brokers
we specialize in helping to solve the
increasingly complex insurance prob-
lems of business and industry.

No matter what business you're
in, if you plan to be in it tomorrow,
call us today.

Marsh & McLennan
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way (the low price wasn’t one of them).

This CR-9 recording is as distortion-free as you'd get with a $700 camera
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Polaroid’s new CR-9
Land Oscilloscope
Camera. Under $180.

The CR-9 looks the way it looks
because it’s totally functional.

It's the most portable of all. It weighs
under 24 ounces. There's no need to per-
manently mount it. And the pistol grip
has a trigger-like shutter release. So one
hand can easily operate it.

It's versatile. It fits almost any oscillo-
scope. There are 8 different hood sizes
available. Just specify the size you need.

There's no focusing. You just place
the hood against the display and shoot.
It focuses for you. And frames the shot
for you. And the controls for shutter
speed and lens opening are easy to get at.

You get high-quality prints. The hood
is light tight. And keeps film and display
in parallel planes. And there’sa 70 mm
f 5.6 oscilloscope recording lens. So you
get a virtually distortion-free record.

You get the print in 15 seconds.
Because it’s designed to use standard
Polaroid Type 107 3000-speed Land
film. And you can photograph high-
speed, transient phenomena. Easily.

Best of all, it’s the lowest priced
oscilloscope camera of all. And
not by accident. It was by design.

For more information, write to:
Polaroid Corporation, Dept. 57-219,

Cambridge, Mass. InCanada:350 Carl-
ingview Drive, Rexdale, Ont. In other
parts of the world, contact the nearest
Polaroid subsidiary or distributor.

For the record, we want you to
get an accurate picture.

Polaroid@® Price subject to change without notice,




I n one generation, the need for more power and for power
without pollution have become major public issues.

In this same generation, Hitachi research and technology
have helped solve both problems for communities throughout
the world.

The solution to these problems has resulted from Hitachi’s
concentrated study of the pumped-storage method of power
generation. It is the one system that efficiently fills peak
power load demands without atmospheric or thermal pollu-
tion. It is the one system that, rather than affecting the ecol-
ogy, can provide a large reservoir of water to enhance the
natural beauty of the environment.

To accomplish this, Hitachi R & D utilizes the most
sophisticated Hitachi-built computers combined with high

Hitachi America, Ltd.

Bird's-eye view of Kisenyama Power Station site near Kyoto, Japan
where Hitachi’'s 322,000 HP pump-turbine is now in operation

precision scale models to predict actual on-line conditions.
The resultant print-out data, free of human error and unique
in the world today, is of incalculable value in planning effi-
cient power generation projects.

Recent Hitachi breakthroughs in the technology include
a 343,000 HP single stage reversible pump turbine with the
world’s highest pumping up head of 1,797 feet!
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your community for power-without-pollution to help you
bridge the “Generation Gap.”
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it increasingly difficult for gardeners to
harvest and weed. As a result the people
are induced to abandon their gardens
before they have seriously depleted the
soil, even before the crops are complete-
ly harvested. The developing trees,
whose growth they themselves have en-
couraged, make harvesting more labori-
ous at the same time that it is becoming
less rewarding. It is interesting to note
here that both Ramén Margalef of the
University of Barcelona and Howard T.
Odum of the University of Florida have
argued that in complex ecosystems suc-
cessful species are not those that merely
capture energy more efficiently than
their competitors but those that sustain
the species supporting them. It is clear
that the Tsembaga support not only the
garden species that provide them with
food but also the species on which they
ultimately depend: the species of the
forest, which sustain their gardens.

Technological limitations and the na-
ture of crops prevent the Tsembaga
from storing most of the food they grow.
As a result there is no special harvest
period. From the time the crops begin
to mature a little harvesting is done
every day or two. The strategy is to do
as little damage as possible to the plant
that yields the crop. For example, hibis-
cus shrubs are not stripped of all their
leaves at one time. Instead every few
days a few leaves are plucked from each
of several shrubs. This method increases
the total yield by allowing the plants to
recover in the interval between succes-
sive harvestings.

Harvesting continues almost daily
from the time crops mature until those
in a garden planted in the succeeding
year are ready. With the advent of a
new garden, harvesting becomes less
frequent in the old garden, finally ceas-
ing altogether somewhere between 14
and 28 months after planting. Gardens
at lower altitudes are usually shorter-
lived than those higher on the mountain-
side because secondary forest regener-
ates more quickly on them.

Energy expenditure for harvesting
differs slightly between the two types
of garden. I estimate that 40,966 kilo-
calories per acre are expended in har-
vesting taro-yam gardens and 44,168
kilocalories per acre in sweet potato
gardens. Food is consumed at home,
homes are at some distance from the
gardens and produce therefore must be
carried from gardens to houses. An esti-
mated 48,360 kilocalories are expended
in transporting produce from sweet po-
tato gardens, which are at approximate-
ly the same altitude as the houses. I esti-
mate that 71,404 kilocalories per acre

FENCE-BUILDING is one of the more energy-consuming tasks in preparing a garden.
Fences must be pig-proof to keep out both domestic swine and feral swine from the forest.

are needed to bring home produce from
the taro-yam gardens, which are usually
1,000 to 2,000 feet lower on the moun-
tainside.

Combining all the inputs and compar-
ing input with yield, I found that the
Tsembaga received a reasonable short-
term return on their investment. The
ratio of yield to input was about 16.5 to
one for the taro-yam gardens and about
15.9 to one for the sweet potato gardens.
Moreover, in 1963, when these observa-
tions were made, the distances between
the gardens and the residences of the
Tsembaga were greater than usual. It
was a festival year and the dwellings, in-
stead of being dispersed among the gar-
dens as is customary, were all clustered
around a dance ground. If the normal
residential pattern had been in effect,
garden-to-house distances might have
been reduced by as much as 80 percent,
and the yield ratios would have risen
respcctively to 20.1 to one and 18.4 to
one.

have indicated that swine husbandry

is intimately related to gardening
among the Tsembaga because they de-
vote a substantial proportion of their
principal crops to feeding their pigs.
Each adult pig receives a daily ration
that equals an adult man’s ration in
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weight, although it differs from the hu-
man ration in composition. Around the
world most pigs are raised to be eaten.
This is the ultimate fate that befalls a
Tsembaga pig, but such consumption
involves social and political relations and
religious beliefs and practices, not sim-
ply a desire for meat.

The Tsembaga and other groups that
speak the Maring language are prevent-
ed by strong religious prohibitions from
initiating warfare until they have com-
pleted a year-long festival that culmi-
nates in large-scale sacrifices of pigs to
their ancestors, rewarding them for their
presumed support in the last round of
warfare. The festival itself is the climax
of a prolonged ritual cycle that begins
years earlier with the sacrifices terminat-
ing warfare, sacrifices in which all adult
and many juvenile pigs are killed. The
Tsembaga held such a festival during
my visit in 1962-1963.

When the festival began, the Tsem-
baga pigs numbered 169 animals with
an average per capita weight of from
120 to 150 pounds. This sizable herd
was eating 54 percent of all the sweet
potatoes and 82 percent of all the cas-
savas growing in the Tsembaga gardens:
some 36 percent of all the tubers of any
kind that the Tsembaga grew. The op-

O O
eration called for the commitment of
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about a third of all garden land to the
production of pig feed (not even taking
into account household garbage, which
the pigs also consumed). At the end of
the festival the Tsembaga herd had
been reduced to some 60 juvenile pigs,
each weighing an average of from 60 to
70 pounds. Thus in terms of live weight
the slaughter had decreased the herd
sixfold. In anticipation of this decrease
the Tsembaga had earlier in 1963 set the
area of new land being put into gardens
at what amounted to 36.1 percent below
the level of the previous year.

For the Tsembaga swine husbandry
is obviously an expensive business. The
input in human energy, both in growing
pig food and in managing the animals,
I estimate to be about 45,000 kilocalo-
ries per pig per year. Because 10 years
or so are needed to bring the herd up
from a minimum following the sacrifices
terminating warfare to a size large
enough for a festival, the ratio of energy
yield to energy input in Tsembaga pig
husbandry is certainly no better than
two to one and is probably worse than
one to one. It is evident that keeping
pigs cannot be justified or even inter-
preted in terms of energetics alone. Oth-
er possible benefits must also be con-
sidered.

First, Maring pig husbandry is part

of the means for regulating relations be-
tween autonomous local groups such as
the Tsembaga. It has already been indi-
cated that the frequency of warfare is
regulated by a ritual cycle, but the tim-
ing of the cycle is itself a function of the
speed of growth in the pig population.
Since it usually takes a decade or more
to accumulate enough pigs to hold the
festival terminating a cycle, the initia-
tion of warfare is held to once per dec-
ade or less.

Second, the animals form a link in the
detritus food chain by consuming both
garbage and the unassimilated vege-
table content of human feces, materials
that would otherwise be wasted. More-
over, the pigs are regularly penned in
abandoned gardens, where they root up
unharvested tubers and where, by elimi-
nating herbaceous growth that competes
with tree seedlings, they may hasten the
return of the forest.

Third, it must be remembered that a
diet must provide more than mere en-
ergy to a consumer, and it is as con-
verters of carbohydrates of vegetable
origin into high-quality protein that pigs
are most important in the Tsembaga
diet. The importance of their protein
contribution is magnified by the circum-
stances surrounding their consumption.

" Except for the once-a-decade festival

LAYERS OF GROWTH characterize the Tsembaga garden. Root crops develop at different
depths and their leaves reach different heights. Bananas (foreground) are the tallest plants.
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and for certain rites associated with war-
fare that are equally infrequent, it is
rare for the Tsembaga to kill and eat a
pig. The ritual occasions that do call for
this unusual behavior are associated
with sickness, injury or death. I have
argued elsewhere that the sick, the in-
jured, the dying and their kin and asso-
ciates in Tsembaga society all suffer
physiological stress, with an associated
net loss of nitrogen (meaning protein)
from their body tissues. Now, since the
regular protein intake of the Tsembaga
is marginal, their antibody production is
likely to be low and their rate of recov-
ery from injury or illness slow. In such
circumstances nitrogen loss can be a se-
rious matter. The condition of a nitro-
gen-depleted organism, however, im-
proves rather quickly with the intake
of high-quality protein. The nutritional
significance of the Tsembaga pigs thus
outweighs their high cost in energy in-
put. They provide a source of high-qual-
ity protein when it is needed most.

In summary, swiddening and swine

husbandry provide the Tsembaga
with on the one hand an adequate daily
energy ration and on the other an emer-
gency source of protein. The average
adult Tsembaga male is four feet 10%
inches tall and weighs 103 pounds; the
average adult female is four feet 6%
inches tall and weighs 85 pounds. The
garden produce provides the men with
some 2,600 kilocalories per day and the
women with some 2,200 kilocalories. At
the same time the Tsembaga’s treatment
of the ecosystem in which they live is
sufficiently gentle to ensure the continu-
ing regeneration of secondary forest and
a continuing supply of fertile garden
sites.

We may reflect here on the general
strategy of swiddening. It is to establish
temporary associations of plants directly
useful to man on sites from which forest
is removed and to encourage the return
of forests to those sites after the useful
plants have been harvested. The return
of the forest makes it possible, or at
least much easier, to establish again an
association of cultivated plants some-
time in the future. Moreover, the gar-
dens are composed of many varieties of
many plant species. If one or another
kind of plant succumbs to pests or
blight, other plants are available as sub-
stitutes. This multiplicity of plants en-
hances the stability of the Tsembaga
subsistence base in exactly the same way
that the complexity of the tropical rain
forest ensures its stability.

How does such an agricultural pat-
tern compare with farming methods that



remove the natural flora over extensive
regions and put in their place varieties
of one or a few plant species? Before we
take up this question let us consider eco-
systems in general and the interactions
among the participants in ecosystems in
particular. All ecosystems are basically
similar. Solar energy is photosyntheti-
cally fixed by plants—the primary pro-
ducers—and then passes along food
chains that are chiefly made up of ani-
mal populations with various feeding
habits: herbivores, one or more levels
of carnivores and eventually decom-
posers (which reduce organic wastes
into inorganic constituents that can
again be taken up by the plants).

Examined in terms of the flow of mat-
ter the ecosystem pattern is roughly cir-
cular; the same substances are cycled
again and again. The flow of energy in
ecosystems is linear. It is not recycled
but is eventually lost to the local system.

The energy supply is steadily degrad-
ed into heat with each successive step
along the food chain. For example, of
the organic material synthesized by a
plant from 80 to 90 percent is available
under ordinary circumstances to the
herbivore that consumes the plant. The
herbivore expends energy, however, not
only in feeding and in other activities
but also in metabolic processes. When
the amount of energy captured by one
organism in a food chain is compared
with the amount of energy the organism
yields to the organism that preys on it,
the figure is usually of the order of 10
to one, which means an energy loss of
90 percent.

Just as there are general similarities
among ecosystems, so there are differ-
ences in the numbers and the kinds of
species that participate in each system
and in the relations among them. These
differences are the result of evolutionary
processes. Associations of species adapt
to their habitat, and with the passage of
time they pass through more or less dis-
tinct stages known as successions. As
the work of Margalef and of Eugene P.
Odum of the University of Georgia
has demonstrated, these successions also
show certain general similarities.

One similarity is that in any ecosys-
tem the total biomass increases as time
passes. There is a corresponding but not
linearly related increase in primary
productivity—that is, photosynthesis—
whether it is expressed as the total
amount of energy fixed or as the total
quantity of organic material synthe-
sized. What allows the increase in pri-
mary productivity is a parallel increase
in the number of plant species that have
become specialized and are thus able to
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GARDEN MAINTENANCE includes light tasks such as tying up sugarcane. Here the stalks
of cane (left) have been lashed to a tree trunk by a female gardener using a length of vine.

conduct photosynthesis under a greater
variety of circumstances in a wider
range of microhabitats. The increase in
plant biomass and plant productivity
may allow some increase in animal bio-
mass too. It certainly encourages an in-
crease in the diversity of animal species,
since the increase in the diversity of
plants favors specialization among her-
bivores.

Not only are there more species in the
maturer stages of a succession but also
the species are likely to be of a differ-
ent kind. Species typical of immature
succession stages—"pioneer” species—are
characteristically able to disperse them-
selves over considerable distances, to re-
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produce prodigally, to compete strongly
for dominance and to survive under
unstable and even violently fluctuating
conditions. They also tend to be short-
lived, that is, their populations are
quickly replaced. Therefore in imma-
ture ecosystems the ratio of productivity
to biomass is high.

In contrast, the species characteristic
of more mature stages of succession of-
ten cannot disperse themselves easily
over long distances, produce few oft-
spring and are relatively long-lived.
Their increasing specialization militates
against overt competition among them;
instead the relations among species are
often characterized by an increased mu-
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tual reliance. In effect, as the ecosys-
tem becomes maturer it becomes more
complex for the number of species, and
their interdependence increases. As its
complexity increases so does its stability,
since there are increasing numbers of
alternative paths through which energy
and materials can flow. Therefore if one
or another species is decimated, the en-
tire system is not necessurily endan-
gered.

The maturing ecosystem also becomes
more efficient. In the immature stage
productivity per unit of biomass is high
and total biomass is likely to be low. As
stage follows stage both productivity
and biomass increase, but there is a de-
crease in the ratio of productivity to
biomass. For example, it takes less en-
ergy to support a pound of biomass in
a mature tropical rain forest than it does
in the grassy or scrubby forest stages
that precede maturity.

It is not really surprising that in-

creased stability and increased efficiency
should be characteristic of mature eco-
systems. Some of the implications of this
trend, however, are not altogether obvi-
ous. I have alluded to the arguments of
Margalef and Howard Odum suggesting
that in mature ecosystems selection is
not merely a matter of competition be-
tween individuals or species occupying
the same level in the food chain. Rather,
it favors those species that contribute
positively to the stability and efficiency
of the entire ecosystem. Organisms with
positions well up along the food chain
can “reward” the organisms they depend
on by returning to these lower organisms
materials they require or by performing
services that are beneficial to them. An
exploitive population—one that con-
sumes at a rate greater than the produc-
tivity of the species it depends on or
does not reward that species—will even-
tually perish.

Margalef and others have pointed out

FERAL PIG (foreground) has been roasted and is being dismembered. Feral animals are
eaten whenever they are killed, but domestic swine are killed only on ceremonial occasions.
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that human intervention tends to reduce
the maturity of ecosystems. Both in
terms of the small number of species
present and of the lack of ecological
complexity a farm or a plantation more
closely resembles an immature stage of
succession than it does a mature stage.
Furthermore, in ecosystems dominated
by man the chosen species are usually
quick to ripen—that is, they are short-
lived—and the productivity per unit of
biomass is likely to be high. Yet there is
a crucial difference between natural pio-
neer associations and those dominated
bv man.

Pioneers in an immature ecosystem are
characterized by their ability to sur-
vive under unstable conditions. Man’s
favored cultigens, however, are seldom
if ever notable for hardiness and self-
sufficiency. Some are ill-adapted to their
surroundings, some cannot even propa-
gate themselves without assistance and
some are able to survive only if they are
constantly protected from the competi-
tion of the natural pioneers that prompt-
ly invade the simplified ecosystems man
has constructed. Indeed, in man’s quest
for higher plant yields he has devised
some of the most delicate and unstable
ecosvstems ever to have appeared on
the face of the earth. The ultimate in
human-dominated associations are fields
planted in one high-yielding variety of
a single species. It is apparent that in
the ecosystems dominated by man the
trend of what can be called successive
anthropocentric stages is exactly the re-
verse of the trend in natural ecosystems.
The anthropocentric trend is in the di-
rection of simplicity rather than com-
plexity, of fragility rather than stability.

We return to our question of how the
pattern of Tsembaga agriculture com-
pares with the pattern of agriculture
based on one crop. The question really
concerns the interaction of man’s ex-
panding social, political and economic
organization on the one hand and local
natural ecosystems on the other. The
trend of anthropocentric succession can
best be understood as one aspect of the
evolution of human society.

We can place the Tsembaga and oth-
er “primitive” horticulturists early in
such successions. The Tsembaga are po-
litically and economically autonomous.
They neither import nor export food-
stuffs, and it is necessary for them to
maintain as wide a range of crops in
their gardens as they wish to enjoy. Eco-
nomic self-sufficiency obviously encour-
ages a generalized horticulture, but eco-
nomic self-sufficiency and production for
use protect ecological integrity in more



important ways. For one thing, the man-
agement of cultivation is only slightly
concerned, if at all, with events in the
outside world. On the contrary, it at-
tends almost exclusively to the needs of
the cultivators and the species sustain-
ing them. Moreover, in the absence of
exotic energy sources the ability of hu-
mans to abuse the species on which they
depend is limited by those species, be-
cause it is only from them that energy
for work can be derived. In such sys-
tems, however, abuses seldom need to
be repaid by declining yields because
they are quickly signaled to those re-
sponsible by subtler signs of environ-
mental degradation. Information feed-
back from the environment is sensitive
and rapid in small autonomous ecologi-
cal systems, and such systems are likely
to be rapidly self-correcting.

The fact remains that autonomous
local ecological systems such as the
Tsembaga system have virtually disap-
peared. All but a few have been ab-
sorbed into an increasingly differentiat-
ed and complex social and economic
organization of worldwide scope. The
increasing size and complexity of human
organization is related to man’s increas-
ing ability to harness energy. The rela-
tionship is not simple; rather it is one of
mutual causation. As an example, in-
creases in the available energy allow
increases in the size and differentiation
of human societies. Increased numbers
and increasingly complex organizations
require still more energy to sustain them
and at the same time facilitate the de-
velopment of new techniques for captur-
ing more energy, and so on. The system
is characterized by positive feedback.

Leslie A. White of the University of
Michigan suggested that cultural evolu-
tion can be measured in terms of the
increasing amount of energy harnessed
per capita per annum. This is a yardstick
that seems generally to agree with the
historical experience of mankind. The
development of energy sources that are
independent of immediate biological
processes has been the factor of greatest
importance. Industrialized societies har-
ness many times more energy per capita
per annum than nonindustrial ones, and
the energy-rich have enjoyed a great
advantage in their relations with the
energy-poor. In areas where the two
have competed the nonindustrial socie-
ties have inevitably been displaced, ab-
sorbed or destroyed.

f&griculture is not exempt from the in-

creasing specialization that charac-
terizes social evolution generally. Not
only individual farms but also regions
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COSTUMED FOR DANCING, a group of Tsembaga men stands ready near the dance
ground. During this ceremony in 1963 the Tsembaga butchered and distributed 109 pigs.
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tion;

and even nations have been turned into
man-made immature ecosystems such as
cotton plantations or cane fields. It is
important to note that the transforma-
tion would be virtually impossible with-
out sources of energy other than local
biological processes. Fossil fuels come
into play. When such energy sources are
available, the pressures that can be
brought to bear on specific ecosystems
are no longer limited to the energy that
the ecosystem itself can generate, and
alterations become feasible that were
formerly out of reach. A farmer may
even expend more energy in the gaso-
line consumed by his farm machmeiv
than is returned by the crop he raises.
The same nonbiological power sources
make it possible to provide the world
agricultural community with the large
quantities of pesticides, fertilizers and
other kinds of assistance that many man-
made immature ecosystems require in
order to remain productive. Moreover,
the entire infrastructure of commercial
agriculture—high-speed  transportation
and communications, large-scale storage
facilities and elaborate economic insti-
tutions—depends on these same sources
of nonbiological energy.

As man forces the ecosystems he dom-
inates to be increasingly simple, how-
ever, their already limited autonomy is
further diminished. They are subject not
only to local environmental stress but
also to extraneous economic and politi-
cal vicissitudes. They come to rely more
and more on imported materials; the
men who manipulate them become more
and more subject to distant events, in-
terests and processes that they may not
even grasp and certainly do not control.
National and international concerns re-
place local considerations, and with the
regulation of the local ecosystems com-
ing from outside, the system’s normal
self-corrective capacity is diminished
and eventually destroyed.

Margalef has observed that in ex-
changes among systems differing in
complexity of organization the flow of
material, information and energy is usu-
ally from the less highly organized to
the more highly organized. This princi-
ple may find expression not only in the
relations between predator and prey but
also in the relations between “devel-
oped” and “underdeveloped” nations.
André Gunder Frank has argued that in
the course of the development of un-
derdeveloped agrarian societies by in-
dustrialized societies the flow of wealth
is usually from the former to the latter.
Be this as it may, economic development
surely accelerates ecological simplifica-
it inevitably encourages a shift
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from more diverse subsistence agricul-
ture to the cultivation of a few crops
for sale in a world market.

It may not be improper to character-
ize as ecological imperialism the elabo-
ration of a world organization that is
centered in industrial societies and de-
grades the ecosystems of the agrarian
societies it absorbs. Ecological imperial-
ism is in some ways similar to economic
imperialism. In both there is a flow of
energy and material from the less or-
ganized system to the more organized
one, and both may simply be different
aspects of the same relations. Both may
also be masked by the same euphe-
misms, among which “progress” and
“development” are prominent.

The anthropocentric trend I have de-
scribed may have ethical implications,
but the issue is ultimately not a matter
of morality or even of Realpolitik. It is
one of biological viability. The increas-
ing scope of world organization and the
increasing industrialization and energy
consumption on which it depends have
been taken by Western man virtually to
define social evolution and progress. It
must be remembered that man is an ani-
mal, that he survives biologically or not
at all, and that his biological survival,
like that of all animals, requires the sur-
vival of the other species on which he
depends. The general ecological per-
spective outlined here suggests that
some aspects of what we have called
progress or social evolution may be mal-
adaptive. We may ask if a worldwide
human organization can persist and
elaborate itself indefinitely at the ex-
pense of decreasing the stability of its
own ecological foundations. VWe cannot
and would not want to return to a world
of autonomous ecosystems such as the
Tsembaga’s; in such systems all men
and women are and must be farmers.
We may ask, however, if the chances for
human survival might not be enhanced
by reversing the modern trend of suc-
cessions in order to increase the diver-
sity and stability of local, regional and
national ecosystems, even, if need be,
at the expense of the complexity and
interdependence of worldwide econom-
ic organization. It seems to me that the
trend toward decreasing ecosystemic
complexity and stability, rather than
threats of pollution, overpopulation or
even energy famine, is the ultimate eco-
logical problem immediately confront-
ing man. It also may be the most diffi-
cult to solve, since the solution cannot
easily be reconciled with the values,
goals, interests and political and eco-
nomic institutions prevailing in indus-
trialized and industrializing nations.
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The Flow of Energy in an Industrial Society

The U.S., with 6 percent of the world’s population, uses 35 percent

of the world’s energy. In the long run the limiting factor in high

levels of energy consumption will be the disposal of the waste heat

his article will describe the flow
I of energy through an industrial
society: the U.S. Industrial socie-
ties are based on the use of power: the
rate at which useful work is done. Power
depends on energy, which is the ability
to do work. A power-rich society con-
sumes—more accurately, degrades—en-
ergy in large amounts. The success of an
industrial society, the growth of its
economy, the quality of the life of its
people and its impact on other societies
and on the total environment are deter-
mined in large part by the quantities
and the kinds of energy resources it ex-
ploits and by the efficiency of its systems
for converting potential energy into
work and heat.

Whether by hunting, by farming or
by burning fuel, man introduces himself
into the natural energy cycle, converting
energy from less desired forms to more
desired ones: from grass to beef, from
wood to heat, from coal to electricity.
What characterizes the industrial so-
cieties is their enormous consumption of
energy and the fact that this consump-
tion is primarily at the expense of “capi-
tal” rather than of “income,” that is, at
the expense of solar energy stored in
coal, oil and natural gas rather than of
solar radiation, water, wind and muscle
power. The advanced industrial socie-
ties, the U.S. in particular, are further
characterized by their increasing de-
pendence on electricity, a trend that has
direct effects on gross energy consump-

by Earl Cook

tion and indirect effects on environmen-
tal quality.

The familiar exponential curve of in-
creasing energy consumption can be
considered in terms of various stages of
human development [see illustration on
next pagel. As long as man’s energy
consumption depended on the food he
could eat, the rate of consumption was
some 2,000 kilocalories per day; the do-
mestication of fire may have raised it to
4,000 kilocalories. In a primitive agri-
cultural society with some domestic ani-
mals the rate rose to perhaps 12,000
kilocalories; more advanced farming so-
cieties may have doubled that consump-
tion. At the height of the low-technology
industrial revolution, say between 1850
and 1870, per capita daily consumption
reached 70,000 kilocalories in England,
Germany and the U.S. The succeeding
high-technology revolution was brought
about by the central electric-power sta-
tion and the automobile, which enable
the average person to apply power in
his home and on the road. Beginning
shortly before 1900, per capita energy
consumption in the U.S. rose at an in-
creasing rate to the 1970 figure: about
230,000 kilocalories per day, or about
65 X 1015 British thermal units (B.t.u.)
per year for the country as a whole. To-
day the industrial regions, with 30 per-
cent of the world’s people, consume 80
percent of the world’s energy. The U.S,,
with 6 percent of the people, consumes
35 percent of the energy.

HEAT DISCHARGE from a power plant on the Connecticut River at Middletown, Conn.,
is shown in this infrared scanning radiograph. The power plant is at upper left, its struc-
tures outlined by their heat radiation. The luminous cloud running along the left bank of
the river is warm water discharged from the cooling system of the plant. The vertical oblong
object at top left center is an oil tanker. The luminous spot astern is the infrared glow of its
engine room. The dark streak between the tanker and the warm-water region is a break-
water, The irregular line running down the middle of the picture is an artifact of the infra-
red scanning system. The picture was made by HRB-Singer, Inc., for U.S. Geological Survey.
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In the early stages of its development
in western Europe industrial society
based its power technology on income
sources of energy, but the explosive
growth of the past century and a half
has been fed by the fossil fuels, which
are not renewable on any time scale
meaningful to man. Modern industrial
society is totally dependent on high
rates of consumption of natural gas, pe-
troleum and coal. These nonrenewable
fossil-fuel resources currently provide
96 percent of the gross energy input into
the U.S. economy [see top illustration
on page 137]. Nuclear power, which in
1970 accounted for only .3 percent of
the total energy input, is also (with pres-
ent reactor technology) based on a capi-
tal source of energy: uranium 235. The
energy of falling water, converted to hy-
dropower, is the only income source of
energy that now makes any significant
contribution to the U.S. economy, and
its proportional role seems to be declin-
ing from a peak reached in 1950.

Sinoe 1945 coal’s share of the U.S.

energy input has declined sharply,
while both natural gas and petroleum
have increased their share. The shift is
reflected in import figures. Net imports
of petroleum and petroleum products
doubled between 1960 and 1970 and
now constitute almost 30 percent of
gross consumption. In 1960 there were
no imports of natural gas; last year nat-
ural-gas imports (by pipeline from Can-
ada and as liquefied gas carried in cryo-
genic tankers) accounted for almost 4
percent of gross consumption and were
increasing,

The reasons for the shift to oil and
gas are not hard to find. The conversion
of railroads to diesel engines repre-
sented a large substitution of petroleum
for coal. The rapid growth, beginning
during World War II, of the national
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network of high-pressure gas-transmis-
sion lines greatly extended the avail-
ability of natural gas. The explosion of
the U.S. automobile population, which
grew twice as fast as the human popula-
tion in the decade 1960-1970, and the
expansion of the nation’s fleet of jet air-
craft account for much of the increase
in petroleum consumption. In recent
years the demand for cleaner air has
led to the substitution of natural gas or
low-sulfur residual fuel oil for high-
sulfur coal in many central power plants.

An examination of energy inputs by
sector of the U.S. economy rather than
by source reveals that much of the
recent increase has been going into
household, commercial and transporta-
tion applications rather than industrial
ones [see bottom illustration on opposite
page]. What is most striking is the
growth of the electricity sector. In 1970
almost 10 percent of the country’s use-
ful work was done by electricity. That is
not the whole story. When the flow of
energy from resources to end uses is

charted for 1970 [see illustration on
pages 138 and 139], it is seen that pro-
ducing that much electricity accounted
for 26 percent of the gross consumption
of energy, because of inefficiencies in
generation and transmission. If electrici-
ty’s portion of end-use consumption rises
to about 25 percent by the year 2000, as
is expected, then its generation will ac-
count for between 43 and 53 percent of
the country’s gross energy consumption.
At that point an amount of energy equal
to about half of the useful work done in
the U.S. will be in the form of waste
heat from power stations!

All energy CONVersions are more or
less inefficient, of course, as the flow dia-
gram makes clear. In the case of elec-
tricity there are losses at the power
plant, in transmission and at the point of
application of power; in the case of fuels
consumed in end uses the loss comes at
the point of use. The 1970 U.S. gross
consumption of 64.6 X 1015 B.t.u. of en-
ergy (or 16.3 X 1015 kilocalories, or
19 x 1012 kilowatt-hours) ends up as

32.8 x 1013 B.t.u. of useful work and
31.8 X 101 B.tu. of waste heat,
amounting to an overall efficiency of
about 51 percent.

The flow diagram shows the pathways
of the energy that drives machines, pro-
vides heat for manufacturing processes
and heats, cools and lights the country.
It does not represent the total energy
budget because it includes neither food
nor vegetable fiber, both of which bring
solar energy into the economy through
photosynthesis. Nor does it include en-
vironmental space heating by solar radi-
ation, which makes life on the earth pos-
sible and would be by far the largest
component of a total energy budget for
any area and any society.

The minute fraction of the solar flux
that is trapped and stored in plants pro-
vides each American with some 10,000
kilocalories per day of gross food pro-
duction and about the same amount in
the form of nonfood vegetable fiber. The
fiber currently contributes little to the
energy supply. The food, however, fu-
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DAILY CONSUMPTION of energy per capita was calculated by
the author for six stages in human development (and with an ac-
curacy that decreases with antiquity). Primitive man (East Africa
about 1,000,000 years ago) without the use of fire had only the en-
ergy of the food he ate. Hunting man (Europe about 100,000 years
ago) had more food and also burned wood for heat and cooking.
Primitive agricultural man (Fertile Crescent in 5000 B.c.) was grow-
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ing crops and had gained animal energy. Advanced agricultural
man (northwestern Europe in A.p. 1400) had some coal for heating,
some water power and wind power and animal transport. Industrial
man (in England in 1875) had the steam engine. In 1970 technologi-
cal man (in the US.) consumed 230,000 kilocalories per day, mueh
of it in form of electricity (hatched area). Food is divided into
plant foods (far left) and animal foods (or foods fed to animals).
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els man. Gross food-plant consumption
might therefore be considered another
component of gross energy consump-
tion; it would add about 3 X 1015 B.t.u.
to the input side of the energy-flow
scheme. Of the 10,000 kilocalories per
capita per day of gross production, han-
dling and processing waste 15 percent.
Of the remaining 8,500 kilocalories,
some 6,300 go to feed animals that pro-
duce about 900 kilocalories of meat and
2,200 go into the human diet as plant
materials, for a final food supply of
about 3,100 kilocalories per person.
Thus from field to table the efficiency of
the food-energy system is 31 percent,
close to the efficiency of a central power
station. The similarity is not fortuitous;
in both systems there is a large and un-
avoidable loss in the conversion of en-
ergy from a less desired form to a more
desired one.

]jt us consider recent changes in U.S.

energy flow in more detail by seeing
how the rates of increase in various sec-
tors compare. Not only has energy con-
sumption for electric-power generation
been growing faster than the other sec-
tors but also its growth rate has been
increasing: from 7 percent per year in
1961-1965 to 8.6 percent per year in
1965-1969 to 9.25 percent last year [sce
top illustration on page 140]. The en-
ergy consumed in industry and com-
merce and in homes has increased at a
fairly steady rate for a decade, but the
energy demand of transportation has
risen more sharply since 1966. All in all,
energy consumption has been increas-
ing lately at a rate of 5 percent per year,
or four times faster than the increase
in the U.S. population. Meanwhile the
growth of the gross national product has
tended to fall oft, paralleling the rise in
energy sectors other than fast-growing
transportation and electricity. The result
is a change in the ratio of total energy
consumption to G.N.P. [see bottom illus-
tration on page 140]. The ratio had been
in a long general decline since 1920
(with brief reversals) but since 1967 it
has risen more steeply each year. In
1970 the U.S. consumed more energy
for each dollar of goods and services
than at any time since 1951.

Electricity accounts for much of this
decrease in economic efficiency, for sev-
eral reasons. For one thing, we are sub-
stituting electricity, with a thermal effi-
ciency of perhaps 32 percent, for many
direct fuel uses with efficiencies ranging
from 60 to 90 percent. Moreover, the
fastest-growing segment of end-use con-
sumption has been electric air condition-
ing. From 1967 to 1970 consumption for
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FOSSIL FUELS now account for nearly all the energy input into the U.S. economy. Coal’s
contribution has decreased since World War II; that of natural gas has increased most in
that period. Nuclear energy should contribute a substantial percent within the next 20 years.
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clude nonenergy uses of fossil fuels, which constitute about 7 percent of total energy inputs.
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air conditioning grew at the remarkable
rate of 20 percent per year; it accounted
for almost 16 percent of the total in-
crease in electric-power generation from
1969 to 1970, with little or no multiplier
effect on the G.N.P.

Let us take a look at this matter of
efficiency in still another way: in terms
of useful work done as a percentage of
gross energy input. The “useful-work
equivalent,” or overall technical efficien-
cy, is seen to be the product of the con-

version efficiency (if there is an in-
termediate conversion step) and the ap-
plication efficiency of the machine or
device that does the work [see bottom
illustration on page 141]. Clearly there
is a wide range of technical efficiencies
in energy systems, depending on the
conversion devices. It is often said that
electrical resistance heating is 100 per-
cent efficient, and indeed it is in terms,
say, of converting electrical energy to
thermal energy at the domestic hot-

water heater. In terms of the energy
content of the natural gas or coal that
fired the boiler that made the steam that
drove the turbine that turned the gen-
erator that produced the electricity that
heated the wires that warmed the water,
however, it is not so efficient.

The technical efficiency of the total
U.S. energy system, from potential en-
ergy at points of initial conversion to
work at points of application, is about
50 percent. The economic efficiency of
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64.6 X 1015 British thermal units. (Adding nonenergy uses of fos-
sil fuels, primarily for petrochemicals, would raise the total to
68.8 X 1015 B.t.u.) The overall efficiency of the system was about
51 percent. Some of the fossil-fuel energy is consumed directly and
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the system is considerably less. That is
because work is expended in extracting,
reﬁniﬁg and transporting fuels, in the
construction and operation of conversion
facilities, power equipment and electric-
ity-distribution networks, and in han-
dling waste products and protecting the
environment.

Al industrial society requires not only
a large supply of energy but also a
high use of energy per capita, and the

society’s economy and standard of liv-
ing are shaped by interrelations among
resources, population, the efficiency of
conversion processes and the particular
applications of power. The effect of
these interrelations is illustrated by a
comparison of per capita energy con-
sumption and per capita output for a
number of countries [see illustration on
page 142]. As one might expect, there
is a strong general correlation between
the two measures, but it is far from be-
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some is converted to generate electricity. The efficiency of electrical generation and trans-
mission is taken to be about 31 percent, based on the ratio of utility electricity purchased in
1970 to the gross energy input for generation in that year. Efficiency of direct fuel use
in transportation is taken as 25 percent, of fuel use in other applications as 75 percent.
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ing a one-to-one correlation. Some coun-
tries (the U.S.S.R. and the Republic of
South Africa, for example) have a high
energy consumption with respect to
G.N.P.; other countries (such as Sweden
and New Zealand) have a high output
with relatively less energy consumption.
Such differences reflect contrasting com-
binations of energy-intensive heavy in-
dustry and light consumer-oriented and
service industries (characteristic of dif-
ferent stages of economic development)
as well as differences in the efficiency of
energy use. For example, countries that
still rely on coal for a large part of their
energy requirement have higher energy
inputs per unit of production than those
that use mainly petroleum and natural
gas.

A look at trends from the U.S. past is
also instructive. Between 1800 and 1880
total energy consumption in the U.S.
lagged behind the population increase,
which means that per capita energy con-
sumption actually declined somewhat.
On the other hand, the American stan-
dard of living increased during this pe-
riod because the energy supply in 1880
(largely in the form of coal) was being
used much more efficiently than the en-
ergy supply in 1800 (largely in the form
of wood). From 1900 to 1920 there was
a tremendous surge in the use of energy
by Americans but not a parallel increase
in the standard of living. The ratio of
energy consumption to G.N.P. increased
50 percent during these two decades be-
cause electric power, inherently less ef-
ficient, began being substituted for the
direct use of fuels; because the automo-
bile, at best 25 percent efficient, prolif-
erated (from 8,000 in 1900 to 8,132,000
in 1920), and because mining and manu-
facturing, which are energy-intensive,
grew at very high rates during this pe-
riod.

Then there began a long period dur-
ing which increases in the efficiency of
energy conversion and utilization ful-
filled about two-thirds of the total in-
crease in demand, so that the ratio of
energy consumption to G.N.P. fell to
about 60 percent of its 1920 peak al-
though per capita energy consumption
continued to increase. During this pe-
riod (1920-1965) the efficiency of elec-
tric-power generation and transmission
almost trebled, mining and manufactur-
ing grew at much lower rates and the
services sector of the economy, which is
not energy-intensive, increased in im-
portance.

@« P ower corrupts” was written of
man’s control over other men but it
applies also to his control of energy re-

i39



225}

8
= 200
[Ip]
w)
D
<
w
[
= 175}

100

1960 1965 1970

1955

INCREASE IN CONSUMPTION of energy for electricity generation (dark color), trans-
portation (light color) and other applications (gray) and of the gross national product
(black) are compared. Annual growth rates for certain periods are shown beside heavy
segments of curves. Consumption of electricity has a high growth rate and is increasing.

