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The challenge that faces the 
automaker of the 1980's lies 
not in meeting tougher pollution 
standards, nor in coping with 
ever more restrictive safety regu­
lations-not even in accommo­
dating the petroleum shortages 
that are fast becoming a regular 
summer occurrence. 

No indeed. The challenge lies 
in meeting the myriad of societal 
demands and still building auto­
mobiles that are worth driving. 

Pessimists darkly predict 
that it cannot be done and point 
to the depressing number 
of uninspired automobiles on the 
market as incontrovertible proof. 

© 1979 BMW of North Amenca. Inc. The BMW trademark ano logo are reglsteree trademarks of Bayensche Motoren Werke. A.G. 

Yet, fortunately, these gloomy 
predictions do not take into ac­
count the inventive genius and 
the obsessive determ i nation of 
the engineers atBMWin Munich, 
Germany to build extraordinary 
automobiles. 

Against all odds the BMW 
not only meets the demands of 
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society, it also provides the sort 
of exhilarating driving experience 
that automotive enthusiasts have 
all but given up for lost. 
A SEEMINGLY INCONGRUOUS 

COM BI NATIO N OF 
LUXURY, PERFORMANCE AND 

EFFICIENCY 
Conventional automotive wis­

dom has it that, inevitably, one 
must choose between luxury, 
performance and fuel efficiency. 
A sufficiency in any one necessi­
tating a corresponding insuffi­
ciency in another. 

And in the face of this, the 
BMW seems all the more re­
markable for requiring no com­
promise whatsoever. 

Round a particularly sticky 
curve and the legendary BMW 
suspension system-indepen­
dent on all four wheels-flexes 
with an uncanny resiliency that 
makes one feel as if the car 
were built into the roadway. A 
sensation that results from highly 
advanced suspension technology 
and the virtually perfect integra­
tion of man and machine. 

The BMW power plant­
whether 4 or 6 cylinder-has long 
been a model for modern design. 
Press the accelerator and the fuel -

injected, overhead cam engine 
responds in a manner that can 
only be described as exhilcfrating. 

Yet, the 320i (with 5-speed 
standard transmission) delivers 
an impressivel251EPA estimated 
mpg, 36 estimated highway 
mileage and, based on these fig­
ures, an estimated mpg range of 
13831miles and a highway range 
of 55 1 miles. 

(Naturally our fuel efficiency 
figures are for comparison pur­
poses only. Your actual mileage 
and range may vary, depending 
on speed, weather and trip 
length. Your actual highway mile­
age and highway range will'most 
likely be lower.) 

And, while the BMW provides 
as long a list of lUXUry items as 
one could sanely require, its lux­
ury is purposefully engineered to 
help prevent driver fatigue. 

Vital controls are within easy 
reach; the tachometer, speed­
ometer and ancillary instruments 
are well-marked and easy to read. 

Its front seats are designed 
to hold their occupants firmly in 
place, and are so thoroughly ad­
justable that it is all but a mathe­
matical impossibility not to find 
a comfortable seating position. 

SAFETY BEYOND STURDY 
BUMPERS. 

At BMW, automotive safety 
was of primary concern long 
before the first bumper law was 
written. 

The passenger compartment 
is encased in a solid steel "cage." 
So strong is this construction 
that the car could be dropped on 
its nose from the fourth floor of a 
building without significant dam­
age to the compartment itself. 

Yet with all its sheer strength 
-its computer-programmed 
"crush lones," its double-braking 
systems-the BMW features a 
safety device even more estimable. 

Its exceptional responsiveness 
and handling characteristics give 
it the ability to avoid accidents 
as well as merely survive them. 

All in all, in a time of lowered 
automotive expectations, amidst 
increasing mediocrity, the engi­
neers at BMW have actually 
improved the BMW 

If you'd care to Judge for 
yourself, telephone 
your nearest BMW 
dealer to arrange a 
thorough test drive 
at your convenience. 
THE ULTIMATE DRIVING MACHINE. 

BMW, MUNICH, GERMANY 
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Hugh C. Trowell, M.D., F.R.C.P.: 

A NEW DIETARY EXPL ANATION for the cause 
of ESSENTIAL hypertension ... the dramatic and 

significant African experience (1929-1958) 

PUBLISHER'S NOTE: Dr. Hugh C. Trowell taught medicine in Kenya and 
Uganda medical schools for nearly 30 years, 1929 to 1958. During this critical 

period Kenya offered unique opportunities to make medical observations among 
the Africans, today called Kenyans. Never before, and never again, in the long 
history of medicine will highly trained doctors be able to observe three million 
men, women and children emerge from tribal life and undergo rapid Westerniza­

tion of their diet and life-style. As a result Dr. Trowell offers here a new dietary 

explanation for the cause of essential hypertension and how to avoid or correct 
this high blood pressure by simple changes in what you eat. 

-Richard Stanton 

Standard teaching on high blood pressure is that a 

few persons develop high blood pressure due to kidney 
disease or some other disorder; this is secondary hyper­
tension and treatment consists in treating the primary 
disorder. It is usually considered that high blood pres­

sure has no obvious cause; it is then called essential or 
primary hypertension, and it is treated by reducing any 
obesity and by suitable drugs. 

potassium ratio of our Western diet, and of dietary 
fiber, over half of the people suffering from es­

sential hypertension will achieve normal blood 
pressure within a few weeks. 

First, let us survey the recent U.S. teaching concern­
ing the cause of essential hypertension. The Annual Dis­
course to the Massachusetts Medical Society on May 
24, 1978, was given by Dr. T. R. Dawber and entitled 
'Unproved hypotheses.' He stated that "the hypothesis 
linking blood pressure to sodium intake, although sup-

This report challenges such a point of view. It 
suggests that hy reversing the high sodium to low 
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How Long \Vill You Live? 
Ignorance about how to take care of yourself can be 

the mistake that kills you in your 50's or 60's . . . 
"the dangerous years"! 

Discover what research scientists 
now know about how to take the best 
care you can of the only body you 
will ever have. 

Do as so many thousands of execu­
tives do. Subscribe to Executive Health 
Report. The members of our Editor­
ial Board are among the world's most 
distinguished authorities on preven­
tive medicine. Their wise advice can 
help you not only live longer but en­
joy those extra years! (Note their 
high qualifications.) 

Executive Health Repo.rt is not So.ld 
on newsstands but only by private sub­
scription of 824 a year in the U.S.A. 
and its Po.ssessions, Canada and 
Mexico. Individual reports (back 
issues) 82.00 per copy • . All o.ther 
co.untries 826 by surface mail, 830 by 
air mail. (Only International Mo.ney 
Order or check cashable o.n U.S. bank 
will be acceptable.) 

Subscribe no.w under this unusual 
intro.ducto.ry offer: 

(1) Your cho.ice of any three o.f 
the repo.rts listed below (82.00 each) 
FREE! 

(2) If yo.U are not satisfied with 
your first issue, yo.ur mo.ney will be 
promptly refunded. 

Please study the reports listed here 
and circle your three choices: 

New research findings On Walking • • •  
nature's own anlazing "anti-age anti­
bio.tic"! Not running, not jogging, 
but walking is your most efficient form 
of exercise and the only one you can 
safely follow all the years of your life! 

Linus Pauling, Ph.D.: For the best o.f 
health, how much vitamin C do 

yo.U need'! People who take the opti­
mum amount of vitamin C may well 
have, at each age, only one quarter 
as much illness and chance of dying 
as those who do not take extra vita­
min C. 

New research findings On Zinc 

the amazing metal so essential to your 
health. 

On The Syndrome Of Lo.ngevity. Key 
factors dependably present ("con­
stants") in the way of life of men who 
have outlived other men born when 
they were by a generation! 

Ro.ger J. Williams, Ph.D., D.Sc.: On 
Yo.ur Startling Biochemical Individual­

ity. Some amazing facts about your 
body you need to know if you want 
to understand yourself (and other 
people) better. 

Leo.nard Hayflick, Ph.D.: A New 
Theo.ry On The Cause Of Heart Disease 
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that may downgrade cholesterol as the 
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Linus Pauling, Ph.D.: What About 

Vitamin E? Eminent investigators now 
suspect it may be one of the key fac­
tors to help resist disease and slow 
the aging process. 

Hugh C. Tro.well, M.D., F.R.C.P.: A 
New Dietary Explanation for the cause 
o.f Essential Hypertensio.n • • •  the dra­
matic and significant African exper­
ience (1929-1958). 

Go easy gentlemen, too much social 
drinking damages your liver ( even 
though you may feel well, eat well, 
and never get tight!). 
On stress and the executive. Dr. Hans 
Selye, world-famous endocrinologist, 
explains why hard work is the secret 
of living a long, satisfying and suc­
cessful life. 
The truth about the right diet and ex­

ercise to lose weight safely and stay 
slender for life. 

Alton Ochsner, M.D.: On "The Chair 

Disease" . . . Why blood clots in 
your veins are a little-realized hazard 
of "desk-bound" executives. 

Stephen R. Elek, M.D. On "The Hurry­

up Disease." Why it may be a key fac­
tor that triggers heart attacks as early 
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If you sit at a desk all day • • •  How to 
avo.id a Po.t-Belly and Do.uble-Chin (o.r 
get rid of them for good!) 
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do about it. 

Linus Pauling, Ph.D.: On Vitamin C 
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effect for patients with advanced can­
cer and suggest a similar large effect 
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Leonard Hayflick, Ph.D.: On Getting 
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Against Disease? The drop in our con­
sumption of potatoes and whole grains 
may have something to do with the 
increase in intestinal cancer, diabetes 
and heart disease-to name a few! 

Please use the Co.UPo.n belo.W under 
our special money-back guarantee. 
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Gentlemen: Enclosed is my check for $___ for a year's subscription 
to Executive Health to start with this month's issue. I have circled the 
three $2.00 reports I am to receive free. It is understood that if I am not 
satisfied with my first issue, my money will be refunded. In addition, send 
me a list of some 100 other reports of yours still in print. There may be 
some from which I might greatly benefit and would otherwise miss. 

Firm/Name (Please print clearly) ___________________ _ 

Street & No../Ro.ute ________________ Suite o.r Apt. ___ _ 

City, State, Co.untry ________________ Zip ______ SA-4 
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THE COVER 

The picture on the cover shows Plume 2, the second of eight volcanic eruptions 
detected on the Jovian moon 10 by the spacecraft Voyager 1 in the course of its 
historic encounter with Jupiter on March 5, 1979. The symmetrical blue re­
gion, which rises some 200 kilometers above the surface of the satellite, is the 
outer envelope of the plume recorded through an ultraviolet filter. The image, 
enhanced by computer processing at the Jet Propulsion Laboratory of the Cal­
ifornia Institute of Technology, is a "ratio composite" of four images recorded 
sequentially through separate filters. The ultraviolet, violet and orange images 
have been divided by the green image and used as blue, green and red in the 
composite. The plume as it looks in visible light alone appears at the bottom left 
on page 94 in "The Galilean Moons of Jupiter," by Laurence A. Soderblom. 
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Introducing the 1980 Olds diesels. The 
best-selling diesel cars in America. 

The Olds diesels are a success. A runaway 
success. In fact, last year alone we sold over I 
100,000 of them. 

Well. with diesel fuel traditionally costing less 
than gas, plus diesel avail­
ability in 21 different kinds of 
popularty priced Oldsmobiles, 
and the kind of mileage and 
range you see here, is there 
any wonder? 

Remember: The circled 
EPA estimates are for com­
parison to other cars. Your 
mileage and range depend 

Fuel 
Tank 

Models Cap. 