150

80 L__ | =SS /N

ENERGY CONSUMPTION (THOUSANDS OF BTU.PER DOLLAR)

1900 1910 1920 1930 1940 1950 1960 1970

RATIO OF ENERGY CONSUMPTION to gross national product has varied over the years.
It tends to be low when the G.N.P. is large and energy is being used efficiently, as was the
case during World War II. The ratio has been rising steadily since 1965. Reasons include
the increase in the use of air conditioning and the lack of advance in generating efficiency.

140

© 1971 SCIENTIFIC AMERICAN, INC

sources. The more power an industrial
society disposes of, the more it wants.
The more power we use, the more we
shape our citics and mold our economic
and social institutions to be dependent
on the application of power and the con-
sumption of energy. We could not now
make any major move toward a lower
per capita energy consumption without
severe cconomic dislocation, and cer-
tainly the struggle of people in less de-
veloped regions toward somewhat simi-
lar energy-consumption levels cannot be
thwarted without prolonging mass hu-
man suflering. Yet there is going to have
to be some leveling off in the energy de-
mands of industrial societies. Countries
such as the U.S. have already come up
against constraints dictated by the avail-
ability of resources and by damage to
the environment. Another article in this
issue considers the question of resource
availability [see “The Energy Resources
of the Earth,” by M. King Hubbert, page
60]. Here I shall simply point out some
of the decisions the U.S. faces in coping
with diminishing supplies, and specifi-
cally with our increasing reliance on
foreign sources of petroleum and petro-
leum products. In the short run the ad-
vantages of reasonable self-sufficiency
must be weighed against the economic
and environmental costs of developing
oil reserves in Alaska and off the coast
of California and the Gulf states. Later
on such self-sufficiency may be attain-
able only through the production of oil
from oil shale and from coal. In the long
run the danger of dependence on dwin-
dling fossil fuels—whatever they may be
—must be balanced against the research
and development costs of a major effort
to shape a new energy system that is nei-
ther dependent on limited resources nor
hard on the environment.

The environmental constraint may be
more insistent than the constraint of re-
source availability. The present flow of
energy through U.S. society leaves waste
rock and acid water at coal mines;
spilled oil from offshore wells and tank-
ers; waste gases and particles from pow-
er plants, furnaces and automobiles; ra-
dioactive wastes of various kinds from
nuclear-fuel processing plants and reac-
tors. All along the line waste heat is
developed, particularly at the power
plants.

Yet for at least the next 50 years we
shall be making use of dirty fuels: coal
and petroleum. We can improve coal-
combustion technology, we can build
power plants at the mine mouth (so that
the air of Appalachia is polluted instead
of the air of New York City), we can
make clean oil and gas from coal and oil
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from shale, and sow grass on the moun-
tains of waste. As nuclear power plants
proliferate we can put them under-
ground, or far from the cities they serve
if we are willing to pay the cost in trans-
mission losses. With adequate foresight,
caution and research we may even be
able to handle the radioactive-waste
problem without “undue” risk.

There are, however, definite limits to
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TECHNICAL EFFICIENCY is the product of conversion efficiency
at an intermediate step (if there is one) and application efficiency
at the device that does the work. Losses due to friction and heat are

such improvements. The automobile en-
gine and its present fuel simply cannot
be cleaned up sufficiently to make it an
acceptable urban citizen. It seems clear
that the internal-combustion engine will
be banned from the central city by the
year 2000; it should probably be banned
right now. Because our cities are shaped
for automobiles, not for mass transit, we
shall have to develop battery-powered
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NATURAL-GAS HEATER
(62 PERCENT)

enough heat to warm 50 gallons of water from 32 degrees Fahren-
heit to 212 degrees. Electrical method requires substantially more
gas even though efficiency at electric heater is nearly 100 percent.

or flywheel-powered cars and taxis for
inner-city transport. The 1970 census
for the first time showed more metro-
politan citizens living in suburbs than in
the central city; it also showed a record
high in automobiles per capita, with the
greatest concentration in the suburbs. It
seems reasonable to visualize the subur-
ban two-car garage of the future with
one car a recharger for “downtown” and

APPLICATION |

TECHNICAL
EFFICIENCY EFFICIENCY
(PERCENT) (PERCENT)
25 25
100 32
75 75
100 32
94 70
32 32

ignored in the flywheel-drive automobile data. Coke retains only
about 66 percent of the energy of coal, but the energy recovered
from the by-products raises the energy conservation to 94 percent.
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the other, still gasoline-powered, for sub-
urban and cross-country driving.

Of course, some of the improvement
in urban air quality bought by excluding
the internal-combustion engine must be
paid for by increased pollution from the
power plant that supplies the electricity
for the nightly recharging of the down-
town vehicles. It need not, however, be
paid for by an increased draft on the
primary energy source; this is one sub-
stitution in which electricity need not
decrease the technical efficiency of the
system. The introduction of heat pumps
for space heating and cooling would be

another. In fact, the overall efficiency
should be somewhat improved and the
environmental impact, given adequate
attention to the siting, design and oper-
ation of the substituting power plant,
should be greatly alleviated.

If technology can extend resource avail-

ability and keep environmental de-
terioration within acceptable limits in
most respects, the specific environmental
problem of waste heat may become the
overriding one of the energy system by
the turn of the century.

The cooling water required by power

plants already constitutes 10 percent of
the total U.S. streamflow. The figure will
increase sharply as more nuclear plants
start up, since present designs of nuclear
plants require 50 percent more cooling
water than fossil-fueled plants of equal
size do. The water is heated 15 degrees
Fahrenheit or more as it flows through
the plant. For ecological reasons such an
increase in water released to a river, lake
or ocean bay is unacceptable, at least for
large quantities of effluent, and most
large plants are now being built with
cooling ponds or towers from which
much of the heat of the water is dissi-
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ROUGH CORRELATION between per capita consumption of en-
ergy and gross national product is seen when the two are plotted
together; in general, high per capita energy consumption is a pre-
requisite for high output of goods and services. If the position
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plotted for the U.S. is considered to establish an arbitrary “line,”
some countries fall above or below that line. This appears to be
related to a country’s economic level, its emphasis on heavy indus-
try or on services and its efficiency in converting energy into work.
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Now you see it...Now you don’t.

I-T-E Imperial is doing powerful things for you.

For instance . . . our SFg gas-insulated systems have
opened the way to a new era in out-of-sight high-voltage
power lines and switching stations—improving environ -
mental aesthetics. And just in time . ..

Within the present decade, it is estimated electric util-
ities will more than double their present generating and
transmission capacities. So they have problems. For-
tunately, our new gas-insulated systems offer many
solutions.

This new concept shrinks utility high-voltage switching
stations up to 1/15th their present size—and they can
be indoors, outdoors, or even underground. This is an
important economic consideration as prime land grows
ever more scarce and property values sky-rocket. Inner-
city land can cost up to millions of doliars an acre!

Also, where space and siting considerations do not per-
mit the use of conventional overhead systems with their
necessary towers, exposed conductors and wide right-
of-way, I-T-E totally enclosed SFgelectrical transmission

systems can be put completely out of sight—under-
ground, in tunnels, or under elevated highways. For ex-
ample, a 3-phase, 345kV, 2000 megawatt system is now
being installed in an 8 ft. trench. Overhead installations
ordinarily require up to 150’ right of way!

In brief, by meeting the growing power need with new
efficiency, we can help to achieve greater harmony with
our total environment.

The first 345kV SFginsulated system, supplied by I-T-E
was put “on line” July 4th—the first of its kind in the
world—and other projects are now under construction.
Also underway, a feasibility study of underwater trans-
mission lines for off-shore power stations.

We’ve been working in electrical distribution and power
protection, serving America’s power needs for nearly
a century. If you would like more details, we’ve got a free
book. For your copy, contact your local I-T-E sales
office or write I-T-E Imperial Corporation, 1900 Hamilton
Street, Philadelphia, Pa. 19130.

@ | ITE Imperial Corporation
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pated to the atmosphere before the wa-
ter is discharged or recycled through the
plant. Although the atmosphere is a
more capacious sink for waste heat than
any body of water, even this disposal
mechanism obviously has its environ-
mental limits.

Many suggestions have been made for
putting the waste heat from power
plants to work: for irrigation or aquacul-
ture, to provide ice-free shipping lanes
or for space heating. (The waste heat
from power generation today would be
more than enough to heat every home in
the U.S.!) Unfortunately the quantities
of water involved, the relatively low
temperature of the coolant water and
the distances between power plants and
areas of potential use are serious deter-
rents to the utilization of waste heat.
Plants can be designed, however, for
both power production and space heat-
ing. Such a plant has been in operation
in Berlin for a number of years and has
proved to be more efficient than a com-
bination of separate systems for power
production and space heating. The Ber-
lin plant is not simply a conserver of
waste heat but an exercise in fuel econ-
omy; its power capacity was reduced in
order to raise the temperature of the
heated water above that of normal cool-
ing water.

With present and foreseeable tech-
nology there is not much hope of de-
creasing the amount of heat rejected to

POPULATION
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streams or the atmosphere (or both) from
central steam-generating power plants.
Two systems of producing power with-
out steam generation offer some long-
range hope of alleviating the waste-heat
problem. One is the fuel cell; the other is
the fusion reactor combined with a sys-
tem for converting the energy released
directly into electricity [see “The Con-
version of Energy,” by Claude M. Sum-
mers, page 148]. In the fuel cell the en-
ergy contained in hydrocarbons or hy-
drogen is released by a controlled oxida-
tion process that produces electricity
directly with an efficiency of about 60
percent. A practical fusion reactor with
a direct-conversion system is not likely
to appear in this century.

Major changes in power technology
will be required to reduce pollution and
manage wastes, to improve the efficien-
cy of the system and to remove the
resource-availability constraint. Making
the changes will call for hard political
decisions. Energy needs will have to be
weighed against environmental and so-
cial costs; a decision to set a pollution
standard or to ban the internal-combus-
tion engine or to finance nuclear-power
development can have major economic
and political effects. Democratic socie-
ties are not noted for their ability to take
the long view in making decisions. Yet
indefinite growth in energy consump-
tion, as in human population, is simply
not possible.

1940 1960 1980 2000

US. ENERGY-CONSUMPTION GROWTH (curve in color) has outpaced the growth in
| population (black) since 1900, except during the energy cutback of the depression years.
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for
granted

But it doesn’t just happen

Electricity is twinkling lights.
Electricity is downtown
streetcars. Chandeliers at
the opera, the spots and
floods. Electricity cooks late
suppers. Lets you watch
that late show. Keeps you
warm, or cool.

Electricity turns the wheels
of industry. Helping to
make things. From space-
craft to bread.

Electricity means safety. In
the hospital. At the airport.
Electricity is essential.

But it doesn’t just happen.
It has to be generated. More
and more, for more and more
purposes. Work on hand with
the Brown Boveri Group just
now includes 10 very large
turbine-generator sets over
1000 MW for the United
States. Six of them the biggest
in the world. Together they

© 1971 SCIENTIFIC AMERICAN, INC

will produce 12 750 000 kW,
day in, day out. They

will be well designed, reliable
machines. It’s taken for
granted.

BBC

BROWN BOVERI

Represented in the USA by
Brown Boveri Corporation,
North Brunswick, N.J.
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tron microscope, the largest

A microscope so powerful it
can resolve features eight

|icists and chemists are
 probing the moon samples
II:Ltnost atom by atom. Just as
'we! ve used it to probe the

U.5. STEEL SCIENTIST AT
MICROSCOPE CONSOLE.

= T
- .

A

research center near Pitis-
burgh—a million-volt elec-

in the Western Hemisphere.

billionths of an inch apart.
1 Our metallurgists, phys-

5—"'*

expand man’s knowledge’

4’“

=

nature of our steels. And to
study tooth enamel, vac-
cines, muscle tissue and
much more. We're helping

wuan SAMPLE UND

LI._

POLARIZED l.lGl-ll' :

to unlock the secrets of the
moon as well as of earth. ]

Because man can im-|
prove his life by expanding |
his knowledge, at United |

States Steel, we're involved.
USSisaregisterad trademark.

We’'re
involved.

1 l‘:-.lu"“-'[‘?m'm

W :

- '.“ |

¥

THESE ACCELERATORS POWER
U.S. STEEL'S MILLION-VOLT
ELECTRON MICROSCOPE.

k|

2 v
- llP



| © 1971 SCIENTIFIC AMERICAN, INC



THE CONVERSION OF ENERGY

The efficiency of home furnaces, steam turbines, automobile engines

and light bulbs all help to fix the demand for energy. A major need

1s a kind of energy source that does not add to the earth’s heat load

modern industrial society can be
A viewed as a complex machine for
degrading high-quality energy
into waste heat while extracting the en-
ergy needed for creating an enormous
catalogue of goods and services. Last
year the U.S. achieved a gross national
product of just over $1,000 billion with
the help of 69 X 10'® British thermal
units of energy, of which 95.9 percent
was provided by fossil fuels, 3.8 percent
by falling water and .3 percent by the
fission of uranium 235. The consumption
of 340 million B.tu. per capita was
equivalent to the energy contained in
about 13 tons of coal or, to use a com-
modity now more familiar, 2,700 gallons
of gasoline. One can estimate very
roughly that between 1900 and 1970 the
efficiency with which fuels were con-
sumed for all purposes increased by a
factor of four. Without this increase the
U.S. economy of 1971 would already be
consuming energy at the rate projected
for the year 2025 or thereabouts.
Because of steadily increasing effi-
ciency in the conversion of energy to
useful heat, light and work, the G.N.P.
between 1890 and 1960 was enabled to
grow at an average annual rate of 3.25
percent while fuel consumption in-
creased at an annual rate of only 2.7 per-

by Claude M. Summers

cent. It now appears, however, that this
favorable ratio no longer holds. Since
1967 annual increases in fuel consump-
tion have risen faster than the G.N.P.,
indicating that gains in fuel economy are
becoming hard to achieve and that new
goods and services are requiring a larger
energy input, dollar for dollar, than
those of the past. If one considers only
the predicted increase in the use of nu-
clear fuels for generating electricity, it
is apparent that an important fraction of
the fuel consumed in the 1980’s and
1990’s will be converted to a useful form
at lower efficiency than fossil fuels are
today. The reason is that present nuclear
plants convert only about 30 percent of
the energy in the fuel to electricity com-
pared with about 40 percent for the best
fossil-fuel plants.

It is understandable that engineers
should strive to raise the efficiency with
which fuel energy is converted to other
and more useful forms. For industry in-
creased efficiency means lower produc-
tion costs; for the consumer it means
lower prices; for everyone it means re-
duced pollution of air and water. Elec-
tric utilities have long known that by
lowering the price of energy for bulk
users they can encourage consumption.
The recent campaign of the utility in-

STEAM-DRIVEN TURBOGENERATOR at Paradise power plant of the Tennessee Valley
Authority near Paradise, Ky., has a capacity of 1,150 megawatts. When placed in operation
in February, 1970, it was the largest unit in the world. The turbine, built by the General
Electric Company, is a cross-compound design in which steam first enters a high-pressure
turbine, below the angled pipe at the left, then flows through the angled pipe to pass in
sequence through an intermediate-pressure turbine (blue casing at rear) and then through
a low-pressure turbine (blue casing in foreground). The high-pressure turbine is connected

to one generator (gray housing at left) and the other two turbine sections to a second gen-
erator of the same capacity (gray housing in foreground). The entire unit is driven by eight
million pounds of steam per hour, which enters the high-pressure turbine at 3,650 pounds
per square inch and 1,003 degrees Fahrenheit. The daily coal consumption is 10,572 tons,
enough to fill 210 railroad coal cars. The unit has a net thermal efficiency of 39.3 percent.
Two smaller turbogenerators, each rated at 704 megawatts, are visible in the background.
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dustry to “save a watt” marks a profound
reversal in business philosophy. The dif-
ficulty of finding acceptable new sites
for power plants underscores the need
not only for frugality of use but also for
efficiency of use. Having said this, one
must emphasize that even large im-
provements in efficiency can have only
a modest effect in extending the life of
the earth’s supply of fossil and nuclear
fuels. I shall develop the point more ful-
ly later in this article.

rl‘he efficiency with which energy con-

* tained in any fuel is converted to
useful form varies widely, depending on
the method of conversion and the end
use desired. When wood or coal is
burned in an open fireplace, less than 20
percent of the energy is radiated into the
room; the rest escapes up the chimney.
A well-designed home furnace, on the
other hand, can capture up to 75 per-
cent of the energy in the fuel and make
it available for space heating. The aver-
age efficiency of the conversion of fossil
fuels for space heating is now probably
between 50 and 55 percent, or nearly
triple what it was at the turn of the cen-
tury. In 1900 more than half of all the
fuel consumed in the U.S. was used for
space heating; today less than a third is
so used.

The most dramatic increase in fuel-
conversion efficiency in this century has
been achieved by the electric-power in-
dustry. In 1900 less than 5 percent of
the energy in the fuel was converted to
electricity. Today the average efficiency
is around 33 percent. The increase has
been achieved largely by increasing the
temperature of the steam entering the
turbines that turn the electric generators
and by building larger generating units
[see illustration on opposite page]. In
1910 the typical inlet temperature was
500 degrees Fahrenheit; today the latest
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CONVERSION PATHWAYS link many of the familiar forms of
energy. The four forms shown in color are either important
sources of power today or, in the case of solar energy, potentially
important. The broken lines indicate rare, incidental or theoretical-
ly useful conversions. The gray lines follow the destiny of inter-
mediate forms of energy. Except for the thermal energy used for

space heating, most is converted to mechanical energy. Mechanical
energy is used directly for transportation (see illustration below)
and for generating electricity. Electrical energy in turn is used for
lighting, heating and mechanical work. As a secondary form, chemi-
cal energy is found in dry cells and storage batteries. The radi-
ant energy produced by electric lamps ends up chiefly as heat.

PERCENT PERCENT
OF U.S. oFUS.
ENERGy ~ RESOURCE INTERMEDIATE FORM OF ENERGY END USE ENERGY
SUPPLY (1970) DEMAND (1970)
3.8 HYDRO
TRANSPORTATION 24.6
FOSSIL
5.9 i
? FUELS | THERMAL
NUCLEAR ENERGY S .
3 FUELS | | . INDUSTRIAL 37.2
" wmmms| MECHANICAL _
100 . = ENERGY
r RESIDENTIAL
AND 22.4
! _ | ELECTRICAL
| cpcy . COMMERCIAL
.| CONVERSION
A 15.8
*| TRANSMISSION :
> LOSSES
100

PATHWAYS TO END USES are depicted for the three principal
sources of energy. The most direct and most efficient conversion
is from falling water to mechanical energy to electrical energy. The
energy locked in fossil and nuclear fuels must first be released in
the form of thermal energy before it can be converted to mechani-
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cal energy and then, if it is desired, to electric power. Conversion
and transmission losses include various nonenergy uses of fossil
fuels, such as the manufacture of lubricants and the conversion
of coal to coke. The biggest loss, however, arises from the gen-
eration of electric power at an average efficiency of 32.5 percent.
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units take steam superheated to 1,000
degrees. The method of computing the
maximum theoretical efficiency of a
steam turbine or other heat engine was
enunciated by Nicolas Léonard Sadi
Carnot in 1824. The maximum achiev-
able efficiency is expressed by the frac-
tion (Ty — T,)/T,, where T} is the abso-
lute temperature of the working fluid
entering the heat engine and T, is the
temperature of the fluid leaving the en-
gine. These temperatures are usually ex-
pressed in degrees Kelvin, equal to de-
grees Celsius plus 273, which is the
difference between absolute zero and
zero degrees C. In a modern steam tur-
bine T, is typically 811 degrees K.
(1,000 degrees Fahrenheit) and T, de-
grees K. (100 degrees F.). Therefore ac-
cording to Carnot’s equation the maxi-
mum theoretical efficiency is about 60
percent. Because the inherent properties
of a steam cycle do not allow the heat
to be introduced at a constant upper
temperature, the maximum theoretical
efficiency is not 60 percent but more like
53 percent. Modern steam turbines
achieve about 89 percent of that value,
or 47 percent net.

To obtain the overall efficiency of a
steam power plant this value must be
multiplied by the efficiencies of the oth-
er energy converters in the chain from
fuel to electricity. Modern boilers can
convert about 88 percent of the chem-
ical energy in the fuel into heat. Gen-
erators can convert up to 99 percent of
the mechanical energy produced by the
steam turbine into electricity. Thus the
overall efficiency is 88 X 47 (for the tur-
bine) X 99, or about 41 percent.

Nuclear power plants operate at low-
er efficiency because present nuclear re-
actors cannot be run as hot as boilers
burning fossil fuel. The temperature of
the steam produced by a boiling-water
reactor is around 350 degrees C., which
means that the T; in the Carnot equa-
tion is 623 degrees K. For the complete
cycle from fuel to electricity the effi-
ciency of a nuclear power plant drops to
about 30 percent. This means that some
70 percent of the energy in the fuel used
by a nuclear plant appears as waste
heat, which is released either into an
adjacent body of water or, if cooling
towers are used, into the surrounding
air. For a fossil-fuel plant the heat
wasted in this way amounts to about 60
percent of the energy in the fuel

The actual heat load placed on the
water or air is much greater, however,
than the difference between 60 and 70
percent suggests. For plants with the
same kilowatt rating, a nuclear plant
produces about 50 percent more waste

ELECTRIC GENERATOR

LARGE ELECTRIC MOTOR
DRY CELL BATTERY
LARGE STEAM BOILER

HOME GAS FURNACE

STORAGE BATTERY

HOME OIL FURNACE

SMALL ELECTRIC MOTOR
FUEL CELL

LIQUID-FUEL ROCKET
STEAM TURBINE

STEAM POWER PLANT
GAS LASER

DIESEL ENGINE
AIRCRAFT GAS TURBINE
INDUSTRIAL GAS TURBINE
HIGH-INTENSITY LAMP

SOLID-STATE LASER

AUTOMOBILE ENGINE

FLUORESCENT LAMP
WANKEL ENGINE

SOLAR CELL
STEAM LOCOMOTIVE
THERMOCOUPLE

INCANDESCENT LAMP

T

I

EFFICIENCY OF ENERGY CONVERTERS runs from less than 5 percent for the ordinary
incandescent lamp to 99 percent for large electric generators. The efficiencies shown are
approximately the best values attainable with present technology. The figure of 47 percent
indicated for the liquid-fuel rocket is computed for the liquid-hydrogen engines used in the
Saturn moon vehicle. The efficiencies for fluorescent and incandescent lamps assume that the
maximum attainable efficiency for an acceptable white light is about 400 lumens per watt
rather than the theoretical value of 220 lumens per watt for a perfectly “flat” white light.
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heat than a fossil-fuel plant. The reason
is that a nuclear plant must “burn”
about a third more fuel than a fossil-
fuel plant to produce a kilowatt-hour of
electricity and then wastes 70 percent
of the larger B.t.u. input.

Of course, no law of thermodynamics
decrees that the heat released by either
a nuclear or a fossil-fuel plant must go
to waste. The problem is to find some-
thing useful to do with large volumes of
low-grade energy. Many uses have been
proposed, but all run up against eco-
nomic limitations. For example, the low-
pressure steam discharged from a steam
turbine could be used for space heating.
This is done in some communities, no-
tably in New York City, where Consoli-
dated Edison is a large steam supplier.
Many chemical plants and refineries also
use low-pressure steam from turbines as
process steam. It has been suggested
that the heated water released by power
plants might be beneficial in speeding
the growth of fish and shellfish in cer-
tain localities. Nationwide, however,
there seems to be no attractive use for
the waste heat from the present fossil-
fuel plants or for the heat that will soon
be pouring from dozens of new nuclear
power plants. The problem will be to
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FOSSIL FUELS CONSUMED BY PRIMARY CONVERTERS, U S.
(10” B.T.U.)

limit the harm the heat can do to the
environment.

From the foregoing discussion one
can see that the use of electricity for
home heating (a use that is still vigor-
ously promoted by some utilities) repre-
sents an inefficient use of chemical fuel.
A good oil- or gas-burning home furnace
is at least twice as efficient as the aver-
age electric-generating station. In some
locations, however, the annual cost of
electric space heating is competitive
with direct heating with fossil fuels even
at the lower efficiency. Several factors
account for this anomaly. The electric-
power rate decreases with the added
load. Electric heat is usually installed
in new constructions that are well in-
sulated. The availability of gas is limited
in some locations and its cost is higher.
The delivery of oil is not always de-
pendable. As fossil fuels become scar-
cer, their cost will increase, and the pro-
duction of electrical energy with nuclear
fuels will increase. Unfortunately we
must expect that a greater percentage of
our fuel resources (particularly nuclear
fuels) will be consumed in electric space
heating in spite of the less efficient use
of fuel.

The most ubiquitous of all prime mov-

1950 1960 1970

THREE OF FASTEST-GROWING ENERGY USERS are electric utilities (color), mo-
tor vehicles (black) and aircraft (gray). Together they now consume about 40 percent of
all the energy used in the U.S. As recently as 1940 they accounted for only 18 percent of a
much smaller total. The demand for aircraft fuel has more than tripled in 10 years.
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ers is the piston engine. There are two
in many American garages, not counting
the engines in the power mower, the
snowblower or the chain saw. The piston
engines in the nation’s more than 100
million motor vehicles have a rated ca-
pacity in excess of 17 billion horsepow-
er, or more than 95 percent of the capac-
ity of all prime movers (defined as en-
gines for converting fuel to mechanical
energy). Although this huge capacity is
unemployed most of the time, it ac-
counts for more than 16 percent of the
fossil fuel consumed by the U.S. Trans-
portation in all forms—including the
propulsion systems of ships, locomotives
and aircraft—absorbs about 25 percent
of the nation’s energy budget.
Automotive engineers estimate that
the efficiency of the average automobile
engine has risen about 10 percent over
the past 50 years, from roughly 22 per-
cent to 25 percent. In terms of miles
delivered per gallon of fuel, however,
there has actually been a decline. From
1920 until World War II the average
automobile traveled about 13.5 miles
per gallon of fuel. In the past 25 years
the average has fallen gradually to
about 12.2 miles per gallon. This de-
cline is due to heavier automobiles with
more powerful engines that encourage
greater acceleration and higher speed. It
takes about eight times more energy to
push a vehicle through the air at 60
miles per hour than at 30 miles per hour.
The same amount of energy used in
accelerating the car’s mass to 60 miles
per hour must be absorbed as heat, pri-
marily in the brakes, to stop the vehicle.
Therefore most of the gain in engine
efficiency is lost in the way man uses his
machine. Automobile air conditioning
has also played a role in reducing the
miles per gallon. With the shift in con-
sumer preference to smaller cars the fig-
ure may soon begin to climb. The effi-
ciency of the basic piston engine, how-
ever, cannot be improved much further.
If all cars in the year 2000 operated
on electric batteries charged by elec-
tricity generated in central power sta-
tions, there would be little change in the
nation’s overall fuel requirement. Al-
though the initial conversion efficiency
in the central station might be 35 per-
cent compared with 25 percent in the
piston engine, there would be losses in
distributing the electrical energy and in
the conversion of electrical energy to
chemical energy (in the battery) and
back to electrical energy to turn the car
wheels. Present storage batteries have
an overall efficiency of 70 to 75 percent,
so that there is not much room for im-
provement. Anyone who believes we



would all be better off if cars were elec-
trically powered must consider the prob-
lem of increasing the country’s electric-
generating capacity by about 75 per-
cent, which is what would be required
to move 100 million vehicles.

The difficulty of trying to trace sav-
ings produced by even large changes in
efficiency of energy conversion is vividly
demonstrated by what happened when
the railroads converted from the steam
locomotive (maximum thermal efficiency
10 percent) to diesel-electric locomo-
tives (thermal efficiency about 35 per-
cent). In 1920 the railroads used about
135 million tons of coal, which repre-
sented 16 percent of the nation’s total
energy demand. By 1967, according to
estimates made by John Hume, an en-
ergy consultant, the railroads were pro-
viding 54 percent more transportation
than in 1920 (measured by an index of
“transportation output”) with less than a
sixth as many B.t.u. This increase in ef-
ficiency, together with the railroads’ de-
clining role in the national economy, had
reduced the railroads’ share of the na-
tion’s total fuel budget from 16 percent
to about 1 percent. If one looks at a
curve of the country’s total fuel con-
sumption from 1920 to 1967, however,
the impact of this extraordinary change
is scarcely visible.

Perhaps the least efficient important
use for electricity is providing light. The
General Electric Company estimates
that lighting consumes about 24 percent
of all electrical energy generated, or 6
percent of the nation’s total energy budg-
et. It is well known that the glowing
filament of an ordinary 100-watt incan-
descent lamp produces far more heat
than light. In fact, more than 95 percent
of the electric input emerges as infrared
radiation and less than 5 percent as visi-
ble light. Nevertheless, this is about
five times more light than was provided
by a 100-watt lamp in 1900. A modern
fluorescent lamp converts about 20 per-
cent of the electricity it consumes into
light. These values are based on a prac-
tical upper limit of 400 lumens per watt,
assuming the goal is an acceptable light
of less than perfect whiteness. If white
light with a totally flat spectrum is speci-
fied, the maximum theoretical output is
reduced to 220 lumens per watt. If one
were satisfied with light of a single
wavelength at the peak sensitivity of the
human eye (555 nanometers), one could
theoretically get 680 lumens per watt.

General Electric estimates that fluo-
rescent lamps now provide about 70
percent of the country’s total illumina-
tion and that the balance is divided be-
tween incandescent lamps and high-
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EFFICIENCY OF FUEL-BURNING POWER PLANTS in the U.S. increased nearly tenfold
from 3.6 percent in 1900 to 32.5 percent last year. The increase was made possible by raising
the operating temperature of steam turbines and increasing the size of generating units.
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EFFICIENCY OF RAILROAD LOCOMOTIVES can be inferred from the energy needed
by U.S. railroads to produce a unit of “transportation output.” The big leap in the 1950’s
reflects the nearly complete replacement of steam locomotives by diesel-electric units.
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EFFICIENCY OF AUTOMOBILE ENGINES is reflected imperfectly by miles per gallon of
fuel because of the increasing weight and speed of motor vehicles. Manufacturers say that
the thermal efficiency of the 1920 engine was about 22 percent ; today it is about 25 percent.
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EFFICIENCY OF ELECTRIC LAMPS depends on the quality of light one regards as ac-
ceptable. Theoretical efficiency for perfectly flat white light is 220 lumens per watt. By
enriching the light slightly in mid-spectrum one could obtain about 400 lumens per watt.
Thus present fluorescent lamps can be said to have an efficiency of either 36 percent or 20.
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intensity lamps, which have efficiencies
comparable to, and in some cases high-
er than, fluorescent lamps. This division
implies that the average efficiency of
converting electricity to light is about
13 percent. To obtain an overall effi-
ciency for converting chemical (or nu-

clear) energy to visible light, one must
multiply this percentage times the av-
erage efficiency of generating power
(33 percent), which yields a net conver-
sion efficiency of roughly 4 percent.
Nevertheless, thanks to increased use of
fluorescent and high-intensity lamps, the

nation was able to triple its “consump-
tion” of lighting between 1960 and 1970
while only doubling the consumption of
electricity needed to produce it.

This brief review of changing efficien-
cies of energy use may provide some
perspective when one tries to evaluate
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ELECTRIC-POWER GENERATING MACHINERY now in use
extracts energy from falling water, fossil fuels or nuclear fuels. The
hydroturbine generator (1) converts potential and kinetic energy
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PROPULSION MACHINERY converts the energy in liquid fuels
into forms of mechanical or kinetic energy useful for work and
transportation. In the piston engine (5) a compressed charge of
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NOVEL ENERGY CONVERTERS are being designed to exploit a
variety of energy sources. The fuel cell (9) converts the energy in
hydrogen or liquid fuels directly into electricity. The “combus-
tion” of the fuel takes place inside porous electrodes. In a recently
proposed solar power plant (10) sunlight falls on specially coated
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into electric power. In a fossil-fuel steam power plant (2) a boiler
produces steam; the steam turns a turbine; the turbine turns an
electric generator. In a nuclear power plant (3) the fission of ura-
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fuel and air is exploded by a spark; the expanding gases push
against the piston, which is connected to a crankshaft. In a diesel
engine (6) the compression alone is sufficient to ignite the charge

10  SUNLIGHT

collectors and raises the temperature of a liquid metal to 1,000
degrees F. A heat exchanger transfers the heat so collected to steam,
which then turns a turbogenerator as in a conventional power
plant. A salt reservoir holds enough heat to keep generating steam
during the night and when the sun is hidden by clouds. In a mag-
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the probable impact of novel energy-
conversion systems now under develop-
ment. Two devices that have received
much notice are the fuel cell and the
magnetohydrodynamic (MHD) genera-
tor. The former converts chemical en-
ergy directly into electricity; the latter

is potentially capable of serving as a
high-temperature “topping” device to be
operated in series with a steam turbine
and generator in producing electricity.
Fuel cells have been developed that can
“burn” hydrogen, hydrocarbons or al-
cohols with an efficiency of 50 to 60 per-

cent. The hydrogen-oxygen fuel cells
used in the Apollo space missions, built
by the Pratt & Whitney division of
United Aircraft, have an output of 2.3
kilowatts of direct current at 20.5 volts.
A decade ago the magnetohydrody-
namic generator was being advanced as

FUEL RODS

TURBINE

I

nium 235 releases the energy to make steam, which then goes
through the same cycle as in a fossil-fuel power plant. Under de-
velopment are nuclear breeder reactors (4) in which surplus
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of fuel and air. In an aircraft gas turbine (7) the continuous expan-
sion of hot gas from the combustion chamber passes through a tur-
bine that turns a multistage air compressor. Hot gases leaving the

"
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COMBUSTION
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netohydrodynamic “turbine” (11) the energy contained in a hot
electrically conducting gas is converted directly into electric power.
A small amount of “seed” material, such as potassium carbonate,
must be injected into the flame to make the hot gas a good conduc-
tor. Electricity is generated when the electrically charged particles of
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neutrons are captured by a blanket of nonfissile atoms of uranium
238 or thorium 232, which are transformed into fissile plutonium
239 or U-233. The heat of the reactor is removed by liquid sodium.
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turbine provide the kinetic energy for propulsion. A liquid-fuel
rocket (8) carries an oxidizer in addition to fuel so that it is in-
dependent of an air supply. Rocket exhaust carries kinetic energy.
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gas cut through the field of an external magnet. A long-range goal
is a thermonuclear reactor (12) in which the nuclei of light ele-
ments fuse into heavier elements with the release of energy. High.
velocity charged particles produced by a thermonuclear reaction
might Le trapped in such a way as to generate electricity directly.
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DOUBLING CURVE (left) rises exponentially with time. It shows
how many doubling intervals are needed to produce a given mul-
tiplication of the growth quantity. Thus if electric-power demand
continues to double every 10 years, the demand will increase eight-
fold in three doubling periods, that is, by the year 2001. When ex-
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DEPLETION OF A RESOURCE can be read from the curve at
the left. Thus if .1 percent of world’s oil has now heen extracted, all
will be gone in just under 10 doubling periods, or 100 years if the
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ENERGY RECEIVED FROM SUN on an average square foot of
the U.S. will be equaled by production of electrical energy in
roughly 100 years if the demand continues to double every 10 years.
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ponential growth curves are plotted on a semilogarithmic scale, the
result is a straight line (right). If electric-power consumption were
cut in half at 4, held constant for 10 years and allowed to return to
the former growth rate, time needed to reach a given demand
(B) would be extended by only two doubling periods, or 20 years.
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doubling interval is 10 years. The table at the right shows that the
ultimate depletion date is changed very little by large changes in
the estimate of amount of resource that has been extracted to date.
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THREE GROWTH CURVES are compared. Curve A is exponen-
tial. In Curve B each doubling period is successively increased by
20 percent. In Curve C the growth per doubling period is constant.
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the energy converter of the future. In
such a device the fuel is burned at a
high temperature and the gaseous prod-
ucts of combustion are made electrical-
ly conducting by the injection of a
“seed” material, such as potassium car-
bonate. The electrically conducting gas
travels at high velocity through a mag-
netic field and in the process creates a
flow of direct current [see No. 11 in il-
lustrations on pages 154 and 155]. If the
MHD technology can be developed, it
should be possible to design fossil-fuel
power plants with an efficiency of 45 to
50 percent. Since MHD requires very
high temperatures it is not suitable for
use with nuclear-fuel reactors, which
produce a working fluid much cooler
than one can obtain from a combustion
chamber fired with fossil fuel.

]f ever an energy source can be said to

- have arrived in the nick of time, it
is nuclear energy. Twenty-two nuclear
power plants are now operating in the
U.S. Another 55 plants are under con-
struction and more than 40 are on order.
This year the U.S. will obtain 1.4 per-
cent of its electrical energy from nuclear
fission; it is expected that by 1980 the
figure will reach 25 percent and that by
2000 it will be 50 percent.

Although a 1,000-megawatt nuclear
power plant costs about 10 percent more
than a fossil-fuel plant ($280 million as
against $250 million), nuclear fuel is al-
ready cheaper than coal at the mine
mouth. Some projections indicate that
coal may double in price between now
and 1980. One reason given is that new
Federal safety regulations have already
reduced the number of tons produced
per man-day from the 20 achieved in
1969 to fewer than 15.

The utilities are entering a new pe-
riod in which they will have to rethink
the way in which they meet their base
load, their intermediate load (which co-
incides with the load added roughly be-
tween 7:00 a.n. and midnight by the
activity of people at home and at work)
and peak load (the temperature-sensi-
tive load, which accounts for only a few
percent of the total demand). In the past
utilities assigned their newest and most
efficient units to the base load and called
on their older and smaller units to meet
the variable daily demand. In the fu-
ture, however, when still newer capacity
is added, the units now carrying the ba-
sic load cannot easily be relegated to
intermittent duty because they are too
large to be easily put on the line and
taken off.

There is therefore a need for a new
kind of flexible generating unit that may

be best satisfied by coupling an indus-
trial gas turbine to an electric generator
and using the waste heat from the gas
turbine to produce low-pressure steam
for a steam turbine—generator set. Com-
bination systems of this kind are now
being offered by General Electric and
the Westinghouse Electric Company.
Although somewhat less efficient than
the best large conventional units, the
gas-turbine units can be brought up to
full load in an hour and can be installed
at lower cost per kilowatt. To meet brief
peak demands utilities are turning to
gas turbines (without waste-heat boilers
that can be brought up to full load in
minutes) and to pumped hydrostorage
systems. In the latter systems off-peak
capacity is used to pump water to an
elevated reservoir from which it can be
released to produce power as needed.

Westinghouse has recently estimated
that U.S. utilities must build more than
1,000 gigawatts (GW, or 10° watts) of
new capacity between 1970 and 1990,
or more than three times the present in-
stalled capacity of roughly 300 GW. Of
the new capacity 500 GW, or half, will
be needed to handle the anticipated in-
crease in base load and 75 percent of the
500 GW will be nuclear. More than 400
GW of new capacity will be needed to
meet the growing intermediate load, and
a sizable fraction of it will be provided
by gas turbines. The new peaking ca-
pacity, amounting to some 170 GW, will
be divided, Westinghouse believes, be-
tween gas turbines and pumped storage
in the ratio of 10 to seven.

Such projections can be regarded as
the conventional wisdom. Does un-
conventional wisdom have anything to
offer that may influence power genera-
tion by 2000, if not by 1990? First of
all, there are the optimists who believe
prototype nuclear-fusion plants will be
built in the 1980’s and full-scale plants
in the 1990’s. In a sense, however, this
is merely conventional wisdom on an ac-
celerated time scale. Those with a genu-
inely unconventional approach are ask-
ing: Why do we not start developing the
technology to harness energy from the
sun or the wind or the tides?

Many people still remember the Pas-
samaquoddy project of the 1930’s, which
is once more being discussed and which
would provide 300 megawatts (less than
a third the capacity of the turbogenera-
tor shown on page 148) by exploiting
tides with an average range of 18 feet
in the Bay of Fundy, between Maine
and Canada. A working tidal power
plant of 240 megawatts has recently
been placed in operation by the French
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government in the estuary of the Rance
River, where the tides average 27 feet.
How much tidal energy might the U.S.
extract if all favorable bays and inlets
were developed? All estimates are sub-
ject to heavy qualification, but a reason-
able guess is something like 100 GW.
We have just seen, however, that the
utilities will have to add 10 times that
much capacity just to meet the needs of
1990. One must conclude that tidal pow-
er does not qualify as a major unconven-
tional resource.

What about the wind? A study we
conducted at Oklahoma State Univer-
sity a few years ago showed that the
average wind energy in the Oklahoma
City area is about 18.5 watts per square
foot of area perpendicular to the wind
direction. This is roughly equivalent to
the amount of solar energy that falls on
a square foot of land in Oklahoma, aver-
aging the sunlight for 24 hours a day in
all seasons and under all weather con-
ditions. A propeller-driven turbine could
convert the wind’s energy into electricity
at an efficiency of somewhere between
60 and 80 percent. Like tidal energy and
other forms of hydropower, wind power
would have the great advantage of not
introducing waste heat into the bio-
sphere.

The difficulty of harnessing the wind’s
energy comes down to a problem of en-
ergy storage. Of all natural energy
sources the wind is the most variable.
One must extract the energy from the
wind as it becomes available and store
it if one is to have a power plant with
a reasonably steady output. Unfortu-
nately technology has not yet produced
a practical storage medium. Electric
storage batteries are out of the question.

One scheme that seems to offer prom-
ise is to use the variable power output
of a wind generator to decompose wa-
ter into hydrogen and oxygen. These
would be stored under pressure and re-
combined in a fuel cell to generate elec-
tricity on a steady basis [sce illustration
on next page]. Alternatively the hydro-
gen could be burned in a gas turbine,
which would turn a conventional gen-
erator. The Rocketdyne Division of
North American Rockwell has seriously
proposed that an industrial version of
the hydrogen-fueled rocket engine it
builds for the Saturn moon vehicle could
be used to provide the blast of hot gas
needed to power a gas turbine coupled
to an electric generator. Rocketdyne vi-
sualizes that a water-cooled gas turbine
could operate at a higher temperature
than conventional fuel-burning gas tur-
bines and achieve our overall plant ef-
ficiency of 55 percent. If the Rocketdyne
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concept were successful, it could use hy-
drogen from any source. A wind-driven
hydrogen-rocket gas-turbine power plant
should be unconventional enough to
please the most exotic taste.

By comparison most proposals for har-
nessing solar energy seem tame indeed.
One fairly straightforward proposal has
recently been made to the Arizona Pow-
er Authority on behalf of the University

of Arizona by Aden B. Meinel and Mar-
jorie P. Meinel of the university’s Op-
tical Sciences Center. They suggest that
if the sunlight falling on 14 percent of
the western desert regions of the U.S.
were efficiently collected, it could be
converted into 1,000 GW of power, or
approximately the amount of additional
power needed between now and 1990.
The Meinels believe it is within the

WIND GENERATOR

i

ELECTROLYSIS CELL

OXYGEN
STORAGE

4

HYDROGEN
STORAGE

FUEL CELL

60-CYCLE POWER LINE

WIND AS POWER SOURCE is attractive because it does not impose an extra heat burden
on the environment, as is the case with energy extracted from fossil and nuclear fuels.
Unlike hydropower and tidal power, which also represent the entrapment of solar energy,
the wind is available everywhere. Unfortunately it is also capricious. To harness it effec-
tively one must be able to store the energy captured when the wind blows and release it
more or less continuously. One scheme would be to use the electricity generated by the
wind to decompose water electrolytically. The stored hydrogen and oxygen could then be
fed at a constant rate into a fuel cell, which would produce direct current. This would be
converted into alternating current and fed into a power line. Off-peak power generated else-
where could also be used to run the electrolysis cell whenever the wind was deficient.
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reach of present technology to design
collecting systems capable of storing so-
lar energy as heat at 1,000 degrees F.,
which could be converted to electricity
at an overall efficiency of 30 percent.

The key to the project lies in recent-
ly developed surface coatings that have
high absorbance for solar radiation and
low emittance in the infrared region of
the spectrum. To achieve a round-the-
clock power output, heat collected dur-
ing daylight hours would be stored in
molten salts at 1,000 degrees F. A heat
exchanger would transfer the stored en-
ergy to steam at the same temperature.
The thermal storage tank for a 1,000-
megawatt generating plant would re-
quire a capacity of about 300,000 gal-
lons. The Meinels propose that industry
and the Government immediately un-
dertake design and construction of a
100-megawatt demonstration plant in
the vicinity of Yuma, Ariz. The collec-
tors for such a plant would cover an area
of 3.6 million square meters (slightly
more than a square mile). The Meinels
estimate that after the necessary devel-
opment has been done a 1,000-mega-
watt solar power station might be built
for about $1.1 billion, or about four
times the present cost of a nuclear pow-
er plant. As they point out: “Solar pow-
er faces the economic problem that en-
ergy is purchased via a capital outlay
rather than an operating expense.” They
calculate nevertheless that a plant with
an operating lifetime of 40 years should
produce power at an average cost of only
half a cent per kilowatt hour.

A more exotic solar-power scheme has
been advanced by Peter E. Glaser of
Arthur D. Little, Inc. The idea is to
place a lightweight panel of solar cells
in a synchronous orbit 22,300 miles
above the earth, where they would be
exposed to sunlight 24 hours a day. So-
lar cells (still to be developed) would
collect the radiant energy and convert it
to electricity with an efficiency of 15 to
20 percent. The electricity would then
be converted electronically in orbit to
microwave energy with an efficiency of
85 percent, which is possible today. The
microwave radiation would be at a
wavelength selected to penetrate clouds
with little or no loss and would be col-
lected by a suitable antenna on the
earth. Present techniques can convert
microwave energy to electric power with
an efficiency of about 70 percent, and
80 to 85 percent should be attainable.
Glaser calculates that a 10,000-mega-
watt (10 GW) satellite power station,
large enough to meet New York City’s
present power needs, would require a
solar collector panel five miles square.



The receiving antenna on the earth
would have to be only slightly larger: six
miles square. Since the microwave en-
ergy in the beam would be comparable
to the intensity of sunlight, it would pre-
sent no hazard. The system, according to
Glaser, would cost about $500 per kilo-
watt, roughly twice the cost of a nuclear
power plant, assuming that space shut-
tles were available for the construction
of the satellite. The entire space station
would weigh five million pounds, or
slightly less than the Saturn moon rock-
et at launching,

To meet the total U.S. electric-power
demand of 2,500 GW projected for the
year 2000 would require 250 satellite
stations of this size. Since the demand
to 1990 will surely be met in other ways,
however, one should perhaps think only
of meeting the incremental demand for
the decade 1990-2000. This could be
done with about 125 power stations of
the Glaser type.

The great virtue in power schemes

based on using the wind or solar en-
ergy collected at the earth’s surface, far-
fetched as they may sound today, is that
they would add no heat load to the
earth’s biosphere; they can be called in-
variant energy systems. Solar energy col-
lected in orbit would not strictly qual-
ify as an invariant system, since much of
the radiant energy intercepted at an al-
titude of 22,300 miles is radiation that
otherwise would miss the earth. Only
the fraction collected when the solar
panels were in a line between the sun
and the earth’s disk would not add to
the earth’s heat load. On the other hand,
solar collectors in space would put a
much smaller waste-heat load on the en-
vironment than fossil-fuel or nuclear
plants. Of the total energy in the mi-
crowave beam aimed at the earth all but
20 percent or less would be converted
to usable electric power. When the elec-
tricity was consumed, of course, it would
end up as heat.

To appreciate the long-term impor-
tance of developing invariant energy
systems one must appreciate what ex-
ponential growth of any quantity im-
plies. The doubling process is an awe-
some phenomenon. In any one doubling
period the growth quantity—be it energy
use, population or the amount of land
covered by highways—increases by an
amount equal to its growth during its
entire past history. For example, during
the next doubling period as much fossil
fuel will be extracted from the earth as
the total amount that has been extracted
to date. During the next 10 years the
U.S. will generate as much electricity as

PN
RECEIVING ANTENNA (6 X 6 MILES) _ ('@
A i A
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SOLAR COLLECTOR (5 X5 MILES)

ELECTRICAL MICROWAVE ANTENNA

TRANSMISSION (1 X1 MILE)
LINE
(2 MILES)
7 : CONTROL STATION

WASTE-HEAT RADIATOR

“COOLING EQUIPMENT

SOLAR COLLECTOR IN STATIONARY ORBIT has been proposed by Peter E. Glaser
of Arthur D. Little, Inc. Located 22,300 miles above the Equator, the station would remain
fixed with respect to a receiving station on the ground. A five-by-five-mile panel would in-
tercept about 8.5 X 107 kilowatts of radiant solar power. Solar cells operating at an effi-
ciency of about 18 percent would convert this into 1.5 X 107 kilowatts of electric power,
which would be converted into microwave radiation and beamed to the earth. There it
would be reconverted into 107 net kilowatts of electric power, or enough for New York
City. The receiving antenna would cover about six times the area needed for a coal-burning
power plant of the same capacity and about 20 times the area needed for a nuclear plant.
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it has generated since the beginning of
the electrical era.

Such exponential growth curves are
usually plotted on a semilogarithmic
scale in order to provide an adequate
span. By selecting appropriate values for
the two axes of a semilogarithmic plot
one can also obtain a curve showing the
number of doubling periods to reach
saturation or depletion from any known
or assumed percentage position [see
left half of middle illustration on page
156]. As an example, let us assume that
we have now extracted .1 percent of the
earth’s total reserves of fossil fuels and
that the rate of extraction has been dou-
bling every 10 years. If this rate con-
tinues, we shall have extracted all of
these fuels in just under 10 doubling
periods, or in 100 years. We have no
certain knowledge, of course, what frac-
tion of all fossil fuels has been extracted.
To be conservative let us assume that we
have extracted only .01 percent rather
than .1 percent. The curve shows us that
in this case we shall have extracted 100
percent in 13.3 doubling periods, or 133
years. In other words, if our estimate of
the fuel extracted to this moment is in
error by a factor of 10, 1,000 or even
100,000, the date of total exhaustion is
not long deferred. Thus if we have now
depleted the earth’s total supply of fos-
sil fuel by only a millionth of 1 percent
(.000001 percent), all of it will be ex-
hausted in only 266 years at a 10-year
doubling rate [see right half of middle
illustration on page 156]. I should point
out that the actual extraction rate varies
for the different fossil fuels; a 10-year
doubling rate was chosen simply for the
purpose of illustration.

In estimating how many doubling pe-
riods the nation can tolerate if the de-
mand for electricity continues to double
every 10 years (the actual doubling rate),
the crucial factor is probably not the
supply of fuels—which is essentially lim-
itless if fusion proves practical—but the
thermal impact on the environment ot
converting fuel to electricity and elec-
tricity ultimately to heat. For the sake
of argument let us ignore the burden of
waste heat produced by fossil-fuel or
nuclear power plants and consider only
the heat content of the electricity actual-
ly consumed. One can imagine that by
the year 2000 most of the power will be
generated in huge plants located several
miles offshore so that waste heat can be
dumped harmlessly (for a while at least)
into the surrounding ocean.

In 1970 the U.S. consumed 1,550 bil-
lion kilowatt hours of electricity. If this
were degraded into heat (which it was)

| and distributed evenly over the total
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land area of the U.S. (which it was not),
the energy released per square foot
would be .017 watt. At the present dou-
bling rate electric-power consumption
is being multiplied by a factor of 10
every 33 years. Ninety-nine years from
now, after only 10 more doubling peri-
ods, the rate of heat release will be 17
watts per square foot, or only slightly
less than the 18 or 19 watts per square
foot that the U.S. receives from the sun,
averaged around the clock. Long be-
fore that the present pattern of power
consumption must change or we must
develop the technology needed for in-
variant energy systems.

Let us examine the consequences of
altering the pattern of energy growth in
what may seem to be fairly drastic ways.
Consider a growth curve in which each
doubling period is successively length-
ened by 20 percent [see bottom illus-
tration at right on page 156]. On an ex-
ponential growth curve it takes 3.32
doubling periods, or 33 years, to increase
energy consumption by a factor of 10.
On the retarded curve it would take five
doubling periods, or 50 years, to reach
the same tenfold increase. In other
words, the retardation amounts to only
17 years. The retardation achieved for a
hundredfold increase in consumption
amounts to only 79 years (that is, the
difference between 145 years and 66
years).

Another approach might be to cut
back sharply on present consumption,
hold the lower value for some period
with no growth and then let growth re-
sume at the present rate. One can easily
show that if consumption of power were
immediately cut in half, held at that
value for 10 years and then allowed to
return to the present pattern, the time
required to reach a hundredfold increase
in consumption would be stretched by
only 20 years: from 66 to 86 years [see
right half of top illustration on page
156].

For long-term effectiveness something
like a constant growth curve is required,
that is, a curve in which the growth in-
creases by the same amount for each of
the original doubling periods. On such a
curve nearly 1,000 years would be re-
quired for electric-power generation to
reach the level of the radiant energy re-
ceived from the sun instead of the 100
years predicted by a 10-year doubling
rate. One can be reasonably confident
that the present doubling rate cannot
continue for another 100 years, unless
invariant energy systems supply a large
part of the demand, but what such sys-
tems will look like remains hidden in the
future.



There’s alittle bit of
Texaco in every light
on old Broadway.

You might say we're in show business.
h Because, as everybody knows, the show must go on.
| But it can’t go on without lights.
" And lights need the right amount of voltage.

And voltage can’t be right without transformers.

And transformers need insulation.

Which is where we come in.

At Texaco we make an insulating material so good
it can withstand 875,000 volts and more.

Yet it doesn’'t have to be wrapped ad infinitum
around any windings.

Instead, it's poured. Poured just once. And then for-
gotten for years.

It’s Texaco Transformer Oil. Blended from crude oil
stocks chosen for their unusual stability. And refined
to extremely high purity. v

Such an oil has to be stable enough to take boiling
hot temperatures inside the transformer.

And maybe 50 below zero degrees outside.

Without ever losing any of its insulating properties.

In all, one of the toughest oils we make.

Without it the electric utility industry wouldn’t be
the same. 23
And neither would steel mills, subways, hospitals,
X-ray machines, pop-up toasters and who knows what 1 1 A

else. !

Next time you're downtown say ‘'hello™ to our trans-
former oil. i

There's a little bit of it in every light on old Broadway

For more information write to Dept. 91, Texaco Inc.,
135 East 42nd Street, New York, New York 10017,
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The reliable generation:

Westinghouse closed
the generation gap
between power needs
and technology.

New power. Westinghouse is dedi-
cated to the quest for excellence in
the technology to meet power needs
from coast to coast and 'round the
world. Engineering skill, design ca-
pability, manufacturing techniques,
and testing are concentrated on this
quest. Every Westinghouse engineer
and specialist thinks reliability first.
Result? Unexcelled performance.

« In the new era of nuclear power,
Westinghouse turbine-generators
have produced over 48.5 billion kwh.
Reliability of these nuclear units ex-
ceeded 99.53 percent in 1970,

» No Westinghouse innercooled
generator has ever had a service
failure resulting from a deficiency

in the Thermalastic* insulation.

= Qur feedwater heater tube-to-
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tubesheet weld reliability has been
proved by 905 heater-years of oper-
ating experience, including 100
heater-years in 5,000-psi designs.

* Westlinghouse gas turbines,

25 Mw or larger, outperformed all
others in the U.S. during 1970, even
with load factors between 95 and 100
percent. These units had forced
oulage rates of only 3.6 percent.

Our relentless quest for quality
means attracting talented young men
and women. Developing innovative
techniques in an era of rapidly ad-
vancing technology. And assuring
equipnhent reliability to help utilities
supply needed power at reduced
production cost.

Look to the reliable generation—
Westinghouse. Write for more in-

formation about how Westinghouse
has closed the generation gap.
Westinghouse Electric Corporation,
Dept. S, Westinghouse Building,
Pittsburgh, Pa. 15222. ....n

You can be sure...if it's Westinghouse

S i
*ﬁ o > '-A,\_ ‘\’
W >

~

© 1971 SCIENTIFIC AMERICAN, INC



L

L A2

] A ¢ = i

. © 1971 SCIENTIFIC AMERICAN, INC




THE ECONOMIC GEOGRAPHY OF ENERGY

The human uses of energy are reflected 1n patterns on the land.

The prospecting, recovery, movement and ultimate use of energy

resources are governed by the ratio of the benefit to the cost

Il men have fire and have used it
A to change the green face of the
earth, and those who live near
fuel can have heat in abundance. Only
those men who can convert heat and
other forms of energy to work, and can
apply that work where they will, can
travel over the world and shape it to
their ends. The crux of the matter is
the gencration of work—the conversion
of energy and its delivery to the point
of application. This article will explore
some of the interrelations among the lo-
cation of energy resources, the feasibili-
ty and cost of trunsporting energy com-
modities and the evolution of technology
for converting energy.

Consider for a moment the three cru-
cial developments of the past two cen-
turies that have worked successive rev-
olutions in the human utilization of en-
ergy. The first was the steam engine,
invented and developed in England pri-
marily as an answer to the flooding of
deep coal mines by ground water. Re-
moving the water was far beyond the
capacity of human porters or of pumps
driven by draft animals. For several
centuries the task was accomplished by
pumps driven by water mills. There was
no realistic way, however, of conveying
the action of water mills beyond the im-
mediate site. Was coal mining to be
forever confined to the streamside? The
response to that challenge was the stcam

by Daniel B. Luten

engine. It could operate wherever fuel
could be delivered. In the 19th century
its efficiency improved enough to make
possible the steam locomotive, which
could carry enough fuel with it to do
work in transport.

The next big step came with the elec-
tric generator, the transmission of elec-
tricity and the electric motor, which
freed work from its bondage to belts and
shafts connected to the steam engine’s
flywheel; work could be provided wher-
ever it was wanted, and in small or large
amounts. The final step of this kind was
the development of the automotive en-
gine: a small power plant that was less
convenient than an electric motor but
was not even tied to a power line. Other
fuels and conversion devices have ap-
peared and will appear in the future, but
they would seem to have less potential
for working revolutions in our lives than
the heat engine, small electric motors
and the automobile.

I\Ian’s exploitation of an energy re-

source comprehends seven opera-
tions: discovery of the resource, harvest,
transportation, storage, conversion, use
and disposal. The discovery of the re-
source may be explicit and material, as
in the case of a coal seam or an oil field.
It may be conceptual: the idea of a
reservoir or a scheme for capturing solar
energy. Often it is the discovery of a

COAL FOR EXPORT passes through the yards of the Norfolk and Western Railway at Nor-
folk, Va. It is primarily high-grade metallurgical coal from fields in Virginia, West Virginia
and Kentucky; Japan is the largest single customer. The yard can accommodate 11,520 coal

hopper cars; a nearby yard handles another 9,880 cars. The two adjacent piers at lower left
handle about 1,000 vessels a year. The pier at left, extending 1,870 feet into the Elizabeth
River, is said to be the largest and fastest coal-loading facility in the world. It has two travel-
ing loaders, each as high as a 17-story building, that can handle up to 8,000 tons of coal an
hour. The system, consisting of car dumpers, conveyor belts and the loaders, combines coal
of different kinds and grades, blending the shipments to order for the individual customers.
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conversion, as in the case of fire, the
steam engine and uranium fission. And
sometimes discovery comprises an en-
tire series of technological improve-
ments, as will be the case when shale
oil is finally exploited successfully.

How much has resource discovery in-
fluenced human events? The U.S. ran
on fuel wood until it had burned up
the forests on croppable land as far as
the prairies. England and Europe had
done about the same thing, and when
people ran out of wood, they turned to
coal. (They complained; they preferred
the old smells and smoke to the new,
but they stayed warm with coal.)
Whether it was the presence of coal
that turned them to industry is another
matter, one that is much more difficult
to establish. Admittedly wood would
not have sufficed, but a few lands with
limited fuel have done well (notably
Japan) and some with abundant fuel
have not. Certainly local fuel does not
seem to have been a sufficient condition,
or even an entirely necessary one ex-
cept fora pioneering society.

Gas and oil were adopted rather dif-
ferently. It is said that as early as 1000
B.c. the Chinese drilled 3,000 feet down
for natural gas, piping it in bamboo and
burning it for light and heat and to
evaporate brine for salt. Elsewhere can-
dles persisted for millenniums and were
only slowly succeeded by fatty oils in
lamps. Coal had little to offer as an il-
luminant, but the coking of coal pro-
vided gas as well as coke. Handling gas
required innovation, which came through
the chemical studies of the late 18th
century. In England “town gas” soon
undercut the price of fatty oil for lamps
in the new factories; in the less urban
U.S. oil lamps persisted until kerosene
appeared in the mid-19th century.

Discovery comes first in the exploita-
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tion of a resource; use and then disposal
are the next to last and last steps. The
sequence of the intervening steps can
vary depending on the resource and on
the economics and geography and the
specific set of operations they dictate. In
some cases a preliminary conversion step

is introduced: wood may be made into
charcoal or coal into coke and petroleum
must be refined.

A commodity can move by land either
in a continuous process in a conduit
or as a batch in a vehicle; shipping by

sea must be by batches in vessels. The
batch shipper has freedom of destina-
tion; a conduit constrains shipment to
the chosen destination. The batch ship-
per, however, needs terminal storage
facilities at both ends of every trip so
that he can pick up and deliver his cargo

THOUSANDS OF BARRELS PER DAY

PRODUCTION

REFINING CAPACITY

CONSUMPTION

-~ e |

WESTERN EUROPE ,0

WORLDWIDE PATTERNS of oil production, refining, shipping
and consumption are summarized by this map based on maps from
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the International Petroleum Encyclopedia. The data are for 1970.
All quantities are in thousands of barrels per day. Export figures



with minimum lost time. For some com-
modities there are many possibilities; for
others there are few choices or none.
The constraints on transport have had
a significant effect on the adoption of
new energy technologies. Primitive peo-
ple can carry wood easily, coal less

handily. The handling of liquids calls for
pots and baskets; gases are uncoopera-
tive and elusive. Before the advent of
simple and efficient equipment for con-
taining and pumping fluids at high pres-
sures, a development largely of recent
decades, petroleum moved in barrels or

in wood vats on flatcars, and long-dis-
tance transmission of gas was imprac-
tical. At sea, however, there were tank-
ers, which began carrying oil from the
Caucasus almost a century ago.

The combination of tankers and pipe-
lines brought the fossil-fuel industry to

EASTERN EUROPE,
U.S5.S:R. AND CHINA

a

for eastern Europe, the U.S.S.R. and China refer only to exports
from those areas to other parts of the world. The arrows indicate
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the origins and destinations of the principal international oil move-
ments, not the specific routes. The U.S. is a heavy net importer.
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pressures in pipes has led to the sharp increase in the use of natural

NATURAL-GAS MOVEMENTS are charted, based on figures for
gas since World War II. Areas that are shown in black are gas fields.

1965. The development of techniques for transporting gas at high
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a momentarily stable condition in the
years after World War II. All the possi-
bilities seemed to have been exploited.
Now, with competition tightening, in-
novations are again being pressed hard
and marginal improvements are being
squeezed for any advantage. Oil brought
great distances is made competitive by
increasingly large tankers, but the mil-
lion-ton supertankers now being pro-
posed must be near the limit. Larger
pipelines also shave costs, but most of
the pipeline routes that have enough po-
tential also raise international political
issues; the proposed trans-Alaska pipe-
line has become a domestic political
issue.

As technology advances, the feasi-
bility of transporting some commoditics
improves. The fact remains that most
commodities that can be transported at
an acceptable cost today could also be
transported economically long ago, al-
though admittedly the distances have
grown a great deal in this century. Some
movements are still impossible; we do
not know how to move electricity by sea,
for example [see bottom illustration on
next page]. The only recent real innova-
tions in transport (except for the ap-
pearance of nuclear sources, with their
trivial costs of transportation) are the
movement of natural gas by sea as a re-
frigerated liquid and the development
of new technologies for electrical trans-
mission.

The power provided to any electrical-

conversion unit is the product of the
drop in voltage within the unit and the
flow of current; the loss of energy as heat
in a transmission line is the product of
the square of the current and the resist-
ance of the wire. Lower currents, higher
voltages and larger wires (less resistance)
therefore reduce waste. There are limits
to the size of a wire, and so improve-
ments in transmission were achieved
primarily by utilizing alternating cur-
rent (which could be transformed casily)
and stepping up the voltage. Transmis-
sion voltages have increased as demands
have grown and as transmission tech-
nology (insulation, for example) has im-
proved, but the gains have required suc-
cessive doublings of voltage rather than
incremental increases, and the end of
the road seems to have been reached for
alternating current at less than 500,000
volts.

These gains, combined with the high
growth rate of the electric-power indus-
try in the U.S. and with the large econ-
omies of scale in the construction of pow-
er plants, have changed the look of the
land. The oldest power plants were small
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OKLAHOMA
CITY
Y
@@ OIL FIELDS

CRUDE-OIL PIPELINES
@ REFINERY
PRODUCT PIPELINE
wf GASFIELDS
—— GAS PIPELINES

PIPELINES radiate from the rich oil fields and natural-
gas fields of Oklahoma. Crude oil is piped from wells
to refineries in the region or farther away; petrole-
um products from the refineries are piped to industrial
and commercial centers, primarily in the Middle West.

MORE THAN 189.000 VOLTS
LESS THAN 189.000 VOLTS
HYDRO
FUEL
SUBSTATION

oen

TRANSMISSION LINES radiate from power
plants in northern California, the largest of
which is Shasta Dam plant. Most of the elec-
tric power goes to the San Francisco area.
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SEQUENCE OF OPERATIONS between the discovery and the use
of an energy commodity is diagrammed. Energy is discovered in
various forms: latent (L), potential (P), kinetic (K), thermal (T)
or radiant (R). The resource is harvested, transported, stored and

WOOD COAL

PETROLEUM

converted: sometimes there is a preliminary conversion step. The
sequence of these steps varies for different commodities; in some
cases there are alternate sequences. Arrows indicate the order in
which the operations can be accomplished for 10 kinds of energy.

HEAT
(STEAM)

HYDRO

OAS POWER

ELECTRICITY

ARMLOAD

PACK

BASKET

POT

BATCH

WAGON

TRUCK

LAND

RAIL >15

VEHICLE
FUEL TANK

AQUEDUCT

PIPELINE

TRANSMISSION
LINE

CONTINUOUS

SLURRY
PIPELINE

CARGO SHIP <30

COLLIER <%0

BARGE <30

SEA
BATCH

TANKER 5

LNG TANKER

>20

SUPERTANKER <h

TRANSPORTATION of energy commodities can be by land or
sea; on land it can be in batches or continuous, by sea only in
batches. The colored boxes in the matrix indicate the feasible
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means of transport for each commodity. The numbers in some of
the boxes give the approximate lowest cost for the major means of
transport in cents per British thermal unit for a 1,000-mile haul.
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and widely scattered about the cities;
the countryside had no electricity and
no prospect of having it. Today power
plants have become even larger; they
are moving out of the cities, and high-
voltage lines dominate miles of the coun-
tryside. Electricity is provided where it
is wanted; transmission is not as cheap
as moving fuel, and yet it is attractive to
build big power plants and move elec-
tric power more than 100 miles to con-
sumers. Still, the pressure for innova-
tion continues. The privately owned
public utilities that provide most of our
electric power, even though they are en-
titled to prices that guarantee them a
“fair profit” and are therefore in a sense
free to rest on their laurels, are driven by
their own imperatives to seek every pos-
sible increase in operating efficiency.
(For one thing, as utilities lower their
costs the public-utility commissions that
set utility rates seem to lag in lowering
the prices of electricity.)

The result is that even a trivial in-
novation may earn thousands of dollars
a day, and the tendency is to judge its
value by that potential rather than by
its capacity to initiate a substantial rev-
olution. Thus power companies adopt
small improvements to alleviate some
of the following inherent problems: (1)
The demands of customers vary sys-
tematically by the time of day and the
season, but unpredictable demands also
arise and emergency shutdowns do oc-
cur. An isolated system must have
enough spare equipment to handle such
contingencies, but linking systems to-
gether with lines of high capacity makes
some of the spare equipment unneces-
sary. (2) Peak demands are closely re-
lated to urban time schedules as well as
to the sun. When a time-zone boundary
is crossed, the period of peak demand
shifts by an hour. Bringing in electricity
from a neighboring time zone broadens
the peak, reduces its magnitude and
thereby again reduces the amount of
generating equipment needed. (3) Some
of the great hydropower facilities—
Grand Coulee is the best example—can
sell power very cheaply; others were
built with the intention of selling power
for premium prices, mostly at the hours
of peak daily demand. Outlets for such
peak-hour power may be many hundreds
of miles away.

For all these reasons the power grids
of the 48 states are now fairly well inter-
linked. It must be doubted that the re-
sulting savings come to as much as 10
percent. Still, the interest in ever cheap-
er transport persists. Recently the de-
vices of solid-state physics have provid-

ed means for transforming voltage (and
current) with direct current. Because di-
rect current is more tractable than alter-
nating current at high voltages, utilities
are now turning back from alternating
to direct current and are beginning long-
distance power transmission at extrahigh
voltages (EHV) of 750,000. The next
step may be the use of superconductors.
All metals, when cooled to near the boil-
ing point of helium, become supercon-
ductive, or quite without resistance to
the flow of current. The use of super-
conductors could change the technical
task involved in transmission dramatical-
ly, from the reduction of energy loss as
heat to the operation of an elongated
ultralow-temperature refrigerator. The
first commercial application of super-
conductor transmission may be to bring
power into urban areas too crowded for
the wide corridors required for conven-
tional high-voltage lines.

torage presents its own set of con-
straints. Electricity is hardly storable

as such in commercial quantities. In-
stead we resort to a subterfuge: building
artificial reservoirs into which water can
be pumped electrically and from which
electricity can be retrieved by reversing
the flow of water and letting the motors
and pumps act as generators and tur-
bines. Although this is quite efficient, it
is a clumsy sort of thing; still, it is the
best we can do. Storage batteries are
not a substitute because they are ex-
pensive and have little capacity. One
would think that about as much elec-
tricity could be stored in a battery as
oil can be stored in a tank, because the
same kinds of forces are being manipu-
lated. Unfortunately reliable storage bat-
teries are very heavy because they use
chemical elements at the heavy end of
the periodic table, notably lead, and pro-
vide only about as much energy as would
result from an equal number of atoms at
the light end of the series. (Clearly what
is needed is a good storage battery in
which lithium is oxidized and reduced
instead of lead!) The same phenomenon
gives electric automobiles an unsatis-
tactory performance and cruising range
compared with automobiles that depend
on hydrocarbon fuels.

The difficulties of storing electricity
impose exacting constraints on the oper-
ation of electric-utility systems, as resi-
dents of many U.S. cities have learned
in recent years. When customers demand
more electricity by switching on lights or
air conditioners or other machinery, the
production of power must be increased
to meet the demand. Little flexibility
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exists; electricity does not stretch or
squeeze easily. To keep a system in bal-
ance requires minute-by-minute atten-
tion; at least, since electricity moves at a
notably high velocity, increased produc-
tion does reach the customer without
delay.

If gas customers ask for a greater flow,
on the other hand, gas will simply ex-
pand to a considerable degree within
the pipeline and so meet the increased
demand. Minute-by-minute flow is there-
fore no problem. The other side of the
coin is that gas comes down the pipeline
rather slowly, and so if the neighbor-
hood supply runs short, it may take a day
or two to make up the deficiency. Ac-
cordingly the marketers of gas usually
have to arrange some kind of local stor-
age. The large gasholders one sees on
the outskirts of cities do not hold enough.
To meet the possible peak demand for
a day in the San Francisco Bay area, for
example, would take a gasholder equiva-
lent in volume to a cube 1,000 feet on a
side; existing ones have perhaps 1 per-
cent of that capacity. A common provi-
sion is therefore storage in depleted gas
fields or in the transmitting pipeline it-
self. Gas is compressible, and if the up-
stream pressure is increased, not only
can the gas be sent along faster but also
larger amounts can be stored in the pipe-
line near the demand. A pipeline three
feet in diameter running at 400 pounds
per square inch contains about a million
cubic feet of gas per mile, or a billion
cubic feet per 1,000 miles—equal to the
capacity of the 1,000-foot cube.

The third case is that of the supplier
of liquid fuels. Here storage is so easy
and so much of it is provided all along
the distribution chain that no real tech-
nological problem remains. It is easier
than keeping grocery shelves stocked.

In the synthesis of these unit opera-
tions both technological advances and
economies of large-scale operation have
contributed to lowering the cost of the
alternatives for meeting demands. In
general great economies of scale result
only from the phenomena of liquid flow,
which cause the capacity of a pipeline to
increase as a high power of its diameter.
One very different example of such
economy is seen in strip-mining: the
stripping away and movement of over-
burden is now being handled by out-
sized equipment, making operations eco-
nomically attractive that would have
been unacceptable a generation ago. Yet
one suspects that here too, as in the case
of supertankers, the end of the road of
increasing scale is close at hand.

Energy is almost never harvested in
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MG-TC Thisis

the classic 2-scater
that American
servicemen brought
home with them The
TC was the spark thar
ignited the sports car

phenomenon and
we sold a surprising
10.000TC's

by 1950

MG-TD The TD took
aver where the TC Jefr off
and the idea of a high-per-
formance sports car continued =
to attract new fans, By
1954, the TD had hit
30,000 in sales.

MGA This s the MG sports car
that sold more units than any other
sports car ever before. The number.
an incredible 100,000 by 1962

MGB This is the MG thats now
holding down the all ime best-seller
position. The B, made in both Con-
vertible and GT versions, reached the
tecord breaking 250,000 mark a short ime ago
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A great idea.
How it grew into the MGB.

And why we're giving away
the 250,000th one free.

MG has always stayed faithful to the idea of a sports car
unhindered by compromises. And it’s paid off.

On May 27, 1971, the 250,000th B came off the production line.
It was designated with a plaque attesting to its historical
significance in MG history. And, to cap the occasion,
we are going to give the car away instead of selling it.

[ts The Great 250,000th MGB Giveaway—and

it’s easy to get in the running. There’s
nothing to buy. Just visit an Austin MG
| Dealer and pick up an official entry
blank with complete details.

‘ Offer void in the State of Washington
and wherever prohibited by law. Residents
of Ohio, and Wisconsin may obtain an entry

blank by writing to: 250,000th MGB Giveaway,
Box 250,000, Blair, Nebraska 68009, before Sept.4, 1971.

The Great 250,000th MGB Giveaway officially closes Sept. 18,
1971. So hurry—act today. For the name of your local

-,

Austin MG Dealer, dial (800) 631-1971 exceptin New Jersey
where the number is (800) 962-2803. Calls are toll free massl

British Leyland Motors Inc., Leonia. New jersey 07605

© 1971 SCIENTIFIC AMERICAN, INC




WATER MILL WINDMILL STEAM £l ecTricry AUTOMOTIVE  MATERIALS — NUCLEAR
ENGINE VEHICLES ~ HANDLING CONVERSIONS
OTHER WORK
o — ELECTRICITY
= . =& 2 AND OTHER
@ \ WORK
T '\
0
[a 1
—
w \
o} \| GAS
O
= S
o Y - -
E o
S OIL OR COAL
& < OIL OR GAS
o i COAL
2]
Z
< OlIL
o
—
-
= ELECTRICITY
=
= —f NUCLEAR FUEL
1250 1750 1890 1940

TRANSPORTATION COSTS may make it impossible to move
some forms of work, such as wind or water power, from the site
where they are developed. The costs of other commodities have
varied through history; in many cases technological changes make

a cost feasible that was once prohibitive. The curves relate the gen-
eral level of costs for transportation by sea in batches (broken col-
ored lines), by land in batches (broken black lines) and by contin-
uous methods such as power lines or pipelines (solid black lines).

the form in which it is to be used, and
therefore it must ordinarily go through
a conversion step [see “The Conversion
of Energy,” by Claude M. Summers,
page 148]. The most significant conver-
sions are those of latent energy to heat
through combustion, and of heat to elec-
tricity. Once energy is in the form of
electricity all the gates are open, even
though the toll through some gates is
excessive.

Celltul‘ies of development, innovation

A and growth have built up an intri-
cate pattern of physical facilities and
economic relations that connect discov-
ered and harvested resources with sites
of conversion, use and disposal [see il-
lustrations on pages 166 through 169].
For the most part the patterns reflect the
movement of energy from resource sites
to the homes and places of work of grow-
ing populations at the various times and
in the various amounts and forms that
are needed.

In a sense the customer has been king;
he has received what he wanted when
and where he wanted it. It might be ar-
gued, as a matter of fact, that societies
in which energy costs have been exces-
sive have simply not prospered. In the
U.S. the consumer has usually paid the
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price and paid little attention to paying;
in return the energy industry has ordi-
narily met his demands while asking for
a very minor share of his income. To
estimate that share is difficult because so
much of it is paid indirectly and because
one scarcely knows whether to apply re-

NATION

u.Ss.

UNITED KINGDOM

U.S.SR.
JAPAN 200
BRAZIL 184

INDIA 37

tail or wholesale prices, what to do about
gasoline taxes and so on. Very roughly,
every American consumes each day
about 15 pounds of coal (200,000 B.t.u.)
for 10 cents; two and half gallons of pe-
troleum, half of it as gasoline (350,000
B.t.u.), for 50 cents; 300 cubic feet of

ENERGY
PER CAPITA
PER DAY
(THOUSANDS OF B.T.U))

| 850
430

350

ENERGY PATTERNS are revealed by some international statistics. Energy per capita is
about as expected, with a large advantage in the developed nations. (B.t.u. figures for Bra-
zil and India would be about 150,000 and 22,000 respectively if “primitive” fuels were in-
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natural gas (300,000 B.t.u.) for 20 cents,
and 24 kilowatt-hours of electricity for
45 cents. If one subtracts the 250,000
B.t.u. of the fuels that are used in gen-
erating the electricity, or 15 cents, the
total comes to $1.10. Marked up to re-
tail level, that would be about a tenth of
the U.S. per capita personal income.
Other inquiries have arrived at lower
estimates, such as 4 percent or 7 percent,
for the share of personal income spent
on energy, but my own feeling is that a
figure of 10 percent more nearly repre-
sents the situation from the consumer’s
point of view.

The resistance of the consumer varies.
Two-thirds of his consuming is done for
him in industry, commerce and transpor-
tation other than his own, and is beyond
his direct control. It is hard to tell how
much he resists buying industrial prod-
ucts, but his interest has been turning
toward spending for services and it does
seem that in some vague way his resist-
ance to the purchase of industrial energy
is increasing. In his home he behaves dif-
ferently. No one can measure the extent
to which he turns down the heat, turns
off electric lights or skimps on gasoline,
but the general impression is: not much.
(Has anyone under the age of 30 ever
turned off an electric light?) He pays a
good deal more for electricity than he
does for fuels but is easily persuaded to
use electricity as a fuel, even though it
costs him many times as much per unit
of heat.