Cullass. . ......... 19.8 
Cullass Cruiser . . . . . . . . 18.2 
Delta 88. . .... 27.0 
Toronado. . ..... 23.0 
Ninety-Eight. . ....... 27,0 
Custom Cruiser. . .... 22.0 

on your speed, weather and trip length; your actual 
highway mileage and range will probably be 
less than the highway estimates. Driving range esti­
mates are obtained by multiplying the EPA and 
highway estimates by the standard fuel tank ca­
pacity ratings. Diesels are not currently available in 

EPA EPA 
Est. Est. 
MPG Range 

em @ 
em @ 
® (ill) 
® @ 
CID (ill) 
CID (ill) 

Hwy. Hwy. 
Est. Range 

34 673 
34 618 
34 918 
34 782 
31 837 
31 682 

California. Oldsmobiles are 
equipped with GM-built 
engines produced by various 
divisions. See your dealer for 
details. 

1980 Oldsmobile diesels. 
All the benefits of diesel. All 
the value of Oldsmobile. 

Buy or lease one of the 
new Olds diesels now. 

HAVI on BUILT lOB YOU. 
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16 pages in full color packed with interesting 
examples of how the right windows can add 
beauty and liveability to your home. Tells how 
Pella Wood Windows make washing easier, cut 
energy costs and need no painting. Contains a 
helpful guide to different window types, and 
how each works. Describes the important 
things to consider in proper placement of win­

dows. In short, it con­
tains everything you 
need to know to make 
an intelligent decision 
about windows. And 
it's yours free! 

-------

Name ______________________________ _ 

Address ___________________________ __ 

City _____________________________ _ 

State ____________ ZIP _____ ,..---"" 

Telephone _________________ _ 

Mail to: Pella Windows & Doors, Dept CI7AO, 
100 Main St., Pella, Iowa 50219. 
Also available throughout Canada. 
This coupon answered within 24 hours. 

© 1979 Rolscreen Co. 

Onlv Pella offers it all. 
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LETTERS 

Sirs: 
"Acid Rain," by Gene E, Likens, 

Richard F, Wright, James N. Galloway 
and Thomas J. Butler [SCIENTIFIC AMER­
ICAN, October], is by far the best article 
on the subject that has come to my at­
tention. It nonetheless neglects to con­
sider some factors that are of impor­
tance in studying the problem. 

First there is a need to differentiate 
between sulfuric acid and nitric acid in 
rain. The sulfuric acid is largely man­
made, although some of it undoubtedly 
results from volcanic action and the at­
mospheric oxidation of hydrogen sul­
fide from swamps. The principal sources 
for the eastern U.S. are the smelting 
of sulfide ores in Ontario, Missouri and 
Tennessee. 

Nitric acid, however, is significantly 
natural in its occurrence. At Paris in 
1852, 63.6 kilograms of acid, presum­
ably mostly nitric acid, fell on each 
hectare, corresponding to a pH of 4.0. 
In rural atmospheres Bunyan in 1854 
found acidities corresponding to pH 4.5, 
4.8 and 5.3 respectively in summer, 
spring-fall and winter. This points up 
the significance of thunderstorms, which 
have long been recognized .as a major 
source of soil nitrogen in a natural envi­
ronment. The lightning flash is an al­
most ideal apparatus for achieving sub­
stantial yields in the endothermic reac-

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

Advertising correspondence should be addressed to C. 
John Kirby, Advertising Director, SCIENTIFlC AMERI­
CAN, 415 Madison Avenue, New York, N.Y. 10017. 

Offprint correspondence and orders should be ad· 
dressed to W. H. Freeman and Company, 660 Market 
Street, San Francisco, Calif. 94104. For each offprint 
ordered please enclose 40 cen ts. 

Subscription correspondence should be addressed to 
Subscription Manager, SCIENTIFIC AMERICAN, 415 
Madison Avenue,-New York, N.Y. 10017. For change 
of address, notify us at least four weeks in advance_ 
Send both old and new addresses and enclose an ad· 
dress imprint from a recent issue. (Date of last issue on 
your subscription is shown at upper right·hand corner of 
each month's mailing label.) 

Name 

New Address 

Old Address 

tion N 2 + O2 - 2NO and then "freez­
ing" the mixture once the flash is over. 
About 230 kilograms of nitric acid can 
be produced in a single flash. Two such 
flashes on a one-square-kilometer wa­
tershed of a mountain lake during pre­
cipitation of two centimeters of water 
will yield a pH of 3.42. In eutrophic and 
calcareous environments this nitric acid 
acidity is soon neutralized. But in the 
siliceous rock, thin acid soils and oligo­
trophic lakes of the Adirondacks and 
the White Mountains it persists, so that 
fish life there has been sparse at best. 
The larger lakes at the lower elevations 
are where severe effects should be stud­
ied, and then only when the fishing pres­
sure is a constant. 

Sulfuric acid is a different matter. The 
authors of the artIcle rightly point out 
the significance of the Ontario sulfide­
ore smelting at Sudbury, which has vast­
ly increased as a result of the recent dis­
coveries at Timmins. To these emissions 
must be added the American sources in 
Tennessee and Missouri. All have char­
acteristics in common: sulfur dioxide 
emissions are in parts per thousand rath­
er than parts per million, most have 
adopted high stacks as a means of red uc­
ing ground-level acidity and all lie to the 
west of the affected area. 

The authors suggest that the combus­
tion of coal, largely for power genera­
tion, is the major contributor of sulfuric 
acid. Some 600 million tons of coal is 
burned in the U.S. annually; it averages 
about 2 percent sulfur and will yield 
about 1.15 pounds of nitrogen oxides 
per million B.t.u. of heat released (from 
87 pounds of coal). Potentially 37 mil­
lion tons of sulfuric acid and 16 million 
tons of nitric acid can be produced an­
nually; if these amounts were trapped 
in precipitation (1.05 meters annually) 
over the eastern half of the U.S., they 
could yield apH of 3.5 or contribute 311 
microequivalents of hydrogen ion per 
liter. Most of this coal, however, is 
burned east of the Appalachians, and 
westerly winds will carry much of the 
acid out to sea. Only in the New York 
and Pennsylvania-West Virginia areas 
does the burning of coal, on the basis of 
the authors' maps, appear to be a signifi­
cant cause of acid rain. Moreover, the 
consumption of coal has been essential­
ly constant over the past 20 years, so 
that the burning of coal is not responsi­
ble for the observed increase. 

In the sensitive mountain areas that 
have rightly given rise to concern the 
significant causes of acid rain are in my 
opinion nitric acid from thunderstorms 
and emissions from smelters. I do not 
believe the data presented agree with 
the identification of emissions from 
power plants as the major source. 

WINSLOW H. HARTFORD 

Belmont Abbey College 
Belmont, N.C. 
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Responsive Technology from Perkin-Elmer 

Using space technology 
to save lives on Earth 

Left on Mars byViking I and 11 in 1976, 
Perkin-Elmer gas analyzers sampled 
the Martian soil for signs of life. In 
Skylab, when the astronauts exer­
cised, the same basic instrument 
analyzed their respiratory condition. 
In every U.s. nuclear submarine, 
a similar Perkin-Elmer device stands 
watch over the purity of the air 
breathed by the crew 

In 1972, Perkin-Elmer put the 
technology developed for such space 
and defense applications to work in 
the health care field with the intro­
duction of our first Medical Gas 
Analyzer Since then, hundreds of 

these units have been used for pul­
monary testing, physiological and 
anesthesia research, stress testing 
and other related applications. 

The Medical Gas Analyzer, an 
exceptionally rugged and main­
tenance-free Perkin-Elmer mass 
spectrometer, is the heart of our 
new Respiratory Monitoring System 
CRMS III). By measuring and moni­
toring a patient's inspired and 
expired gases, the system provides 
the physician with information for 
improved respiratory and anesthetic 
management. 

Up to 16 patients can be sequen-

tially monitored with one RMS 111. A 
unique rotary valve selects the patient 
line to be sampled and a small 
amount of gas is drawn into the mass 
spectrometer and analyzed. Compu­
tation and readout take place at a 
central monitor, located at the nurses' 
station, with remote data displays 
available for each operating room 
or bedside. 

RMS 111 gives simultaneous 
inspired and expired values for up to 
six different gases, and compares 
them with pre-set levels entered via 
the system's keyboard. Audio and 
visual alarms are activated if any of 
these gases exceeds prescribed limits. 

Each patient's breathing can be 
viewed as a moving wave form on the 
monitor screen. Eight- or twenty-four­
hour trends of various physiological 
parameters as well as gas concentra­
tions can also be displayed on the 
screen for each patient. 

I n many cases, developi ng prob­
lems can be anticipated before they 
would otherwise be apparent 

Newest wave of powerful small 
computers for industry -

From vans bouncing over desert 
tracks to the clanging production 
lines of heavy machinery factories, 
Perkin-Elmer 16-bit small computers 
have proven themselves a rugged, 
versatile breed. 

Now we've brought out a new line 
of these popular computers, called 
the Series Sixteen. With Series Six­
teen and new software-including 
FORTRAN -system builders can 
combine the most advanced com­
puter control with economy and 
ruggedness to handle many jobs in 
manufacturing, automation, indus-

trial design and data collection. 
Drawing on 12 years' experience 

with industrial computers, Perkin­
Elmer designed the new Series 
Sixteen for optimum price/perform­
ance, and packaged it for flexibility­
it's a family of processors that.an­
swers a wide range of needs. Series 
Sixteen incorporates features that 
previously were extras, features like 
hardware multiply divide, power fail, 
single board memory expansion and 
expansion power 

Designed to maximize printed 
circuit modularity, all units can be 
readily customized, or upgraded, or 

interfaced with larger computers. 
That Series Sixteen's versatility 

and reliability provide an excellent 
solution for industrial applications is 
shown by some of the jobs earlier 
Perkin-Elmer small computers are 
doing all over the world. 

They travel the wilderness in vans, 
collecting and taping seismic data 
from geological test blasting over 
possible oil formations. 

They prepare and distribute the 
numerical control tapes which auto­
mate the fabrication of expensive, 
high-tOlerance machine parts. 
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One of the big U. S. auto makers 
uses our small computers 

for carburetor testing and 
communicating results to a 32-
bit computer, while a European 
car manufacturer uses them 

for control of robots in 
assembly-line automation. 

And Perkin-Elmer 
16-bit computers 
monitor the flow of 
petroleum through 
pipeline networks to and 

from tank farms on five 
continents. 

With hardware proven 

for dependability and low cost, the 
new Series Sixteen stands out for 
state-of-the-art technology as well: 
high density LSI circuitry, fast Metal 
Oxide Semiconductor memory, dual 
bus architecture for high-speed and 
low-speed devices , no fewer than 
255 vectored Interrupts and battery 
backup for memory retention during 
power failures. 

Software includes a comprehen­
sive resource-sharing operating 
system, language processors for 
CAL Macro, BASIC and, especially, 
an enhanced scientific FORTRA N IV 

Sophisticated new system 
for chemical analysis 

In determining the chemicals present 
in unknown substances, our new 
liquid chromatography Methods 
Processor routinely performs feats 
of quantitative and qualitative analysis 
once regarded as impractical, or 
even impossible. Use of the system � 
built around our powerful new LC-75 
spectrophotometric detector with 
Autocontrol � is adding rapidly to 
basic chemical knowledge. It is also 
satisfying more practical needs in 
such applications as analysis of 
plastics and food, crime lab work, 
pharmaceutical development, dye 
and cosmetics manufacture, and 
monitoring environmental purity, to 
name just a few 

Liquid chromatography separates 
the molecular species in any sub­
stance which can be dissolved in an 
appropriate solvent. In essence, a 
sample is pumped under high pres-

sure, at controlled temperatures, 
down a tube filled with small packed 
particles (such as silica gel). The 
molecules with most bonding affinity 
for the packing material are retained 
longest in the tube and emerge from it 
last. By flushing the packed particles 
with increasingly strong solvent and 
examining by spectrophotometry the 
effluents and the order in which they 
emerge, a chemist can identify ingre­
dients and calculate how much there 
is of each in the sample 

Obviously, the spectrophotometer 
is a key element in the process And 
fittingly, the LC-75 with complete 
electronic digital control (Auto­
control) is the most revolutionary 
module in the system It's the first 
spectrophotometric detector 
designed specifically for LC. It can 
shine through a dissolved sample 
an analytical wavelength precisely 
variable from 190 to 600 nano­
meters. Trace analysis is excellent � 
even with tiny samples It takes the 
operator through even the most 
sophisticated chromatographic peak 
analysis step by step And quantita­
tive capability is superior�providing 
the widest range of usable sample 
concentrations plus reliably repeat­
able results. Autocontrol unlocks 
the tremendous spectroscopic 
power of the LC-75. 