How about the rest of the world? First,
it seems plausible, since fuels have long
been available to men, that a highly

WORK
PER CAPITA
PER DAY
(KILOWATT-HOURS)

WORK/ENERGY RATIO
(KILOWATT-HOURS PER
MILLION B.T.U.)

technological socicty should show a high
ratio of work to total energy, as ex-
pressed perhaps by kilowatt-hours per
million B.t.u. Second, it can be argued
that the construction of a thermal power
system requires an intricate structure ex-
tending from mining through diverse
forms of consumption, whereas the con-
struction of a hydropower system (per-
haps with assistance from a more tech-
nological society) can precede and is
often intended to initiate development.
Accordingly a high fraction of hydro-
power should be common in developing
societies. Certainly the general experi-
ence is that the fraction of hydropower
diminishes in the highly technological
societies. Third, growth rates of elec-
tricity, for example, should be higher in
the developing societies.

Such patterns do appear in the statis-
tics but are far from infallible [sce illus-
tration below]. The U.S. is by no means
the highest in kilowatt-hours per million
B.tau. In fact, it uses 35 percent of the
world’s electricity, just as it does with
total energy. The reason is at least partly
obvious: it is our excessively high con-
sumption of gasoline for private automo-
biles. Brazil and India come in too high
on the kilowatts-to-B.t.u. ratio, but the
formalized statistics on which these
numbers are based take no account of
contributions from “primitive” sources:
notably fuel wood in Brazil and cow-
dung fuel in India. If these sources are
counted in, the ratio drops from 32 for
Brazil to six; for India it falls from 15 to
six. (Perhaps as energy economies evolve
the ratio should pass through a maxi-

INCREASE IN

10

6.8

6.7

cluded.) One would expect kilowatt-hours per million B.t.u., a
measure of the ratio of work to energy, to reflect technical expertise
in the advanced countries, but the inefficiency of gasoline engines

KILOWATT-HOURS
(PERCENT PER YEAR)

mum and then decline.) The electrical
growth rates are much what one would
expect, except that Brazil's seem low.
The hydropower percentages are gen-
erally in line, but they remind one not
to forget climate and topography: Japan
and the United Kingdom are both insu-
lar, mid-latitude and humid, but the for-
mer is mountainous, with a great many
hydropower sites, and the latter is flat.

"These, to be sure, are only the most

superficial of the patterns associated
with energy. Close examination of any
society will reveal the influences on it
of its particular experience with energy
resources and energy conversion. The
patterns one finds depend not only on
such physical factors as the waxing and
waning of resources but also on cultural
variables: the development of technolo-
gies, changes in social patterns and the
constraints of tradition, governmental
policies and local fads and preferences.
The resulting patterns are seldom simple,
and it is particularly difficult to foresee
the future. I should like merely to raise a
few questions: Is the correlation be-
tween increasing use of energy and hu-
man welfare good enough, and is the
hypothesis that more energy means a
better life plausible enough, to warrant
any hopeful extrapolation? Where on
the rising consumption curve is the
breaking point between gains and loss-
es? Are we likely to find that point by
encouraging growth until the customer—
no longer interested in more energy or
unable to afford it—finally offers resist-
ance, and growth ends?

HYDROPOWER AS
PERCENT OF ALL
ELECTRICAL ENERGY

21 7

23 8

34

32 6.5
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23

82

reduces the ratio there instead. The figures for hydropower’s share
of total electrical energy reflect not only the state of development
(hydropower comes early) but also the geography of the countries.
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The suspense

East Pakistan’s
plea has gone
unanswered for
too long.

Finally, there is an
organization to
help you help.

Last November, the people of
East Pakistan waited through a
cyclone and flood. A half million
of them didn’t make it.

Last March, a man-made
flood began. A flood of people
by the millions forced to leave
their homes and face disaster—
or to stay and face death. Every
day 100,000 are still making the
decision. Adding to the seven
million war-torn refugees who
are still waiting for help.

Waiting through mile-long
lines for today’s cup of rice.
Waiting in drainage pipes to see
if they can outlive the monsoon.
Waiting one more day, because
one more day has become all the
lifetime they can hope for.

Help hasn’t been coming
for a sickeningly simple reason:
concerned people haven’t known
how to help.

There is a direct route
through Oxfam-America.

Over our 30 years in inter-
national development, Oxfam’s
first goal has always been help-
ing people in trouble. And never
have people been in more des-
perate trouble than today in East
Pakistan.

Oxfam-America funds for
East Pakistan refugees are di-

AMERICANS FOR
EAST PAKISTAN REFUGEES
OXFAM-AMERICA FUND

120 East 32nd Street, Box 10
New York, New York 10016
Telephone: 212/684-4302

Enclosed is my gift of $

Name
Address
City

State Zip

Make checks payable to OXFAM-AMERICA Inc.

ALL DONATIONS ARE
TAX DEDUCTIBLE

Oxfam-America derives its name, spirit
and beginnings from the Oxford Com-
mittee for Famine Relief, founded in 1942
in England to help the refugees of Europe.

Sponsors: John Kenneth Galbraith;
Harry D. Gideonse, Chancellor, New
School for Social Research; Huston Smith,
Chairman, World University Service;
Theodora Foster, Executive Director,

Oxfaw Awmovica Tun
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is killing them.

rected two ways. First, to India’s
Ministry of Rehabilitation,
which is doing a remarkable job
in the midst of horror. Second,
through Oxfam field directors
who distribute your money lo-
cally, where supplies cost far less
than if we shipped them from
here. Oxfam has built a strong
corps of Indian volunteers—and
has a keen eye for which local
agencies can best serve the most
people.

We're using the money first
for medicine and field hospitals
to fight the ravages of cholera,
pneumonia, dysentery, conjunc-
tivitis, typhoid and typhus.

Second, for food such as
chicken soup powder, milk pow-
der and vitamins to combat mal-
nutrition.

Third, for corrugated plas-
tic sheeting for shelters, plus
mats and blankets we hope will
last through the monsoons.

Fourth, for basic clothing,
especially for the women, who
have had to share their last rags
with their children.

We're paying for transpor-
tation for supplies that can’t be
bought locally.

We're using the money effi-
ciently, because we can’t afford
not to. The lives involved can’t
wait.

Now that you know how to
help, please help today. And
share the message with your
church, your company, your
clubs, your friends who have
wanted to help, too.

East Pakistan can’t stand
the suspense much longer.
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Middle-of-the-road stereo people

Feildy
Trhiy

are missing the fun of Marantz.

BLAH PEOPLE. Middle-of-the-road people who only listen
to the midrange because their power amplifier DISTORTS the
high and low frequencies. Because their 250 watt amplifier
is really only 250 watts right in the middle. Because that's
where it's measured SMACK DAB IN THE MIDDLE! So when
the power drops off on either side they miss the BOOM, KA
BOOM of a bass and the crisp swissshh of the wire brushes.

Now take the Marantz amplifier Rcdel
250.Marantz says it delivers 250 watts
RMS. That's 250 watts total RMS CON-
TINUOUS power. Over the whole
powerpushin’ listening range. Right
through from 20 Hz to 20,000 kHz with
total harmonic and intermodulation
distortion at less than 0.1%! Fantastic!

Uncompromising music lover. Professional sound engi-
neer. The Marantz 250 amplifier working in any system de-
livers continuous power at the critical EXTREME frequencies.
EXTREME right. EXTREME left. EXTREME high. EXTREME
low. Pure sounds. Total reality. Your kind of stereo.

Priced at $495, the Marantz 250 professional power am-
plifier is only one of a brilliant line of components, receivers
and speakers from the makers of the world’s
= most expensive stereo equipment. In-
cluding a $139 console amplifier.

Visit your Marantz dealer and listen
to our line. Marantz stereo at any price
is damn well worth it.

i ¢ 4 ¥ - % o2 - 8 o } ¥V S
We sound better.

®MarantzCo Inc PO Box 99T Sun Valley, Calf 91352 MarantzS A 40. Rue de Chatelain, 1050 Brussels In Canada Eiectrohome, Ltd Send for free catalog
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ENERGY AND INFORMATION

The flow of energy in human societies is regulated by the tiny

fraction of the energy that 1s used for the flow of information.

Energy and information are also related at a much deeper level

by Myron Tribus and Edward C. Meclrvine

power”—the Romans said, and 20

centuries later science has given
an old phrase new meaning. The power
to which the Romans referred was po-
litical, but that is a small detail. Science
does not hesitate to give precise defini-
tion to everyday words such as “work,”
“power” and “information,” and in the
process to transform proverbial truths
into scientific truths. Today we know
that it takes energy to obtain knowledge
and that it takes information to harness
energy.

Rescarch into the relation between
energy and information goes back many
years, but the era of precise yet gen-
eral quantification of information began
only with Claude E. Shannon’s famous
1948 paper “The Mathematical Theory
of Communication.” It has long been
known that any dynamic measuring in-
strument placed in a system must draw
some power in order to actuate its mech-
anism. For example, a meter connected
to an electrical circuit uses some power
to cause the deflection of a pointer. The
effect is reciprocal: whereas the theory
of instrumentation shows why energy is
needed to obtain information, recent ad-
vances in information theory show why
information is needed for transforma-
tions of energy. In this article we shall
pursue both lines of thought.

Ideas about energy are part of the
education of every scientist. Since the
concept of energy is discussed in detail
elsewhere in this issue, we shall not re-
peat that discussion. The fundamentals
of information theory are less well
known. We shall therefore dwell at some
length on the fundamental ideas of in-
formation before we take up the inter-
action of energy and information.

Ideas about probability play a central
role in any theory of knowledge. In mod-
ern information theory probabilities are

E ;cicntia potestas est—“Knowledge is

treated as a numerical encoding of a
state of knowledge. One’s knowledge
about a particular question can be rep-
resented by the assignment of a certain
probability (denoted p) to the various
conceivable answers to the question.
Complete knowledge about a question is
the ability to assign a zero probability
(p = 0) to all conceivable answers save
one. A person who (correctly) assigns
unit probability (p = 1) to a particular
answer obviously has nothing left to
learn about that question. By observing
that knowledge can be thus encoded in
a probability distribution (a set of prob-
abilities assigned to the set of possibili-
ties), we can define information as any-
thing that causes an adjustment in a
probability assignment. Numerous work-
ers have demonstrated that Shannon’s
measure of uncertainty, which he called
entropy, measures how much is expected
to be learned about a question when all
that is known is a set of probabilities.

hannon’s contribution to the theory

of information was to show the ex-
istence of a measure of information that
is independent of the means used to gen-
erate the information. The information
content of a message is accordingly in-
variant to the form and does not depend
on whether the message is sent by dots
and dashes, by impressing a particular
shape on a carrier wave or by some form
of cryptography. Once this invariance
is understood it becomes an engineer-
ing task to design a communications
channel. One intriguing aspect of com-
munication theory lies in the observa-
tion that the merit of a particular com-
munications-channel design lies not in
how well the actual message is sent but
in how well the channel could have sent
all the other messages it might have been
asked to convey. A voltmeter that ac-
curately indicates 1,000 volts when con-
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nected across a 1,000-volt potential drop
is not of any value if it always reads
1,000 volts no matter what the actual
potential is!

Although Shannon’s measure of un-
certainty was postulated for the pur-
pose of designing better communications
channels (and has served admirably for
that purpose), it has much broader ap-
plicability. After all, any piece of physi-
cal instrumentation can be viewed as a
communications system. Thus a probe
(for example a thermocouple, a pressure
transducer or an electrode) serves as
a sender. Amplifiers, wires, dials and
mechanisms serve as a communications
channel. The human observer serves as
a receiver. One can apply Shannon’s
ideas not only to the design of the ap-
paratus but also to the code used for
conveying the information. It is in the
latter respect that the connection be-
tween information and energy is most
interesting.

First we must define Shannon’s mea-
sure. Suppose we have defined a ques-
tion, denoted Q, and are uncertain of
the answer. The statement “We have
defined a question” needs to be made
precise. We require that all possible an-
swers be enumerated and that our con-
fusion be over which of the possible
answers is the correct one. If we ask
something without knowing what the
possible answers are, then we have
not really posed a question; we have
instead requested help in formulating a
question. In order to define Shannon’s
measure we must deal with a well-de-
fined question Q and have in mind a set
of possible answers without necessarily
knowing which answer is correct. (Sup-
pose our question is: “Which number
will turn up on this roulette wheel?” The
possible answers consist of the numbers
on the roulette wheel, and our uncertain-
ty arises over which number to select.)
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To make things compact we let the
symbol X represent our knowledge about
Q. (In our example X stands for all the
things we know about the roulette wheel
including our experience with the casino
owner, the past history of the wheel and
the actions of the disreputable-looking
person standing near the table.) This
knowledge, X, leads to an assignment of
probabilities to the various possible an-
swers. Assigning p =0 to any one an-
swer is the same as saying, “That answer
is impossible.” Assigning p = 1 to an an-
swer is the same as saying, “That answer
is certain.” Unless X is of a very special
nature we shall end up assigning inter-
mediate values between 0 and 1 to all
the possible results. Shannon’s measure
is represented symbolically by S(Q | X)
to emphasize that the uncertainty or en-
tropy S depends on both the well-

S@IX) = =KD p, Inp,

ENTROPY IN COMMUNICATIONS was
formulated mathematically by Claude E.
Shannon in 1948. Shannon’s entropy S is de-
fined in terms of a well-defined question (Q)
and knowledge (X) about Q. In Shannon’s
formula the symbol K represents an arbi-
trary scale factor, and the sign ¥ means
to “sum over,” or simply add up, for each
possible answer to the question Q the prod-
uct of the probability (p;) assigned to that
answer and the “natural” logarithm of the
probability (In p;). Shannon went on to de-
fine the information (I) in a message as the
difference between two entropies, or uncer-
tainties: one that is associated with knowl-
edge X before a message and the other that
is associated with knowledge X’ after a mes-
sage; in symbols, I = S(Q | X) — S(Q | X’).

X’

|+
‘_T_

X

g5

ENTROPY IN THERMODYNAMICS was
defined by Rudolf Clausius in 1864 in terms
of a “transformation” that always accom-
panies a conversion between thermal and
mechanical energy. According to Clausius’
formula, when a system changes from a state
described by X to another state described
by X’, the entropy change (S’ —S) is cal-
culated by dividing each increment of re-
versible heat addition (dQ,) by the absolute
temperature (T) at which the heat addition
occurs and adding the quotients over the
change from state X to state X’; the integra-
tion sign ( ) symbolizes this mathematical
operation. It can be shown that Shannon’s
function and Clausius’ function are the same.
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defined question Q and the knowledge
X [see upper illustration on this page].

The mathematical definition of Shan-
non’s entropy has the interesting proper-
ty that if one correctly assigns p =1 to
one of the answers and (therefore) p = 0
to all the others, S is 0. (If you know the
right answer, you have no uncertainty.)
On the other hand, if all the probabilities
are equal, S is a maximum. (If your in-
formation is so slight that you must as-
sign equal probabilities, you are as un-
certain as possible about the answer.)

In the preceding discussion we used
the knowledge X about a question to de-
fine the entropy S regarding the uncer-
tainty of the answer. Conversely, we
could have used S to define X by saying
that any X that maximizes S(Q | X) is a
state of maximum ignorance about Q. A
man who does not know one answer
from another is as ignorant about Q as
he can possibly be. The only state of
greater ignorance is not to know Q.
Hence we can use the Shannon formal-
ism to describe X quantitatively. Other-
wise X is a qualitative concept.

For a given question (Q constant) it is
of course possible to have different states
of knowledge. Shannon defined the in-
formation in a message in the following
way: A message produces a new X. A
new X leads to a new assignment of
probabilities and thus a new value of
S. To obtain a measure of the informa-
tion Shannon proposed that the infor-
mation (I) be defined by the difference
between the two uncertainties: in sym-
bols, I = S(Q | X) — S(Q | X").

The information content of a message,
then, is a measure of the change in the
observer’s knowledge (from knowledge
X before the message to knowledge X’
after the message). A message that tells
you what you already know produces no
change either in knowledge (X remains
the same) or in probability assignment
and therefore conveys no information.

Shannon’s measure is an invention. It
was designed to fill a specific need: to
provide a useful measure of what is
transmitted on a communications chan-
nel. It has also been shown to be the only
function that satisfies certain basic re-
quirements of information theory. In the
23 years since Shannon put forward his
measure thousands of papers have been
written on the subject and no one has
found a replacement function, or even
a need for one. On the contrary, many al-
ternative derivations have been found.
We conclude that the Shannon entropy
measure is fundamental in information
science, just as the Pythagorean theorem
is fundamental in geometry. According-
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ly Shannon’s concept of entropy should
be a useful starting point for reasoning
about information processes in general.

he word “entropy” had of course

been used before Shannon. In 1864
Rudolf Clausius introduced the term in
his book Abhandlungen iiber die me-
chanische Wiirmetheorie to represent a
“transformation” that always accompa-
nies a conversion between thermal and
mechanical energy. If a physical system
changes from a state described by X
(a particular combination of pressure,
temperature, composition and magnetic
field, for example) to another state de-
fined by X’ (a different combination of
pressure, temperature, composition and
magnetic field), then according to the
Clausius definition, the entropy change
is calculated by dividing each increment
of heat addition by the absolute tem-
perature at which the heat addition oc-
curs and adding the quotients [see lower
illustration on this page]. Except for the
fact that Shannon’s entropy and Clausi-
us’ entropy are represented by the same
symbol and the same name, there ap-
pears at first sight nothing to indicate
that the two functions are in fact the
same function.

What’s in a name? In the case of Shan-
non’s measure the naming was not ac-
cidental. In 1961 one of us (Tribus)
asked Shannon what he had thought
about when he had finally confirmed his
famous measure. Shannon replied: “My
greatest concern was what to call it. I
thought of calling it ‘information,” but
the word was overly used, so I decided
to call it ‘uncertainty.” When I discussed
it with John von Neumann, he had a bet-
ter idea. Von Neumann told me, ‘You
should call it entropy, for two reasons.
In the first place your uncertainty func-
tion has been used in statistical mechan-
ics under that name, so it already has a
name. In the second place, and more
important, no one knows what entropy
really is, so in a debate you will always
have the advantage.””

The point behind von Neumann’s jest
is serious. Clausius’ definition of entropy
has very little direct physical appeal. It
can be derived with satisfactory mathe-
matical rigor and can be shown to have
interesting and useful properties, par-
ticularly in engineering, but in a direct
aesthetic sense it has not been satis-
factory for generations of students. Sim-
ple physical arguments lead one to be-
lieve in the correctness of most quan-
tities in physics. Surrounding Clausius’
entropy there has always been an extra
mystery.



The appearance of Shannon’s mea-
sure, with the same name and the same
functional representation as the earlier
measure in statistical thermodynamics,
aroused great interest among theoretical
physicists. One of the best-known con-
tributors to the subsequent discussion
was Leon Brillouin, who treated the two
entropies as the same in a series of pa-
pers and in the book Science and Infor-
mation Theory. The proof that they are
indeed the same (and not merely ana-
logues) has been dealt with extensively
elsewhere and will not be treated here.

he unit of information is determined

by the choice of the arbitrary scale
factor K in Shannon’s entropy formula.
If K is made equal to the ratio 1/In 2
(where the expression In 2 represents
the “natural” logarithm of 2), then S is
said to be measured in “bits” of informa-
tion. A common thermodynamic choice
for K is kN, where N is the number of
molecules in the system considered and
kis 1.38 X 10-23 joule per degree Kelvin,
a quantity known as Boltzmann’s con-
stant. With that choice for K the en-
tropy of statistical mechanics is ex-
pressed in units of joules per degree.

The simplest thermodynamic system
to which we can apply Shannon’s equa-
tion is a single molecule that has an
equal probability of being in either of
two states, for example an elementary
magnet. In this case both p; and p,
equal 1/2, and hence S equals +k In 2.
The removal of that much uncertainty
corresponds to one bit of information.
Therefore a bit is equal to k In 2, or ap-
proximately 10-2% joule per degree K.
This is an important figure, the smallest
thermodynamic entropy change that can
be associated with a measurement yield-
ing one bit of information.

In classical thermodynamics it has
long been known that the entropy of
mixing, per molecular weight of mix-
ture, is a function of the fractional com-
position. Obviously the fractional con-
centration of a particular molecular spe-
cies represents the probability of pick-
ing out a molecule of that species in a
random sampling of the mixture. What
does the act of mixing signify if we use
the entropy of mixing as a measure of
information? Imagine that we mix half
a molecular weight of each of two iso-
topes. The resulting entropy change
would be Nk In 2, where N, (Avogadro’s
number, 6 X 10-23) is the number of
molecules per molecular weight. Nu-
merically this change is about six joules
per degree K., or 6 X 1023 bits. The lat-
ter number represents the number of
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MAXWELL’S DEMON, a hypothetical being invoked by James Clerk Maxwell in 1871 as a
possible violator of the second law of thermodynamics, was assumed to operate a small trap-
door separating two vessels full of air at a uniform temperature (top). By opening and
closing the trapdoor so as to allow only the swifter molecules to pass from A to B and only
the slower ones to pass from B to A4, the demon could, without expenditure of work, raise
the temperature of B and lower that of 4 (bottom), in contradiction to the second law of
thermodynamics. The demon was finally “exorcised” in 1951 by Leon Brillouin, who
pointed out that if the demon were to identify the molecules, he would have to illuminate
them in some way, causing an increase in entropy that would more than compensate for any
decrease in entropy such a being could effect. Without the input of energy represented by the
illumination, the demon lacks sufficient information to harness the energy of the molecules.
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decisions that would have to be made if
a person were to sort the isotopes one at
a time.

Just as the entropy of information has
meaning only in relation to a well-de-
fined question, so the entropy of ther-
modynamic analysis has meaning only
in relation to a well-defined system. In
our present understanding of physical
science that system is defined by quan-
tum theory. The question is: “In what
quantum state is this system?” The an-
swer is: “In some statistical combination
of states defined by the quantum-me-
chanical solutions of the wave equation.”
In fact, these solutions define the possi-
bilities we alluded to in discussing in-
formation and uncertainty. The prob-
abilities encode our knowledge about the
occupancy of the possible quantum
states (possible, that is, for a given state
of knowledge).

The concept of an inherent connec-

tion between the entropy of Clausius
and the intuitive notion of information
preceded Shannon’s work by many years.
In fact, the information-theory approach
to thermodynamics is almost as old as
thermodynamics itself. Clausius’ 1864
book represents the earliest complete
formulation of classical (nonstatistical)
thermodynamics. By 1871 James Clerk

ACTIVITY

CHARACTER RECORD ACTIVITIES:

TYPE ONE PAGE
(ELECTRIC TYPEWRITER)

TELECOPY ONE PAGE
(TELEPHONE FACSIMILE)

READ ONE PAGE
(ENERGY OF ILLUMINATION)

COPY ONE PAGE
(XEROGRAPHIC COPY)

DIGITAL RECORD ACTIVITIES:
KEYPUNCH 40 HOLLERITH CARDS
TRANSMIT 3,000 CHARACTERS
OF DATA

READ ONE PAGE COMPUTER
OUTPUT (ENERGY OF ILLUMINATION)

SORT 3,000-ENTRY BINARY FILE
(COMPUTER SYSTEM)

PRINT ONE PAGE OF
COMPUTER OUTPUT
(60 LINES x 120 CHARACTERS)

RATIOS OF ENERGY TO INFORMATION for various informa-
tion-preparation, information-processing and information-distribu-
tion activities involving symbols are presented in this table. The
energy values used are those typically involved in powering the
mechanisms employed for these activities and in most cases are
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Maxwell had introduced the role of in-
formation by proposing his famous de-
mon [see “Maxwell’s Demon,” by W.
Ehrenberg; SciEnTIFIC AMERICAN, No-
vember, 1967]. He suggested that a
demon of minute size ought to be able
to operate a small trapdoor separating
two vessels, permitting fast molecules to
move in one direction and slow ones in
the other, thereby creating a difference
in temperature and pressure between the
two vessels [ see illustration on preceding
page]. Maxwell’'s demon became an in-
tellectual thorn in the side of thermody-
namicists for almost a century. The chal-
lenge to the second law of thermody-
namics was this: Is the principle of the
increase of entropy in all spontaneous
processes invalid where intelligence in-
tervenes?

From Maxwell’s time on many lead-
ing investigators pondered the relation
between observation and information on
the one hand and the second law of
thermodynamics on the other. For ex-
ample, in 1911 J. D. Van der Waals
speculated on the relation between en-
tropy change and the process of reason-
ing from cause to effect. In 1929 Leo
Szilard commented on the intimate con-
nection between entropy change and
information. In 1930 G. N. Lewis wrote:
“Gain in entropy means loss of infor-

mation; nothing more.” Until Shannon
came on the scene, however, there was
no measure of information, so that the
discussions could not be quantitative.

What Shannon added was the recog-
nition that information itself could be
given a numerical measure. If any of
the early thermodynamicists had chosen
to do so, he could have defined informa-
tion to be consistent with thermody-
namic entropy. After all, the “entropy of
mixing” was well known. Any one of
those men could have chosen to define
information as the number of decisions
required to “unsort” a mixture. The
Shannon measure would have followed.

Shannon, who had no direct interest
in thermodynamics, independently de-
veloped a measure of information. For
practical reasons he chose to require the
measure to meet certain logical criteria
of consistency and additivity. In retro-
spect a logician can show that with these
criteria Shannon was bound to pro-
duce a measure that would be consistent
with thermodynamic entropy. Once it is
recognized that the two subjects de-
rive from common considerations it is
straightforward to derive one from the
other.

The Shannon formulation is some-
what more general since it is entirely a
mathematical theory and is applicable

ENERGY INFORMATION CONTENT ENERGY PER INFORMATION
(JOULES) (BITS) (JOULES PER BIT)
30,000 21,000 1.4
20,000 21,000 1
5,400 21,000 3
1,500 21,000 .07
120,000 22,400 5
14,000 21,000 T
13,000 50,400 .3
2,000 31,000 .06
1,500 50,400 .03
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accurate only to about an order of magnitude. For character records
information content is assumed to be about seven “bits” per charac-
ter. The energy/information ratio for information systems based
on character records and digitally encoded records varies from a
few joules per bit down to a few hundredths of a joule per bit.



to all kinds of uncertainty. The thermo-
dynamic theory is less general since it is
bound to our “real world” environment
of atoms, molecules and energy. Bril-
louin tried to emphasize this distinction
by speaking of “free information” for the
abstract Shannon quantity and “bound
information” for the quantity when it
described physically real situations (and
thus thermodynamics). As we shall see in
considering practical information-proc-
essing activities, the only real distinc-
tion is that natural physical situations in-
volve much larger amounts of informa-
tion than we appear able to control in
our human-oriented information systems.
There is no conflict between abstract
Shannon information and thermodynam-
ic information, as long as the questions
we ask are physically real questions.

A*l interesting application of informa-
tion theory to thermodynamics is
provided by Brillouin’s “exorcising” of
Maxwell’'s demon. As we mentioned
above, the demon led to apparent ther-
modynamic paradoxes. Brillouin pointed
out that if the demon were to see the
molecules, he would have to illuminate
them in some special way. Since the
black-body radiation in a gas vessel is
the same in all directions, without a
torch the demon would have no way of
distinguishing the location of individual
gas molecules. It takes special informa-
tion to harness the energy of the mole-
cules, and this information is above and
beyond the normal thermodynamic in-
formation that serves to distinguish the
system itself from its surroundings. With-
out the departure from equilibrium rep-
resented by the torch, Maxwell’'s demon
lacks the information on which to act.

Unlike the demon, we do not live in-
side a gas vessel in equilibrium at a uni-
form temperature. Suppose for a mo-
ment that we did. Imagine that the earth
is contained in a totally absorbing “black
box” at a uniform temperature of 290
degrees K. (63 degrees Fahrenheit), a
reasonable estimate of the real earth’s
average surface temperature. We would
be as helpless as Maxwell’s demon with-
out a torch. In spite of the large energy
flux and the moderate average surface
temperature, an earth at equilibrium in
an ambient environment would be in-
hospitable to life. No information could
be processed; no energy would be avail-
able in the thermodynamic sense.

The actual case is of course different.
The earth is part of a “sun-earth-space”
system that is quite out of equilibrium.
The sun plays the same role for us that
the torch did for Maxwell’s demon. By
providing a departure from equilibrium

it becomes a source of information and
useful energy.

In considering the human use of en-
ergy and information, we must take into
account the radiation balance of the
earth’s surface. The earth receives 1.6 X
10 megawatt-hours of energy from the
sun each year in the form of solar electro-
magnetic radiation, and it reradiates this
energy principally as black-body radia-
tion. Thus the earth approximately bal-
ances its energy budget. Man’s use of en-
ergy on the earth’s surface actually con-
stitutes internal transactions with energy
fluxes that are thermodynamically avail-
able, that is, usable before the energy is
thermally degraded to the average sur-
face temperature or chemically degraded
by diffusion to the environment. Taking
commonly accepted average values for
the temperatures of the sun and the
earth, the 1.6 X 10'® megawatt-hours of
energy radiated to outer space carries
with it the capability for an entropy de-
crease, or “negentropy flux,” of 3.2 X
102 joules per degree K. per year, or
1038 bits per second.

Of course, this negentropy flux derives
from the energy flux from the sun to the
earth to deep space. By storing the ener-
gy and negentropy in various systems
(fossil fuels, lakes, clouds, green plants
and so forth), the earth creates subsys-
tems that are out of equilibrium with the
general environment. In addition to the
solar flux, then, we have the stored en-
ergy and negentropy of the earth’s re-
sources. Only in the case of the potential
use of deuterium in fusion reactors does
this stored energy exist in amounts sig-
nificantly greater than one year’s solar-
energy flux. For practical purposes we
may consider that both the energy flux
and the negentropy flux at the earth’s
surface are due to solar processes. On
the surface of the earth, therefore, the
maximum steady-state rate at which in-
formation can be used to affect physical
processes is of the order of 1038 bits per
second. A great deal of this information
is “used” in meteorological processes
(cloud formation, thunderstorms, the es-
tablishment of high-altitude lakes and
watersheds and so on). A large additional
amount is “used” for the life processes
of plants and animals. A comparatively
small quantity is under the control of
man, yet this quantity is responsible for
man’s technological reshaping of his en-
vironment.

The limitation of 1038 bits per second
is not a stringent one. Consider the infor-
mation rate of a television broadcast.
Television stations broadcast 30 frames
per second, each frame containing 525
scan lines. The resolution along each
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scan line allows about 630 bits of infor-
mation to be encoded. The resulting in-
formation rate is 30 X 525 X 630, or 107
bits per second.

Suppose we now consider a totally
nonredundant television broadcast: one
in which each dot is uncorrelated with
the other dots on the same frame and
each frame is unrelated to other frames.
No human being could possibly absorb
information from a television tube at
such a rate. Even if the material being
broadcast were a typical printed page
(and on such a page there is a great deal
of correlation between dots), it would
take a person of reasonable skills about
60 seconds to absorb the information
from one frame. Thus we can estimate
the probable bit rate required to engage
a human being in intellectual attention
as being less than 10* bits per second.
With a world population of less than
five billion, the entire human race could
have its information channels individual-
ly serviced and saturated with a bit rate
of 5 X 1013, very much less than the 1038
bits per second available.

Many old maxims point out that talk is
- cheaper than action. A comparison
of the entropy balance and the energy
balance on the surface of the earth indi-
cates that the maxims are indeed a re-
flection of our experience. The amplifica-
tion of information is easier than the
amplification of power.

The total muscle-power output of the
human race is estimated to be about 3 X
10? megawatt-hours per year (somewhat
less than one megawatt-hour per person
per year). Worldwide power usage un-
der human direction is of the order of
7 X 10 megawatt-hours per year, so
that the energy-amplification ratio cur-
rently is about 25 to one. In the U.S. the
amplification is much larger: approxi-
mately 250 to one. If all the thermody-
namically available solar energy were
used, an amplification of 500,000 to one
is theoretically possible.

The possible amplification of informa-
tion-processing activities is much greater.
By eliminating the human operator from
the chain of data-processing and ma-
chine control over physical systems, any
direct dependence on the natural rate of
human data-handling is removed. A hu-
man operator, working with a fixed set
of questions, can use a modern digital
computer to amplify his abilities by a
factor well in excess of 10%, perhaps by a
factor of 1012, The weak limitation on in-
formation-processing rates due to radi-
ation to space (1038 bits per second)
would indicate the theoretical maximum
amplification to be in excess of 10%4,
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It is worth observing that this great
gap between the achieved and the
achievable gives information technology
a character different from that of materi-
als technology or energy technology. In
materials technology and energy tech-
nology scientists are accustomed to
studying fundamental limitations and
natural structures and engineers are ac-
customed to designing within a few or-
ders of magnitude of these limitations.
In information technology scientists find
fundamental theorems not at all restric-
tive, and entrepreneurs discover that the
freedom from constraints makes possible
the construction of an almost totally new
environment of information. Hence the
advent of television programming, auto-
matic telephone solicitation, computer-
generated junk mail and other artifacts
of an “information overload” culture. In
the case of material and energy nature
often cries “Halt!” to the changes
wrought by technology. In the case of in-
formation man himself must issue the
directives to ensure that technology is
used for human betterment.

We have noted Brillouin’s exorcising

of Maxwell’s demon. Beginning with
this act Brillouin was led to investigate
the relation between the entropy of an
observation and the thermodynamic en-
tropy, and he concluded that one bit of
information requires k In 2 thermal en-

ACTIVITY |

AUDIO RECORD ACTIVITIES:

TELEPHONE CONVERSATION
(ONE MINUTE)

HIGH FIDELITY AUDIO RECORD
PLAYBACK (ONE MINUTE)

AM RADIO BROADCAST
(ONE MINUTE)

PICTORIAL RECORD ACTIVITIES:
TELECOPY ONE PAGE
(TELEPHONE FACSIMILE)

PROJECTION OF 35 MM SLIDE
(ONE MINUTE)

COPY ONE PAGE
(XEROGRAPHIC COPY)

PRINT ONE HIGH QUALITY OPAQUE
PHOTOGRAPHIC PRINT (5" x 77)

PROJECT ONE TELEVISION FRAME
(1730 SECOND)

LOWER ENERGY/INFORMATION RATIOS generally exist for
information activities involving audio and pictorial representa-
tions. This table overstates information content since the full band-
width of available frequencies is never used in audio activities and
the typical pictorial record contains a great deal of redundancy. As
a result the energy/information values are in most cases accurate
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tropy units. As Dennis Gabor once put it:
“You cannot get something for nothing,
not even an observation.”

This comment has a special meaning
for those of us who are engaged in the
design of xerographic copying equip-
ment. Among other reasons for concern
about information and energy processes,
we are interested in the minimum energy
requirement for making a copy. The ac-
tual energy used at present is inconveni-
ently high (mainly because the fixing of
the final image takes about 90 percent of
the power and involves thermally fusing
the black toner to the paper), and so we
shall not discuss the subject further. We
discovered, however, that reading our
copies often takes much more energy
than making them. (A typical reading re-
quirement might be 5,400 joules from a
90-second exposure of a 60-watt lamp.)
Just as Maxwell’s demon could not see
molecules without a torch, so we cannot
see images without illumination. Some
luminous flux must be present involving
electromagnetic radiation from a tem-
perature greater than that of the environ-
ment. In the process of thermally de-
grading that energy a signal is generated.
The distribution of reflectivity over the
surface of the paper modulates the
negentropy flux from the illuminator.
Both the paper and the illuminator are
required for the retrieval of information.

So far we have concentrated on the

information needed to harness energy.
Now it is time to examine the practical
aspects of the energy requirements of in-
formation systems. The world of infor-
mation technology includes both digital
and analogue representations and the
uses we make of them. The dramatic rise
of the utility of digital computers some-
times leads us to overlook the other com-
mon representations of information: im-
ages and audio signals. For all three
species of information representation we
can consider the following distinguish-
able activities: the preparation of rec-
ords, the storage of records, the process-
ing of records and the distribution of
records.

Information storage is a passive ac-
tivity, and it does not intrinsically re-
quire the continuous input of energy
(although in fact some forms of storage,
such as a semiconducting digital-com-
puter memory, do have power require-
ments). Information preparation, infor-
mation processing and information dis-
tribution all require energy. The table on
page 182 lists the information content
and the energy in certain practical equip-
ment configurations used for a number
of activities involving character records
and digitally encoded character records.
Since the characters are chosen from a
limited set, the information content is
about seven bits per character. (In the
case of nondigital characters we neglect

ENERGY INFORMATION CONTENT ENERGY PER INFORMATION
(JOULES) B (BITS) B - (J(lULES PEIi B_IT) B B
2,400 288,000 .008
3,000 2,400,000 .001
600 1,200,000 .0005
20,000 576,000 .03
30,000 2,000,000 .02
1,500 1,000,000 .002
10,000 50,000,000 .0002
6 _ 300,000 .00002

© 1971 SCIENTIFIC AMERICAN, INC

to less than an order of magnitude, but they are suggestive. It is
clear, for example, that the information system that uses the smallest
amount of energy per unit information is a hypothetical nonredun-
dant television broadcast. Even this comparatively efficient infor-
mation system uses for the purpose of communication only a tiny
fraction of the thermodynamic information it requires to operate.



Basic Research at Honeywell

Research Center
Hopkins, Minnesota

Optimal Control of Oil Refineries

A Unique Application of Optimal Control Technology
May Improve the Yield and Profit of the Catalytic

Cracking Process.

Optimal control synthesis techniques offer
a %asis for more efficient control of many
complex, industrial processes where several
variables must be carefully controlled.
Problems of this kind are common in the
hydrocarbon industry. Although the effi-
ciencies of petroleum companies have
increased steadily, there appears to be a
strong need for more precise control of their
operations, especially among process func-
tions and their associated systems control
interfaces. Typically, control functions in
the hydrocarbon industry are carried out
semi-automatically under control of an op-
erator who monitors a large control board.
In the catalytic cracking process, as well as
in many other processes, hazards to safety
and equipment are always present. For
example, reactor and regenerator tempera-
tures can reach dangerous levels very
quickly. In addition, a small percentage
increase in yield or quality of yield can
amount to sizeable dollar amounts.

Quadratic optimal control theory, and
computer techniques for rapid solution of
the optimizing Ricatti equations, have both
been available to the control engineer for
some time, but they have not been used
extensively in the petroleum refining in-
dustry. Petroleum companies have been re-
luctant to change over to on-line computer
installations because the benefits of con-
tinuous operation far outweigh any possi-
bility of a shutdown. Early computers were
unreliable and expensive and, thus, com-
puters in refineries have been used almost
exclusively in an off-line mode. Another
great deterrent is the fact that the optimal
solution obtained is a result of feedback of
the state of the system whose variables are
not easily measured.

Two means of coping with this problem
are: (1) estimation of the full state of the
process from the measurable quantities
available and (2) simplification of the
model or controller or both to include only
measurable quantities. State estimation has
usually led to a more costly control than
seems warranted for the improved perform-
ance obtained. However, model simplifi-
cation introduces more uncertainty about
the correspondence of model and perform-
ance. A number of recent investigations
have focused on this problem of optimal
control.

Honeywell scientists and engineers, in

attempting to improve the safety and yield
and profitability of hydrocarbon process-
ing, have developed this latter control
method to the point where it is useful for
synthesizing linear controllers for complex
multivariable processes when a specified
sub-set of the state variables is measurable.

Honeywell chose the catalytic cracking
process for its initial study because of its
importance to the hydrocarbon industry.
This process converts a high-boiling frac-
tion of distilled crude oil into lower-boiling
materials such as gasoline.

Several variables in this process can be
adjusted by the operator or automatically:
rate of air delivery to the regenerator, re-
actor catalyst level, catalyst flow rate, fuel
gas to feed pre-heater, and input feed rate.
The objective is to maintain, by proper
settings and manipulation of these varia-
bles, the conditions for required product
yields as well as safe stable process opera-
tion. It is particularly important to main-
tain the regenerator temperature and flue
gas oxygen below certain specified values.
The principal disturbance affecting the op-
eration of the process is the fluctuation of
feed properties.

The premise at Honeywell was that if a
mathematical model and a computer pro-
gram could be formulated for the cracking
process, an on-line computer could moni-
tor and automatically set the controls on
the control panel. Honeywell engineers and
scientists pioneered in applying these oper-
ational techniques to the catalytic cracking
process by formulating a mathematical
model of a catalytic cracker and synthe-
sizing an optimal control algorithm with

-
PRODUCTS

FLUE GAS

CATALYST
AND OIL

REGENERATED
CATALYST
SLIDE
VALVE &
AIR
INLET

SCHEMATIC OF THE
CATALYTIC CRACKING
PROCESS

SPENT

CATALYST HEATER

FEED

PREHEATER FUEL

© 1971 SCIENTIFIC AMERICAN, INC

eight multi-variable control laws of varying
degrees of complexity.

The model describes the process in terms
of seven non-linear heat and material
balance equations, plus a group of kinetic
equations relating conversion, catalyst foul-
ing, and carbon burning to the process
parameters. The model also provicﬁes per-
formance indices in terms of product yields
and maintenance of safe operating condi-
tions. The most complex control law pos-
tulates five control variables operating on
information fed back from seven process
variables. The simplest uses two control
variables and two process measurements.
The investigating team wrote a computer
program which simulates the catalytic
cracking unit based on the mathematical
description and the control laws which
were derived. The initial results based on
data from an operating unit were promis-
ing. These data were analyzed by scien-
tists and engineers from Honeywell’s
Corporate Research Center, from the Aero-
space and Defense Group’s Systems and
Research Center, and by the process con-
trol specialists in Honeywell’s Industrial
Division.

Honeywell will soon begin a joint ven-
ture with a petroleum company in an effort
to verify these results in an actual installa-
tion. Sensors and data recorders in the re-
finery will monitor and record temperature,
fluid flow and pressure fluctuations. This
information will then be fed into a com-
puter which is wired into the control boards
of the refinery. The input of information
will then automatically alter the settings
on the control board. This control system
will not eliminate the job of the operator
who monitors the control board but it will
increase efficiency and decrease the risk of
operational error or explosion.

If you are working in the area of quad-
ratic optimal control, applied to the petro-
leum refining industry, and want to know
more about Honeywell’s investigations,
please contact Mr. Jack Post, Honeywell
Corporate Research Center, Hopkins, Min-
nesota. Honeywell carries out basic research
in all of the sciences pertinent to its busi-
ness at its Solid State Electronics Center,
Plymouth, Minnesota, and Information Sci-
ences Center, Cambridge, Massachusetts,
as well as its Corporate Research Center,
Hopkins, Minnesota, under the direction
of Dr. John Dempsey, Vice President of
Science and Engineering.

Honeywell

The Automation Company
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the possibility of added information in
the form of changes of font, boldface,
italics and other additions to sets of char-
acters.) The energy is the energy in-
volved in powering the mechanisms typ-
ically employed in these activities and in
illuminating pages for reading. Most of
the values are accurate to within about
an order of magnitude. In the table we
calculated the illumination from a 60-
watt lamp. Obviously one can also read
under a high-power arc lamp or by the
light of a candle. The energy per infor-
mation unit typically varies from a few
joules per bit down to a few hundredths
of a joule per bit.

Similar information is contained in the
table on page 184 for practical equip-
ment configurations used in activities in-
volving audio representations and pic-
torial-image representations. We have
used typical values for slide-projector il-
lumination, radio and television receiver
power and telephone central-office pow-
er. Clearly the values vary in individual
instances. Additional uncertainties arise
from our estimates of information con-
tent. Audio-intensity modulation, picto-
rial gray scale and color constitute mul-
tilevel coding techniques. For multilevel
coding the information capacity of a
channel is related to the signal-to-noise

characteristics as well as to the frequen-
cy bandwidth. From a practical point of
view, however, the table overstates in-
formation content; the full bandwidth is
never used in audio activities and the
typical pictorial record has a great deal
of redundancy. The values are thus ac-
curate to less than an order of magni-
tude, but they are nonetheless sugges-
tive.

An extreme case of redundancy at-
tends a 35-millimeter pictorial image of
a page of print. Assuming a resolution
of 100 line pairs per millimeter, about
two million bits are used to represent
approximately 3,000 characters. Most of
the information is redundant and is used
to convey the white spaces, the details
of the character font and other material
that may be of no importance to the mes-
sage. Even a four-letter word could take
up a million bits in a high-resolution pho-
tograph. At the other extreme a simple,
nonredundant, two-level Baudot code
can be used to represent the same four-
letter word in only 24 bits.

Information technology has as one of

its present concerns the best use of
energy and physical structures to con-
vey information as needed for human
purposes, without undue redundancy

- E + POV _zpio Ni

So

E+ PV —

To

ToS — El-lio N

To

Tol = E + PeV — TS — Dpio N,

THREE EQUATIONS show the derivation of the concept of thermodynamic information.
The top equation is based on classical thermodynamics: S is the uncertainty when energy
(E), volume (V) and the number of moles of various chemical species (IV;) are unrecogniz-
able because they are distributed in an environment at a temperature T, a pressure P, and
chemical potentials y;,. The middle equation is derived from the top one on the basis of
the relation I = S, — S, where I is information and S is the uncertainty about the system
formed with energy E, volume ¥ and composition N,, and the system is now discernible
from the environment. These equations were derived by Robert B. Evans, now at the Geor-
gia Institute of Technology, in 1969. He showed that a new quantity obtained by multiplying

the middle equation by T is the most general measure of disequilibrium or “potential
work.” Evans has named this new quantity “essergy” (for the essential aspect of energy).
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and yet with veracity, style and taste.
As a part of that concern the joint proc-
esses of energy flow and information
flow are of special interest. We are led
back to the consideration of the ther-
modynamic functions of a physical sys-
tem that is involved in information proc-
essing. In the discussion that follows we
shall make use of ideas recently devel-
oped by Robert B. Evans, now at the
Georgia Institute of Technology, who
has devoted a decade to the unraveling
of the question.

The information-theory treatment of
thermodynamics clarifies the concept of
equilibrium. A few moments’ thought
should serve to convince one that the
concepts “Distinguishable from the en-
vironment” and “Out of equilibrium” are
the same. Our ability to recognize a sys-
tem depends on the fact that it differs
from its environment. “Thermodynamic
information” is conceptually the same as
“Degree of departure from equilibri-
um.” If each of these quantities is mea-
sured in such a way as to satisfy the ele-
mentary properties of additivity, con-
sistency and monotonic increase with
the system’s size, then apart from units
of measure each will be the same mathe-
matical expression, since they really re-
fer to the same thing.

Thermodynamic information is de-
fined as the difference between two en-
tropies: I = S, — S. S refers to the entro-
py of a system of given energy, volume
and composition. S, is the entropy of the
same system of energy, volume and com-
position when it is diffused into (indis-
tinguishable in) a referenced environ-
ment. It measures the loss of informa-
tion in not being able to distinguish the
system from its surroundings (as when
an iceberg melts in the open sea).

The idea of using thermodynamic in-
formation as a generalized measure of
the “availability” of energy was first put
forward tentatively by Evans in 1965.
(Although heat energy, mechanical en-
ergy and chemical energy can be con-
verted into one another, they are not
equally “available” to do work. What we
call Carnot efficiency and Gibbs free en-
ergy were invented to deal with the
availability of energy.) By 1969 Evans
submitted his doctoral dissertation con-
taining an entirely classical proof that a
new quantity, obtained by multiplying
his formula for thermodynamic informa-
tion by an appropriate reference tem-
peraturé, has most unusual properties.
Evans has called this new function “es-
sergy,” for the essential aspect of energy
[see illustration at left]. He has demon-
strated that essergy is a unique measure
of “potential work.” Moreover, it incor-



The growing power demand:
will future loads pull the plug?

Every year,the U.S.adds more generating
capacity to its electrical systems than
does all therest of the free world.

Andit'sstillnotenough.

Helping America’s utilities meet the
growing need for more power is big
business for Colt Industries.

Todaywe're better than ever prepared
to help, through our new Electric
Utility Sales Division, formed to offer
the industry essential equipment and
systems from a unified source.

Among the products we supply are
Central Moloney power and distribution
transformers...ranging from giants
handling hundreds of thousands of
kilowatts to mini-units only 18 inches

high...and high-voltage power circuit
breakers to safeguard costly trans-
mission systems.

Hundreds of miles of welded stain-
less steel tubing from our Trent Tube
Division go into powerhouse condensers
and heat exchangers.

Our diesel generators are used for
baseload and peaking power generation
and nuclear power plant protection.

And you'llfind our Fairbanks Morse
pumps and Quincy compressors, too —
even systems to weigh the millions of
tons of coal consumed by utilities.

Helping keep America growing has
been our aim ever since Sam Colt
mass-produced the pioneering revolvers
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that tamed the West.

Our 19 divisions and their 41 plants
serve not only electric utilities but virtually
every other industry...automotive,
aerospace and transportation, chemical
and petrochemical, construction,
security and defense, agriculture and
food processing. Over $665-million in
saleslastyear.

A son-of-a-gun of a company.

Colt Industries, 430 Park Avenue,
New York, New York 10022.

You remember us.We tame frontiers.

@ Colt Industries
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(revised)
Lawrence Aller

If it's up there, it’s probably in here, in this
scholartly but comprehensible addition to the
Harvard Books on Astronomy series. If you're
a backyard astronomer, or a beginning student
of astrophysics, the completely revised edition
of this highly-praised book tells the story, in
simple and direct terms, of how physics and
astronomy work together. Illustrated. $11.95

The Harvard Books
on Astronomy.

Harvard University Press,Cambridge, Mass. 02138
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porates as special cases all previously
kuown measures of departure from equi-
librium (such as Gibbs free energy,
Helmholtz free energy, the function
used in Germany under the name “ex-
ergy,” the Keenan availability func-
tion and so on). One can also think of
thermodynamic information as a funda-
mental quantity representing the “sig-
nal-to-noise ratio” for a system in an en-

| vironment T, Recall that kT is the ther-
| mal-noise energy per degree of freedom,
| and that Evans essergy is T,I. When I is

of the order of 100kT, or less, one is
dealing with information processing.
When I is larger, one is dealing with
work and power. For example, in the flux
of electromagnetic essergy the flux of es-
sergy works out to be the same as what
is called the Poynting vector. Close to a
radar antenna the flux of essergy is large
enough to cook a man; far away it be-
comes a weak signal.

Evans’ essergy function has proved
useful in analyzing power cycles, par-
ticularly for economic optimization. Af-
ter all, energy can be neither created
nor destroyed, so that an energy balance
for a steam power plant is not very en-
lightening. An essergy balance, however,
enables one to track down specific plant
inefficiencies and see what they cost.
Looking at the earth as a whole, that
solar energy flux of 1.6 X 10 mega-
watt-hours per year would be useless if
its reradiation to outer space were not
accompanied by an entropy flux of 3.2 X
1022 joules per degree K. (The corres-
ponding change in essergy is —2.6 X
1015 megawatt-hours per year.) Ideally
an essergy analysis could be performed
on the natural processes of the earth’s
surface. This would form a foundation
for ecologically sound planning of en-
ergy utilization by man, since it would
provide an indication of the disturbance
caused by proposed large-scale changes.
The usefulness of the essergy function
in practical matters has already been
demonstrated in a comparative analysis
of methods of making fresh water from
seawater and a generalized study of
power plants.

If we return to the examples of infor-
mation-systems activities listed in the ta-
bles on pages 182 and 184, it is now pos-
sible to compare energy and information
fluxes by comparing the contributions to
essergy change. The example that used
the smallest amount of energy per unit
information was the nonredundant tele-
vision broadcast, with 300,000 bits of in-
formation at a cost of six joules. Yet that
information change represents a contri-
bution of only 1.3 X 1013 joule of esser-
gy. Indeed, in terms of energy require-
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ments the information-processing aspect
of a television broadcast is a sidelight.
What one is mostly doing with the en-
ergy is heating the room. A similar analy-
sis would show that each example of
what we have called an information-sys-
tems activity is in fact an energy activity
that carries with it a small amount of in-
formation. Not until information tech-
nology reaches the state of handling in-
formation at one bit per molecule will we
be addressing real information processes
in the thermodynamic sense. Perhaps it
is this wide gap between the amounts of
entropy that are measured in practical
information systems and the entropy of
physical systems that has led to a reluc-
tance on the part of classical thermody-
namicists to adopt the information-theo-
ry view of the foundations of thermo-
dynamics.

It has been a decade since the appear-

ance of the first textbook to develop
thermodynamics on the basis of informa-
tion theory. The interval has not seen a
conversion from the classical tradition.
The classical treatment seems more en-
trenched than ever, to judge from re-
cent conferences of teachers of thermo-
dynamics. In view of the ever increasing
importance of information technology in
the scientific world, this is unfortunate.
Perhaps the reason lies in the comments
of the Russian worker A. I. Veinik, who
wrote in 1961 apropos of his own at-
tempt to restructure thermodynamics:
“The traditional separation [into the]
branches of physics is due to historical
reasons rather than to the nature of the
subject matter. A logical development of
science must lead inevitably to the unifi-
cation of these fields, and such a unifica-
tion has not yet come about only be-
cause the century-old traditional outer
trappings adorning the queen of the sci-
ences, classical thermodynamics, have
been defended with particular zeal. Ap-
parently a large part of this defense has
been based on the authority of the ge-
niuses who brought this queen of sci-
ences into existence.”

Whatever the short-term outcome in
educational circles, it is certain that the
conceptual connection between infor-
mation and the second law of thermo-
dynamics is now firmly established. The
use of “bound information” in the Bril-
louin sense of necessity involves energy.
The use of energy, based on considera-
tions of thermodynamic availability, of
necessity involves information. Thus in-
formation and energy are inextricably
interwoven. We may well ponder the
wisdom of the observation Scientia po-
testasest.
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What'’s the forecast for Allegheny Ludlum Industries?
What’s the forecast for power?

The explosive demand for electric
power has a whole industry
running just to keep up. And when
the power people move, so do we.

Because our Wallingford Steel
produces stainless condenser
tubes for nuclear power plants,
stainless strip for many
applications, including a new : |
underground cable wrap. Special S
Metals makes sophisticated, high L
temperature alloys for turbine
components and nuclear reactors. - v
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grain-oriented silicon steels for

generators and transformers,
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Decision-making in the Production of Power

It is only recently that men have begun to consider how they can

reconcile human needs for energy with the finiteness of the earth.

Such a reconciliation will engage all the institutions of society

he decision-makers in the produc-
I tion of power are many and di-
verse. Each has its own view of
the objectives to be pursued, its own
formulation of the issues, its own choice
of the criteria for decision and the priori-
ties among them, its own selection and
analysis of pertinent facts and its own
art of applying the criteria to the issues
on the basis of the facts in pursuit of the
objectives.

Who are the decision-makers? In the
first instance they are the enterprises—
private companies, local government
agencies and such national instrumen-
talities as the Tennessee Valley Author-
ity—that build and manage the power-
generating facilities. The initiating en-
terprises draw others into the decision-
making process, notably their sources of
capital and commercial finance (invest-
ment and commercial banks for private
companies, budget offices and appropri-
ations committees for government agen-
cies) and the state and national regula-
tory agencies that issue certificates or
permits required by law or administer
legal measures for safety, health or
environmental protection. Often the
courts, state and Federal, are drawn into
the decisional process. Their authority
can be invoked through statutory pro-
cedures to review the orders of regula-
tory agencies or through independent
proceedings initiated by complainants.
Still other decision-makers participate
in a more general and diffuse but none-
theless critical way: Congress and the
President; the legislatures and governors
of the states; scientific, engineering, le-
gal and other academic or professional
organizations or groups, and the general
public, which operationally tends to
mean active citizen groups. At times
these officials and groups are directly
articulated into the decision-making
process, but even when they are not,

by Milton Katz

they influence the process by modifying
the societal medium in which it takes
place. For the purposes of the present
discussion I believe it is realistic to as-
sume a rough consensus among the vari-
ous decision-makers concerning the ob-
jectives and the formulation of the main
issues relating to the generation of
power.

In a recent message to Congress, Presi-

dent Nixon described the objectives
as “the blessings of both a high-energy
civilization and a beautiful and healthy
environment.” A private power com-
pany, harassed by overstrained facilities
and an angry citizenry, might describe
its goals as catching up with runaway
demand and gaining relief from public
clamor. Although the two types of state-
ment are not exactly congruent, they are
consistent enough for practical pur-
poses. They reflect a generally accepted
projection of a need to greatly expand
power-generating capacity in the U.S.
during the next two decades and a
heightened public sensitivity to the haz-
ards of pollution, coupled with a grow-
ing awareness of power plants as pol-
luters.

The issues would be identified and
formulated by the respective decision-
makers with a comparable consistency.
The issues relate chiefly to the size, type
and location of the power plants and
transmission lines to be built. Concern-
ing size, a group of experts studying
electric power and the environment for
the U.S. Office of Science and Technol-
ogy predicted that “most of the new ca-
pacity in the next 20 years will come
from some 250 huge power plants of
two to three million kilowatts each.”
(Some 3,000 power plants are in ex-
istence today.) A power plant with a
capacity of three million kilowatts
would, if it burned fossil fuel, require

© 1971 SCIENTIFIC AMERICAN, INC

from 900 to 1,200 acres of land, apart
from the rights-of-way needed for trans-
mission lines. A nuclear plant of com-
parable size would need from 200 to
400 acres, exclusive of rights-of-way.
Such mammoth plants will probably
need rights-of-way some 250 feet wide.

As for the type of plant, the most con-
spicuous issue concerns the choice be-
tween fossil-fuel and nuclear facilities,
but that is only one of many issues in-
volving difficult choices of technology,
organization and method. The require-
ments for land, together with a need for
access to low-cost fuel (in the case of a
fossil-fuel plant) and water for cooling
(for both kinds of plant, with nuclear fa-
cilities needing 50 percent more water
than fossil-fuel plants), will engender
intense competition for land with rep-
resentatives of other land-using activi-
ties. Plainly the decisions concerning
size and type will profoundly affect the
selection and availability of sites.

The rough consensus among decision-
makers ends with a bang when we pass
from identifying objectives and formu-
lating issues to choosing and applying
the criteria for deciding the issues. The
intensity of the bang will vary with the
specificity of the decisional context. It
can be muted in a large and general ap-
praisal. The elements of division and
conflict will tend to be most acute in ad-
ministrative, judicial and legislative pro-
ceedings involving particular proposals.
It is in the effort to sort out and apply
the criteria with appropriate priorities
to concrete undertakings that the impli-
cations of the criteria fully emerge.

I believe it is useful to classify the
relevant criteria into two main catego-
ries. One relates to efficiency in the
standard engineering and business
sense, emphasizing maximum output of
electric power of optimum quality at
lowest cost. “Cost” is taken to mean cost
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to the producing enterprise, whether
private or governmental. The other cate-
gory relates to a comprehensive assess-
ment of advantages and disadvantages
for the society as a whole, recognizing
the need for production but also empha-
sizing the need to minimize pollution of
air, water, land and the biosphere; tak-
ing into account health, safety, recrea-
tional and aesthetic consequences and
possibilities, and giving heed to the in-
teraction of the production of electric
power and other aspects of rural and in-
dustrial development.

Understandably criteria in the first
category typically have dominated the
calculations of the enterprises that build
and manage power plants, whether pri-
vate or governmental. Criteria in the
second category are increasingly com-
pelling for regulatory agencies, courts,
Congress and the state legislatures, the
President and the governors of states,
and the general citizenry. The first cate-
gory corresponds to what I shall call the
enterprise outlook, the second to what I
shall call the societal outlook. The terms
are used in a purely descriptive sense,
with no value implications intended.
The enterprise outlook and the societal
outlook are not mutually exclusive. On
the contrary, efficient production by
power companies is a matter of large
social concern, and each enterprise has
a practical interest—even in the strict
business sense—in the health, safety and
attractiveness of the surroundings of its
own personnel and the communities in
which they live. The elements of com-
mon interest may help to resolve the
conflict, but it is the conflict itself be-
tween the two outlooks that will typify
decision-making in the production of
power. The conflict will center on the
competing demands of power produc-
tion and environmental protection.

Earlier in our history, when the pre-

vailing value system assigned an
overriding priority to the first-order ef-
fects of technology, our society would
have resolved the conflict in favor of
increased production almost as a matter
of course. The side effects, such as pollu-
tion, would have been taken in stride.
In recent years the values of the society
seem to have shifted from an automatic
acceptance of new technology for its
own sake toward a deepening concern
for environmental and other social con-
sequences. The shift in values has begun
to permeate the political process and is
reflected in the President’s statement of
the national objectives relating to power
as “both a high-energy civilization and
a beautiful and healthy environment.”
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It will remain necessary for the decision-
makers to resolve the conflicts between
the enterprise and the societal outlooks
and the criteria that they respectively
emphasize, but the old, routine and al-
most unconscious assumption that en-
vironmental protection must give way
to production has become altogether
untenable.

It does not follow that the needs of
production either will or should auto-
matically give way to environmental
protection. To accommodate the com-
peting needs decision-making in the
production of power must seek an opti-
mum balance among the competing cri-
teria. These are brave words, but they
must be translated into action. In each
concrete situation, through the several
efforts of the respective decision-makers
and through an interaction among them,
an operational meaning must be given
to an “optimum balance.”

The task will be intricate, arduous
and difficult even in the most auspicious
circumstances. In view of the multi-
plicity and diversity of the interests af-
fected and the intensity and ambiva-
lence of current feelings, the circum-
stances will not often be auspicious.
How could the task be facilitated?

I venture to suggest a few examples
of approaches, techniques and methods
that might help. They involve technol-
ogy assessment, the internalization of
“external” or “social” costs and the use
of taxation, regulatory statutes and pri-
vate civil actions at law to foster tech-
nology assessment and the internaliza-
tion of social costs.

Technology assessment is a procedure
designed to optimize the use of tech-
nology. Modern technology, which has
brought social benefits and social costs,
can also multiply societal options. It can
do so through the enhanced capacity to
perceive and predict unintended side
effects by modern analytical methods
reinforced by computers and through its
capacity to design many alternative
means to achieve a desired objective.

Technology assessment seeks to take
advantage of the variety of options to
increase benefits and reduce costs. It has
two main components. The first is a sys-
tematic comparative appraisal of the
first-order eftects of technology (electric
power in the present context) in relation
to the visible, discoverable and foresee-
able side effects (air pollution, heating
of streams or lakes and possible radioac-
tive hazards in the present context). The
second component is a search through
the full range of technological possibili-
ties for the one best designed to achieve
the desired first-order effect while elimi-
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nating or minimizing the undesirable
side effects.

The relation of technology assessment
to protection of the environment is di-
rect and fundamental. The environmen-
tal problem in essence is a function of
(1) the growth of populations; (2) the
development of technology and its ap-
plication to economic and social orga-
nization; (3) the care, skill and imag-
ination with which the potentialities
of science, technology and related or-
ganization are developed and used to
maximize desirable primary effects and
minimize undesirable side effects, and
(4) the respective priorities accorded by
the society to the accomplishment of the
first-order effects of technology and the
elimination or reduction of the side ef-
fects. The third and fourth of these fac-
tors entail technology assessment. They
are what technology assessment is all
about. Technology assessment operates
on certain of the primary sources of en-
vironmental problems rather than on
the manifestations.

It remains to consider how technology
assessment can be infused into the de-
cisional calculations of the respective
decision-makers. I begin with the power
companies, along with the investment
companies or banks to which they turn
for capital or commercial finance. One
method of fostering the incorporation of
technology assessment into their deci-
sional processes would involve the in-
ternalization of costs.

power company contemplating a
£ possible new plant or installation
will reach its decision through the usual
cost-benefit calculations. In the ordinary
course of business the company will es-
timate the anticipated costs and benefits
of a proposed installation without ref-
erence to any damage to the environ-
ment to be caused by the predictable
emission of sulfur dioxide, oxides of ni-
trogen, particulate matter and heat or
the possible leakage of radioactivity.
The costs to the society entailed by such
damage will be ignored by the company
in its cost-accounting as a matter of
course. They are treated as external or
social costs. If the company’s attention
turns to the matter at all, it will regard
the exclusion of such costs from its
accounting as a routine application of
standard business and accounting prac-
tice.

Generally the company will be un-
aware that it is able to pursue such a
standard practice only because it is a
beneficiary of legal doctrines that have
evolved in the course of history and that
can change in the continuing evolution



'T'he new grass-roots
movement.

It’s away from grass, to Astroturf.* And not just on
the playing fields, where our first battles were won.
Monsanto’s Astroturf®is now being used for land-
scaping in places like highway median strips, service
stations, motels and restaurants. Any place where
a good-looking ground cover is needed, but heavy
wear and high maintenance costs make lawns
impractical.

The market for all this? We’ve hardly covered
the surface. (Even in the stadium field, with more
than thirty new installations last year alone).

We think the time will come when grass
on a median strip or around a
gas station will be as rare as silk
gloves in a grease pit. And will
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DIGITAL
COMPUTER

KENBAK-1
EDUCATIONAL

FUN

Modern electronic technology
created the Kenbak-1 with a price
that even private individuals and
small schools can afford. The easy-
to-understand manuals assume the
reader is approaching a computer
for the first time. Step-by-step, you
can learn to use the computer with
its three programming registers,
five addressing modes, and 256
bytes of memory. Very quickly
you, or your family or students,
can write programs of fun and
interest.

PRICE

$750.00

KENBAK CORP.
P.0.Box 49324
Los Angeles, CA 90049

FILL YOUR EVENINGS
WITH NEW ADVENTURE

Track the evening stars with this exciting Star and
Planet Finder. Locate satellites and their constella-
tions. Chart the space shots and follow the sun’s
path. Calculate the hours of sunset and sunrise and
identify the signs of the zodiac. Locate with ease
the North Star and the Big Dipper and Aquarius
and Ursa Major and Hercules and Andromeda and
Draco. Move the Star Finder disc to the date and
hour of your birth and the heavens will appear as
they were then. This rare and beautiful reproduc-
tion makes a magnificent wall hanging for any
room in your home, office or camp. Made of
selected stock, three tiers deep with revolving disc.
Overall size 15 x 15 inches. Makes a most differ-
ent and treasured gift for young and old alike. It
is the gift that truly lasts a lifetime. Special atten-
tion given to early Christmas gift orders for Exec-
utive Gift Giving. Gift wrapped free. Sold at the
Hayden Planetarium and selected book stores and
college co-ops. Send $9. plus $1. for mailing.
Refund guaranteed.

STAR HOUSE—Box 311

Saugatuck Station, Conn. 06880
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of the society. The externality of the ex-
ternal costs derives neither from the
fundamentals of economics nor from the
nature of business. It derives from the
legal system. If the legal order requires
a cost arising from a company’s opera-
tions to be borne by the company, the
cost is internal. If the legal order re-
quires such a cost to be borne by others,
the cost is external. Damage to the en-
vironment from pollutants emitted by a
power company will be an external and
social cost only to the extent provided
by the legal system.

I shall come later to a consideration
of means whereby the legal system can
internalize costs that power companies
have been allowed to treat as external
and therefore to exclude from their cost-
benefit calculations. As we shall see,
such costs can be internalized in the
form of taxes, money judgments, nego-
tiated sums payable by the companies
or expenditures that the companies may
be required to make by the orders of
regulatory agencies. At this point I want
to emphasize the practical consequences
of the internalization if and when it may
be effected. In particular I want to stress
the implications for technology assess-
ment and environmental protection.

The company may merely pay the in-
ternalized costs (whether they are in the
form of a judgment for damages, a tax
or a negotiated payment), absorbing the
payment or passing it on to customers.
If the company should do this and noth-
ing more, justice might be served in a
retributive or compensatory sense, but
neither technology assessment nor the
environment would be served at all. One
such payment required by law, how-
ever, will be a portent of repeated pay-
ments to come, unless the company does
something more. It can be expected that
the company will seek to avoid this un-
happy prospect by a change in its tech-
nology, organization or mode of opera-
tion designed to eliminate or greatly
reduce the external costs by eliminating
or greatly reducing the pollution. Such
an improvement in technology, organi-
zation and method, if it should prove
feasible, would represent a step toward
the achievement of our objective: to in-
fuse technology assessment and the op-
timum use of technology into the deci-
sional processes of the power company.

The cost to the company of the im-
provement will replace the social cost of
the pollution to the extent that the im-
provement is effective. The allocation of
the improvement cost to the company
may be definitive and complete, provi-
sional or partial. If the improvement cost
is entirely absorbed by the company,
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the allocation is definitive. If the im-
provement cost is reflected in the com-
pany’s rate structure and passed on to
the purchasers of electricity, the alloca-
tion to the company is merely provision-
al. If only a portion of the cost can be
passed on to customers, the allocation to
the company is partial. The allocation to
the company may be partial in another
sense if the company’s effort to install
improved technology benefits from re-
search and development financed by a
department or an agency of the govern-
ment. In such a case the cost is partly
borne by the department or agency.

In sum, whenever such an improve-
ment is feasible and the cost of the im-
provement can be absorbed or passed
on, the environment will benefit, and the
production of power will also benefit or
at least remain unimpaired. I believe
this will be the usual case, but harder
cases may arise. Let me put the hardest
case in an effort to illuminate the outer
reaches of the problem.

What if a company should be unable
to devise any improvement that would
remove or diminish the pollution? Al-
ternatively, what if the cost of an im-
provement, even if it is technically fea-
sible, should be so high and the market
conditions such that the cost could nei-
ther be absorbed by the company nor
passed on? To sharpen the problem let
us also assume that the company op-
erates at the highest level of managerial
skill, has been constantly alert to the
latest developments in technology and
has maintained an energetic and imagi-
native program of research. In such a
case the company’s inability to devise
an improvement or to absorb the cost
could not be attributed to deficiencies
in the company remediable through
changes in personnel or mode of opera-
tion. What then? In the first circum-
stance a choice would be faced between
toleration of the pollution and suppres-
sion of the company’s operations. In the
alternative circumstance an additional
option would increase the possibilities to
three: toleration of the pollution, sup-
pression of the company’s operations or
a subsidy to the company out of public
revenues.

Although a case so hard, confronting
decision-makers with so stark a set of
alternatives, will seldom arise, it is nev-
ertheless useful as an aid to analysis.
It brings to the surface the ultimate
choices that to some degree are latent in
most situations. It illuminates the criti-
cal importance of the procedures for
decision-making, since the ultimate
choices might go by default if the deci-
sional process should be loose and con-



A'S E A ..pioneerin power transmission

First use of thyristors for HVDC transmission. Since
April, 1970, a thyristor valve group (foreground), in
series with two original mercury-arc valve groups,
has added 50% to the capacity of the Swedish State
Power Board’s pioneering HVDC link at Gotland. All
HVDC transmissions in the western world, including
the 850-mile Pacific Intertie in the U.S., use ASEA

Three times the power from the same weight. This
950-MVA 3-phase generator step-up transformer for
American Electric Power System is one of four similar
units for U.S. utilities. Pound for pound its active mate-
rial is delivering three times the capacity of an ASEA
transformer of only eight years ago! Savings in ship-
ping, installation and erection are also appreciable.

e

technology. Other features: a core form design with no through-

fault failures and a reliability record (for all ASEA
power transformers) of better than 99.9%.

A giant leap toward transmission of 1,500,000 volts!
This enormous transformer at Ludvika was built as a
prototype for 1500 kV transmission. The 1500 kV
bushing towers 58 feet above the floor. The trans-
former was designed by ASEA as part of a multi-
million-dollar joint R&D project with American Electric
Power System to develop systems and equipment for
transmitting AC power at 1,000,000 volts or higher.

There are many more examples of pioneering in
ASEA’s 88-year record of partnership with industry.
We’ll be glad to tell you about those in your field.
Write: ASEA Inc., 4 New King St., White Plains, N.Y.
10604. ASEA Limited, City Councillors St,,
Montreal 111, Quebec. World Headquarters:
Vasteras, Sweden.

ASEA is a worldwide producer of equipment for generating, transmit-
ting and ulilizing electrical energy. Manufacturing in U S.A., Canada,
Mexico, Brazil, Australia, France, Spain, South Africa, India, Denmark,
Norway and Sweden. Over 35,000 employees around the world, in 70
countries. Annual sales nearly three-quarters of a billion dollars.

Power in the Service of Man
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fused or unbalanced. It throws light on

| one of the functions served by technol-
| ogy assessment: to make it unnecessary

to face a rigorously exclusive choice be-
tween the ultimate alternatives or to
mitigate the difficulty of a decision be-
tween them.

If the ultimate choices must be faced
and decided, how are the decisions to
be made? The nature of the decisional
process must be governed by the nature
of the problem. The ultimate choices are
what remains to be decided after the
problem has been reduced as far as prac-
ticable through scientific insight, tech-
nological skill and efficient management.
The choices entail value judgments,
which must be made with a sensitive re-
gard for the deeply felt and conflicting
needs and purposes of those affected. In
a society that aspires to be free and open
such judgments can be made only
through discussion, argument, persua-
sion, contention, adjustment and inter-
action among the individuals and groups
with a stake in the outcome, organized
and disciplined through the democratic
political process and the legal system.

The legal system can contribute pow-
erfully to the development of suit-
able procedures for decision-making. (I
speak of procedures in a broad sense
rather than a technical one.) The legal
system can also help to foster technology
assessment and the internalization of
costs, notably through taxation, regula-
tory statutes and private civil actions at
law.

Taxes can be designed to foster tech-

nology assessment and the internali-
zation of costs through incentives and
pressures. They may also provide rev-
enues to help finance research, and
tax statutes may authorize accelerated
write-offs for tax purposes of invest-
ments in new technology installed to re-
duce pollution. Excise taxes may be
adopted to serve a dual purpose. Levied
on the manufacture or sale of products
involving a process or containing an in-
gredient that engenders pollution, they
may stimulate the taxpayer to devise a
harmless substitute process or to find
a harmless substitute ingredient, while
the proceeds of the tax may be allocated
to the support of research for remedial
measures.

The potentialities of taxes on effluents
in particular have received much atten-
tion. It is contemplated that these taxes
would be calculated and levied in such
a way as to increase or reduce the tax
burden according to the volume of pol-
lutants emitted by the taxpayer (a power
company in the present context). Some
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proponents of effluent taxation recom-
mend that the tax be measured by the
social cost of the pollution engendered
by the taxpaying enterprises. Others ad-
vocate pragmatic standards, proposing
that the tax be fixed at a level calculated
to impel the taxpaying enterprise to
undertake technological and managerial
improvements in an effort to reduce the
tax by diminishing the pollution. The
design and the administration of such
taxes could encompass many variations.
Whatever the precise arrangement, the
intended primary functions would be to
internalize costs and promote technolc-
gy assessment.

Under the typical statutes regulating
power companies supervision is exer-
cised by regulatory commissions in rate-
setting, investment and related account-
ing practices. The criteria of technolo-
gy assessment and cost internalization
could readily be incorporated into the
decisional processes of a regulatory com-
mission. Authority to do so could be de-
rived from the governing statute through
appropriate interpretations or provided
by legislative amendments. In deciding
whether to grant or withhold a certifi-
cate authorizing new construction the
commission could condition its approval
on a showing that the proposed new
plant or equipment was designed to
minimize pollution while achieving effi-
cient production. (An approximation of
such a requirement is provided in an
Administration bill pending in Congress
that would establish new procedures for
selecting sites for new power plants. The
bill would authorize state, regional and
Federal certifying bodies to issue cer-
tifications of site and facility for bulk
power-supply facilities “if such bodies
find, after having considered available
alternatives, that the use of the site
or route will not unduly impair envi-
ronmental values and will be reason-
ably necessary to meet electric power
needs.”)

To encourage a company to seek envi-

ronmental protection along with effi-
cient production through improved
technology, organization and methods
of operation, the commission could in-
dicate its willingness to reflect the im-
provement costs in the company’s rate
schedule. The commission could broad-
en the scope of its inquiries and obtain
increased assistance for its own under-
standing of the issues and their implica-
tions by inviting individuals and groups
representing diverse interests and out-
looks to take part in its proceedings. It
might adopt such measures on its own
initiative, or it might be prodded into
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from the company that invented the microcomputer.

In 1965, we introduced Programma 101.
Today, it's the world’s most popular micro-
computer, with tens of thousands in use.
Now to complement the P-101, Olivetti
introduces P-602. A powerful super-micro-
computer to solve almost any scientific,
technical, statistical and commercial prob-
lemthat can be formulated mathematically.
The P-602 is clearly a logical extension of
the Programma 101. All programs are re-
corded on small magnetic cards. The key-

board is simple. Program the P-602 your-
self, or use the basic and application soft-
ware developed by us.

The P-602’s power comes from many tech-
nical advances. Like read-only memory.
Indirect addressing, as in large computers.
Subroutinesthatcanbe created and called

when needed. And single-step debugging.
But the P-602 is more than just a powerful

machine. It can be integrated into a com-
plete computing system through a mag-

netic cartridge unit, a paper tape reader, a

tape punch, an XY plotter and scientific

measuring instruments.

We admit we have something better than

the world’s most popular microcomputer.
Smalil wonder we call the P-602 “super-
microcomputer.” To see the P-602 and Pro-
gramma 101, simply call your local Olivetti

representative (we're in the Yellow Pages)

or fill in the coupon above.

We sell answers, not just machines.

The P-602 super-microcomputer is ideal for applications in numerical and statistical analysis, medicine, banking and finance, manufacturing, construc-

tion, civil engineering and surveying, aerospace, research, education, ecology, economic analysis, inventory and sales forecasting...and many more.
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The billiard ball, back in the
middle of the last century, started
the whole plastics industry roll-
ing. With ivory in short supply,
John Wesley Hyatt, one of the
founders of Albany Plastic Com-
pany,Albany, N.Y.,invented cel-
luloid in 1868 and from it devel-
oped the world’s first synthetic
billiard ball.

Albany went on to become
among the first custom molders
of engineered plastics for indus-
try. We're pleased that these
innovators who know plastics
so well, today choose Plenco
thermoset compounds in pro-
ducing their precision-ground
balls for play and for work.

Truly balanced, controlled
density balls. Void free and with
a non-directional finish. In sizes
%" to 3" in diameter. The ther-
mosets selected: our Plenco 801
Melamine-Phenolic and Plenco
15056 Alkyd molding compounds.
Their special properties, says
Albany, of high impact strength,
dimensional stability, low post
molding shrinkage. chemical
resistance, high specific gravity,
compression strength, heat re-
sistance, and maximum heat de-
flection temperature, are required
in applications ranging from ball
check valves and aircraft ball
bearings to bearings for radar
pivots.