Combine the LC-75 with the four 

other modules in the Methods Pro­
cessor system (Series 3B pump, 
Model 420 Automatic Sampler/ 
Injector, LC-100 column air-bath 
oven, and SIGMA 10 Chromatog­
raphy Data Station) and you get 
infinite options for performing 
exactly the kind of analysis you need. 

For more information on these 

products, please write: Corporate 

Communications, Perkin-Elmer 

Corporation, Main Ave , Norwalk, 

CT06856. 

PERKIN-ELMER 
Responsive Technology 
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MYERS'S MAKES IT BEITER. Taste how Myers's improves on cola, soda, tonic, fruit juice, 
Free Recipe Book: Myers's Rum, P,O, Box 1622, FOR Station, New York, N,Y 10022, Offer expires December 31, 1980. 
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50 AND 100 

YEARS AGO 

SCIENTIFIC 
AMERICAN 

JANUARY, 1930:."When one con­
trasts the high-speed, mass-production 
methods of modern industrialized agri­
culture with the more leisurely, more 
enjoyable but obviously less economical 
practices still in vogue in most of our 
agricultural regions, it is not hard to re­
alize that 30 percent of our farmers pro­
duce 80 percent of our crops and live­
stock. During the past 20 years about 
five million people have left the farms, 
but the total agricultural output has in­
creased; by 1950 there will probably be 
about 150 million people in the United 
States, and they will be fed by fewer 
farmers than were required in 1850 to 
feed only 25 million people. Three men 
operating a tractor combine can do the 
work of 18 threshers, and it now re­
quires only 10 minutes of human labor 
to produce one bushel of wheat whereas 
it formerly required about three hours." 

"A helicopter is to be built with four 
lifting air screws, each on a separate 
axis. With four air screws it is possible to 
have a large lifting area without exces­
sive propeller dimensions. Another vari­
ation of the helicopter is the two-screw 
machine. There have also been helicop­
ters with two screws rotating on the 
same axis, with one screw mounted 
above the other. Still another line of ap­
proach consists in using a single rotat­
ing air screw and in counteracting the 
torque of rotation by disposing an aux­
iliary screw at the rear of the ma­
chine. Besides mechanical troubles and 
dubious stability the helicopter offers 
tremendous problems in control under 
all circumstances. Innumerable patents 
have been taken out that indicate plausi­
ble helicopters on paper. The jump from 
a patentable idea to a practical helicop­
ter is stupendous. The amount of mon­
ey, ingenuity and trouble spent on the 
helicopter without tangible results is ex­
traordinary. It is one of the mysteries of 
aeronautics as to whether its success will 
ever be attained." 

"In spite of the fact that 'Eskimo Pie' 
had achieved almost phenomenal suc­
cess commercially, having a marked ef­
fect upon the ice cream and confection­
ery industries, it has been judged unwor­
thy of protection under its existing pat­
ent. The District Court for the Southern 
District of New York had ruled that the 
Burt ice cream lollipop (Patent No. 
1470524) was valid and infringed. Vari-

ous patents were cited in an attempt to 
show that the Burt patent was lacking in 
patentable novelty. One of these was a 
patent in which a stick was inserted into 
candy while the candy was in a warm, 
soft, sticky condition; upon cooling, the 
stick became rigidly fixed to the candy. 
The Court upheld the Burt patent, stat­
ing, 'It is one thing to insert a stick in a 
warm, soft, sticky substance that by 
cooling will adhere thereto, and quite 
another to effect a strong union between 
a stick and a frozen substance.' '' 

JANUARY, 1880: "To all appear­
ances Mr. Edison has got the lamp he 
has so long been searching for, and curi­
ously it is not at all what he thought it 
would be a few weeks ago. The light is 
generated in a strip of carbonized paper 
and not in a spiral of platinum or other 
refractory metal. The light produced is 
perfect; the lamp is inexpensive and ap­
parently durable; the economy of the 
general system in which it is used is tol­
erably clear, and all its details seem to 
have been worked out with Mr. Edison'S 
usual cleverness and practical skill. The 
only question that remains undeter­
mined at this writing is whether the 
lamp will stand the test of time. It seems 
almost incredible that a slender thread 
of carbon can withstand the intense heat 
of the lamp, even in a perfect vacuum, 
without volatilization or fracture; but 
the lamps are stated to have stood action 
of the current, both in ordinary and. in 
extraordinary strength, long enough al­
ready to upset all reasonable opinion as 
to the behavior of carbon under such 
conditions, and there is now nothing to 
be done but to wait for time to deter­
mine what the ultimate issue will be. 
The fact that all its predecessors in the 
field of incandescence have sooner or 
later come to grief is the chief if not the 
only one compelling a suspension of 
judgment in the present case." 

"The most appalling of railway disas­
ters occurred on the evening of Decem­
ber 28, at the bridge over the Firth of 
Tay, on the railroad between Edinburgh 
and Dundee in Scotland. At this point an 
iron bridge two miles long crosses the 
Firth on 85 spans, ranging from 18 to 88 
feet above the water. On the evening of 
the disaster a train comprising locomo­
tive and tender, four cars of the third 
class, one of the second class and one of 
the first class, together with a brake­
man's van, entered upon the bridge near 
seven o'clock with a high wind blow­
ing. In the bright moonlight the train 
was seen to reach the middle of the 
bridge over the navigable part of the 
Firth. Then suddenly with a flash of fire 
it disappeared. Subsequent examination 
found that a section of the bridge half 

a mile in length, comprising a dozen or 
more of the longer and higher spans, had 
fallen, and the train had been precipitat­
ed into the gulf. The first report of the 
managers of the railway said that there 
were nearly 300 passengers on the train 
besides the train-men. Not one survived. 
Later the authorities estimated the loss 
as low as 75. The exact number will 
probably never be known. It is impossi­
ble at this writing to obtain any clew to 
the cause of the disaster. The gale is said 
to have been the severest experienced in 
Scotland since 1868. It is most probable 
that the bridge was blown down." 

"The transmission of power by elec­
tricity both for short and long distances 
is not only practicable but also economi­
cal; and the sanitary and other advan­
tages of drawing power from a distance, 
for small manufacturing and for oper­
ating domestic machinery, are so enor­
mous that the new system is sure to work 
great changes in all branches of industri­
al affairs. It is no stretch of the imagina­
tion to say that our children, if not our­
selves, will see the small steam engine 
everywhere displaced by the electric 
motor, which will convert into motive 
power the subtle energy conveyed by 
wires from central sources of energy­
huge furnaces constructed on the most 
approved scientific principles, out-of­
the-way waterfalls, tidal currents, even 
the sun himself. And doubtless this 
cleanly and trusty servant will serve hu­
manity in ways we are not able to 
dream of now, and at a cost that will be, 
by comparison with the present cost of 
light and heat and working energy, al­
most nominal." 

"The news of Professor James Clerk 
Maxwell's death came with a sudden 
shock to many who are familiar with his 
name, for he was not an old man-he 
was in the prime of life, and great things 
were yet expected of him. Clerk Max­
well was at his strongest as a mathemati­
cian, or rather as a mathematical physi­
cist. He belonged to the school of Sir 
William Thomson, together with the 
late Macquorn Rankine, Dr. Joule, Pro­
fessor Tait and others. The principal la­
bor of these physicists is to apply mathe­
matical reasoning to experimental data 
in order to arrive at general laws, and 
their favorite study is molecular phys­
ics. Maxwell was one of the most prom­
ising and honored of these molecular­
ists. His device of the 'sorting demon' 
will be remembered as long as the kinet­
ic theory of gases is studied. By his col­
leagues he was deemed a star of the first 
magnitude, yet to shine forth in full 
splendor; but alas! for these hopes the 
star of the future has untimely faded 
into star mist. Much was expected from 
Clerk Maxwell that can never now be 
realized, and his premature death .is a 
severe loss to the molecular science of 
the world." 
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"The Physicist's 

U.S. Pat. 
No. 4,069,808 

Hot, even, slow-burning, easy to start, 
is how TIME described the simple, elegant 
fire designed by research physicist Lawrence 
Cranberg. (Science Section, Dec. 22, 1975). 

Place logs on the patented Texas Fire­
frame® grate to form a slot-shaped cavity 
that faces you. Ignite paper in the cavity. 

Eureka! The fire takes hold quickly, burns 
evenly, steadily in the cavity. That means 
the cavity throws a beam of radiant energy at 
you, so the fire is hot but fuel-efficient. Feel 
the warmth 10 to 15 feet from the fire. 

Texas Fireframe's height-adjustable arms 
give you easy set-up and a new option for 
control of the fire. The arms lock by friction. 

From The New York Times 
(Dec. 29, 1977, p. C4) 

"This new Texas Fireframe grate uses a 
new principle . . . It is insured that more 
BTU's will be used to heat people in front of 
the fire, rather than heating masonry." 

From Scientific American 
(August, 1978, pp. 142-146) 

"Little of the radiated heat was lost up­
ward to the overhang or the chimney, nearly 
all of it must have been coming out into the 
room . . . The burning was slower with this 
arrangement, and flames were uniform across 
the length of the slot (cavity) and required 
no rotation or stirring of the logs." 

From Texas. Fireframe Mail 
"I am especially amazed at how rapidly 

the fire catches and disperses without kin­
dling." J. D. Barrier, Universal City, Tx. 

"It is easy to rebuild the fireslot while the 
fire is going." R. D. Keith, Olympia, Wa. 

"The greatest thing since the invention of 
fire." D. D. Walsh, Madison, Ct. 

Back to wood? No! Forward with wood 
and new technology: The Physicist's Fire 
and The Texas Firefrarne® Grate. 

Fully assembled. no fasteners, 1"'deep steel bars, all· 
welded construction. Model U·25: 25" front width. 21" back 
width, 15" high. 15" deep. Model S·25: 25"x21xI5xI3. 
Model U·17: 17"xI3xI3xI3. Model U·33: 33"x29xI5xI5. 

Simple, copyrighted instructions. 

Please send __ U·25Units @ $42.95 (28 Ibs.) 

__ S·25 units @ $42.95 (26 Ibs.) 

__ U·17 units@$34.95(20Ibs.) 

__ U·33 units @ $54.95 (34 Ibs.) 

Add 10% for shipping in U.S. Check for $ __ enclosed. 

Name _____________ _ 

Address _____________ _ 

City State _ Zip ___ _ 

TEXAS FIREFRAME CO. 
P.O. Box 3435 Austin, Texas 78764 
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THE AUTHORS 
ROBERT R. WILSON ("The Next 

Generation of Particle Accelerators") 
has been a leading figure in the design 
and construction of machines for gener· 
ating high-energy particle beams for 
more than three decades. Born in Fron­
tier, Wyo., he went to the University of 
California at Berkeley, where he ob­
tained his Ph.D. in physics in 1940. He 
then joined the faculty of Princeton 
University, where he collaborated with 
Enrico Fermi in making some early 
measurements of the neutron-absorbing 
properties of uranium 235; during that 
period he als9 invented a method of sep· 
arating isotopes of uranium. In 1943 he 
moved to the Los Alamos Scientific 
Laboratory, where he was made direc­
tor of the cyclotron group and later of 
the experimental-research division. He 
was director of the Laboratory of Nu­
clear Studies at Cornell University from 
1947 to 1967, when he was appointed 
director of the Fermi National Acceler­
ator Laboratory, a post he held until 
1978. Wilson continues his involvement 
in accelerator planning as a member of 
the International Committee for Future 
Accelerators and as professor of physics 
at the University of Chicago's Enrico 
Fermi Institute of Nuclear Studies. 