Reports this molder: “Plenco’s
unusually fine salesengineers
working closely with our organ-
ization, and the uniformity of
material neces-
sary forhigh
quality pro-
duction,
makes these
ball pro-
duction
applications
successful.”
We will be

happy to “play ball”
with you, too.

On
the
ball.

Plenco Melamine-Phenolics.
Plenco Alkyds.
Plenco Service.

&

PLENCO

THERMOSET PLASTICS

- PLASTICS ENGINEERING COMPANY
Sheboygan, Wisconsin 53081
Through Plenco research ... a wide range of
ready-made or custom-formulated phenolic,
melamine, epoxy and alkyd thermoset
molding compounds, and industrial resins.
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taking them by judicial review or legis-
lative intervention.

Statutes designed to protect the en-
vironment against injury from any
source can also promote technology as-
sessment in the production of power.
Recent legislation has multiplied en-
vironmental-protection statutes that fix—
or authorize designated agencies to fix—
standards for emissions, air quality or
water quality. Power companies usually
come within their reach, although the
statutes are intended generally to curb
pollution rather than specifically to reg-
ulate power companies.

As applied to a power company, such
a statute would require the company to
adjust its operations to fit limits con-
tained within or derived from the statu-
tory standards. The adjustment would
involve choices comparable to those en-
tailed by the internalization of costs
through a tax or a money judgment,
with one exception. In the first instance
the company would be denied the al-
ternative of merely paying the tax or
the judgment obligation. The company’s
alternatives would be to curb emissions
through improvements in technology,
organization or mode of operation, ab-
sorbing the improvement cost or passing
it on; to curtail its production; to obtain
a relaxation of the statutory standard, or
to violate the statute and suffer the stat-
utory penalty. If the penalty should be a
fine (as is typically the case), the com-
pany could be said to have a final alter-
native of simply making a monetary
payment.

Private civil actions at law have a spe-

cial significance in that they provide
an outlet for efforts by independent citi-
zens. Such actions offer a means where-
by the multiple initiatives of private cit-
izens, individually or in groups, can be
brought to bear on technology assess-
ment, the internalization of costs and
environmental protection. They consti-
tute a channel through which the di-
verse interests, outlooks and moods of
the general public can be given expres-
sion.

The current popular concern over the
environment has stimulated private civil
actions of two main types. In one type
the action is aimed directly at an enter-

| prise that causes pollution. In the other

type the action tries to reach offending
enterprises indirectly through a regula-
tory commission that supervises their
operations, seeking to hold the commis-
sion to its duties, to curb improper ac-
tion on its part and to galvanize it to
appropriate action. Private actions of
the first type fall predominantly within
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=/ Solving business problems of electric

utilities with computer technology is a

4 specialty of EAl/ utilities systems group

Business problems require business solutions. That's
the way we see it. That’s the way our utilities customers
see it. Here’s some evidence.

SYSTEM RELIABILITY — The EEI-RP-90 study titled,
“Improved Operational and Control Methods for Bulk
Power System Security,” will give you some of the
answers.

EAl was asked to determine the feasibility of using
hybrid (digitally controlled analog) computing tech-
niques to attain real time or faster transient stability
studies. It was demonstrated that these problems can
be solved on special purpose hybrid computers 100
times faster than real time. An equivalent all-digital
solution runs 10 to 100 times longer than real time.
The question is simple. Can you afford to wait for
answers? Obviously not. The complete study (EEI-
RP-90-2) is available upon request.

A TURNKEY 1300 MW TRAINING SIMULATOR — EAI
is now mathematically modeling an American Electric
Power Company 1300 MW fossil fuel power plant. In
addition, we’re assembling the hardware which will
make up a complete operator training simulator in-
cluding computer, control room consoles and panels,
and instructor consoles. The AEP simulator/trainer
will be the largest and most sophisticated device for
fossil-fueled power plant training in the electric utility
industry. Fossil-fueled or nuclear, EAIl is ready and
capable of providing the most up-to-date training sim-
ulator available.

" L1
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GETTING THE MOST OUT OF YOUR COMPUTER???
The cost of creating and up-dating transmission and
distribution maps requires an approach beyond hard-
ware. A systems approach; problem definition, soft-
ware development, hardware integration . . . the total
graphic system. Automatic drafting peripherals like
the EAl Graphic System will reduce the problem. This
turnkey system provides high speed, smooth line draw-
ing from computer based data. Not only can the sys-
tem be used for maps, but substation design as em-
ployed by Bonneville Power Authority, or C.P.M.S. for
producing critical path charts from a sketch, or three-D
isometric piping for flux density plots to improve fuel
management efficiency. Your computers can be used
for more than billing, accounting and number crunch-
ing, they can produce dollar saving output with the
addition of a graphic system.

EAIl has a number of services available to the utility;
we have the experience, and understand the problems.
We want to help you. May we send you a brochure
which describes how we can help? EAI/utility systems,
182 Monmouth Parkway, West Long Branch, N.J. 07640
(201) 229-1100.

EA I %t/lit/és systerns
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Battlebooks
from Sierra Club

Two paperbacks for everyone wondering if
we really do have energy to burn ...

U
=I

Energy: A Crisis in Power. John Holdren and Philip Herrera.
An exploration of the power crisis, a.deflation of the myth that
electric power is plentiful and cheap, and what you need to know
about the politics of power. An October book. $2.75.

Oil on Ice: Alaskan Wilderness at the Crossroads. Tom Brown.
The extraction of petroleum in this frozen land can have an
irrevocable effect on Alaska’s ecosystem. A complete investigation
of the proposed trans-Alaskan pipeline and the current political
and economic crosscurrents in our largest state. $1.95.

Sierra Club

Tough presentations of touchy issues.

Distributed by Charles Scribner’s Sons, Inc.

Slides - APOLLO 15 - Movies

Slides & Movies taken by Astronauts Scott, Irwin and Worden will be released about 20 days after
the Apollo 15 crew returns with the films taken on their historic visit to the Moon. Complete with
official descriptions supplied by NASA. NO DUPLICATION in slide sets or movies.

A. SET OF 24 COLOR SLIDES Highlights of Flight .......... $10.00
B. SET OF 100 COLOR SLIDES of Special Scientific Interest . . $35.00
C. 400 FT. COLOR MOVIE Videotronic Movie .............. $40.00
of TV Color transmissions FROM THE MOON — No launch or recovery scenes.

D. 400 FT. COLOR MOVIE OF COMPLETE FLIGHT .......... $40.00

Includes Launch, Spacewalk, Splashdown and MOVIE Footage Taken on Moon.
MOVIE NEWSREELS, Dept. SA. PLEASE SPECIFY

S e S 0 Rec. 3-0R-D) suren o
[0 Enclosed find $. for A B C D Catalog

NAME

ADDRESS.

CITY, STATE, ZIP
Movie Newsreels can supply NASA films of All Apollo Flights and photos of all Mariner Shots.
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the range of tort law, those of the sec-
ond type within the sphere of adminis-
trative law.

Although tort actions based on negli-
gence have a limited use, the potentiali-
ties of tort law for technology assess-
ment are found mainly in the doctrines
of nuisance, liability for “abnormally
dangerous” or “extrahazardous” activi-
ties and strict products liability. For
power companies it is chiefly the doc-
trine of nuisance and secondarily the
doctrine of liability for injuries caused
by extrahazardous activities that are
likely to prove useful. These doctrines
provide remedies for injuries that arise
from the very nature of the defendant’s
operations, without regard to its inten-
tion (as intention is ordinarily under-
stood in tort law) or any negligence on
its part. The decisions of courts in such
cases are reached and stated in technical
terms. When the judicial opinions are
read with an eye informed by an under-
standing of technology assessment, a re-
markable degree of confluence both in
mode of thought and in practical con-
sequences can be discerned between
the tort doctrines and technology assess-
ment.

A successful tort action leads to a
judgment for damages or an injunction
against the defendant company. The op-
tions for the company arising from a
judgment against it for damages have
already been explained. An injunction
typically will prohibit the defendant
from emitting pollutants or from contin-
uing such of its operations as cause pol-
lution. (An injunction of the latter type
would be highly unlikely in the case of
a power company.) Confronted by such
an injunction, the defendant must either
devise a suitable alternative technology,
organization or method, curtail its pro-
duction or negotiate with the plaintiff
for an agreement to dissolve the injunc-
tion in return for a stipulated payment.
The implications of such choices have
been explored earlier in this article. In
sum, the significance of a tort judgment
for technology assessment in the produc-
tion of power will be determined by the
extent to which it spurs the defendant
power company to improve its technol-
ogy and management.

In the existing state of tort law and
administrative law there are obstacles
that limit the scope of private civil ac-
tions to protect the environment against
polluting enterprises or laggard regula-
tory agencies. The obstacles can be re-
duced and the constructive potentialities
of such actions can be enhanced by in-
cremental judicial improvement and by
remedial and supplementary legislation.



The bright idea is an endangered ffecies.

And too few organizations seem concerned about
its preservation.

Here at 3M we've given the problem a lot
of thought. And worked out our own ecology
for encouraging and developing ideas.

It starts with the people who work here.
We try to treat every employee like the individ-
ual he is. Let him know we want his ideas. And
do all we can to help them grow.

people.

The Care
and Feedin
of the
Brightidea.

g

In fact, our research men often get part of
their 3M workday free if they want to work on
brainstorms. Plus the space and tools and help
they need to pursue those elusive strokes of
genius.

Our people know their rewards and respon-
sibility will grow apace with the results their
ideas produce.

We even take steps to protect ideas from
natural enemies. Like the shrug. The but. The
subtly raised eyebrow. Because even a lengthy
pause can make an infant inspiration shrivel up
and die.

3M refuses to let ideas die young. And that
means putting healthy ideas and the people who
have them together with other ideas and their

Then nature takes its course. Two good
ideas beget better ideas. And given a decent
fighting chance, they make amazing things
happen.

3M has watched ideas begin as the tiniest
of things. And grow into products like *“Tartan’
Brand athletic surfacing. The first successful pre-
sensitized metal printing plate. And Boil-in-Bag
and Bake-in-Bag packaging.

We have countless satisfied customers who
seem to like the way we treat ideas.

And 65,733 people to have them.

People still count here. 3I11

3M Co., 3M Center, St. Paul, Minnesota 55101
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PLUG US INTO THEM. OR VICE VERSA.
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You just plug us into them.

Or vice versa.

And that comes in very
handy when you’ve invested in
an IBM 360 series computer and
you start looking around for a
disk memory system to match up
to your computer.

Now, why a CalComp disk?

Ours are faster to begin
with. And they cost less to lease.
And less to own.

Take the CalComp CD 22.
Its average
{1 ~~3| access time is
] { 1= 17| 35 milliseconds.
~{ In other words,
it can find a
/ | piece of
information
faster than you

can ask for it.

It stores up to 233 million
bits of information per disk pack.
And while these disk packs spin
at 2400 rpm (a lot faster than
your phonograph records) the
pack can be stopped to be
removed in only 12 seconds,
(faster than your phonograph
records).

And this bears repeating.
All the CalComp disk memory
systems are engineered to be
totally interchangeable with
IBM’s equipment. You plug them
in. And turn them on.

And they’re faster than
IBM’s. And they cost less to
lease.

IBM and CalComp. They
match up just fine.

clalliclovie
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How does CalComp
match upwith IBM?

Thisway.

Write us at California
Computer Products, Inc., Dept.
SA-M9-71, 2411 West La Palma
Avenue, Anaheim, California
92801. Or call (714) 821-2011.
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MATHEMATICAL GAMES

The plaiting of Plato’s polyhedrons

and the asvmmetrical vin-vang-lee

by Martin Gardner

tells a story in which the earth,

viewed from outer space, appears
“many-colored like the balls that are
made of 12 pieces of leather.” Historians
take this to mean that the Greeks made
balls by stitching together 12 leather
pentagons stained with different colors
and stuffing the interior to make the sur-
face spherical. Rigid pentagons that are

le Plato’s dialogue Phaedo Socrates

regular and identical would of course
make a regular dodecahedron, one of
the five Platonic solids.

There are all kinds of methods for
constructing the five regular convex sol-
ids out of flat pieces of heavy paper or
cardboard, and many problems have
been proposed about ways of coloring
their faces. The idea of weaving or
braiding a regular solid from strips of
paper seems to have been explored first
by an English physician, John Gorham,
who published in London in 1888 a now
rare book about it: A System for the
Construction of Plaited Crystal Models

Pluiting a tetrahedron
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on the Type of the Ordinary Plait. His
techniques were improved by A. R. Par-
geter in “Plaited Polyhedra” (The Math-
ematical Gazette; May, 1959, pages 88—
101) and by James Brunton in “The
Plaited Dodecahedron” (The Mathe-
matical Gazette; February, 1960, pages
12-14). This year Jean ]. Pedersen—a
mathematics teacher at the University
of Santa Clara and the wife of Kent A.
Pedersen, an electrical engineer with
the International Business Machines
Corporation—hit on an ingenious varia-
tion of the plaiting technique. It applies
not only to the Platonic solids but also
to many other polyhedrons, providing
models of stunning multicolored sym-
metry and suggesting fascinating combi-
natorial theorems and puzzles.

Unlike Mrs. Pedersen’s predecessors,
who used crooked and asymmetrical
basic patterns, she weaves each Platonic
solid from n congruent straight strips.
Assume that each strip is a different col-
or and that each model has the follow-
ing properties: (1) Every edge is crossed
at least once by a strip, that is, no edge
is an open slot. (2) Every color has an
equal area exposed on the model’s sur-
face. (An equal number of faces will be
the same color on all Platonic solids ex-
cept the dodecahedron, which has bi-
colored faces when braided by this tech-
nique.) Mrs. Pedersen has proved that if
the above two properties are met, the
number of necessary and sufficient bands
for the tetrahedron, the cube, the octa-
hedron, the icosahedron and the dodeca-
hedron are respectively two, three, four,
five and six.

Let us see how this works for the tet-
rahedron. Although the model can be
plaited with one straight band, it will
have some open edges. Therefore at
least two bands are necessary. As shown
in the illustration at the left, valley-
crease each strip along the broken lines.
(Scoring the lines with a hard pencil will
facilitate clean folding.) Overlap two tri-
angles as shown and fold the under-
neath strip into a tetrahedron. Wrap the
other strip around two faces of this tet-
rahedron, then tuck the end triangle into
the open slot. If you use construction
paper of good quality and strips of dif-
ferent colors, the result is a rigid tetra-
hedron with two adjacent faces (of
course, any two of its faces must be ad-
jacent) of one color and two of the other
color.

To construct the cube three strips,
each a different color, will do the trick
[see top illustration on opposite page].
Valley-fold each along the broken lines.
The reader can have the pleasure of



weaving the three strips—it is quite
easy—into a rigid cube. He will find that
there are two essentially different ways
to make a model with two faces of each
color.

One method makes a cube that has
adjacent pairs of faces with like colors.
If you think of each band as being glued
together where its end squares overlap,
this model consists of three closed bands,
each pair of which is linked. Imagine
that the surface is flexible and that the
cube is stuffed, like the leather dodeca-
hedron mentioned by Plato, until it is
spherical. The coloring, as Piet Hein has
suggested, is a striking three-dimension-
al analogue of the familiar yin-yang
symbol of the Orient. Like the yin-yang,
it is asymmetrical (has either left or right
handedness). Piet Hein proposes calling
the three regions yin, yang and lee, the
last two terms honoring C. N. Yang and
T. D. Lee, the two Chinese-American
physicists who shared a Nobel prize in
1957 for their role in overthrowing the
symmetry law of parity.

The other way of plaiting the three
strips produces a cube with opposite
faces of like color. Again regard the
three bands as being joined at their ends.
Inspection reveals an unexpected struc-
ture. As Mrs. Pedersen has noted, the
bands are topologically equivalent to the
Borromean rings that are used as a
trademark for Ballantine beer. Although

Plaited three-strip cube

the three bands cannot be separated, no
pair is interlocked. If any one band is
removed, the other two will slide apart.
The octahedron requires four valley-
creased strips, each like the strip shown
in the illustration below. These cannot
be woven to make a model with oppo-
site faces of the same color. (Can you
prove it?) A model is possible, however,
with like colors on pairs of adjacent

faces, the four colors meeting at one
corner and the same four, in reverse
cyclic order, meeting at the diametrical-
ly opposite corner. A good procedure is
to start with the two pairs of overlap-
ping strips held together by a paper clip
as shown in the illustration. Fold one
pair into an octahedron, then weave the
other pair around it, with both of the
free ends tucked in slots, to achieve the

How strips are clipped together to weave an octahedron
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The five-banded icosahedron

~-.
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The six-banded dodecahedron
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desired color pattern. After the model is
completed you can reach into the interi-
or and remove the paper clips.

The octahedron is more difficult to
make than the cube, but if the reader
will set himself the task, he will find, as
with all such models, that there is an
aesthetic delight in feeling the solid ac-
quire permanent rigidity when the final
tuck is made. Mrs. Pedersen has found
that handsome models of this solid and
the other four solids can be made by
using colored cloth tape glued to con-
struction paper for rigidity.

he icosahedron is woven with five

valley-creased strips [see top illustra-
tion at left]. A charming model can be
constructed with each color on two pairs
of adjacent faces, the pairs diametrically
opposite each other. All five colors go
in one direction around one corner and
in the opposite direction, in the same
order, around the diametrically opposite
corner. Each band circles an “equator”
of the icosahedron, its two end triangles
closing the band by overlapping. In
making the model, when the five over-
lapping pairs of ends surround a corner,
all except the last pair can be pasted
together or held with paper clips, which
are removed later. The last overlapping
end then slides into the proper slot. An
expert will soon dispense with the use
of paste or paper clips for this model.

Only the dodecahedron cannot be
plaited with straight-sided strips so that
each face is a solid color. Mrs. Pedersen
discovered, however, that by using six
strips the dodecahedron shown in the
bottom illustration at the left can be
woven. The obtuse angles made by the
valley folds [broken lines] with the
strip’s sides are each 108 degrees, the
interior angle of the regular pentagon.
The broken lines must equal the shorter
line segments on the sides, making each
section of the strip a truncated penta-
gon.

To construct the dodecahedron, the
most difficult of the Platonic solids, Mrs.
Pedersen suggests starting with three
pairs of strips, each overlapped and
glued together to make the curved,
bracelet-like structure shown in the il-
lustration on page 210. Using two brace-
lets, overlap and glue together the pairs
of ends to make a pair of braided closed
bands. Slip one bracelet inside the other
so that each circles a different equator
of the dodecahedron. The third bracelet
then is woven around a third equator,
and its four free ends are tucked into
slots on opposite sides of a pair of adja-
cent pentagonal faces. The technique is
similar to the one used for making the



Private enterprise and higher
education work together as a
team in New Jersey. Just ask
Dr. Elmer Easton, Dean of
Rutger’s University’s College of
Engineering. He also happens to
be chairman of a unique
independent group: The New
Jersey Council for Research and
Development. Its members from
industry, edu-
cation, and
government

help each oth-
er. Because, in
the long run,
they all bene-

New Jersey renvarchi

5 N paved way for industrial
fit from uni- production of penicillin,
shown here throngh

fied R&D ef-
forts. This is just one reason why
New Jersey is a national leader
in research and development.

And one important reason why
your R&D efforts deserve to be
here too.

New Jersey’s colleges and
universities have long histories of
technological and scientific

Bl - research carried

‘.\" #‘{. out direc.tly with

| > o private indus-
try. Not just
with big com-
panies. Small
ones, too.
An astonishing
fact: about one-fourth
of all private research
and development in the
United States is carried
on in New Jersey. During
the recent economic slow-
down, New Jersey’s R&D

o
PSEG

Public Service
Electric and Gas
Company

photowicrograph
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¢ This professor from New Jersey
just might have an effect
on the future of your company.

industry more than held its own
because it is closely related with
the broader base of private
industry.

Another fact: New Jersey
has the greatest concentration of
research workers in America.
And more trained technicians are
being made available to the
R&D industry through New
Jersey’s new system of community
colleges.

New Jersey is also a hub of
transportation. Our airports put
R&D people within hours of any
place in America.

And take it from Dr. Easton,
New Jersey is a fine place to live,
too. Sometimes this comes as a
surprise to many who are
unaware of New Jersey’s fine
schools and
abundant op-
portunities for
recreation, re-
laxation and
cultural ac-
tiVity' Urban i New Jervey helps
and built-up fuel deelopment studies.
areas occupy less than 40% of
the state’s land territory. The
remainder is virgin forests,
woodlands and farms.

Doesn’t your R&D operation
belong here, too? A new
in-depth report on R&D in
New Jersey will be off the
press soon. We’d like to
send you a free copy. é
Mail the coupon now
for your copy.

Dscitlograph developed
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C BOOK ON WATER $1

THE BARNSTEAD BASI
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It's not just another book.
It's a whole new bible on water:

And it's about time.

There's been a lot of loose talk about the what's,
why’s, when's and how's of water and what you can
and can’t and should and shouldn’t do with it.

But nobody'’s taken the time to cut the fact away from
the fiction and put it all down on paper.

Sowe did it ourselves.
All one hundred and twenty eight pages of it.
And there's no sell in it.

Not one word about why most of the

people in your business think we're the first people
to talk to in ours whenever they want to talk about
water and how and when to process it.

We don't mention our process water products.
We don’t mention our process water systems.

We wrote it to clear the air about water and we don't
even want us to get in the way.

And we wrote it so that anybody can read it.
You.

The people in your lab.

Your engineers.

Your architects.

Your purchasing people.

Your Board of Directors.

Your kids in school.

Each copy you order will cost you one dollar.
Even at that price we're still taking a beating on it.

But we think once you read it you'll know that we
wrote the book on water.

And maybe you'll beat a path to our door to find out
how much better we can help you do whatever you
dowithiit.

r 1

| & BARNSTEAD

225 Rivermoor St./Boston, Mass. 02132/(617) 327-1600

Mr. Norman McLellan

Enclosed is my dollar. Send me my copy of The Barnstead
Basic Book On Water. Or, enclosed is__ dollars. Send
me________ copies.

Title i
Company
Address

| Name _
| _

City State_ Zip.
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cube with opposite faces of like color.
Once the construction is mastered it is
possible to use only paper clips to keep
each bracelet together. The paper clips
can be removed after the model is com-
pleted.

Note that every face of the finished
dodecahedron has two colors. The same
two colors are on the diametrically op-
posite face but are reversed in their ar-
rangement. All diametrically opposite
corners are mirror images in the order of
the three or four colors that surround
them. The model in the illustration, on
which like colors are indicated by the
same shade, appears asymmetrical, but
when the actual model is turned in one’s
hands, its curious symmetry becomes ap-
parent. The eight corners that are sur-
rounded by exactly three colors mark
the vertexes of an inscribed cube. The
four corners surrounded by three tri-
angles mark the vertexes of an inscribed
tetrahedron.

It is difficult to explain the exact pro-

cedure for plaiting the last two models,
so that I shall leave their construction as
additional exercises for the patient and
intrigued reader. It may help to con-
struct each solid first by conventional
means, then weave the required strips
around it. I can only promise to report
later if and where Mrs. Pedersen pub-
lishes instructions for the Platonic solids
as well as for more elaborate and less
regular polyhedrons that can also be
formed by weaving congruent strips.

Mrs. Pedersen has devised a tech-
nique, involving the use of gummed tape
or adding-machine tape, for folding the
strips for all five models without draw-
ing any fold lines. This technique, along
with instructions for making what she
calls a golden dodecahedron (each face
has a pentagonal hole surrounded by five
triangles of different colors), are given
in her Fibonacci Quarterly article listed
in the bibliography for this issue of Sci-
entific American [page 244].

For years I was puzzled by the fact

How pairs of strips are clipp@dtogether to weave a dodecahedron
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that Plato, repeating the earlier views of
Pythagoras and his followers, identified
the universe with the dodecahedron
rather than the icosahedron, which I
took for granted to be more nearly
spherical. I found the answer recently in
Volume I of Howard Eves’s entertaining
work In Mathematical Circles. Contrary
to almost everyone’s intuition, it is the
dodecahedron that is most like a sphere.
If the two solids are inscribed in the
same unit sphere (a sphere with a radius
of 1), the 20-faced icosahedron has a
volume of 2.536+, whereas the 12-faced
dodecahedron has a larger volume of
2.785+. Their surface areas are in the
same ratio as their volumes: 9.574+ for
the icosahedron, 10.514+ for the do-
decahedron. The ancient Greeks had
good reason to use the dodecahedron
for their leather spheres.

If a cube and an octahedron are in-
scribed in a unit sphere, the cube has
the greater volume and greater surface,
and again their surface areas are in the
same ratio as their volumes. The octa-
hedron’s volume and area are respec-
tively 1.333+ and 6.928+; the cube’s
volume and area, 1.539+ and 8. An in-
teresting mechanical question, difficult
to formulate precisely and perhaps even
more difficult to answer, is which solid
of each pair—cube or octahedron, icosa-
hedron or dodecahedron—rolls more eas-
ily when used as a gaming device?

If a cube and an octahedron are in-
scribed in the same sphere, which solid
surrounds the larger inscribed sphere?
The surprising answer, as Eves explains,
is that the two inner spheres are the
same. This is also true of the inscribed
spheres of a dodecahedron and an icosa-
hedron that are inscribed in the same
outer sphere.

Here are three polyhedron problems
that will be answered next month:

1. What is the simplest nonconvex
polyhedron that, like the cube, has a
surface of n faces, each a unit square?

2. If each face of a regular tetrahe-
dron is a different color, how many dif-
ferent tetrahedrons can you make by
using the same four colors? Rotations, of
course, are not counted as different. Can
you devise a simple formula that applies
to all the Platonic solids, giving the
number of different colorings possible
when each of the n faces has a different
color and the same n colors are used?

3. If three colors are applied to a
cube, each color going on two faces as
in Mrs. Pedersen’s plaited model, how
many different colorings are possible?
Again, as customary, rotations are not
considered different. How many such



Everybody else’s 35mm system started with a camera.
Canon’s started with an idea.

Canon F-1, the total idea sys-
tem. Our idea was to create the
first truly integrated 35mm photo-
graphic system. It took five years
and millions of dollars.

The resultis F-1: perhaps the
most complete and flexible 35mm
system in the world. All compo-
nents were designed and tested
from the beginning to work natu-
rally and perfectly together.

The F-1 incorporates an amaz-
ingly accurate focal plane shutter
offering speeds up to 1,/2000 sec-
ond. And both full-aperture and
stopped-down through-the-lens
spot metering. Completely auto-
matic exposure control is possible

with the Servo EE Finder. For
extremely low light situations the
Booster T Finder reads and times
exposures automatically from 3
seconds to 60 seconds.

Another part of Canon’s total
idea system is the unique, new,
motor drive with two motors. One
gently releases the shutter, the
other advances the film. Use it for
continuous or single shots, or set
the built-in timer to click-off shots
automatically. Add the Servo EE
Finder for completely unmanned
photography. Add the Film
Chamber 250 for extended
shooting capacity.

To take full advantage of the
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F-1’sextraordinary capabilities, a
complete new line of high fidelity
lenses, the FD Series, was devel-
oped. Over 40 lenses are available
for the F-1, ranging from the
7.5mm fisheye to the 1200mm
telephoto.

Selecting the right camera for
yourself is a major decision. See
your Bell & Howell/Canon dealer
for all the F-1 information that can
greatly simplify that decision.

Canon
I'¥ BeLLeHowELL

Canon Cameras, made in Tokyo, Japan, by
Canon, Inc., are_exclusively sold and serviced
throughout the U.S. and Canada by Bell & Howell.
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Energy and power and ever-increasing
power. ..

There was a time when ‘‘the more, the
better’” was a national attitude—when a
surging yearly increase in kilowattage
scored prestige points. It was a time out
of mind.

To say that times have changed is not to
indulge in the fashions of ecology but to
yield to the priorities imposed by the
imperative. These concern the integrity of
the environment, the safety of the popula-
tion, the ordering of growth, and the ques-
tions of power for what, exactly.

The books below are among the first to
engage these matters seriously.

Power Generation and Environmental
Change

edited by David A. Berkowitz and
Arthur M. Squires

A symposium sponsored by the
American Association for the
Advancement of Science

$16.95

Man’s Impact on the Global Environment:
Assessment and Recommendations for
Action

Report of the Study of Critical
Environmental Problems (SCEP)

$12.50; paper $2.95

Man’s Impact on the Climate

edited by William H. Matthews,

William H. Kellogg, and G. D. Robinson
$25.00

Man’s Impact on Terrestrial and Oceanic
Ecosystems

edited by William H. Matthews,

Frederic E. Smith, and Edward D. Goldberg
$25.00

These last two volumes provide more de-
tailed scientific and technical information
on global environmental problems than
could adequately be summarized in the
SCEP Report, Man’s Impact on the Global
Environment

The Technology of Nuclear Reactor Safety
Volume I: Reactor Physics and Control
Volume Il: Reactor Materials and
Engineering

edited by T. J. Thompson and

J. G. Beckerley

Volume Il will be published in October 1971
Vol. [, $25.00; Vol. Il, $50.00 (tentative)

Seismic Design in Nuclear Power Plants
edited by Robert J. Hansen
$17.50

The Social Organization of Electric Power
Supply in Modern Societies

by Philip Sporn

Foreword by Howard Johnson

$6.95

MITPress

Massachusetts Institute of Technology
Cambridge, Massachusetts 02142
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| cubes can be woven with Mrs. Peder-
sen’s three bands, assuming there are no
loose end squares that are not tucked in?

Est month’s column described a vari-

ant of ticktacktoe (invented by
David L. Silverman and given in his new
book Your Move) in which three in a row
of either mark is a win for, say, player
X, otherwise O wins. X can always win,
regardless of whether he plays first or
second. Assume that the cells are num-
bered (left to right, top to bottom) from
1to 9. Here is Silverman’s proof:

If X begins, he takes 1. O must take
5, otherwise X can get three of his marks
in a row by standard ticktacktoe strat-
egy. X2 forces O3, then X4 forces O7,
which completes three O’s in a line, giv-
ing X the win.

If O starts the game, he has a choice
of corner, side or center opening. If he
opens at the center (5), X responds with
1. If the move is 02, X7 forces 04, then
X9 forces O8, which loses. If O’s second
move is 3, X4 forces O7, which also loses.
If O’s second move is 6, X7 forces O to
lose at 4. If O’s second move is 9, X2
forces O3, then X4 forces O to lose at 7.
All other lines of play are symmetrically
equivalent.

If O opens at the side, say at 4, X5
will win. As before, there are four basi-
cally different continuing lines of play:
(1) 01, X3, O7 (loses), (2) 02, X3, O7,
X9, O1 (loses), (3) 03, X9, 01, X8, 02
(loses), (4) 06, X3, O7, X9, O1 (loses).

A corner opening by O, say at 1, is
met with X5, which leads again to four
basically different continuations: (1) O2,
X7, O3 (loses), (2) 03, X8, 02 (loses),
(3) 06, X8, 02, X7, O3 (loses), (4) 09,
X2, 08, X3, O7 (loses).

When this game is played on a four-
by-four field (X winning if there are four
of either mark in a row, O winning if
the final position is drawn), the play is so
enormously more complex, Silverman in-
forms me, that it has not yet been fully
analyzed.

O wins Silverman’s go-moku problem
by playing O1 [see illustration below].
X2 is forced, O3 forces X4, O5 forces
X6, then O7 creates an open-end diago-
nal row of four O’s, which X cannot
block. If X plays at either end, O wins
by playing at the opposite end. As Sil-
verman points out in his book, O wins
only by counterattacking. He loses
quickly if he plays defensively by trying
to block X’s open-end diagonal row of
three.

O X

X< | X |O

<O

X000 I X|O

OO

‘ Solution to the go-moku problem
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Serwces for the Energy Industries
Begin with a CapltaIG

The “H’ in Halliburton represents 35,000 employees, includes designing and building offshore pipelines

working in more than 70 countries. They are helping and platforms, conventional and nuclear power

meet the increasing demands for energy...energy plants, refineries and petrochemical plants, bridges,

to process products and materials, to transport people dams, highways, and hydroelectric facilities.

and goods, and to fuel international growth toward Other Halliburton services embrace oceanography,

higher standards of living. environmental control, electronics, marine vessels
The Halliburton family of companies provides services and various other specialty products and services.

and products required throughout the life of an oil or To learn more about the Company'’s services for the

gas well. Our engineering/construction involvement energy industries, write Dept. M for our new brochure.

Serving the Energy Industries Worldwide

Halliburion ompanyg

3211 SOUTHLAND CENTER, DALLAS, TEXAS 75201

The Worldwide Halliburton Companies ¢ Halliburton Services Division Brown & Root, Inc. Otis Engineering Corporation Welex Division
Jet Research Center, Inc.  FreightMaster Division Welex Electronics Division Environmental Control Division Special Products Division
Taylor Diving & Salvage Co.,Inc. Locher Company Jackson Marine Corporation Southwestern Pipe, Inc. Joe D. Hughes, Inc.
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PLASTIC
(Polymers)

CHEMICALS

SPECIAL

-

Kentucky has a vital stake in the conversion of coal into new
forms of chemicals and energy. Visualize coal converted to clean
burning natural gas or coal converted to crude oil—to realize the
maximum in benefits from one of Kentucky’s major resources.

Imagine, coal in a totally new form . . . Gas.

The Gas produced to meet the Nation’s growing needs will be
the ‘“wet gases’’ such as the ethanes, butanes, and propanes.
Kentucky offers excellent locations for petrochemical plants and
their satellites to serve the Midwest population and consump-
tion centers. This will result from a natural shift toward new
supply sources for petrochemical feedstock initiated by the
emergence of the coal refining technology.

Imagine, coal in a totally new form . . . Liquid.

Not used in its natural black, solid state, but refined and proc-
essed, similar to an oil refinery operation, into a liquid for more
efficient, economical energy production or chemicals. The liquids
obtained from coal contain all the components innate in crude oil
but with higher concentrations of the more valuable components.

Bl
"ilfﬁb

Aﬁdv

...a new concept

Gas Products Derived from Coal.

The availability of the ‘‘wet gases’”
. . . the basic feedstocks . . . from
a coal refinery offers exciting possi-
bilities for new manufacturing oppor-
tunities. Plastic molders, extruders
and processors, rubber processors,
metal fabricators, chemical manufac-
turers, makers of household products,
cosmetic manufacturers, pharmaceu-
tical manufacturers and virtually all
major chemical producers (except
those involving special chemical ele-
ments) can profit from Kentucky’'s
vision for new uses for coal.

© 1971 SCIENTIFIC AMERICAN, INC
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FUELS & OILS

RUBBER
(Elastomers)

P
| -~

L
ITTITTRS

ances Coal Refining

in Coal Utilization

Balance .
0il Products Derived from Coal.

From the availability of this oil, it is
possible to produce inorganic chemi-
cals such as ammonia, a base for
fertilizers and acrylic plastics. The
inorganic picture is further aug-
mented by the availability of pure
carbon. Such products as carbon
black and activated carbon may be
produced and hydrogen generated.
Obviously, the entire spectrum of
carbon, hydrogen, oxygen, and nitro-
gen chemical compounds can result
from this unique, new dimension in
the utilization of coal.

Distribution costs are major considerations in plant site eco-
nomics. This suggests a new plant should be built close to the
market. Also, the commercial coal refinery requires a mine-
mouth operation. Kentucky meets both criteria. In fact, a Ken-
tucky plant location can offer petrochemical manufacturers
savings of 5 to 109, on total production costs from transporta-
tion savings in the distribution of the final product. For more
information on Kentucky's advantages, write Paul Grubbs, Com-
missioner, Dept. of Commerce, SA-970, Frankfort, Kentucky
40601. Ask, too, for facts developed about Kentucky based on
Bechtel Corporation’s studies.

Get Moximum
Distribution
Efficiency

Build

s IRentucky

LOUIE B. NUNN, GOVERNOR
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Siemens

A three billion dollar name in quality products.
We use solid state to make these direct current motors
run six times longer without maintenance.

Solid-state technology is turning up in
some surprising places.

Siemens developed a line of direct-
current motors without brushes or
commutators. Instead of these electro-
mechanical devices, the new “brushless” dc
motors use solid control circuits.

By eliminating brush-commutator

switching, the operating life of

a Siemens brushless dc'motor
is increased to a predicted
10,000 hours without
maintenance. (Even the most
perfectly balanced conventional
dc motor usually requires brush
replacement within 1,500
hours.) The Siemens solid-state
dc motor is the first brushless
type to be accepted in mass
quantity by industry. More than
200,000 units have been sold
around the world for hundreds
of applications. This
overwhelming acceptance is
due not only to the greater
reliability of the Siemens dc

Arrows indicate Hall generators.

During the rotation of the permanent magnet
cylindrical rotor, they generate sinusoidal
currents that permit precise stator winding
switching by utilizing a separate control circuit.
(Shown on top of each motor at left.)

A special feedback circuitis also used to
precisely control the speed of the motor.
Siemens solid-state dc motors make dc

| motors practical for some
| previously impractical
| applications. For example,
leased equipment, such as in
devices for data processing
systems, are ideal applications
for this versatile motor. Such
| equipment can now benefit from
accuracy of dc motors without
the need for frequent costly
| brush replacement. Available in
arange of sizes up to 7 oz./in,
Siemens solid-state dc motors
4 | and gear motors are being
| widely used in tape recorders,
' medical instruments, missile
guidance systems and other
precision applications.

motor but also to its improved L
performance. For the first time, the speed of a
dc motor is not dependent on or affected by
variations in voltage input.

The secret of the Siemens dc motor’s
success is aningeniously simple device
called the Hall generator. Only one tenth of
an inch square, two of these generators are
located 90 degrees apart on the stator winding.

For more information,
please contact Walter Leika at Siemens
Corporation, 186 Wood Avenue S,, Iselin,
New Jersey 08830. Or your Siemens
representative anywhere in the world.
Siemens, a worldwide company in
telecommunications, instrumentation,
medical equipment, power engineering,
electronic components and data systems.
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Conducted by C. L. Stong

umerous amateurs have under-
\- taken the formidable but none-
theless fascinating task of making
a gas laser. Earlier articles in this depart-
ment have described how to build a
helium-neon laser and an argon laser
[see “The Amateur Scientist”; ScIEN-
TIFIC AMERICAN, September, 1964, and
February, 1969]. Now Jeffrey Levatter,
a high school student in Encino, Calif.,
has made a carbon dioxide laser.

The carbon dioxide laser produces a
beam not of light but of infrared radia-
tion. It is somewhat easier for the novice
to build than the helium-neon laser be-
cause it involves no glassblowing. More-
over, it is relatively inexpensive. The
costly dielectric mirrors of the helium-
neon laser are replaced in the carbon
dioxide laser by copper-coated mirrors
that can be made at home. Levatter ex-
plains the operation of his laser and pro-
vides the details of its construction as
follows:

“Physically all gas lasers are much
alike. A glass tube filled with gas at low
pressure is positioned between a pair of
facing mirrors. The gas is excited by an
electric discharge. Some particles of gas
acquire energy by colliding with speed-
ing electrons that are liberated by the
discharge. After a finite interval par-
ticles thus excited spontaneously emit
part or all of the acquired energy in the
form of radiation. In so doing a specific
particle may either drop to an intermedi-
ate level of energy or return to the low-
est energy state: the ground level. In
effect the gas absorbs energy from the
electric circuit and subsequently liber-
ates the energy as radiation in the form
of the small packets called photons.