LEONARD HAYFLICK ("The Cell 
Biology of Human Aging") is a research 
biologist at the Children's Hospital 
Medical Center of Northern California. 
He received his Ph.D. in medical micro­
biology in 1956 from the University of 
Pennsylvania, where he worked for sev­
eral years before joining the Wistar In­
stitute of Anatomy and Biology. From 
1968 to 1976 he was professor of medi­
cal microbiology at Stanford Universi­
ty. In the early 1960's, while at the Wis· 
tar Institute, he isolated and identified a 
new microorganism (Mycoplasma pneu­
moniae) as the cause of primary atypical 
pneumonia in man. Hayfiick's cell-cul­
ture studies led him to the observation 
that normal human cells have a limited 
capacity for dividing, and his interpreta­
tion of this phenomenon as aging at the 
cellular level established the field of cy· 
togerontology. 

KENNETH S. DEFFEYES and IAN 
D. MACGREGOR ("World Uranium 
Resources") have collaborated on the 
subject of their article for a number of 
years. Deffeyes is professor of geology 
at Princeton University. A graduate of 
the Colorado School of Mines, he did 
his postgraduate work at Princeton, 
obtaining his Ph.D. in 1959. He then 
worked as a petroleum geologist for the 
Shell Development Corporation and 
taught at the University of Minnesota 
and Oregon State University before re­
turning to Princeton as a member of the 

faculty in 1967. Over the years Deffeyes' 
work has ranged from sedimentary ge­
ochemistry and hydrometallurgy to 
chemical oceanography and the theory 
of plate tectonics. MacGregor is profes­
sor of geology at the University of Cali­
fornia at Davis; he is currently aw� 
from Davis, working on a,two-year ap­
pointment at the Department of Energy 
in Washington. A Canadian citizen, he 
was born in Calcutta, raised in South 
Africa, did his undergraduate work at 
the University of Aberdeen and received 
his M.Sc. from Queens University in 
Ontario before going to Princeton, where 
he took his Ph.D. in 1964. MacGregor 
was associate professor of high-pressure 
experimental petrology at the South­
west Center for Advanced Studies in 
Texas from 1965 to 1969, when he was 
appointed to his present post at Davis. 
Deffeyes and MacGregor want to ac­
knowledge the assistance of James Ku­
kula in writing the computer programs 
for the work reported in their article. 

LAURENCE A. SODERBLOM 
("The Galilean Moons of Jupiter") is 
chief of the branch of astrogeologic 
studies of the U.S. Geological Survey. 
He has undergraduate degrees in both 
geology and physics from the New Mex­
ico Institute of Mining and Technology 
and a doctorate in planetary science and 
geophysics from the California Institute 
of Technology. Since joining the Geo­
logical Survey in 1970 he has partic­
ipated in several of the National Aero­
nautics and Space Administration's un­
manned planetary-exploration mission;;. 
Soderblom is currently deputy team 
leader for the Voyager Imaging Science 
Experiment. 

BARBARA GILLAM ("Geometrical 
Illusions") teaches and does research in 
visual perception and binocular vision 
at the College of Optometry of the State 
University of New York. Born in Aus­
tralia, she studied psychology as an un­
dergraduate at the University of Sydney 
and went on to obtain a Ph.D. for her 
work on binocular vision from the Aus­
tralian National University. After a 
few years on the faculty of the Uni· 
versity of Reading in England, she im­
migrated to the U.S. in 1967. Gillam 
writes: "I first became interested in illu­
sions because I do not have a car and I 
frequently travel on the New York sub­
way system and on buses. I find that 
doodling illusion figures with paper and 
pencil is much less attention-getting 
than trying out ideas in binocular vision, 
which involves frequently opening and 
closing one eye." 

GEORGE W. BEADLE ("The An· 
cestry of Corn") got the time to resume 
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THE I980 
WS EVEN 

IN lOU 
Your dollar may buy a lot less of 
everything else. But today, it 
buys alot more Subaru. For1980, 
we've made our cars larger, 
roomier, more comfortable and 
more elegant. While engineering 
them to pinch pennies. 

. 

ACARTHArS BEAUTIFUL 
CAN ALSO BE INTELLIGENT. 

FUL 
SEE. 

four-wheel independent suspension 
that gives Subaru incredible road 
sense. And the new Subaru body 
styles have impact-absorbing 
structure, front and rear, to protect 
your valuable possessions. Like 
life.And limb . 

4-WHEEL DRIVE FOR CROSS-TOWN 
AS WELL AS CROSS-COUNTRY. 

On the 1980 Subaru , the down- Subaru four-wheel drive cars are 
sloping hood�d the air dam q>l!1fortable" @3EST' 33 E ST. 
under its "chin" are designed for ClVlhzeq ana ��)' HWY.' 

low wind resistance and high economIcal. 
gas mileage. So our DL Hardtop Subaru 4WD's handle nimbly 
@2 ES T. 46EsT. 5-speed and respondqUickly.And Shift 

rJ;y). HWY" really YOU CAN'T SEE SOME OF from front-wheel to four-wheel 
L..-___ ----J dehvers. OUR BEST SELLING POINTS, drive at up to 50 mph. 

G E S ES GNE TO So whether you choose four-OUR EN IN I DI D M�y Subaru.advantages are out wheel drive or front-wheel drive, HELP OUR CAR HANDLE BmER. of slgh�. We, gIV� you two s�parate your Subaru is engineered to T�e horizontally o�pos�d, alu- brake lmt: crr�wts. If one falls, carry you safely over the rough mmum Sll:bar:u en�ne hes l.o� Subaru still gives you � brake. road ahead. WIthout putting you and flat Wlth Its weIght posItioned For 1980, Subaru mtroduces in the hole evenly over the front wheels. "zero scrub" suspension, which . 
Coupled with Subaru front-wheel makes the car easier to turn and SUBARU drive, this results in superior reduces steering wheel kick back, ® 

road holding on hills and curves. while increasing tire life. Rubber INEXPENSIVE. AND BUILT 
Even in snowy, slippery weather. mountings create full-floating, TO STAY THAT WAY. 

© 1979 SCIENTIFIC AMERICAN, INC



18 

Take any 3 books 
values to $76.90 

for only 99¢each 
if you will join now for a trial period and agree to take 3 more books-at handsome discounts -over the next 12 months. 

as a member of 

Natural Science 
Book Club 

E XTRAO RDINARY V ALUE! 
The greatest single-volume source 
of scientific information available 

00470-3, VAN NOSTRAND'S SCIENTIFIC ENCYCLOPEDIA. Ediled by DOllglas M. 
Considine. Nearly 200 experts hav,c cC:lntri?uted to the thoroughlx revised and expanded 
Fifth Edition of the most authOritative Single-volume source of scientific information 
ever assembled. Over 2,500 illustrations. COllI/IS as 3 o(yollr 3 books. $67.50 

(Publishers' Prices sho\\ nJ 

80250. STARS: Their Birth, Life, and Death. Josif S. 
Shklovskii. $11.50 

55000. THE ILLUSTRATED ENCYCLOPEDIA 
OF ASTRONOMY AND SPACE. $16.95 

41605. DARWIN'S FORGOTTEN WORLD. Spec­
tacular photographic journey. to the Galapagos 
Islands. More than 200 color photographs. $19.95 

50800-2. GRZIM EK'S ENCYCLOPEDIA OF 
ETHOLOGY. Comprehensive exploration of an­
imal behavior. 700 pages of scientific. lucid infor­
mation. 774 photograpTis, drawings and diagrams. A 
landmark reference. COLIllts as 1 of your 3 books. 

$39.50 

33005. THE AMERIC A N  WALK BOOK. Jean 
Craighead George. An illustrated guide to the coun­
try's major historic and natural walking trails from 
New England to the Pacific Coast. $13.95 

62915. MONUMENTS OF CIVILIZATION: An­
cient Cambodia. Mazzeo and Antonini. Portrays the 
magnificence of ancient Khmer civilization-over 
100 color photographs. Oversized volume. $25.00 

63845. TI-IE N ATU R A L  H I STORY OF THE 
WHALE. L. Harrison Mauhews. $19.95 

87750. THE WORLD OF DINOSAURS. Michael 
Tweedie. $14.95 

69328. PLANETS AND MOONS/STA RS AND 
NEBULAS. William J. Kau(mallll III. The Iwo counl 
as olle book. $26.00 
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D iscover the secrets of the natural world 
40695. COSMOS. EARTH AND MAN: A Short 
Hisfory of the Universe. Pres(ofl Cloud $14.95 

84246. THREE ADVE N T URES/L IFE AND 
DEATH IN A CORAL SEA/DIVING COMPAN­
IONS. COllsleall (Jnd Dio/e. The three count as olle 
hook. $23.85 

36395. BLACK HOLES. QUASARS AND THE 
UNIVERSE. Hellrv L. Shipmall. An absorbin� ex­
ploration of the frontiers or astronomy. $ 15.50 

74300-2. ROME AND HER EMPIRE. Barry 0",· 
IIIfe. A magnificently illustrated volume thaI makes 
th'e history of one of the world's greatest civilizations 
come alive. COUnlS as '1 afyour 3 books. $50.00 

63217. MURMURS OF EARTH. Carl Sagall el al. 
The story of the recorded messages carried by the 
Vorager space probe. man's first attempt at Inter­
stc'lIar commuOlcation. $15.00 

54995. THE ILLUSTRATED ENCYCLOPEDIA 
OF ARCHAEOLOGY. GIYIl Dalliel. $17.95 

32900-2. AMERICAN RIVERS. Bill Tho/llas. An 
exciting textual and magnificent photographical 
exploration. COllI/IS (IS 2 oJ your 3 books. $30.00 

61610. MAYA: The Riddle and Rediscovery ofa Lost 
Cil'ilization. Charles Gallenkamp. $15.95 

• 

82 771. T E M P L ES. TO MBS A N D  H I ERO­
CLYPHS/RED LAND. BLACK LAND. 2 excellent 
introductIOns to the complex and faSclOatlOg subject 
of Egyptian history The III 0 count as one book 

73939. THE RESTL ESS UN I VERSE/WHIT ­
NEY'S STAR FINDER. The two counl as  olle 
hook. $21.90 

41510-2. THE DANCE. ART. AND RITUAL OF 
AFRICA. Michel HUe{. el al. A spectacular. outsize 
volume which records the pageants and rituals of 
Africa in more than 250 magnificent photographs. 
COUIlIS as 2 of your 3 books. $35.00 

34210. THE ARCHA EOLOGY OF NORTH 
AMERICA. Deall Snow. Prehistoric Indian cultures. 
from the first crossings into this continent lO the 20th 
century. 195 photos. charts and maps. $18.95 

35506. BACKPACKING EQUIPMENT BUYER'S 
GUIDE/WALKING SOFTLY IN THE WILDER­
NESS: The Sierra Club Guide to Backpacking/ 
SIMPLE FOODS FOR THE PACK. Soflcova The 
J (011111 as one book. S19.85 

56208. AN I N TRODUCTION TO ANCI ENT 
EGYPT.TG.H. James. Explores art. history. religion 
and culture of ancient t:.gypt-from pre-dynastic 
Badarian farmers to the deaths of Antony and 
Cleopatra in 30 B.C. 100 black-and-white photos. 20 
full-color plates. $20.00 

79975. THE SPOTTER'S GUIDES TO BIRDS. 
TREES. WILDFLOWERS, ROCKS & MINER­
ALS. SHELLS, AND THE NIGHT SKY. Six com­
pact field guides, each illustrated in full colo$

23.70 

44930-2. THE ENCYCLOPAEDIA OF IGNO­
RANCE. Fascinating encyclopedic exploration of 
the frontiers of scientific research. 58 internationally 
renowned scientists highlight topics ranging from 
evolution to black h01es. COllnls as 2 of y'0ur 3 
books. $30.00 

77570. THE SECRET OF ATLANTIS. 0110 Muck. 
A dramatic re-creation of the life and death of 
Atlantis, which as Muck postulates. was destroyed in 
the course of a single day by a cosmic explosion of 
unparalleled proportions. $12.50 

77579-2. SECRETS OF THE ICE AGE/THE CAVE 
ARTISTS. Vividly re-creates the life, environment 
and habits of Upper Paleolithic man. Plus explores 
the craft. styles and meaning of prehistoric cave art. 
Both books beautifully illustrated. Counls liS 2 of 
rour 3 books. $31.90 

87890-2. WORLD PREHISTORY IN NEW PER­
SPECTIVE. Grahame Clark. Enormous, global sur­
vey of all civilizations from the first j'alaeolithic 
gatherings to the Aztecs. Counts as of your 3 
books. $29.95 

37353. CATALOGUE OF THE UNIVERSE. Palll 
Murtiin. el al. Three volumes in one: an atlas. 
encyclopedia. and book of descriptive astron'Sw'

95 

34730. THE ATLAS OF EARLY MAN. Jacqllella 
Hawkes. A panoramic overview of concurrent events 
in history through charts. graphs, and illustrations. 
from prenistory to the Roman Empire. $20.00 

If the reply �;
t
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c
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Dept. 4-AA9, Riverside, N.J. 08370 
10 obtain membership information and application. 
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Check Your Heart Beat 
With Just One Finger 
While You Exercise. 

'EXERMATE' 

PULSE METER 
The professional way 
to accurately monitor 
your pulse and recovery 
rate during and following 
fitness activity-at rest 
or under stress! 

Now, you can enjoy the in­
stant feedback benefits and 
superb features of the high­
quality, precision 'Exer-Mate' 
Pulse Meter-AT LESS THAN 
HALF THE COST OF OTHER INCLUDED! 

QUALITY MODELS! Yes, here's the economi­
cal way to actually watch your heartbeat be­
fore, during and after exercise. Study the 
effects of alcohol, drugs and tension. Certainly 
best of all, monitor the positive influence of 
cardio-respiratory improvement and mainte­
nance within your fitness program. And with 
'ExerMate', there's no. more waiting for in­
accurate, manual pulse counts when your 
cardiac recovery rate can distort your maxi­
mum count by as much as 15%. Especially 
Important for older participants, or those en­
gaged in cardio-vascular fitness programs, who 
require accurate monitoring of their aerobic 
condition based on age and physical integrity. 

Fully Solid State MicrO-Sensor Unit 
Displays Your Pulse Rate On Large, 
Easy-To-Read Gauge 

'ExerMate' by Freestyle represepts an exciting 
breakthrough in space age electronics giving 
you state-of-the.art pulse metering in trouble­
free solid state circuitry . • .  a true 'second 
generation' evolutionary improvement over 
previous models. Precision microsensor moni­
tors your pulse and displays it on the large 
readout gauge. Bright light emitting diode 
(LED) flashes with each heart beat. Weighs 
only ounces, compact yet rugged and de­
pendable, your 'ExerMate' Pulse Meter is 
thoughtfully designed In a true pocketsize to 
be carried with you wherever you go. 

Built By A Leading Medical Equipment 
Manufacturer For Precision Function, 
Highest Quality . • •  Yet Low Price! 

Yes, your 'ExerMate' Pulse Meter is con­
structed by a prominent medical equipment 
manufacturer specializing in clinical monitor­
ing devices used in hospitals, research lab­
oratories, even physical education depart­
ments of large universities. This professional 
knOW-how assures you of the most precise 
function, dependability and highest quality. 
Their experience, coupled with the most 
modern and efficient fabricating facilities, 
allow 'ExerMate' to be produced at less than 
half the cost of other quality models. 

340 Poplar St., Hanover, PA 17331 
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Hurry! Don't let inflation rob you of the value 
and dependability of owning the best pulse 
meter available. Order your 'ExerMate'-TO­
DAY II 
Pulse Meter (Z701318) Only $69.00 Complete 

FREESTYLE'S BLUE RIBBON GUARANTEE 
In choosing Freestyle sports and fitness products, 
you've chosen a winnerl You must be delighted 
with Freestyle's high quality and superb perform­
ance, or return any item for a prompt full refund 
of purchase price ... no questions asked I 

r------------.... 

1F����f¥ll..� Dept. Sl·1009 
340 Poplar St. , Hanover, PA 17331 
Please send_(Qty} 'ExerMate' Pulse Meter(s} 
(Z701318) including battery, lanyard, and easy 
instruction book at the low, consumer-direct 
price of only $69_00 each plus $2.00 postage 
and handling on Full Money Back Guarantee. 
CHARGE MY: 
o American Express 
o Carte Blanche 0 Diners Club 
o Master Charge 0 VISA/BankAmericard 
Account # Expiration Date __ _ 

o Enclosed is $ check or money order. 

PRINT NAME __________ _ 

ADDRESS ___________ _ 

CITY ____________ _ 

STATE _______ ZIP ___ _ 

o Ch�ck. here and send $1.00 for year's sub­
SCription to our full-color catalogue of dis­
tinctive sports and fitness items, (Z701318X). 
We ship within forty-eight hours; delays 
notified promptly. Delivery guaranteed within 
sixty days or your purchase price refunded. 

_ _ _ _ .© Freestyle 1979 ____ ... 

his investigation of the ongm of Zea 
mays-a long-standing research inter­
est-by retiring in 1968 as president of 
the University of Chicago. He began 
work on this project almost 50 years ago 
as a grad \late student at Cornell Univer­
sity, where he collaborated with his the- ' 
sis adviser, the late plant geneticist R. A. 
Emerson, in determining that "cytologi­
cally and genetically the wild teosinte 
plant native to Mexico and Guatemala 
is the most likely direct ancestor of 
corn." After Beadle received his Ph.D. 
in genetics in 193 1, he went to the Cali­
fornia Institute of Technology, where he 
continued his research on corn but grad­
ually shifted to studies of the fruit fly 
Drosophila melanogaster. Later, as pro­
fessor of biology at Stanford University, 
he collaborated with Edward L. Tatum 
and others on a new approach to an un­
derstanding of the relation of genes to 
enzymes, working with the red bread 
mold Neurospora crassa as their experi­
mental organism. (It was for this work 
that Beadle and Tatum shared the 1958 
Nobel prize in medicine or physiology.) 
Beadle returned to Cal Tech in 1946 to 
become chairman of the division of bi­
ology, a position he left in 196 1 to go to 
Chicago. 

MARTIN M. KAPLAN and HIL­
ARY KOPROWSKI ("Rabies") have 
worked together on and off for almost 
30 years on the study of rabies, main­
ly at the Wistar Institute of Anatomy 
and Biology, where Kaplan is a frequent 
visiting investigator and Koprowski is 
director and institute professor. Kap­
lan currently serves as director general 
of the Pugwash Conferences on Science 
and World Affairs, based in Geneva. 
His degrees are in veterinary medicine 
and public health, obtained respective­
ly from the School of Veterinary Medi­
cine and the Graduate School of Medi­
cine of the University of Pennsylvania. 
He was a member of the staff of the 
World Health Organization (WHO) for 
26 years, retiring in 1976. Koprowski, 
in addition to his duties at the Wi star 
Institute, is professor of research medi­
cine at the University of Pennsylvania. 
He received his M.D. from the Univer­
sity of Warsaw in 1939 and came to the 
U.S. in 1944. After 12 years at the Led­
erIe Laboratories of the American Cy­
anamid Company he joined the Wistar 
Institute in 1957. 

NORMAN SMITH ("The Origins of 
the Water Turbine") is a lecturer on the 
history of technology at the Imperial 
College of Science and Technology in 
London. He is also coeditor (with A. R. 
Hall) of the annual publication History 
0/ Technology. He obtained his Ph.D. in 
civil engineering from the University of 
Bristol in 1962 and taught engineering 
at the University of Canterbury in New 
Zealand for a time before going to Im­
perial College in 1965. 
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If you can't pronounce 
"EntschuI3igen Sie" 

your computer can. 
From Texas Instruments: The World's FIRST 

two .. way language translator to pronounce 
and display foreign words 

and phrases. 

imagine. 
Two people speak­

ing different languages, 
ordinarily nat able to 

understand each other. can 
now communicate. It's very easy 

to have a two· way conversation. 
Simply press the buttons on the TI Language 

Translator and spell out a word or phrase. 
The computer will immediately translate visually 

and vocally. For example, press the keys that spell 
out the phrase, "Do you have any messages for me?" 

in English and the TI Translator will spell out "AVEZ-VOUS 
DE MESSAGES POUR MOl?" on the display. At the same time 

the translator will pronounce the phrase in French. 

The TI Language Translator is the world's only hand-held. computerized 
translator that can actually SPEAK! and pronounce foreign words and phrases, 

using correct accents and idioms. At the same time, it displays in large, clear illumi· 
nated letters and proper spelling. 

In the past other translators have made exaggerated claims about their ability to 
"talk" when, in fact. all they could do was display words. But the TI Language Translator 

, literally TALKS in an articulate voice with the idioms associated with that language. 

Because it's small enough to carry in your pocket or purse, you can take it anywhere. In 
restaurants, airports and hotels. In taxis, shops, or on a street corner. It's great for business 
meetings, travel or foreign language study. Let the translator help you learn a language by 
familiarizing you with the most commonly used words and over 1 000 phrases. If you're already 
familiar with the language, use the translator to brush up on spelling r- -------

Texas Instruments is 
America's largest 

manufacturer of 
consumer 

electronics 

and sharpen your speaking skills. I Try the TI Language Translator for 14 days with no risk, If you are not 

I completely satisfied your money will be completely refunded, 
Every plug· in Language Module can translate interchangeably The TI Language Translator costs $300, 

four languages: English, French, Spanish, German, and speaks the I Language modules cost $60 each, 
one language of your choice. And many more languages are on the 

I 
Please order the module(s) you wish, 

way. Just plug in the module and the translator will speak that 0 Spanish speaking only 0 French speaking only 
language. There are no tapes or records to wear out or fumble with. I 

0 English speaking only 0 German speaking only 

It's like having a private tutor you can take with you anywhere. 

I 
CREDIT CARD BUYERS: TO ORDER CALL TOLL FREE, 

24 HOURS A DAY 
The TI Language Translator comes complete with carrying case, 

I 
To order In Collfomla call toll free (BOD) 432-7451 

earphone, a.c, adapter (l10V), and a word/phrase guide with instruc- .,.� (800) 854.3831 tions, Requires four AA batteries and language module (not I W '"  
included). A one year manufacturer's warranty is included. I 

DWS marketing International, Dept, 21, 350-A FllCher Avenue 
Costa M_, Collfomla 92626 • (714) 540-4444 

Don't leave home without It I 
Call our toll-free number for qUickest service or send your check, Money Order. 
or credit card info to us. Please allow ample time for checks to cleor. We occept 
Am. Ex .• Corte Blanche. Diner's Club and all major credit cards. Add $2.50 for 
insured postoge & handling- Calif. addresses add 6% sales tax. 