“The energy of the emitted photon
depends on the spacing of the energy
levels through which the gas particles
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A carbon dioxide laser is constructed

by a high school student in California

characteristically fall. A gas particle that
is excited to a high energy level can be
stimulated to drop to an intermediate
energy level if it interacts with a photon
of appropriate energy. In dropping to
the intermediate level the excited parti-
cle emits a photon that is identical with
the stimulating photon. The two pho-
tons fall into lockstep. The coherent
bundle of radiant energy continues to
grow by accretion as it encounters still
other appropriately excited particles and
reacts with them.

“In laser action a growing train of
such coherent electromagnetic waves is
reflected back and forth through the ex-
cited gas by mirrors at the ends of the
gas column. Part of the coherent energy
escapes through a small window in one
of the mirrors. This loss restricts the
maximum energy that can accumulate
between the mirrors and constitutes the
output beam of the laser.

“The efficiency of a gas laser is de-
termined in part by the nature of the
gas. In a helium-neon laser the active
particles are atoms of neon. To emit
infrared radiation neon atoms must be
excited to an energy level far above the
ground state. Subsequently the atoms
emit infrared radiation by dropping a
relatively short distance to an interme-
diate level. The atoms must then re-
turn to the ground state before they can
again participate in infrared emission.
In returning to the ground state from
the intermediate level the atoms emit
excess energy that makes no direct con-
tribution to the desired infrared radia-
tion.

“In contrast, a molecule of carbon
dioxide can be excited to an energy
level that lies only a short distance above
its ground state. From this level the mol-
ecule can emit infrared radiation by
dropping a comparatively substantial
distance to an intermediate level that
lies close to the ground state. For this
reason the efficiency of the carbon di-
oxide laser is impressively greater than
that of the helium-neon laser.

“The electric discharge that energizes
the system excites carbon dioxide mole-
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cules to various energy levels, including
the level from which they drop in the
course of emitting the desired coherent
radiation. Particles excited to the other
levels make no direct contribution to
the output, although much of that en-
ergy is conserved. A significant portion
of it is transferred by random colli-
sion to previously unexcited molecules,
which are thereby raised to the level
where they can contribute to the output
of the laser. The molecules from which
the energy is transferred return to the
ground level.

“Although such transfers conserve
some of the input energy, efficiency can
be improved by mixing other gases with
carbon dioxide, notably nitrogen and
helium. In effect these gases absorb just
the right amount of energy from the
electric discharge to raise a carbon di-
oxide molecule from the ground level to
the level whence the molecule can drop
by emitting the desired radiation. The
transfer of energy occurs during colli-
sions among the several particles.

“As a consequence of the relatively
low level to which carbon dioxide must
be excited to induce laser action, togeth-
er with the fact that selective excitation
can be achieved by the introduction of
other gases, the carbon dioxide laser
converts about 20 percent of the input
power into coherent radiation. The out-
put power is impressive. My laser de-
velops an infrared beam of about eight
watts, which is thousands of times more
powerful than the visible output of a
helium-neon laser.

“Since the infrared beam is invisible
the variety of experiments that can be
done with the apparatus is restricted.
On the other hand, the high power of
the beam invites experimentation of a
kind that cannot be achieved with
equivalent lasers that operate in the
visible part of the spectrum. The beam
quickly chars wood. By focusing the
rays with an appropriate concave mir-
ror the energy density can be increased
to several kilowatts per square centime-
ter, which is sufficient to burn holes
through thin metal. The earth’s atmo-



sphere is exceptionally transparent to
electromagnetic radiation in the portion
of the spectrum extending from a wave-
length of eight to 14 microns. Hence the
output of the carbon dioxide laser is
ideal for communications experiments
and also for experiments involving echo
ranging.

“It should be possible to make holo-
grams in infrared. Photographic film
that is sensitive to infrared radiation is
commercially available. I do not know
if the grain size of the emulsion is fine
enough for adequate resolution, but I
look forward to trying the experiment.

“The laser assembly includes a gas-
tight plasma tube in the form of a glass
pipe cooled by a water jacket [see illus-
tration below]. The ends of the plasma
tube are closed by a pair of metal cells
that support the mirrors. Each cell in-
cludes a flexible bellows and a set of
three screws for adjusting the orienta-
tion of the mirrors. The metal cells also
serve as electrodes for applying high
voltage to the gas. The electrodes are
enclosed in boxes of clear plastic to pre-
vent accidental contact with the high
potential. The assembly is supported by
an insulating base of wood.

“The borosilicate glass pipe is 18

milliammeter

hole for beam | '
|

holes for mirror-
adjustment screws

=

o
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inches long, with an inside diameter of
one inch. It has slightly flared ends,
which are sealed to aluminum flanges
with silicone-rubber gaskets [see illus-
tration on next page]. The glass, known
as Pyrex conical piping, is made by the
Corning Glass Works. The central por-
tion of the pipe is surrounded coaxially
by a 12-inch water jacket of aluminum
tubing two inches in diameter. The ends
of the aluminum tube are closed by sili-
cone-rubber caulking. Opposite ends of
the water jacket are fitted with pipe nip-
ples of aluminum tubing fastened in
place and sealed with epoxy cement.
These pipe nipples function as inlet and
outlet ports for circulating cold water
through the jacket assembly.

“The flange assemblies that clamp to
the ends of the glass pipe can be ma-
chined out of any metal. Brass is con-
venient because it solders readily to the
copper-coated steel bellows. If alumi-
num is used for the flanges, the bellows
can be sealed in place with epoxy. The
ends of the bellows are about an inch in
diameter. Bellows of this kind are avail-
able from Pathway Bellows, Inc. (P.O.
Box 1090, 1452 North Johnson Avenue,
El Cajon, Calif. 92020).

“The adjustable flange of the cells

voltage shields

: cooling |
3 9 |
water

Prr———

approximate scale (inches)
6

The laser made by Jeffrey Levatter
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supports on its outer face a removable
mounting plate to which the mirrors can
be sealed with either epoxy or silicone
caulking. A circular groove is machined
in the outer face of the adjustable flange
to accept a rubber O ring that makes a
gastight seal between the flange and the
mounting plate. Mounting plates are a
convenience during the alignment of the
optical system because they enable the
operator to remove the mirrors.

“The three adjustment screws of each
cell are radially spaced at 120 degrees
of angle. The threads of the screws en-
gage threads in the adjustable flange.
The conical tips of the screws bear
against conical indentations in the fixed
flange. The screws should have at least
32 threads per inch and should be long
enough to place the bellows in tension.

“The laser is fitted with two mirrors,
one concave and one flat. The diameter
of both mirrors should be somewhat
larger than the bore of the plasma tube.
The focal length of the concave mirror
must be more than twice the distance
between the mirrors. Both mirrors can
be made of glass coated with a reflective
film of either copper or gold. Mirrors
coated with gold are available commer-
cially from Esco Products (Oak Ridge

sign transformer
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Road, Oak Ridge, N.J. 07438). My ex-
perience indicates that copper has high-
er reflectivity than gold at a wavelength
of 10.6 microns.

“The flat mirror transmits the output
beam of the laser. It can be made of pol-
ished germanium, a material that re-
flects approximately 60 percent of the
incident radiation and transmits 35 per-
cent at 10.6 microns. (The remaining 5
percent is absorbed.) Germanium is ex-
pensive. My output mirror consists of a
flat disk of polished glass 1/4 inch thick
perforated in the center by a hole 3/32
inch in diameter. Glass disks appropri-
ate for this purpose are available from
the Edmund Scientific Co. (Barrington,
N.J. 08007). The disks are identified as
catalogue No. 30,451. The price is 50
cents per disk.

“The flat mirror can be made by drill-
ing a hole through one of the disks. To
drill the hole coat the glass with a pro-
tective film of pitch or some other waxy
material and make a cofferdam around
the upper edge with plastic modeling
clay. Chuck a short brass rod about 5/64
inch in diameter in a drill press. Fill the
cofferdam with a slurry of 220-grade
Alundum grit in water. Gently lower
the spinning rod into contact with the
glass. Raise and lower the rod at one-

full-size detail

of groove for
0O rgmg /

salt window
over hole in
mirror
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copper-coated first-surface
mirror with %2-inch hole
closed by salt window

silicone-rubber
washer and

j/s\asket

second intervals until the abrasive
grinds through the disk. Remove the
wax with solvent and clean the glass
thoroughly. A highly reflective film of
copper can be applied to either of the
polished surfaces by means of the sput-
tering technique [see “The Amateur Sci-
entist”; SCIENTIFIC AMERICAN, October,
1967].

“The perforation must be closed on
the outer surface of the mirror by a win-
dow that is transparent to infrared ra-
diation. Windows made of crystals of
sodium chloride or of potassium chloride
are effective. Such crystals are hydro-
scopic, however, and must be kept dry
when the laser is not in use. I store my
window in a plastic bag that contains
anhydrous calcium sulfate as the desic-
cant.

“Crystals of barium fluoride are much
less hydroscopic but absorb substantial-
ly more infrared energy. Crystals of ap-
propriate size for making the window
are available, both polished and un-
polished, from the Harshaw Chemical
Company (18051 East Fourth Street,
Tustin, Calif. 92680). The price of a
large, unpolished crystal of rock salt is
about $5. On request the company will
send with the crystals an article describ-
ing the grinding and polishing of salt

windows. The crystal can be cut at any
angle with respect to its axes and need
be only large enough to cover and seal
the perforation. I suggest that the win-
dow be cemented in place with General
Electric silicone adhesive, primarily be-
cause the cement can be easily removed.
This adhesive is usually available in
hardware stores.

“The concave mirror can be ground
and polished at home by the techniques
described in Amateur Telescope Mak-
ing: Book One, edited by Albert G. In-
galls, which is available from Scientific
American. Two glass disks are required;
one serves as a tool for grinding abra-
sive against the other. After the desired
curvature has been achieved and the
glass has been ground to a velvety tex-
ture by the use of successively finer
grains of abrasive the surface of the tool
is coated with pitch. The mirror is then
polished with rouge applied by the pitch
tool.

“After thorough cleaning the polished
surface can be coated with copper by
the sputtering technique. The copper
coating must be thick enough to prevent
infrared radiation from penetrating the
metal, otherwise the glass may absorb
heat and shatter. Time the interval
required to deposit a coating that is

half-size details

metal bellows

e

sScrews

Key elements in the assembly of the laser tube
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Unnatural
natural
gas?

America needs the energy to grow.

Believe it. There’s a pilot plant near
Chicago designed to produce pipeline-quality
gas from coal. And several others are now
under construction.

The process is called hydrogasification.
Under high temperature and pressure, coal
and hydrogen react to form methane gas. Gas
that's virtually pollution-free.

This 1s important because coal is by far
the most abundant energy resource in the country.

The Chicago lp'xlot plant converts 80 tons
of coal a day to 1.5 million cubic feet of gas. And the
potential is good for production on a commercial
scale.

Developing this potential could require an
estimated $300 million over the next seven or
eight years.

The gas industry is undertaking a substan-
tial share of the investment for this important research.
And it will work with the federal government to
accelerate the program. So that synthetic gas can play
a significant role in meeting America’s growing
energy needs.

# AMERICAN GAS ASSOCIATION
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opaque to visible light and continue to
sputter for at least as long.

“A mixture of gases is pumped
through the plasma tube continuously
when the laser is in operation. Ports for
admitting and exhausting the gas are
made in the cells. The working pressure
of the gas ranges from one to 20 torr,
depending on the proportions of the
mixture. (One torr is the pressure ex-
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of mercury

erted by a column of mercury one milli-
meter in height.)

“I draw the gases from three sources.
Carbon dioxide sublimes from dry ice
in a flask. Nitrogen is obtained from fil-
tered air. (Oxygen, water vapor and oth-
er gases dilute the nitrogen but do not
appear to reduce the output of the laser.
Indeed, the power of the beam tends to
increase when the incoming air is bub-

needle valve

for helium -

slit

1" flask for
i | - 15 oil manometer \&I\ dry ice

1 calibrated in )
i _~ millimeters '

cotton-filled
filter tube

*
. ~pinchcocks

'\
’{’J» to plasma tube

Manometer for measuring gas pressure
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bled through water. I rarely use water,
however, because the vapor can damage
the salt window.) Helium is drawn from
a cylinder of compressed gas. All gases
are admitted through needle valves to a
manifold that connects to the laser. Gas
pressure is measured by a closed-end
manometer filled with vacuum oil and
calibrated in millimeters of mercury [see
illustration at left].

“A refrigerator compressor can serve
as the vacuum pump. To prevent oil
vapor from back-streaming from the
pump into the laser a filter should be in-
serted between the inlet port of the com-
pressor and the gas outlet of the laser.
An adequate filter can be made by pack-
ing a one-gallon glass jug with glass
wool. Close the jug with a two-hole rub-
ber stopper. Gas enters the filter by way
of a tube that extends through one per-
foration of the stopper to the bottom of
the jug. Filtered gas flows through a
short tube at the top of the jug that con-
nects to the inlet of the pump. The jug
is enclosed in a wood box to minimize
the hazard of flying fragments if the jug
accidentally implodes. The refrigerator
compressor I originally used worked
well but became excessively hot after
several hours of continuous operation.
At present I use a conventional vacuum
pump.

“The dimensions of the closed-end
manometer are not critical. The instru-
ment is made of standard-wall eight-
millimeter glass tubing. The scale gradu-
ations are equal in millimeters to the
quotient of the density of mercury
(13.55) divided by the density of the
vacuum oil. If the density of the oil is not
known, it can be determined with suffi-
cient accuracy by weighing a known
volume. The oil should be degassed by
keeping it in a vacuum for an hour or so
before filling the manometer.

“The tube can be filled with oil most
conveniently by exhausting it to a pres-
sure of 10 torr and admitting enough
oil to completely fill the closed arm
when air is let into the open arm. Al-
ternatively the end that is to be closed
can be softened, pulled to a constriction
and cut off at the narrowest zone, like
the tip of a medicine dropper. Enough
oil can then be sucked into the tube to
fill the long arm to the tip of the con-
striction. The tip can be sealed with
epoxy. The accuracy of the measure-
ments depends on the quality of the vac-
uum created when the oil separates
from the closed end of the instrument.
Even a tiny bubble above the oil can
introduce a significant error.

“The performance of the laser de-



COAL. Joy pioneered the mecha-
nization of the coal industry and
continues to supply high-produc-
tion equipment for extracting coal
at ever-faster rates.

OIL AND GAS. Joy designs and
supplies tools for the exploration
and production of oil and gas,
wherever the deposits may lie,
offshore or inland.

NUCLEAR. Joy ore-processing
equipment separates uranium
for nuclear power plants.

AIR. Joy’s three types of compres-
sors turn air into power to run
plant production systems and con-
struction equipment.

In whatever form it’s needed,
Joy is close to the source.

Energy at its source: Joy products deep-
mine it, open-pit mine it, drill for it, haul
it and process it.

We're in the business of making sys-
tems to recover energy. And we're a cost-
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High-voltage power supply for the laser

pends critically on the gas mixture, the
gas pressure and the exciting clectric
current. An optimum mixture consists of
eight parts of helium, two parts of nitro-
gen and one part of carbon dioxide. In
the absence of helium the best perform-
ance was observed with a mixture of two
parts of nitrogen and one part of carbon
dioxide. The partial pressures are main-
tained at four torr of helium, one torr of
nitrogen and .5 torr of carbon dioxide.
These proportions and pressures assume
that the diameter of the plasma tube is
one inch. Experiments done with a plas-
ma tube half an inch in diameter indi-
cated substantially higher working pres-
sures. With the narrower tube the opti-
mum partial pressures ranged from 15
to 20 torr of helium, one to three torr of
nitrogen and one to three torr of carbon
dioxide.

“The electric-power supply consists
of a variable transformer that feeds the
input of a 12,000-volt, current-limited
ncon-sign transformer. The output of
the high-voltage transformer is rectified
by four silicon diodes connected in the
bridge configuration [see illustration
aboue]. The laser will operate satisfac-
torily on alternating current, but opera-
tion at maximum efficiency requires the
use of direct current. If a conventional
high-voltage transformer is substituted
for the self-limiting neon-sign transform-
er, the output circuit must be equipped
with a ballast resistor to prevent a run-
away of current.

“The mirrors of the assembled unit
must be adjusted to be parallel to each
other and perpendicular to the axis of
the plasma tube. To make the adjust-
ment I first remove both mirrors by un-
screwing their supporting mounting
plates. The adjustment calls for three
cardboard disks with 1/8-inch holes in
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the center. Two of the disks are pressed
lightly into the holes of the adjustable
faceplates. A parallel beam of light is
projected through the third disk, which
is placed between the light source and
the first aperture. The light beam is then
directed through the holes of all three
disks. The diameter of the beam should
match the diameter of the holes.

“A helium-neon laser provides an
ideal alignment beam. If such a laser is
not available, an adequate beam can be
formed by making a pinhole aperture in
the slide carrier of a 35-millimeter pro-
jector and focusing rays from the pin-
hole into a parallel beam with a small
telescope of the Galilean type. Place the
light source on a rigid support at least
10 feet from the laser and adjust the
position of the light source so that the
beam just grazes the edges of the aper-
tures. The light beam is then coaxial
with respect to the plasma tube.

“Remove the two disks in the laser,
leaving the third one in place. Install the
concave mirror and adjust it to center
the reflected beam on the remaining
cardboard aperture. Repeat the proce-
dure to similarly align the perforated
mirror. When air is pumped from the
tube, atmospheric pressure may distort
some of the parts slightly and alter the
alignment. This can be checked by leav-
ing the collimating beam in place. When
the system is in proper alignment, the
collimating beam will be reflected by
the output mirror and back through the
third tube. If the reflected beam does
not move when vacuum is applied, the
output mirror is stable.

“The stability of the concave mirror
can be checked by replacing the output
mirror with a piece of flat glass. The
system should now be in sufficiently
good alignment for operation. After the
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laser is oscillating the adjustments can
be trimmed by trial and error for maxi-
mum power output.

“The operating procedure is fairly
simple. Turn on the cooling water. Start
the air pump and check the system for
leaks. To make this test admit helium
into the system to a pressure of 15 torr.
Apply high voltage and adjust the cur-
rent to approximately 100 milliamperes.
During the first minute of operation the
color of the discharge should turn from
purplish to a pink-orange glow. The col-
or change indicates that helium has re-
placed air inside the tube. Even a trace
of the purplish hue indicates a leak in
the system.

“A suspected leak can be confirmed
by turning off the helium supply. Let
the system pump down to below one
torr. If no leak is present, the color of the
discharge will look whitish gray. If any
other color appears, turn off the current,
tighten all sealing screws and check the
gas-input system for leaks.

“When the system has been made
gastight, exhaust the laser to the limit of
the air pump. Then admit .5 torr of car-
bon dioxide, one torr of nitrogen and
four torr of helium. Apply high voltage
and with the variable transformer adjust
the current to approximately 40 milli-
amperes. The laser should now begin to
oscillate.

“The beam not only is invisible but
also may be weak. It can be detected by
inserting a small sheet of waxed paper or
Thermofax paper in front of the output
window. Caution: Do not place your
hand or any part of your body in the
path of the beam, even during the initial
period of adjustment. The laser may be
developing full output power, emitting a
beam of sufficient energy to shatter glass
many feet away. Even the reflected
beam is hazardous. For this reason it is
advisable to make a small container for
disposing of unwanted beam energy. A
metal box with a small opening is suit-
able. Coat the inside of the box with flat
black paint and position the opening so
that it intercepts the beam. The unwant-
ed energy will be absorbed harmlessly as
the radiation bounces around inside the
box.

“To maximize the power output try
small adjustments of the mirror-align-
ment screws, gas pressure, gas propor-
tions and current. The output should be
substantial, ranging from one watt to 10
watts. At optimum power the mode pat-
tern of the beam will burn itself into a
piece of wood. A microscope slide in-
serted into the beam when the laser is
at optimum power will shatter.”
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HOW TO CUT
SYSTEMS COSTS
BY MORE THAN 50%
AND MARKET BETTER PRODUCTS
IN THE BARGAIN.

Y,

N

Use MOS/LSIs. facturer,
Not just anybody's. electronic or-
Ours. i gansnow on the
After all we're the people who market have thou-

developed them, nurtured them
through years of the nation’s aero-
space programs, then made their
commercial use possible and prac-
tical.

An MOS/LSI arithmetic system
we designed enabled a calculator
manufacturer to reduce the cost
of his 1969 models by 25% versus
the going prices for comparable
machines. And, in 1971, he was able
to drop his prices another 15%.

An MOS/LSI control sys-
tem is one-half the cost and
one-tenth the size of con-
ventional systems.

Because we designed an
MOS/LSI musical com-
puter for one
organ manu-

sands of times the musical variety
of conventional instruments, yet
cost about half.

These examples are only the be-
ginning of the economic impact of
MOS/LSI technology on product
development.

Today most MOS/LSIs
are in commercial use.

Manufacturers of electric ap-
pliances, automobiles, calculators,
business machines, data transmis-

sion and telecommunication
equipment, minicomput-
ers, computer peripherals, in-
dustrial control systems—even
pipe organs without pipes—are
learning fast. (Mostly from
us.) The biggest sellers are
getting smaller.
For our customers throughout
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the world we have
designed hundreds
and delivered mil-
lions of MOS/LSI
circuits. Our de-
liveries have been
on time and our reliability has
been proven.

Building blocks
that last for generations.

Because of our systems design
capability, we're able to give our
large-scaleintegrated (LSI) circuits
building-block capabilities. When
you have so many electronic func-
tions available in a single circuit,
it's good business to design so that
the same circuits can be used in
a number of different systems.

Our exclusive custom-layout,
computer-aided design enables us




to provide more electronic func-
tions on a smaller circuit with
building-block capability. This
minimizescost—lower circuit cost
and lower total systems cost.

These building-block systems
perform data reduction functions
for everything from simple cal-
culators through business and
accounting machines to program-
mable equipment. They also pro-
vide digital functions for data
transmission and telecommuni-.
cation systems.

Best of all, our building-block
designs can be adapted and used
in successive models of your prod-
uct as well as in various current
models. This permits minimum
capital expenditure in developing
new products and product lines.
Cost per circuit is minimized—
and reduced even more over large

——— runs.

‘(-El & Gﬁ Dependingon your
0 ) l requirements, pro-

~ [ QJ duction of particular

Ao’ designs begins within

MU months of design go-
ahead.

We've also reduced the cost per
bit by applying the building-block
approach to the development of
MOS/LSI memory systems and
circuits.

For prototype evaluation, we
have SOS memories in 128 by 40
diode arrays with 20 ns access time
encoded on a custom basis within
24 hours at two cents per bit in
unit quantities.

MOS/LSI beats the
high cost of electronics.

Mastery of MOS/LSI design and
high-volume production has

enabled us to produce
commercial electronic
systems at an all-time
low cost per function. Less than
1/4 the cost of conventional sys-
tems. And they can be packaged
so that non-electronic manufac-
turers can assemble electronics
into their equipment without ad-
ditional labor skills.

For example, you can buy our
MOS/LSI digital filter circuits in
small quantities and fabricate a
plug-in digital filter for less than
$1,000 to do many of the functions
that today are performed with
black boxes selling for

about $20,000.
Or, you can buy

our MOS/LSI MODEMS, com-
pletely assembled, at a fraction of
the prices you're paying for
conventional units.
A joint product
commitment.
We're ready to share
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: 'H  with you the long-
B term commitment

2L required for new
product design, testing and devel-
opment.

Even more.

We'll join with you in product
planning, so that you may share
in the progress of current re-
search and the advancing tech-
nologies of North American
Rockwell.

The state-of-the-art—
by its innovators.

At the point to which it is
presently developed, MOS/LSI
technology provides digital sys-
tems and circuit functions that
include logic, memory, switching,
counting, driving, multiplexing,
digital-analog and analog-digital
conversion, frequency generation,
discrimination, filtering, modula-
tion and demodulation.

Right now we're developing fu-
ture generations of microelectron-
ics: new MOS processes; advanced
packaging methods; multi-layer
ceramic substrates; nitride passi-
vation; siliconon sapphire; bubble
memories; liquid crystal displays
and more.

Drop us a line on your company
letterhead for a copy of our new

brochure, “The Economics
of Change! or for

specificdata sheets
on circuits you re-
quire. Write: J. K.
Chambers, P.O. Box
3669, Anaheim, Calif.
92803. Or phone us at
714/632-2231.

North American Rockwell
Microelectronics Company



Edited by Dr. I. M. James, The Mathematical Institute, Oxford

All of Whitehead's important writings, from his earliest works
to his latest, in 1960. The four volumes cover: Differential Geometry,

THE MATHEMATICAL WORKS OF
J. H. C. WHITEHEAD

Complexes and Manifolds, Homotopy Theory, and Algebraic and Classical Topology.

Choose your first selection from these indispensable books:
(retail prices light type, member prices bold type)

70360. AN INTRODUCTION TO
PROBABILITY THEORY AND ITS
APPLICATIONS, Vol. Il. Second Edi-
tion. William Feller. $15.95/$10.95

79940.THE SPECTRA AND STRUC-
TURES OF SIMPLE FREE RADI-
CALS. Gerhard Herzberg. Molec-
ular fragments known as free
radicals exist everywhere. Spec-
troscopy is the most powerful tool
for studying them and Gerhard
Herzberg is synonymous with its
development. $11.00/$8.50

63910. THE NATURE AND FUNC-
TION OF SCIENTIFIC THEORIES.
Edited by Robert G. Colodny. Six
scholars analyze the contemporary
status of scientific theories. A
striking and original contribution
to the philosophy of science.
$12.95/$9.75

60530. MARGINS OF PRECISION.
Max Black. One of our greatest
living philosopher-logicians deals
with the formal and informal as-
pects of language, thought, and
meaning. $7.50/%$6.25

45510. ENVIRONMENT, POWER,
AND SOCIETY. Howard T. Odum.
A challenging application of sys-
tems analysis to the human con-
dition. $9.95/$7.75

34050. ANTHROPOLOGICAL ES-
SAYS. Oscar Lewis. $12.95/$9.75

56570. INTRODUCTION TO PRO-
GRAMMING: A BASIC Approach.
Van Court Hare, Jr. $9.50/$7.50

82640. TECHNOLOGY IN THE
ANCIENT WORLD. Henry Hodges.
A much-needed technical survey
of the tools and processes of early
civilizations. $10.00/$7.75

50280. GEOGRAPHY OF THE
U.S.S.R.: Second Edition. Paul E.
Lydolph. Contains 125 excellent
maps, more than a hundred
tables, many photographs.
$14.95/$11.50

40110. THE CONDENSED CHEMI-
CAL DICTIONARY—Edited by
Gessner G. Hawley. Revised, ex-
panded, updated this Eighth Edi-
tion contains 18,000 entries, more
than 1,000 pages. Just published.

$27.50/$17.95

69930. POPULATIONS. SPECIES
AND EVOLUTION. Ernst Mayr. A
sweeping exposition of the theory
of evolution — complete with latest
refinements. $10.00/$7.75

74150. THE RISE AND FALL OF
T. D. LYSENKO. Zhores A. Medve-
dev. Translated by 1. Michael
Lerner. Russian scientist Medve-
dev, at great personal risk, tells
the whole tragicomic truth about
an incredible episode in the his-
tory of science. $10.00/$7.75

37180. CALCULUS OF VARIA-
TIONS WITH APPLICATIONS.
George M. Ewing. This far-ranging,
computer-and-application-oriented
treatment of variational theory is
beautifully precise. $10.00/$7.75

86010. THE VOCABULARY OF
SCIENCE. Lancelot Hogben, F.R.S.
A mine of information on the Latin
and Greek roots of the universal
language of science. $6.95/$5.95

36310. BIOLOGY AND THE FU-
TURE OF MAN. Edited by Philip
Handler. Survey of the life sci-
ences from the molecular level
to the ecological. $12.50/$9.50

TUpon acceptance of this order, please enroll me as a trial member and
send my free set of the works of J. H. C. Whitehead, plus the selection I
have indicated. Bill me only for my first selection, plus shipping and
handling. If not delighted, I will return all books within 10 days and my
membership will be cancelled. As a trial member, I need accept as few as
3 more selections during the next 12 months, always at reduced member’'s
prices plus shipping and handling and I may cancel membership any time
thereafter. I understand that savings range up to 30%, occasionally more.
each month I will receive advance reviews describing the forthcoming
selection, along with a convenient form for requesting alternate selections

selections purchased.

My first selection is (write in number)

Name

TRIAL MEMBERSHIP APPLICATION
The Library of Science, Riverside, N.J. 08075

64910. NUMBER WORDS AND
NUMBER SYMBOLS. Karl Menn-
inger. An oversized, handsomely
illustrated, 480-page volume filled
with unusual lore and amazing
insights into number words and
the universal concepts they repre-
sent. $14.95/$10.95

56260. INTRODUCTION TO MATH-
EMATICAL STATISTICS, FOURTH
EDITION. Paul Hoel. Mathematic-
ally rigorous yet filled with prac-
tical problems and applications.

$11.50/$8.75

45990. ESSAYS ON CELLULAR
AUTOMATA. Arthur W. Burks.
Eight experts and pioneers in the
field present a fascinating over-
view of one of the fastest-growing
and most intriguing branches of
computer science. $12.50/$9.75

66020. OPTICS. Miles V. Klein.
At last — a single work which inte-
grates the latest advances in opti-
cal theory into the framework of
classical optics. $14.95/$11.50

70350. AN INTRODUCTION TO
PROBABILITY THEORY AND ITS
APPLICATIONS, Vol. I. Third Edi-
tion. William Feller. $12.95/$9.95

2-315

Address

City

State Zip

Offer good in Continental U.S. and Canada only. Note: hooks bought for
professiorial purposes may be a tax deductible expense.

l or no book at all. I understand I may choose a bonus book for every 4
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Take this important
4-volume set—

FREE

with your first selection
(at low member prices)
in a brief trial membership with

_The
Library of
Science

34390. ASIA, EAST BY SOUTH.
Second Edition. Joseph Earle
Spencer and William L. Thomas.
An unusual geography that imme-
diately clarifies much of today's
front-line news. $16.50/$12.95

65210. OCEANOGRAPHY: An Intro-
duction to the Marine Environ-
ment. Peter K. Weyl. $12.50/$9.75

57900. LASERS. Second Edition.
Bela A. Lengyel. Re-written, up-
dated version of the author’s 1962
trailblazing volume. $14.95/$11.50

82880. TEXTBOOK OF POLYMER
SCIENCE. Second Edition. Fred
W. Billmeyer. The physics, chem-
istry and technology of polymers,
the most important synthetic ma-
terials ever developed by industry.

$15.95/$10.65

59840. MAN-MACHINE COMMUNI-
CATION. Charles T. Meadow. Ways
and means whereby man and
computer can pool their talents.

$13.95/$10.50

36290. BIOPHILOSOPHY. Bern-
hard Rensch. An unprecedented
natural philosophy of life based
on recent discoveries in biology.

$12.50/$9.75

50110. GENETICS OF THE EVO-
LUTIONARY PROCESS. Theodo-
sius Dobzhansky. A completely re-
written 4th version of the classic
Genetics and the Origin of the
Species. $10.95/$8.50

46590. EVOLUTIONARY OPERA-
TION. George E. P. Box and Nor-
man R. Draper use statistics and
the basic concepts of natural
selection in this coordinated ap-
proach to process improvement.
A revolutionary book applicable to
business, industry, science, and
technology. $11.00/$8.50

56540. INTRODUCTION TO MA-
TRIX ANALYSIS. Second Edition.
Richard Bellman. $14.75/$10.50

69970.POPULATION,RESOURCES,
ENVIRONMENT. Paul R. Ehrlich
and Anne H. Ehrlich. Authorita-
tive, fact-filled and frightening,
here is the ecological book of the
year, $8.95/$7.25



by Philip Morrison

i ACE TO OBsBLIVION: A ParTICI-
R PANT’S VIEW OF THE ARMS RACE,

by Herbert York. Simon and
Schuster ($2.95). SECRET SENTRIES IN
Space, by Philip J. Klass. Random
House ($7.95). In 1952, during the Mc-
Carthy hysteria, the U.S. set up at Liver-
more, Calif., its second laboratory for
the design of nuclear weapons. Los Ala-
mos, whose personnel prepared every
design that really did explode, both for
fission and for fusion weapons, up to
1952 and for a good many years there-
after, was deemed not enough. Its rare-
fied air bore the taint of the influence of
J. Robert Oppenheimer, and an impa-
tient alliance of midwives, headed by
Senator Brien McMahon, Edward Teller
and the Air Force, brought the Liver-
more laboratory of the Atomic Energy
Commission slowly into competitive co-
existence. Herbert York, a 31-year-old
Berkeley physicist with 10 years of work
with Ernest Lawrence behind him, was
made Livermore’s first director. After
Sputnik the Department of Defense it-
self was reorganized, in response “to the
shock of the series of Soviet firsts in
space.” Dr. York then became the first
occupant of a puissant new post, with
authority over all research, develop-
ment, test and evaluation programs of
the Defense Department, with the title
Director of Defense Research and En-
gineering. (For all 13 years of its ex-
istence this post has been held only by
the three successive ex-directors of Liv-
ermore.)

Dr. York stayed in the job for a cou-
ple of years, during which time “the
general form of nearly all of our present
missile and space programs was jelled.”
He stayed long enough to develop “the
views I still hold about the futility of
the race and the absolute need to find
some alternative course.” Dr. York later
became chancellor of the University of
California at San Diego, a post from

BOORS

The role of reconnaissance

satellites in the arms race

which he is retiring to teach physics.
His Race to Oblivion, now a paperback
bargain, has become a staple of those
who would understand our woeful times
during the year it has been out in hard-
back.

This country has a strong aircraft-
missile-space press: a number of trade
journals that sustain a community
among the technical people in the in-
dustry, for a long time the largest in-
dustrial employer in America. Dr. York
castigates those journals, observing that
their advertising revenue comes almost
entirely from aerospace corporations and
that they understandably do their best
to “keep the nation’s fears and concerns
at a fever pitch.” There is plenty of evi-
dence that they do sound a note of im-
moderation. At the same time these well-
informed technical journalists supply an
almost unique insight into the plans and
achievements of the arms makers. Trade
journalists have a keen sense of news, a
depth of knowledge of technology and
personnel and an independence of both
government and contractor that have
made them key sources. Before the
“Pentagon papers” it was the aerospace
journals that trickled the most signifi-
cant leaks of classified information into
the arena of public discussion, generally
to the national good. (The information
provided by their closest competitor, the
Washington columnist Joseph Alsop, is
embedded in such a credulous context
that its impact is often weakened.) Tak-
en with a strong seasoning of common
sense, the trade journals remain an in-
valuable resource, for which the coun-
try pays a high price in the alarming of
receptive editorial writers and congress-
men by “intelligence” that, even when
there is much truth in it, incorporates a
good deal of “wishful thinking and self-
delusion.”

Secret Sentries in Space is the first
substantial published account of one of
the most significant and curiously hope-
ful technologies of the arms race: re-
connaissance by satellite. Philip Klass is
senior avionics editor of a prime trade
journal, Aviation Week; he shares the
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libido for new military systems that his
entire guild displays. His account of the
celebrated missile gap, for example, is
pretty overheated, although not factual-
ly distorted, and he concludes that after
all it was “fact, not fantasy.” Yet some-
what lamely he adds that it was fore-
stalled by the U.S. crash program begun
in 1954, three years before the first Rus-
sian ICBM test. The real missile gap was
in fact the reverse: the big Russian
boosters proved too costly and too slow
to build, so that their year-and-a-half
lead in first testing was rapidly over-
come. By the time missiles were present
anywhere in numbers with strategic
meaning the U.S.S.R. was far behind the
multiply armed U.S. In 1961, for exam-
ple, the Russians had just 14 big liquid-
fuel SS-6’s on open pads, whereas we
had 50 Atlas missiles as well as 80 Po-
laris missiles in submarines, not to men-
tion more than 1,000 nuclear bombers.
Not until 1967 did the U.S.S.R. begin
to approach the present situation—bar-
ring our installation of MIRV’s—of stra-
tegic near-parity.

It is technical appraisal and not stra-
tegic history for which Klass’s book is
unique. Clearly written at the level of
the general reader and accompanied by
interesting photographs, it is three-
quarters devoted to a detailed and quite
convincing, although largely conjectural,
account of intelligence-gathering from
orbit.

The first such success—replacing the
U-2 overflights—was probably achieved
in August, 1960. It was Discoverer 14,
launched by Thor/Agena rockets from
Vandenberg Air Force Base in Califor-
nia, that seems to have ended the mis-
sile gap. Joseph Alsop wrote in 1963:
“But after August, 1960, we began to
know that the ICBM’s were not there.”
Alsop’s piece, a tribute to his friend
Richard Bissell of the Central Intelli-
gence Agency, confirms the Air Force
releases, which for that launch omitted
for the first time the usual disclaimer
that “no sensor equipment” was aboard.
The Discoverer series, our first gen-
eration of reconnaissance orbiters, car-
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ried small cameras (there was only 100
pounds of payload) and dropped their
film on command in a retro-rocketed
capsule, searched out as it parachuted
down over the open Pacific north of Ha-
waii by an Air Force squadron of cargo
planes strangely equipped with midair
fishnets. By now orbital reconnaissance,
which has cost some $10 billion or $12
billion through 1970, is in its fourth
generation of satellites. Nearly any spot
on the earth can be pictured on a clear
day with a resolution of a foot or two.

Klass identifies several missions of
these watchers from the sky. In rather
low orbits of a few days’ duration there
spin high-resolution cameras, arranged
for quick physical recovery of detailed
film. These are for close inspection.
Orbits that are somewhat higher, and
hence can endure longer because of low
atmospheric drag, are used for cameras
that send their images by television link,
so that the delay in reporting can be
short and the entire process long-lasting
and economical. Satellites in such orbits
conduct search-and-find surveys of en-
tire countries. The second generation
of these birds flew once a month a few
years ago.

The third-generation satellite lasts
longer, and very likely reports not only
to the seven land radio dishes and half
a dozen dish-bearing ships the Air Force
maintains around the world but also di-
rectly by military communications satel-
lite to the Washington-area satellite-link
terminals. In addition we may now be
using infrared on night passes, multi-
wavelength coverage for identification
of intricate or camouflaged targets and
precision “metric” cameras for target-
charting, with star fixes and high-stabil-
ity film.

Early-warning satellites watch with
infrared from inclined synchronous or-
bits for ICBM-launch rocket plumes.
“Ferrets” a few hundred miles up re-
cord and analyze radio and radar. The
Vela satellites monitor space for the X
rays that would come from illegal nu-
clear tests out there. “Big Bird,” due
sometime this year, will be the first
fourth-generation satellite for intelli-
gence missions. With 10 tons of payload,
it will do everything more or less all at
once, and perhaps undertake special
tasks on command, with command and
television return on its own communica-
tions satellite. If not “Big Bird,” then the
fiftth generation, coded as Spacecraft
1010, whose contract proposals are due
in 1971, will perform that trick.

So the game goes. It must be plain
that the U.S.S.R. is not laggard in these
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subtleties. The Russians have a launch
site at Plesetsk, chosen to allow both
polar orbits and inclined northerly or-
bits, the better to study our Greenland
and Alaska installations. The site was
first identified by a teacher and his stu-
dents at the Kettering Grammar School
in England, on the basis of radio signals
from the satellite Cosmos 112. Russian
photographic satellites are now numer-
ous; the Cosmos series reached No. 430
this past summer, usually with “mission
unannounced.” In June, 1969, the
U.S.S.R. launched recoverable satellites
once a week, which Klass sees as reflect-
ing acute Russian concern over move-
ments in China. The Chinese have no
such spacecraft yet; one is expected by
1975 or sooner.

On July 22, 1970, the U.S. launched
a radio-link satellite in an unusually
inclined orbit. The satellite’s orbit and
timing fitted it for dawn and dusk pas-
sage over the Sinai Peninsula in the
Middle East. With infrared scanners it
could detect hot engines, and its pic-
tures might also show the long shadows
that missile launchers throw on the des-
ert. Klass argues that this satellite was
able to monitor the forthcoming Israel-
Egypt cease-fire, which we could do
openly and safely by U-2 overflight only
after the fact. He believes that we had
the information earlier, although we
denied it.

The issues that in the end will allow
a structure of international confidence
to replace this ingenious, costly and
perilous contest waged from orbit and
pad are intertwined with the facts of
surveillance. Our unreasonably secre-
tive treatment of the entire subject of
surveillance is itself a danger, a danger
held in the ritual attitudes of intelli-
gence-gatherers ever since the two an-
gels came to Sodom in the evening.
These attitudes are powerful; even Dr.
York feels he needs to conceal the pur-
pose of the Air Force—CIA Discoverer
film-capsule series. He mentions it in
two sentences, describing the series as
“said to be for the purpose of devel-
oping various space-flight techniques.”
Klass’s plausible, documented semileak
clearly marks the path to fuller under-
standing.

Here is a small garland of citations
from these books about the arms race,
so that the citizen can assess the fore-
sight of his leaders. Asked what we
would find on the moon, Professor Teller
replied tersely: “Russians.” Dr. Henry
Kissinger, writing in 1960, remarked:
“There is no dispute that the missile gap
will materialize in the period 1960-64.”
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Lyndon Johnson, speaking in 1967, said:
“Tonight, we know how many missiles
the enemy has. And it turns out our
guesses were way off. We were doing
things we didn’t need to. We were
building things we didn’t need to build.
We were harboring fears we didn’t need
to harbor.” It seems we still are.

Ecn'r anp Fiom, by the editors of
Time-Life Books. Time-Life Books
($9.95). Production of books in the cor-
porate style of this powerful journalistic
enterprise has its shortcomings. In this
book, the most interesting of a hand-
some and lively new series on photogra-
phy, the best feet of the myriapod are
put forward. Whatever else Time-Life
does, the energy and expertise of its
photographers is undoubted.

The book has many black-and-white
photographs and some in color, all pre-
sented in smooth gravure. Its audience
is the reader with a beginning interest
in photography. He is led by easy stages
from a much simplified few pages on the
physics of light, through a stunning dis-
play of prints where light created form
and mood, through a fascinating history
of early film processes and early photo-
graphic adventure, to a simple account
of modern film and many examples of
good contemporary photographs with a
critical account of their lighting and its
effect. The final chapter is a virtuoso dis-
play of photographs that present “wiz-
ardry with flood and flash,” showing
images from a papal mass in Yankee
Stadium to the tiny bones of the middle
ear. There is even a consumer’s insert: a
buyer’s guide to tripods, exposure me-
ters and flash equipment. It contains
brand specifications and general advice
but not individual brand ratings. The
mixture of simple basic physics, craft
advice, interesting history and stunning
annotated photography is well calcu-
lated to interest both the serious camera
aspirant and the general reader.

The old pictures are irresistible: Sarah
Bernhardt, the Eighth Hussars in the
Crimea, Mathew Brady (himself, with
a general) and a dozen photographs
by John Thomson, published in 1877,
which for the first time claimed, as he
and his collaborator then put it, to be
“bringing to bear the precision of pho-
tography...to present true types of the
London Poor.”

There is also a unique set of pages
that show in careful sequence how Joel
Snyder of Chicago has re-created the
early photographic processes. First he
polishes to a high gloss a silver-coated
copper plate. Working in a candlelit



SCIENCE. "SCOPE

High-voltage DC power transmission and control problems are now under study at
Hughes' Malibu, Calif. research laboratory. The original research currently being
conducted on DC converter valves and circuit breakers stems from the company's
earlier ion-propulsion research for NASA., The Electrical Research Council, which
represents America's private and public utilities, is partially funding the devel-
opment of the Hughes DC breaker.

Electric power specialists from 13 countries, who were attending a CIGRE confer-
ence in Los Angeles on AC-DC converting equipment, reviewed the work in progress
during a visit to the Hughes laboratory recently.

Converting sunlight into electrical power for satellites is the role of the Flex-
ible Rolled-Up Solar Array (FRUSA) developed for the U.S. Air Force Aero Propul-
sion Laboratory by Hughes. Scheduled to be launched aboard a Thor-Agena this
fall, FRUSA will be flown in a 400-mile-high polar orbit. It contains two 16-
foot panels which are rolled into a single 10-inch-diameter cylinder at launch
and will unfurl like windowshades in space. Their 34,500 solar cells will con-
vert solar energy into 1500 watts of power,

A new generation of Orbiting Solar Observatory satellites, now under development
at Hughes for NASA, will study small areas of the turbulent gaseous band between
the sun's rim, where temperatures reach 10,000°F, and the beginning of the corona,
where they soar to 3 and 4 million degrees. New spacecraft will have a pointing
accuracy of 1 arc second, enabling them to examine a 450-mile swath across this
region for five minutes at a time. They will be larger in size, weight, and power
than earlier 0SOs and have eight times their data handling capability.

Hughes needs Systems Engineers for systems design of training simulators. Require-
ments: BSEE, U.S. citizenship, and a minimum of 10 years experience in the design
of systems involving digital computers, displays, and solid-state circuitry. Ex-
perience in training simulators desired but not mandatory. Please write: Mr.

R. J. Waldron, Hughes Aircraft Co., Field Service & Support Div., P.O. Box 90515,
Los Angeles, CA 90009. An equal opportunity M/F employer.

Nine models of a new solid-state power source in the 30-to-42-GHz range, utiliz-
ing millimeter wave silicon IMPATT diodes, were introduced recently by Hughes.
The new Ka-band sources are designed to replace klystron tubes in millimeter wave
systems. Advantages: smaller size, longer life, lower power requirements, and
easier cooling. The new sources are of two types: one is primarily for labora-
tory use, features a micrometer tuning device, and has relatively low power out-
put; the other is intended for OEM use and features higher power and limited tun-
ing by screwdriver adjustment.

More than a million hours in space without a failure is the record to date of the
traveling wave tubes built by Hughes for all the Syncom, Intelsat, ATS, TACSAT,
Mariner, and Lunar Orbiter satellites and the Surveyor and Apollo spacecraft.
Though the Syncom II satellite was designed for a six-month experiment, its TWT
is still operable after eight years. The TWT for Canada's Anik I domestic syn-
chronous communications satellite is expected to operate for more than 12 years,

Crealing a new world with electronics
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Four
Modern Classics
in Geology

PRINCIPLES OF PALEONTOLOGY

DAVID M. RAUP, University of Rochester, and
STEVEN M. STANLEY, The Johns Hopkins University

““The authors and publishers are to be congratulated on producing
this lucid introductory paleontology textbook, which should have
universal appeal. Its emphasis. . .is directed at explaining the princi-
ples on which paleontological concepts are formulated. It guides the
reader progressively from mastering the techniques of analysing
simple case histories to grappling with the more abstruse evolution-
ary tenets.

““This textbook should be within the means of the serious student who
will be frustrated at finding the library copies in continuous use.”
—Nature, April 2,1971

1971, 388 pages, 199 illustrations, $11.50

Second Edition
ORE DEPOSITS

CHARLES F.PARK, JR., Stanford University, and
ROY A. MacDIARMID, late of State University College,
Fredonia, New York

Provides the facts and principles needed to understand how and why
ore bodies are deposited in certain environments—an understanding
that is essential to today’s exploration geologist. An updating of the
1964 edition that has become a standard for introductory courses in
ore deposits, economic geology, metallics, exploration geology, and
related subjects.

““An established text which has not been supplanted. .. Recom-
mended as a text in basic economic geology courses, as a library
reference, and as a reading for economic geologists.”” —Journal of
Geological Education, January 1971

1970, 522 pages, 159 illustrations, $11.00

ADVENTURES IN EARTH HISTORY

Being a Volume of Significant Writings from Original Sources, on
Cosmology, Geology, Climatology, Oceanography, Organic
Evolution, and Related Topics of Interest to Students of Earth
History, from the Time of Nicolaus Steno to the Present

Selected, Edited, and with Introductions by

PRESTON CLOUD, University of California, Santa Barbara

“The book is actually one on ‘the state of the art,’ rather than a
stratigraphic and paleontologic catalog. . . It can therefore be recom-
mended not only to university students but to others who want to be
informed about current areas of interest and discovery in the history
of the earth, especially in its early history to the study of which the
editor himself has made such important contributions. . ."”

—Science, March 26, 1971

“’This is truly an exciting book! It shows students how ideas that are
usually simply proposed in classic textbooks were really developed.’”
—Robert E. Gernant, University of Wisconsin

1970, 992 pages, 345 illustrations

clothbound $17.50, paperbound $8.95

Second Edition
HISTORY OF THE EARTH

Introduction to Historical Geology

BERNHARD KUMMEL, Harvard University

... This is the most comprehensive general textbook on historical
geology, covering the entire globe—unlike the older books, which
ended at the American shorelines, only briefly mentioning the rest
of the world. It is a worthy addition to the few top-ranked historical
geologies. . . ' —Earth Science, March-April 1971

1970, 707 pages, 500 illustrations, $12.50
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From your bookseller, or from Dept. J
- W. H. FREEMAN AND COMPANY

660 Market Street, San Francisco, California 94104
- 58 Kings Road, Reading RG1 3AA, Berkshire, England
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First price is publisher’s list. Boldface shows member’s price.

460. Hitler: A Study in Tyranny

By Alan Bullock. $10.00/ $6.95
606. Henry VIl

By John J. Scarisbrick. $10.95/$7.65
677. Witchcraft At Salem

By Chadwick Hansen. $6.95/$5.75

828. A History of the Vikings
By Gwyn Jones. $12.50/ $7.95

789. Clausewitz: A Biography
By Roger Parkinson. $10.00/ $7.50

746. Empire of the Steppes: A History of
Central Asia

By René Grousset. $17.50/ $9.95

700. Huey Long By T. Harry Williams.
Winner of the National Book Award and
Pulitzer Prize. $12.50/$7.95

782. The Romans: 850 BC—AD 337
By Donald R. Dudley. $7.95/$6.75

554. The Trial of the Germans:
Nuremberg, 1945-46
By Eugene Davidson,

$12.50/ $8.95
s

671. Medieval History: The Life and
Death of a Civilization (2nd Edition)
By Norman F. Cantor. $10.95/$8.50

621. The Indian Heritage of America
By Alvin M. Josephy, Jr. $10.00/ $6.95

786. Bryan: A Political Biography of
Wm. Jennings Bryan

By Louis W. Koenig. $14.95/$9.75

687. Anti-Intellectualism in American
Life By Richard Hofstadter.

Pulitzer Prize winner. $7.95/$5.95

791. Napoleon: From 18 Brumaire to
Tilsit, 1799-1807 (Vol. I)
By Georges Lefebvre. $10.00/$7.50

792. Napoleon: From Tilsit to Waterloo,

1807-1815 (Vol. Il)
By Georges Lefebvre. $10.00/ $7.50

759. Gold, Glory, and The Gospel: The
Adventurous Lives and Times of the
Renaissance Explorers

By Louis B. Wright. $10.00/$7.50

reat
Cerro?

-

369. The Spanish Civil War

By Hugh Thomas. $12.50/ $8.50

657. The Creation of the American
Republic, 1776-1787 By Gordon S. Wood.
Bancroft Award winner. $15.00/ $9.95

476. The Life of Lenin By Louis Fischer.
Winner of the National Book Award.
$12.50/ $8.50

726. A History of the African People
By Robert W. July. $15.00/ $8.95

765. Louis XI: The Universal Spider
By Paul Murray Kendall. $10.00/$7.50

754. Augustus to Constantine: The
Thrust of the Christian Movement into
the Roman World

By Robert M. Grant. $10.00/$7.50

607. From Slavery to Freedom: A History
of Negro Americans

By John Hope Franklin. $12.00/$7.40

645. The Great Terror: Stalin’s Purge
of the Thirties

By Robert Conquest. $9.95/%$7.40

-

I----------_--l
I The History Book Club l
Stamford, Connecticut 06904

Please enroll me as a trial i
member and send me, for only 99
cents, the three books whose
numbers | have filled in:

L JL__JI

Also send me, at the special
member’s price, my first selection:

| enclose no money now.
Send bill with books.

Within two weeks, | may return
the books and owe nothing. Or
keep them and agree to take only
four more selections in the coming
year from among more than 150
offered each month in the Club Review.
I may choose any of these instead
of the Editor’s Choice, or no book at
all, simply by returning the reply card
which accompanies the Review.

Print Name

Address

City

State Iip

A small shipping charge is added to each
order. Residents of Canada: Please mail
coupon to: The History Book Club,

16 Overlea Blvd., Toronto 17, Ontario SA04S
IET T T T LT LT

Special on tyrants.
Any three for 99 cents.

Hitler. Stalin. Napoleon. Augustus.
Lustful Henry and devious Louis.

They did more to change the course
of history than many of the good guys.

That's why we'd like to send you any
three of these gentlemen as your introduction
to The History Book Club.

Or, if you prefer, you may choose the
company of heroes, martyrs, politicians, kings.,

Or become embroiled in wars or revolutions.

In fact, you can have any three books
listed above. All for 99 cents, when you take a
fourth at the low member's price.

We think these books will make you
want to stay in the Club. And if that's your
desire, you simply take four more new books
during the coming year, from the 150 offered
each month. You get these at savings of $2, $3
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or $4 off bookstore prices. And you also earn
other savings through bonus books you can
choose from the Club’s entire list.

Well-known statesmen, scholars and
community leaders belong to The History Book
Club. But by accepting our tyrants offer, you
can also enjoy the company of villains.

The History Book Club

Stamford, Connecticut 06904
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THE MOST COMPREHENSIVE
DIRECTORY EVER PUBLISHED
ON THE ELECTRIC UTILITY
INDUSTRY

Dirsctory
of
Electric

Utilities

m-n

e e

For 80 years, ELECTRICAL WORLD
has been publishing the electric power
industry’s most definitive source
book. With a total listing of over
3,600 U.S. and Canadian utilities,
commissions and associations, the Di-
rectory provides the ultimate tool for
market and systems analysis, re-
search, sales planning, and statistical
information.

In over 1,000 pages, you will find
company data on fuels, T&D, cus-
tomers, substations, interconnec-
tions, power purchases, and generat-
ing capacities. Included are names of
utility executives, addresses, phone
numbers.

For more information write to:
W. R. Klein
ELECTRICAL WORLD DIRECTORY

OF ELECTRIC UTILITIES
P.O. Box 442, Hightstown, N.J. 08520

FOR
PRACTICING
ENGINEERS

APPLIED
NUCLEAR POWER
ENGINEERING
FOR

PRACTICING
ENGINEERS

KNUD PEDERSEN
et al.

Available Late Sept.

Order From Your Bookseller or

O Send me—— copies of

APPLIED NUCLEAR POWER FOR PRACTIC-
ING ENGINEERS @ $4.95 plus 30¢ for
postage and handling (3 or more copies
postage free).

O Send complete catalog for
PROFESSIONAL ENGINEERING CAREER
DEVELOPMENT SERIES.

NAME
ADDRESS.

BARNES & NOBLE, @y
PUBLISHERS 105 Fifth Ave.

New York 10003

darkroom, he sensitizes the plate with
fumes of iodine. Then he takes a sharp,
slow daguerreotype of his wife in an old
print dress and develops the picture in
the vapor of heated mercury (a hazard-
ous pastime). The speed of his plate ap-
pears to be about A.S.A. .01! He is also
shown making a calotype, Fox Talbot’s
old process using a paper negative with
silver halide grains not unlike today’s
film and a wet plate: glass coated with
an emulsion of silver nitrate and potas-
sium iodide suspended in collodion, the
immediate precursor of the modern proc-
ess. Snyder’s fine pictures recapture for
each process the quality of the century-
old photographs with which they are
compared.

HANIDAR: THE First FLOwgeRr Pko-

pLE, by Ralph S. Solecki. Alfred A.
Knopf ($8.95). Tue Face FINDER, by
M. M. Gerasimov. Translated from the
German by Alan Houghton Brodrick.
J. B. Lippincott Company ($10). The
big cave at Shanidar lies in an isolated
valley of the Zagros Mountains, some
200 miles north of Baghdad. That moun-
tain parkland, with its limestone heights,
dwarf oaks and flowered meadows, is
the country of the rifle-bearing clans of
the Kurds, whose ancient bond of com-
mon tongue and common pride have
made them for millenniums rebellious
subjects of whatever powers rule the
populous lowland steppes. Past the cave
in the valley runs a very old road, held
to be the route that Sargon II, king of
Assyria, took at the head of a punitive
column against the Kurdish uprisings

even of his day, 2,500 years ago.

The mouth of Shanidar Cave is a
broad triangle 27 yards wide and eight
yards high. The ceiling vaults to about
twice that height inside, over a cave
floor some 50 yards by 30. On that rock-
strewn floor to this day there live in sim-
ple huts half a dozen families of Shir-
wani Kurds who own the cave and
during the winter use it as shelter for
themselves and their stock. (During the
milder months they live in an open val-
ley village.)

Professor Solecki, with the help of
scores of wiry energetic local diggers
and a battery of expert colleagues, spent
four seasons during the 1950’s excavat-
ing the floor of Shanidar Cave. The fill
goes straight down to bedrock about 45
feet below the present surface. There on
the bedrock itself can be found stone
blades and points, whose age can be put
roughly at 100,000 years. Shanidar has
sheltered men more or less steadily for
the entire span.
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This small book, which is part archae-
ologist’s tale and part an account of how
to get along in Kurdistan, is the first
popular description of what was found
in Shanidar. Someday there will be a
fuller account; this one, simply but
somewhat stiffly written, is far too
sketchy on the findings. It nonetheless
tells a truly wonderful tale.

Nine Neanderthal skeletons have
been found in Shanidar. Carbon-14 mea-
surements provide the surest dating any-
where for the entire race. Three of the
nine Neanderthals met death by acci-
dent, in rockfalls that crushed them un-
der limestone blocks weighing as much
as five tons. Solecki himse!lf saw such
a rockfall during an earthquake. Four
large falls can be counted in the layers
below the present cave floor. Forty-six
thousand years ago the people of the
cave placed one of their dead kinsmen
in his grave on the cave floor of their
time, setting his body on a bed of woody
branches and flowers—grape hyacinth,
yellow groundsel, hollyhock and yar-
row—"“sometime between the end of
May and the beginning of July.” The
brilliant red anemones that blossom ear-
lier in the spring on the same slopes
today were missing. We know all this
from the probing microscope of the
Paris palynologist Arlette Leroi-Gour-
han. In 1968 she published her findings:
the durable pollen grains of these spe-
cies, some still retained in the anthers
of the flower that bore them, were pro-
fuse only under the bones. No contami-
nation could select so few species and so
many grains. Other Neanderthal graves
give evidence of funerary decoration
with red ocher and of grave offerings of
meat; no one had looked for pollen in a
grave before.

Another Shanidar Neanderthal was a
man whose right arm, useless from birth,
had been amputated above the elbow in
life and who was Dblind in his left eye.
Yet he had lived to the age of 40 before
arockfall killed him, “accepted and sup-
ported by his people,” a pile of stones
marking his remains in death. Those
hunters could afford to support a man
who could barely forage for himself.
They must surely have loved and re-
spected him.

It is not certain what finally happened
to the people we have named Neander-
thal, makers for 50,000 years of the
craftsmanlike but rather static style of
stone tools called Mousterian. They had
no woodworking blades, no artifacts in
bone or any known art. They were al-
most certainly not a separate species,
reproductively isolated from Homo sapi-



“Electric power is the most important
factor in making the earth truly
livable today. Any limitations on
its availability are unthinkable.”

Frank H. Roby, Chairman and President
Sola Basic Industries, keynoting the
|IEEE 10th Biennial Conference on
Electric Process Heating in Industry.

“Electricity transformed our lives and is now a basic need. Americans
used 18,000,000,000,000 kilowatt-hours during the last ninety years
and are expected to use an equal amount in the next ten years. In- Frank H. Roby
cluded will be large blocks of power to solve ecological problems
and conserve resources.

“Electric power is without doubt the most pollution-free major source
of energy available now or in the foreseeable future—particularly
when nuclear generated. There are only sixteen nuclear power plants
in operation now. This number will increase to twenty-nine by the
end of the year, but at least one thousand more 1000 megawatt
generating stations will be needed before the end of the century.
“As a major manufacturer of electrical and electronic equipment for
the distribution, control and use of electrical power Sola Basic real-
izes that on the order of 350 billion dollars—more than three times
the amount spent in Vietnam over the past ten years—must be in-
vested in these power plants and related equipment. It's a big num-
ber but a small price to pay for keeping our part of the world
truly livable.” SOLA BASIC INDUSTRIES, Suite 1934 Marine Plaza,
Milwaukee, Wisconsin 53202.

SOLA BASIC DIVISIONS: ANCHOR ELECTRIC e BISHOP ELECTRIC e
DIELECTRIC COMMUNICATIONS o« DOWZER ELECTRIC e G-V CONTROLS e
HEVI-DUTY ELECTRIC e LINDBERG e NELSON ELECTRIC e SIERRA s B
ELECTRIC e SOLA ELECTRIC ¢ TEMPRESS ¢ WARREN COMMUNICATIONS
SOLA BASIC
INDUSTRIES
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XEROX ANNOUNCES
A PLAN FOR SAVING
SCIENTIFIC AMERICAN.

To collect issues of this magazine, all you have to do is buy and hold on to them.

This is a foolproof way of accumulating them. But if you're interested in saving them,
you should be more interested in our plan.

Instead of building your collection issue by issue, buy it already assembled on microfilm.

Microfilm doesn't tear, turn yellow or flake, and itisn't a fire hazard.

So your back issues should survive longer.

Individual issues don't get misplaced, either. They can't; they're connected by film.
(They're also indexed, so you don't have to wade through decades of magazines to find
the article you're looking for.)

Besides saving your collection, microfilm saves you space. Microfilm takes up 94% less
room than the originals. So you won't need your whole house to house your collection.

And besides saving you space, microfilm can save you money. Back issues cost
afraction of what the rare old originals do—provided, of course, you can find the originals.

That's part one of our plan. Part two involves the machine at the bottom of the page
that looks something like a TV set.

Actually, it's a microfilm reader. Butit's as easy touse asa TV.

You insert the reel of microfilm in the reader and the magazine appears on an illuminated
144 square-inch screen. The image is life-size and clear, and to read it you don't turn pages;
you turn a dial.

But as you've probably realized by now, there’s nothing really new about our plan.
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ens. Whether they died out, not quite
clever enough or adaptable enough to
hunt in competition with H. sapiens, or
whether they interbred with H. sapiens
and gradually lost their identity is not
yet known.

In The Face Finder you can look at
the sculptured clay head of a Neander-
thal youth of about 16 whose skull was
found in the grotto of Le Moustier in
the Dordogne in 1908. The artifacts
there, like the skeletal remains, are
classic Neanderthal and Mousterian.

The site also gives us a Neanderthal |
face, as reconstructed by the Soviet aca- |

demician whose autobiography the book
is. Such reconstructions by artists and
anthropologists, even careful ones, are
not new. They differ so much, however,
that none is convincing. Professor Gera-
simov (who died last year much too soon)
has better credentials. His methods of
reconstruction, based on painstaking ex-
trapolation from every detail of the
bone, repeatedly passed objective tests.

Working only from the skull, he mod- |
eled the faces of people quite unknown |
| later, a fool will prove greater than the

to him; the faces could then be com-
pared with photographs made in life,
and were also judged by friends and
relatives of the deceased. Some of the
comparison photographs are given in
the book, and Professor Gerasimov’s
success is impressive. He identified the
victim of a murder by reconstructing
the face. Working from skeletal remains
and an occasional sample of hair or
clothing from an old grave, he gives us
the face of Ivan the Terrible, the Em-
peror Timur, called Tamerlane, and
many another historical personage. Poor
Ulugh-Beg, the astronomer-monarch
who was the grandson of Timur, was
murdered in 1449 by a single saber
stroke that took off his head. The mur-
derer was set on him by his own son.
The grave revealed that the king had
been buried without any embalming,
not even a washing of the corpse, in the
clothes he wore when he was attacked.
That is the prescription of holy law for
one martyred by violence. The king had
been wearing his usual underclothing:
not pure silk, again by law, but silk and
cotton. Only the silk weft fibers re-
mained, and unusual traces of insect
activity confirmed the neglect of the
corpse. There is no other portrait, but
we can believe Ulugh-Beg exists here as
he did in life.

This account is unique, exciting and
personal, although it is so centered on
the grave that it may bother the squea-
mish reader. Professor Gerasimov, a
physician’s son, heard his calling early.

Why we challenged
The Atomic Energy

Commission.

by John W. Gofman, M.D., Ph.D.
and Arthur R, Tamplin, Ph.D.

Two AEC scientists tell how they
came to write Poisoned Power — the
controversial new book that presents
the case against nuclear power plants:

We believe, with Supreme Court
Justices Black and Douglas, that
atomic energy is “the most awesome,
the most deadly, the most dangerous
process that man has ever conceived.”

And we believe, with Professor
Edward Teller, that ‘“‘so far, we have
been extremely lucky.... Sooner or

proof even in a foolproof system.”
Yet Teller is a proponent of nu-
clear energy!
So were we. Until 1963.

ABOUT THE AUTHORS:

Drs. Gofman and Tamplin are research
associates at Lawrence Radiation Lab-
oratory in Livermore, California. Dr.
Tamplin, a Berkeley graduate, holds a
B.A. in biochemistry and a Ph.D. in
biophysics. He is a group leader in the
Biomedical Division at Lawrence. Dr.
Gofman holds a Ph.D. in nuclear-phys-
ical chemistry, as well as an M.D. He
is Professor of Medical Physics at
Berkeley.

In that year, we were asked by
the AEC to undertake long-range
studies of the potential dangers associ-
ated with “peaceful uses of the atom.”

What we found dismayed us.

And it was far more than the
AEC had bargained for.

As a result, the AEC—together
with key Congressional leaders and
members of the electric utility indus-
try—subjected us to a torrent of per-
sonal vilification. Even worse, they
attempted to denigrate or bury our
most crucial findings.

That is why we wrote Poisoned
Power: To set the record straight. To
present the full record. And to alert
the scientific community, as well as
the general public, to the need for
constructive, immediate action before
it is too late.

THE NUCLEAR JUGGERNAUT

We are convinced, on the basis
of our research, that radiation to be
expected from the rapidly-burgeoning
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atomic energy programs is a far more
serious hazard than previously
thought possible,

We also estimate that the danger
of cancer and leukemia as a result of
atomic radiation is twenty-fold higher
than the experts thought less than ten
years ago.

And we believe that the public is
being deceived by a clever, well-
financed propaganda campaign of de-
lusion about ‘“‘clean, cheap, safe nu-
clear power.”

There is no such thing.

Poisoned Power gives the facts—
and, in a positive thrust, points out the
attractive and practicable alternatives
which make nuclear electric power
generation unnecessary.

JW.G.

A.R.T.

A Special Offer
From the Publisher

Because of the vital importance of
Poisoned Power’s subject, we invite
you to read this significant new book
at our risk:

If, after examining it for ten
days, you are not satisfied, return your
copy to us and we shall refund your
money in full—and immediately.

Mail the coupon today.

From your bookseller, or

Rodale Press, Inc.

Emmaus, Pa. 18049

I enclose $ in check or money
order for copy(ies) @ $6.95
each of Poisoned Power by John W. Gof-
man and Arthur R. Tamplin. I under-
stand that I may return the book(s) to
you within 10 days if not satisfied—and
my money will be refunded in full.

Name

Address




Just Published

DYNAMICS
OF
NUCLEAR

REACTORS |
David L. Hetrick 1

A complete treatment of the

field of reactor dynamics in

the form necessary to an un-
derstanding of computations
occurring in both control system
analysis and safety analysis, this
book successfully bridges the gap
in communication between reactor
physicist and control engineer.
Contents: Elementary Derivation of
the Dynamic Equations; Constant Re-
activity and Reactivity Steps; Time-de-
pendent Reactivity; Integral Equations
and Numerical Computations; Reactivity
Feedbackand Reactor Excursions; Linear
System Stability; Nonlinear System
Stability; Space-dependent Neutron
Dynamics. $18.50

From the publishers of
THE PHYSICAL THEORY OF
NEUTRON CHAIN REACTORS

Alvin M. Weinberg and Eugene P. Wigner
“A classic in the field of reactor theory.” —

The
University
of Chicago

Samuel Glasstone. (1958) $15.00

Press

Before Linnaeus
the genus Andromeda
did not exist

THE COMPLEAT
NATURALIST

A Life of Linnaeus
by Wilfrid Blunt

The epoch-making achievements of
the great Swedish botanist, his ex-
plorations in Lapland, his life with
his family and students—all in a fas-
cinating account, brilliantly illus-
trated with 32 pages of color and 68
inblack and white.

&

THE VIKING PRESS

625 Madison Avenue, New York,N.Y.10022
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Toward a
Rational
Power

Policy
ENERGY, POLITICS,

AND POLLUTION
by Neil Fabricant and Robert M. Hallman

“The authors have written the most com-
prehensive book to date on this multi-faceted
issue. They describe the effects on human
health and on the natural environment as-
sociated with the operation of existing power
generation facilities; the possibilities for sig-
nificant improvements in current technology
and for the development of entirely new
techniques for producing electricity; and
finally, they examine the complex interface
between the environment, government regu-
latory policies, and utility practices...highly
recommended to all those concerned about
the effects of technology on the human en-
vironment.”—Dr, Glenn Paulson, environ-
mental scientist, Rockefeller University.
cloth: $8.95, paper: $3.95

george ‘Braziller NewYork
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He remembers that at the age of 10 he
wrote for his schoolmaster in Irkutsk in
answer to the essay title “What would
you like to become?” that he wanted to
be like Georges Cuvier, to model the

| appearance of living creatures from
| their bones, “not only those of animals

but of early Man.”

HE BoTANY AND CHEMISTRY OF CAN-

NaBIs, edited by C. R. B. Joyce and
S. H. Curry. The Williams and Wilkins
Co. ($12). The Heavenly Husbandman,
the Emperor Shen-Nung, takes some
credit in Chinese legend for securing
hemp for man, but coarse cloth woven
of hemp fiber has in fact been found
in various earthly sites dated between
2,000 and 4,000 B.c. Cannabis sativa is
certainly an Old World plant, long do-
mesticated in Asia and first brought to
this country by the Pilgrim Fathers. “I
believe it may represent actually one of
our oldest nonfood plants,” says Rich-
ard Evans Schultes, the Harvard eco-
nomic botanist and specialist in drug
plants. It is a superweed, bred by man
both by accident and by design in long
association with his nitrogen-rich door-
yard waste heaps. It supplies strong fi-
ber, oilseed for food used by man, beast
and bird, and of course the family of
pharmacological agents called cannabi-
noids. Today botanists recognize only
one cosmopolitan species of cannabis
with hundreds of cultivars and races.
The family to which it belongs has only
one other genus, itself regarded by many
classifiers as consisting of only one man-
modified species; it is the hop plant, the
flavor and antibiotic of our beer.

The cannabis plant bears tiny hairs
(shown here as big as thorns by the scan-
ning electron microscope), almost al-
ways on the sheath at the base of the
flowering top of the female plant and
more variably on the stem and leaves.
The broken hairs exude a sticky resin
that is collected by more or less simple
means (in Tibet it adheres to the bodies
of the collectors, who walk through the
fields naked) and formed into cakes sold
widely as hashish. But all the green paits
of the plant, even in specimens grown
north of the Arctic Circle from seeds cf
a strain that has hair cells only on the
ﬂowering top, contain many inactive
compounds chemically very close to
what we now believe is the major active
principle of marihuana. That princi-
ple is the oil-soluble, three-ringed com-
pound of carbon, oxygen and hydrogen
called delta-9-tetrahydrocannabinol, or
THC. (It has a number of aliases.)

The substance was first synthesized a
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Ecology, Paul and Anne Ehrlich,
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Halacy, Jr. Publisher’s price $7.95.
01590. The Assault on Privacy:
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Nicholas Georgescu-Roegen

The Entropy Law and the Economic Process

As a mathematical economist, the author has
been continually preoccupied not only with
creating new mathematical models used in

economic theorizing, but also with the delicate

epistemological problem of economics. Since
the publication in 1966 of his Analytical Eco-
nomics: Issues and Problems, there has been
great demand for elaboration, expansion, and
further refining of the ideas he broached in his

seminal introductory essay “Some Orientation

Issues in Economics”.

The result is this new volume, which, like the
essay from which it grew, will interest a broad
spectrum of readers. Its central theme is that
the economic process, instead of being a
mechanical analogue as traditionally repre-
sented in economics, is an entropic process.

A Distinguished Fellow of the American Eco-
nomic Association, and a Fellow of the
Econometric Society, Mr. Georgescu-Roegen
is now Distinguished Professor of Economics
at Vanderbilt University.

“Every few generations a great seminal book comes
along that challenges economlc analysis and
through its findings alters men’s thinking and the
course of social change. This is such a book, yet

it is more. Georgescu-Roegen has written our
generation’s classic in the field of economics; it is
an essential acquisition for college and other
comprehensive collectors.”

Herbert S. Camenson

formerly with Department of Humanities,
New York Institute of Technology

$16.00

Harvard University Press
Cambridge, Massachusetts 02138
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THE FUTURE
OF SCIENCE
MORRIS GORAN, Ph.D.

Roosevelt University

Providing a wealth of valuable
information for the science stu-
dent as well as the interested
layman, this unusual book en-
compasses both the history and
philosophy of science and fea-
tures well-documented discus-
sions of socio-economic pat-
terns as related to science.

1971 168 pages $8.50
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Strategy of
International
Technology Transfer

DANIEL LLOYD

SPENCER, Ph.D.
Morgan State College

Hailed by major reviewers, this
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international transfer. analyzes
its current status, and predicts
its future prospects.
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few years ago; it seems to hold most of
the activity of marihuana. Its effect is
clear in a dose of a milligram. The Na-
tional Institute of Mental Health and its
contractors now synthesize it by the kil-
ogram, and they grow the hemp on their
Mississippi farms too. After taking a few
milligrams by mouth in olive oil the vol-
unteers in a pioneer experiment (1966)
displayed a “wavelike spell of uncontrol-
lable laughter which lasted for nearly
an hour, and slowly withdrew from con-
tact with other members of the group.
The general feeling was one of euphoria
and ‘a deep understanding of the mean-
ing of things.”” Six hours later only a
mild sense of depression remained.
One of the volunteers had a bad trip,
entering a panicky and nearly psychotic
state.

There is a great deal we do not know
about the plant, the compounds it con-
tains, how they change during smoking
and ingestion, where they go and what
they do. An imaginative squint at the
active THC molecule reveals some sim-
ilarity in form to LSD and other hallu-
cinogens, but it requires considerable
imagination. The Botany and Chemistry
of Cannabis is the report of an interna-
tional conference sponsored a couple of
years ago in London by the technical
arm of the International Narcotics Con-
trol Board of the United Nations (with
CIBA). The meeting was intended for
the “hard” scientists alone—the Dbota-
nists, chemists and pharmacologists; the
psychiatrists, sociologists, anthropolo-
gists and the like will have their turn
this year. The discussions are lively and
to the point, although the chemical pa-
pers will be hard going for the nonspe-
cialist.

Old Rabelais wrote of hemp with
care; he alluded to the seeds the birds
loved, and to the rope that robbers hated
because it brought them to a quick, high
end. He refers to no other kind of high
induced by hemp. Herodotus knew that
the Scythians threw the seed on red-hot
stones; he wrote that it smoked and gave
out “such a vapor no Grecian bath can
excel.”

There are 3,000 counties in the U.S,,
and marihuana is now growing in about
450 of them. It is centered in the rich
soils of Iowa, just where the tall corn
grows. Most of the U.S. plants are es-
caped World War II fiber-producing
types, rather low in the narcotic resin
and its derivatives. They are neverthe-
less widely sought by those who desire
those unexcelled vapors with their tiny
brain-modifying content of delta-9-tetra-

| hydrocannabinol.



Is it ignorance you’re hooked on? Or indifference?
See no evil, speak no evil, hear no evil may
be O.K. for monkeys.
But for you, it can be fatal.

Because your kind of bliss is a pipedream.

And it’s turning into a nightmare.
The facts, the issues, the problems of the

day are right before your eyes. In black and white.
They’re in books, newspapers, magazines.

Even in the writing on the wall.

And they’re ready whenever you are. Wher-
ever you are.

So there’s no real excuse for turning your-
self off.

When reality comes knocking on your door,
don’t say we didn’t tell you...

You’ve got a right to read.

Don’t blow it.

National

Book Committee

Inc.
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This announcement placed by Research in Daily Life, a non-profit corporation at Columbia
University in the City of New York.
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Under the lush green of a ripening corn-
field, under rivers and streams, for thou-
sands of miles we’re busily, but unobtru-
sively working away, delivering clean,
modern energy to market . . . to industry,
to homes, to you.

As huge amounts of natural gas quietly flow
through our underground pipeline network,
above the lines we encourage nature to
take its course. If it weren’t for the little
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orange and white marker, you'd seldom
know we were there.

Columbia Gas has strong feelings about
disturbing natural beauty for the sake of
progress. That’s why we take extraordinary
care to heal the temporary scars caused by
our continuing progress.

Restoring ‘“nature to its natural state,” as
President Nixon has called it, aptly de-
scribes our long-standing policy.
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Gould invented pressure fluid writing and a
metrisite feedback mechanism to make
biomedical monitoring equipment infinitely
more accurate and reliable. The Gould
system provides instantaneous observation,
permanent recording and
“instant replay.”

The Gould 4800 printer clears the
computer bottleneck by turning out 600,000
characters per minute. It also doubles as
a high speed graphic plotter.

Four new ideas from the proud inventors
at Gould.

Gould is a company that believes there’s
a lot left to invent. This year we’re invest-
ing almost 10 million in R&D working on new
products. And that’s only the beginning.
In the automotive business we’ve devel-
oped a new emission control system. Plus,

a unique self-restoring bumper system.
We’'re working on new systems for battery-
powered vehicles and uninterrupted bat-
tery power for business and industry, too.
In the electronics area, we’re burning the
midnight oil working on new gauging and
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The Gould Mark 48 underwater missile
is regarded as the world’s most complex
guided missile. It provides the U.S. Navy with a
major advancement in torpedo technology.

Gould inventors have designed new
charger systems for battery powered golf
vehicles. The new charger systems limit

finished current to minimize effect of

battery temperature and aging.

New Gould on-board battery charger
systems for garden tractors have
eliminated the need for separate battery
charging units. To recharge, the on-board
unit simply plugs into household outlets.

recording instruments. And that’s only a
small part of our story.

The freedom and resources to invent are
bringing a lot of bright people to Gould.
People who recognize there’s a certain kind
of excitement here. People who believe

== GOULD

there’s a lot left to invent.
Remember the name. Gould. You'll be
seeing it on a lot of new things.
GouldInc.,8550West Bryn Mawr Avenue,
Chicago, lllinois 60631.
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| ' . For four generations
| ‘we've been making medicines
: | as if people’s lives depended on them.
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ELI LILLY AND COMPANY, INDIANAPOLIS
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