© DWS marketing international 1979 
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MATHEMATICAL 
GAMES 

Checkers, a game that can be more 
interesting than one might think 

by Martin Gardner 

"The game of draughts we know is 
peculiarly calculated to fix the attention 
without straining it. There is a compo­
sure and gravity in draughts which in­
sensibly tranquillises the mind." 

-JAMES BOSWELL, 
The Life 0/ Samuel Johnson 

The quotation is from a section for 
the year 1756 in which Boswell 
writes about Johnson's preface to 

William Payne's Introduction to the Game 
0/ Draughts, published the same year in 
London. That book, by a mathematics 
teacher, was the first in English on the 
game that in the U.S. is known as check­
ers. Johnson seldom played the game 
after leaving college. Boswell expresses 
regret over it because he thinks checkers· 
playing would have afforded his friend 
"innocent soothing relief" from periodic 
bouts of depression. 

Nothing is known about the begin­
nings of checkers, although most game 
historians now think it originated in 
southern France sometime in the 12th 
century. In Britain and the U.S. it is sure­
ly the best-known of all board games 
when you consider the number of chil­
dren who learn to play it and never for­
get its rules, even though checkers is 
far below chess in the size of its litera­
ture, in the number of adults who be-

Squares are /lumbered for checkers /lolalio/l 
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come top-level players and in the pub­
lic excitement generated by contests for 
the world checkers championship. How 
many people can name a single checkers 
expert or tell you who the current world 
champion is? He is Dr. Marion F. Tins­
ley, a topologist in the department of 
mathematics at Florida A. and M. Uni­
versity and probably the greatest check­
ers player who ever lived. 

Rules for chess are now standard 
throughout the Western world, but not 
so for checkers. Outside of English­
speaking countries there are dozens of 
regional variations. The version most 
popular in Europe and the U.S.S.R., 
called Polish checkers (except in Po­
land, where it is called French checkers), 
is played on a 10-by-1O board, each side 
starting with 20 men. It is the standard 
French form of the game. In French 
Canada the board is even larger: 12-by-
12, with 30 pieces to a side. Rules for 
checkers differ widely around the world. 
It is curious to note that in all European 
countries except Britain the pieces are 
called ladies; only here and in English­
speaking countries are they men. 

Several consequences follow from the 
fact that checkers is simpler than chess. 
One is that a grand-master checkers 
player is less likely than his chess coun­
terpart to lose to an inferior by making 
an error. For checkers buffs this is one of 
the game's great attractions. They love 
to quote Edgar Allan Poe's discussion of 
the two games at the beginning of The 
Murders in the Rue Morgue: 

"I will, therefore, take occasion to as­
sert that the higher powers oJ the reflec­
tive intellect are more decidedly and 
more usefully tasked by the unostenta­
tious game of draughts than by all the 
elaborate frivolity of chess. In this latter, 
where the pieces have different and bi­
zarre motions, with various and variable 
values, what is only complex is mistaken 
(a not unusual error) for what is pro­
found. The attention is here called pow­
erfully into play. If it flag for an instant, 
an oversight is committed, resulting in 
injury or defeat. The possible moves be­
ing not only manifold but involute, the 

chances of such oversights are multi­
plied; and in nine cases out of ten it 
is the more concentrative rather than 
the more acute player who conquers. 
In draughts, on the contrary, where the 
moves are unique and have but little var­
iation, the probabilities of inadvertence 
are diminished, and the mere attention 
being left comparatively unemployed, 
what advantages are obtained by either 
party are obtained by superior acumen." 

Tinsley has put it this way: "Playing 
chess is like looking out over a limitless 
ocean; playing checkers is like looking 
into a bottomless well." 

Another consequence of the simplici­
ty of checkers is that by 1900 the game's 
openings had been so completely ana­
lyzed that most tournaments ended in 
draws. To inject more drama into the 
play Britain introduced (in about 1900) 
the practice of putting on cards ev­
ery pair combination of Black's first 
move and White's response. Before each 
match a card was chosen at random, and 
the game had to be played with the spec­
ified pair of opening moves. Since each 
side has a choice of seven moves, there 
are 49 possible pairs. Two of them (9-
14,21-17, and 10-14,21-17) were ruled 
out because they give away a white 
piece. Later it was found that two more 
pairs (11-16, 23-19, and 12-16, 23-19) 
give Black such a strong advantage 
that they too were discarded, leaving 
45 cards. 

Standard checkers notation is based 
on the numbering of squares shown in 
the illustration on this page. For reasons 
of clarity it is customary in checkers dia­
grams to reverse the colors of squares 
and show the pieces on white cells in­
stead of black. Actual play is always on 
black squares, with the "double corner" 
at each player's lower right. The players 
are customarily called Black and White 
even though the pieces are red and 
white. Tournament games are now 
played on green-and-buff boards; black­
and-red boards are considered toy-store 
atrocities. Black always moves first, and 
games are recorded with Black starting 
on the low-numbered cells. If you work 
on any of the recreations in this column, 
it is a good idea to label the black 
squares of your board as shown. 

Alas, as decades went by experts soon 
became so familiar with all variations 
that follow the two-move openings that 
"safe" play was adopted and the draws 
began to pile up again. The British "two­
move restriction" was replaced in the 
U.S. in the mid-1930's by the "three­
move restriction," a practice now fol­
lowed in most checkers tournaments 
here and in Britain. There are 142 cards, 
each with a different triplet of the first 
three moves. Because many of these 
triplets give an advantage to one side 
(usually the second player) two games 
are played with each selection to allow 
each player the first move. 
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Without the opening-moves restric­
tions, a practice known as go-as-you­
please play, experts would play nothing 
but draws. Even with the three-move re­
striction about 80 percent of all tourna­
ment games still end in draws. When an 
expert does win, it is usually because 
the loser made a blunder or because the 
winner managed to keep secret (some­
times for years) a "cook" he had discov­
ered. As in chess, a cook is an improve­
ment on standard "book play" that 
catches an opponent by surprise. Play­
ers have traditionally been allowed only 
five minutes to think before each move 
and one minute for a capture that can be 
made only one way. In recent years this 
practice has been replaced by the use of 
chess clocks, and players are allowed 
30 moves in an hour. When someone 
springs a new cook, his victim simply 
does not have enough time to analyze it. 

In 1967 the late Walter Hellman, a 
steelworker in Gary, Ind., who was then 
world champion, defended his title 
against the U.S. champion, Eugene Fra­
zier. The contest went to 36 games, of 
which 31 were draws and five were wins 
by Hellman. Hellman'S last win was on a 
cook. "I had used that cook once be­
fore," Hellman told a reporter, "but it 
had never been published. Frazier had 
one possible move to thwart the attack, 
and five minutes doesn't allow much 
time to figure it out." 

A third consequence of the simplici­
ty of checkers is that the best comput­
er programs for checkers play a more 
formidable game against middle-level 
players than the best computer pro­
grams for chess. Until a few years ago 
the strongest checkers program was the 
work of Arthur L. Samuel, a learning 
program that improves as it plays. Since 
retiring as IBM's director of research, 
Samuel has continued to improve his 
program at Stanford University's Artifi­
cial Intelligence Laboratory. In recent 
years a powerful program of the non­
learning type has been developed by 
Eric C. Jensen and Tom R. Truscott, 
two graduate students at Duke Univer­
sity working under Alan W. Biermann, 
who teaches artificial intelligence. It is 
thought to be stronger than Samuel's 
program, although this has not yet been 
determined by a definitive match. 

Checkers players are ranked on three 
levels: minor, major and master. Back­
ers of the Duke program believe it plays 
initially on a master level. After play­
ing against the program for a while, 
however, a grand master can discern its 
weaknesses and begin to exploit them. 
Its greatest weakness is that it plays 
without master plans. It does not even 
follow book moves in opening play, usu­
ally scattering its pieces over the board 
in patterns grand masters consider stu­
pid. Its strength is the incredible speed 
with which it can analyze all possi­
ble moves to much greater depths than 

BLACK WHITE 
1. 9-13 24-20 

2. 12-16 21-17 

3. 10-15 23-18 

4. 15-19 18-14 

5. 8·12 25-21 

6. 4-8 29-25 

7. 6-10 27-23 

8. 10-15 23·18 

9. 2-6 31-27 

10. 6-9 27-24 

11. 1-6 32-27 

12. 6-10 27-23 

The shortest I/o-capture checkers gallle 

a human opponent, and within those 
depths it never makes a mistake. Chess 
programs may still be decades away 
from grand-master play, but the Duke 
program, Biermann believes, is already 
"knocking at the door" of the world 
championship. Jensen and Truscott re­
gard it as now being about the 10th 
strongest player in the world. 

Grand-master checkers players, like 
their chess counterparts, take a much 
dimmer view of the quality of computer 
programs. They all agree with W. Burke 
Grandjean, secretary of the American 
Checker Federation, who considers the 
optimism of the Duke group to be ludi­
crously naive. Backed by the federation, 
Tinsley has a standing bet of $5,000 that 
in a stake match of 20 games he can beat 
any computer program devised over the 
next five years. Biermann thinks Tinsley 
would now defeat the Duke program, 
but not without losing a few games. 
Grandjean says he can easily find 20 

players who would make side bets of 
$100 each that Tinsley would not lose a 
game, and he personally believes Tins­
ley would win all 20. Perhaps we shall 
soon find out. (Readers interested in 
joining the American Checker Federa­
tion and receiving its monthly Bulletin 
can write to Grandjean at 3475 Belmont 
Avenue, Baton Rouge, La. 70808.)  Fi­
delity Electronics now has on the mar­
ket Checker Challenger 2, an inexpen­
sive solid-state machine that plays on 
two levels, and also Checker Challenger 
4, which plays on five levels, although its 
top level is considered below the levels 
of the Samuel and Duke programs. 

In chess it is easy to prove that the 
"fool's mate," in which the second play­
er checkmates on his second move, is the 
shortest possible chess game. Surpris­
ingly, the shortest checkers game is not 
yet known. Until two years ago it was 
thought to be the 24-move blocked 
game shown in the illustration above, in 

BLACK WHITE 
1. 11-16 21-17 

2. 10-14 17x10 

3. 6x15 23-18 

4. 2-6 18x2 (I<) 
5. 9-14 2x18 

6. 3-7 24-20 

7. 1-6 20x2 (K) 
8. 12-16 2x9 

9. 5x23 26x3 (I<) 
10. 4-8 3x12 

The shortest checkers gallle kl/oWI/ 
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THE INCOMPARABLE QUESTAR SEVEN 
Here the Questar Seven is shown as 

the overshadowing companion of its 
world-famous predecessor-twice as 
large and with double the performance: 
a portable observatory with the same 
superb mechanical and optical qualities 
as the Questar 3Y2, putting every re­
finement of the observatory telescope at 
your fingertips. 

Would you believe that a fully­
mounted telescope with 7 inches of 
aperture could be so completely porta­
ble? It can be set up wherever you want it 
in just the length of time it takes to lift 
barrel and mounting from two matching 
cases and join them together with a 
knurled screw. It can be used on a table­
top, either in its altazimuth form or in its 
polar equatorial position, achieved by 
screwing three legs into place. 

The Seven also has the famous Ques­
tar system of built-in conveniences: 
low-power finder, high-power changes 
without changing eyepieces, star 
diagonal prism, synchronous electric 
drive, setting circles, worm-driven 
sidereal clock, and continuous 3600 
smooth slow motions. All are included in 
the price of the telescope, and included 
too are the Questar totally safe solar 
filter and basic camera coupling set. 

The Questar Seven is photovisual, of 
course, with four times the light grasp of 
the Questar 3Y2, and has the same easy 
way of adding a 35-mm. camera to the 
control box without disturbing the use of 
the eyepiece. 

The remarkable Questar drive im­
presses everyone who uses it. Hubert 
Entrop, who takes beautiful deep-sky 
photographs (a number of which we 
have published here and in our recent 
issue of QUESTAR OBSERVATIONS) , fre-

QUESTAR, THE WORLD'S FINEST, MOST 
VERSATILE TELESCOPE, IS DESCRIBED IN 
OUR BOOKLET. SEND $2 TO COVER MAILING 
COSTS ON THIS CONTINENT BY AIR TO 
SOUTH AMERICA, $3.50; EUROPE AND NORTH 
AFRICA, $4.00; ELSEWHERE $4.50. INQUIRE 
ABOUT OUR EXTENDED PAYMENT PLAN. 
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quently comments on the quality of the 
drive. He has written us: "The motor 
drive on the Seven works very smoothly 
and quite precisely, even though the 
guiding is being done at twice the focal 
length of the 3Y2." 

Another time, when sending us some 
pictures, he said, "The Seven base drive 
is so smooth that the shutter in the off­
axis guider was not used even once for 
all four of these exposures." And again, 
"With the Seven there is never any prob­
lem in guiding; it no doubt has the best 
motor drive of any scope outside of ob­
servatory equipment." 

These comments come from an ob­
server who is using his equipment in all 
sorts of difficult terrain, on mountains, in 
the desert, and often under the most ad­
verse weather conditions. In this regard 
he once wrote us that pictures he was 
sending to us were taken in winds gust­
ing to 40 m.p.h. He concluded, "So these 
results are a tribute not only to the optics 
but also to the Questar design and drive 
mechanism." 

You might well ask what an amateur 
astronomer like you can do with a tele­
scope so fine that it is in constant de­
mand as a component of costly tracking 
instruments requiring the utmost in me­
chanical accuracy and superb resolu­
tion. The plain fact is, you can see more! 
You can see more detail on the moon 
and planets, photograph the "rice 
grains" on the sun's surface, capture the 
fascination of deep-sky objects on film, 
and use it terrestrially, for the sharp def­
inition of any distant object. There are 
no frustrations with Questar's dif­
fraction-lilJ1ited optics nor with its me­
chanical components. They are as fine 
as the hand of man can make them. 

© Questar Corporation 1978 

QUESTAR 
Box 20 IQ, New Hope, PA 18938 
Phone (215) 862-5277 

A mil/icheckers pllz�le 

which the board displays the final posi­
tion. There are many sequences of 24 
moves that lead to this pG.sition, but the 
position itself is thought to be unique. In 
the line of play given every White move 
is symmetrically opposite (with respect 
to the board's center) to Black's preced­
ing move. I do not know who first put the 
play in this symmetrical form. The ver­
sion I give, worked out by Rudolf On­
drejka of Linwood, N.J., begins with the 

Diagol/al checkers 

A hllsller's checkers bet 
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two-move Edinburgh opening. Because 
9-13, a favorite first move among tyros, 
is considered the worst possible start for 
Black, the symmetrical game is more of­
ten started with 10-15,23-18, an open­
ing known as the Kelso Cross. 

Sam Loyd, in his Cyclopedia 0/ Puz­
zles (1914), page 379, using an eccentric 
notation that incorrectly assumes the 
board has been rotated 90 degrees, re­
cords a nonsymmetrical sequence of 
moves ending with the same pattern. 
Loyd states flatly that it is the "shortest 
possible game. " The 24-move blocked 
game is indeed (as can be proved) the 
shortest game in which there are no cap­
tures. In 1978, however, Alan Malcolm 
Beckerson, problems editor of English 
Draughts Journal, discovered that White 
could win on his 10th move (20 moves 
in all) by capturing all Black's pieces! 
This is now the shortest checkers game 
known, although no one has yet proved 
that no game can be shorter. Beckerson 
found other 20-movers that capture all 
the black pieces, as well as some 20-
movers that end in blocked games after 
some captures. The version given in 
the bottom illustration on page 25, with 
the board showing the final position, 
was first published in the British month­
ly Games and Puzzles for March, 1978. 
Its two-move opening is known as the 
Newcastle. 

Many other minimum-move checkers 
tasks are far from settled. In how few 
legal moves can a game produce 24 
kings? The best-known solution, in 90 
moves, appeared in Journal 0/ Recrea­
tional Mathematics (Vol. 9, No. 1, page 
45; 1976). In how few moves can Black 
and White reverse their initial positions? 
It takes at least 60 moves for either side, 
alone on the board, to occupy the oppo­
site starting cells, and so it follows that 
2 X 60, or 120, is an absolute lower 
bound. A solution in 172 moves is given 
in a late-19th-century English book, The 
Draughts-Player's Guide and Companion, 
by Frank Dunne, pages 94-95. At the 
finish each side has six kings. It seems 
likely that 172 moves can be considera­
bly lowered. 

It is interesting to try this problem on 
smaller boards. The 3-by-3 is trivial, but 
the 4-by-4 presents a pleasant puzzle. 
Starting as is shown in the top illustra­
tion on the opposite page, the task is to 
interchange the two sides in a minimum 
number of legal moves. Captures are of 
course compulsory. At the finish all four 
pieces will necessarily be kings. I shall 
give a solution next month. Incidentally, 
five moves are needed for the shortest 
game on this miniboard. If both sides 
play to win and follow their best strate­
gy, the game is a draw. 

As with chess, endless ways of playing 
checkers have been proposed by varying 
the shape of the board, the starting posi­
tion, the rules and so on. A privately 
published French book, Les jeux de 

WANTED: 
New products and technologies 

to buy or license 
Check the list on the right. 

Does your new product or technol­
ogy fall into one of these categories? If 
so, you should consider contacting us. 

We're searching for such innova­
tions on behalf of a group of major 
health-care companies in the U.S., 
Europe and)apan. 

No cost to you 
These companies want to buy or 
license new products that they can 
bring to market. They also want new 
developments that can improve and 
strengthen their existing brands. 
That's why they are sponsoring this 
search, paying its cost 100%. It is 
entirely free to you. 

Every four months, we report to 
these companies on innovations that 
we feel have outstanding merit. Our 
reports, known collectively as the 
NEW PRODUCT/TECHNOLOGY SOURCE 
BOOK, are read by top executives with 
an interest in licensing and acquisi­
tion. Thus your innovation is seen by 
many potential buyers Simultaneously. 

If your innovation awakens an inter­
est, the company will contact you 
directly, to discuss details lead­
ing to a licensing or purchase agree­
ment. Whatever happens, you owe us 
nothing. 

How to proceed 
Read the statement in the coupon 
below. If it expresses your intent, sign 

TOiletries 
o O RAL  HYGIENE 
O HAIR- CARE 
o S KIN  CARE 
o PERSONAL GROOMING 

Health-Care 
o Rx and NON-Rx DRUGS 
o DIAGNOSTICS 
o DE RMATOLOGl CALS 
o D EVICES 
o DISPOSABLES 

it and send it to us with a non­
confidential description of your 
invention. 

Patented inventions are welcome. 
So are patent-pending situations, and 
innovations that rest on secret know­
how - providing your disclosure is 
strictly limited to non-confiden­
tial information. (If in doubt about 
what to disclose, consult your patent 
attorney.) 

Within a month or so, we'll contact 
you with our reactions and questions 
... and our decision as to whether or 
not we feel it belongs in the SOURCE 
BOOK. 

Don't miss out. Tear out this ad as a 
reminder, and write us now. 

r PRiiiiuc,-i"SiiuicES INTERNi iiiiNAi� IN-C:' 
90 Park Avenue, New York, New York 10016 
I agree all information, verbal or written, disclosed by me to PRI in regard to 
the following innovation shall be on a non-confidential basis, and that nei­
ther I nor PRI shall have any obligation or liability to one another as a result 
of such disclosures. ( I am over 21 years of age and warrant that 1 have the 
right to disclose this information.) 

Tit!eofinnovation: ________________________ _ 

Signature ___________________________ _ 

Name ___________ ��-��------ ---- ---
( please print ) 

Address ___________________ Phone -'-(_-'-____ _ 

Slate & 
City Zip Code.e ______ _ 
D I do not choose to make a disclosure now, but would appreciate receiving more 

L information about PRJ and its credentials. J 

--------------
-
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-

-
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MIT's Annual 
Bookclearing! 
Great bargains on fine University 
Press books in the Humanities, 
Social Sciences, Architecture and 
Urban Studies, Energy and 
Environment, History and Phi­
losophy of Science, Life Science, 
Physical Science, Engineering, 
Systems Theory and Computer 
Science. 

Don't miss this unique oppor­
tunity to acquire books for general 
reading as well as hard-to-find 
technical and professional books 
at substantial reductions. 

Note: This offer is good only in 
the United States and Canada. 

r.-------., 
I The MIT Press I 28 Carleton Street 

I Cambridge, MA 02142 I (Tel. 617-253-7297) I Please send me your sale catalog: I 
I Name I 
I Address I City __________ _ I State Zip I • (Please type or print) ..I .. _ --- ---

CARNEGIE-MELLON UNIVERSITY 

Ga rden Camela 
CALCU LATORS 

"ewlett Packard 
HP 29C .. . . . . . .. . ...... $ 1 39.50 

HP 67 . . . .. ...... 298.50 

HP 97 .. .. ... 584.50 

HP 31E .... .. ...... ..39.50 

HP 32E ............................. .. ...... 54.50 

HP 33E ........................................... 79.95 

HP 37E ........................................... 59.95 

HP 38E ...................... .. ...... 89.95 

HP 92 ................ .. .... 389.50 

HP 33C .................... .. ...... 99.50 

HP 34C .......................................... 124.50 

HP 38C . . ....... 1 24.50 

T157 . .  

T158 ... 

T159 .. 
PC 100C . 

TI M8A .. 

Pl0·D .. 

Pl0l·D .. 

Texas Instruments 
........................... , ..... 47.95 

.. .. . ................................. 79.50 

........................... . ....... 208.50 

.. ... 145.00 

(anon 
.52.50 

.. ... 68.75 

.. ....... 99.95 

Palmtronic LC-4 . .. .......... 18.50 

Palmtronic LC.5 . .. ....... 24.50 

"Credit Card" LC·6 .. .. .............. 24.50 

LCQuartz.. . . ................... 44.50 • �. r------, 
,. ." 11!iV,.1SA.·1I I Coli tor 10. prlc.. I _ I on Nlkon, Mlnolto, I Prlc ••• ubJect to. Olympu •• nd .11 

ch.ngl without notlcl I M.Jor Brand I 
SPIed your ord.. I C.m.... I 

TOLL FREEl -------. 

Call 1 (800) 223·5830 
Or SInd polllgl ond h.ndllng to 

GARDE" CAMERA 
345 S,,"nth A.lnul, N.Y., N.Y. 10001 

NI. York, Alllkoa H ••• II C.II: 
TIl: (212)881-1420 O""n Wllkdoy. 8:3008:00 
OPEN SUNDAYS 1004 p.m. Clo.ed S.turdoy. 

Carnegie Institute of Technology 
Mellon Institute of Science Program for 

Technical Managers 
April 21-May 16,1980 

a NEW TECHNOLOGY BRIEFING 
for research, development and 
engineering management 
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The greater your management responsibilities. the less 

your contact with actual technical work. Yet building an 

effective staff of younger professionals and setting effec­

tive technical strategies demands a familiarity with the 

latest developments in modern science and engineering. 

In response. Carnegie-Mellon University has developed 

the Program for Technical Managers. Designed for the 

experienced technical executive. the Program-is an inten­

sive technology update coupled with a review of im­

portant auxiliary topics such as the law. environmental 

issues. OSHA. and product liability. 

Increase your capacity to help solve your organization's 

technical problems. Make time for the Program for 
Technical Managers. For your organization. For the next 

20 years of your career. 

Call Elizabeth M. Ross (412/578-2207) for information. 

Or write Post College Professional Education. Carnegie­
Mellon University. 405 MMCH. Pittsburgh. PA 15213. 

dames non orthodoxes et autres jeux a 
pions. by Joseph Boyer and Vern R. 
Parton, gives more than 100 such vari­
ants. Some are played on triangular or 
hexagonal tessellations and some on 
three-dimensional boards; some mix 
chess pieces with checkers and some al­
low three or four players to compete at 
once. As one would imagine, it is hard 
to draw a line between a game similar 
enough to checkers to be called a vari­
ant and one so different from checkers 
that it is best· regarded as another game 
altogether. The so-called Turkish check­
ers, for example, has almost no resem­
blance to checkers except that it is 
played on an 8-by-8 board with count­
ers of two colors. One simple way to 
vary standard checkers is to start with 
the men positioned as is shown in the 
middle illustration on page 26. All check­
ers rules hold. The opening moves 
quickly lead to patt�ns not encountered 
in orthodox games. 

The most eccentric variation of check­
ers, about which one would like to know 
more, is "supercheckers," invented by 
Charles Fort, the Bronx collector of 
science anomalies who had a marked 
influence on science fiction as well as 
on the current epidemic of interest in 
the paranormal. According to Fort's bi­
ographer Damon Knight (Charles Fort, 
Doubleday, 1970), supercheckers was 
played "with armies of men on a board 
with thousands of squares. Fort used 
bits of cardboard with carpet-tack han­
dles for the men, and a piece of check­
ered cloth for the board." 

The two players start with their forces 
in any agreed-on formation that has a 
space between the two armies. If a play­
er moved only one man at a time a game 
might last for weeks, and so Fort al­
lowed for movements en masse. Here is 
how he put it in a letter: "Let A start out, 
moving until B tells him to stop-say a 
hundred moves. Then B makes a hun­
dred moves. A may want to make anoth­
er hundred moves, but B. sizing up the 
situation, tells him to stop, say at thirty. 
Then perhaps occurs 'fighting,' at close 
quarters, one move at a time, as in ordi­
nary checkers. But, at any time, if either 
player wants to make a 'I)lass move­
ment,' that is a matter of obtaining per­
mission from his opponent." 

A game usually lasted all night. In 
1930 Fort wrote to Tiffany Thayer, 
who edited .the first Fortean magazine, 
Doubt: "Supercheckers is going to be a 
great success. I have met four more peo­
ple who consider it preposterous." 

In Britain and the U.S. the most popu­
lar variant of checkers is "giveaway." It 
differs from the standard game only in 
that the object is to be the first to lose all 
one's men. In Dunne's book cited above, 
pages 91-92, there is a fantastic give­
away "sucker bet," presumably devised 
by British checkers hustlers. White be­
gins with his 12 men in the usual starting 
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A report on the great American forest. 

. Look what hawens 
when Mother Nature gets 

a little help. 

These log 
slices dramat­
ically show 
the value of 
modern, scien­
tific forest 
management. 
Both (shown 
36% of actual 
size) are from trees 
of about the same 
age. The smaller one grew 
in an unmanaged, overcrowded stand where it had to 
compete for sunlight and moisture. The other is from 
a grove that was thinned to give the best trees room 
to thrive. 

This is just one of many ways forest management 
can help meet a predicted doubling of domestic de mand 

for wood and paper products in the next 50 years. 
The forest industry has learned how to help 

Mother Nature grow more trees, faster, by applying 
scientific forest management techniques: encourag­
ing natural regrowth, planting superior seeds and 
seedlings, fertilizing, protecting against disease and 
insects, thinning, watching carefully until time to 
harvest - then starting the cycle again. 

Demand keeps rising. 
Forest management like this is vital because 

every year Americans need more homes, more paper 
products, more packaging and containers, more fuel­
wood, more of the thousands of other essential prod­
ucts that only the forest can provide. 

So far, the country's commercial forest has been 
able to keep up with demand. (Commercial forest, as 
defined by the U.S. Forest Service, is all forestland­
whether owned by individuals, government or the 

Trees. America's 

industry­
that is 

capable 
of, and 
poten­

tially 
available 

for, growing 
repeated 

crops of trees 
for harvest. It in-

cludes land in Na­
tional Forests but not 

in National P arks or Wilderness areas.) 
But trees aren't grown equally fast by all com­

mercial forest owners. Though industry has made 
striking advances on its lands, productivity is lower 
on privately owned lands and seriously lagging in 
National Forests. 

Productivity not up to potential. 
Overall, the U.S. Forest Service estimates aver­

age productivity of all commercial forestland is only 
61 percent of potential. And at the same time, actual 
acreage in commercial forests keeps shrinking, as 
land is withdrawn for homes, highways and other 
needs of an expanding population. 

So we as a nation still have a long way to go if 
our wood and paper products are not to become scarce 
and expensive. 

If you'd like to be better informed on how impor­
tant it is to keep America's forests productive, write 
American Forest Institute, P.O. Box 873, Springfield, 
VA 22150 for a free booklet, "The Great American 
Forest." 

The great American forest. Trees for tomorrow. 
And tomorrow. And all the tomorrows after that. 

renewable resource. 
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SPEAk FRENCIt 1 
LikE A dipLoMAT! ! 

What sort of people need to learn a for­
eign language as quickly and effectively as 
possible? Foreign service personnel, that's 
who_ Members of America's diplomatic 
corps are assigned to U.S. embassies 
abroad, where they must be able to con­
verse fluenlly in every situation. 

Now you can make a start on learning to 
speak French just as these diplomatic per­
sonnel do-with the Foreign Service Insti­
tute's Basic French Course. 

The U.S. Department of State has spent 
tens of thousands of dollars developing this 
course. It's by far the most effective way to 
learn French at your convenience and at 
your own pace. 

The Basic French Course consists of a 
series of audio cassettes and an accom­
panying textbook. You simply follow the 
spoken and written instructions, listening 
and repeating. By the end of the course 
you'll find yourself learning and speaking 
entirely in French! 

This course turns your cassette player 
into a "teaching machine." With its unique 
"pattern drill"learning method, you set your 
own pace-testing yourself, correcting. 
errors, reinforcing accurate responses. 

language plus a basic vocabulary. Part B 
introduces more complex structures and 
additional vocabulary. 

You may order one or both parts of the 
BaSic French Course: 

o Basic French, Part A. 11 cassettes (16 
hours) and 200·page text, $115. 

o Basic French, Part B.18cassettes(25'12 
hours) and 300-page text, $149. 

(New York State residents add sales tax) 

Your cassettes are shipped to you in 
handsome library binders. 

TO ORDER, JUST CLIP THIS AD and mail it 
with your name and address and a check or 
money order, Or, charge to your credit card 

( American Express, VISA, Master Charge, 
Diners Club) by enclosing card number, 
expiration date, and your signature. 

The Foreign Service Institute's French 
course is unconditionally guaranteed. Try it 
for three weeks. If you're not convinced it's 
the fastest, easiest, most painless way to 
learn French, return it and we'll refund every 
penny you paid! Order today! 

Many other FSI language courses also 
available. Write us. 

The FSl's Introductory Basic French Audio-Forum 
Course comes in two parts. Part A provides Dept.301 
an introduction to the simpler forms of the 145 East 49th Street 

, !!!!!III.u .... la �aftl Im® New York, N.Y. 10017 "'
... 

. 
.. .. .p RW (212)753-1783 'o",� . � 

'�----------------------�-' 

eiJ��� Burpees s ,;h 
5�� Q new 1980 Seed � 

Catalog�FREE 
Featuring new 
exciting vegetable . 
and flower 
varieties for the 
home gardener. 

The new 184- page 
Burpee Catalog 

is a comprehensive 
planting and 
growing guide with 
over 1800 vegetables, 
flowers , fruits, shrubs. and trees, Plus 
helpful hints from Burpee's horti-
culture experts on how to have a more 
productive garden, Send for your 
free copy today. 

If you ordered from Burpee·last year, 
you will automatically receive your free 
Burpee catalog in 1980. 

© Burpee Seed Co. 1979 
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Nestorovic Woofer System@ are �;�::� unlike any speakers you've ever ('!::::;� 
heard. Find out about Speakerlab's �!.fl 
innovative speakers, kits, and raw � 
when you bUild them yourself. _� 

I 
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I BURPEE SEED CO. I 2370 Burpee Bldg. , Warminster, Pa. 18974; 
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I or Clinton, lA 52732; or Riverside, CA 92502 I 
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I City I 
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All Aha! solutioll 

position. Black has only a king on cell 7. 
Black wins if he loses his king. White 
wins if he loses all 12 men. Dunne shows 
how White can always win and gives 
three similar wagers in which Black be­
gins with a single uncrowned piece on 
cell I, cell 4 or cell 5. 

Among hundreds of hustler wagers, 
one of the best begins with the position 
shown in the bottom illustration on page 
26. (I am indebted to Mel Stover for 
passing it along.) It is Black's turn. 
White wagers that Black will not be 
able to crown the piece he moves first. 
Clearly Black should not move the piece 
on cell 21 because he would lose it im­
mediately, so that the question is wheth­
er Black can move the piece on cell 
19 and advance it to his king's row. 
The more you study the pattern, the 
more obvious it seems that Black can 
win the bet easily. Nevertheless, White 
wins. It is an amusing bet to make with 
friends. If you cannot fathom White's 
strategy (and there are no joke catch­
es), you will find the answer here next 
month. 

One final problem. It is widely be­
lieved two kings can always win against 
one king, but that is not invariably true. 
See if you can place two white kings and 
one black king on the board in such a 
way that even though it is White's turn, 
Black can force a draw. 

The first of last month's short prob­
lems was answered at the end of that 

column. The solutions to the remaining 
problems are as follows: 

2. The poker puzzle is answered when 
we consider the fact that a hand with 
four identical values always has a fifth 
card. For each four of a kind there are 
48 different fifth cards. Consequently 
there are 48 X 13, or 624, different pok­
er hands containing four of a kind, com­
pared with 40 hands that are straight 
flushes. It is therefore much less likely 
that you will be dealt a straight flush, 
and for this reason a straight flush beats 
four of a kind. The problem was con­
tributed by M. H. Greenblatt to Journal 
of Recreational Mathematics (Vol. 5, No. 
I, page 39; January, 1972). 

3. Here is how Raymond Smullyan, in 
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The best sources. 
Choose any one of these invalu­

able sets as your introduction to 

membership in the Book-of-the­

Month Club. You simply agree to 
buy 4 books within a year. 

The Club is the source for the best 
of the best sel1ers. Every Club book 
is of bookstore quality-or 
better. You don '/ settle for the al­
tered or inferior editions that some 
book clubs offer. And when you 
remain a member after the short 
trial period, each book you buy 
earns Book-Di,vidend® credits, which 
entitle you to discounts of at least 
70% on significant current books. 
A wealth of sources awaits you in 
America's Bookstore. 

The Compact Edition of the 

OXFORD ENGLISH 
DI CTIONARY 
for $1995 Publisher's list price: $ U5 

The world's "most complete and most scholarly 
dictionary of the English language" - The 
Clm'stian Scie>!ce Monitor. Through a special 
photo· reduction process. every word of the orig· 
inal 13·volume set has been reproduced in this 
2·volume Compact Edition. A Bausch & Lomb 
magnifying glass is included. 

Facts About Membership_ 
You receive the Book-ofthe·Month Club 

News,® 15 times a year (about every 3Y.! 
weeks). Each issue reviews a Main Selection 
plus scores of Alternates. 

If you want the Main Selection do nothing. 
It will be shipped to you automatically. If you 
want one or more Alternate books-or no 
book at all-indicate your decision on the 
reply form always enclosed and return it by 
the date specified. 

Return Privilege. If the News is delayed 
and you receive the Main SelechOn without 
having had 10 days to notify us, you may 
return it for credit at our expense. 

Cancellations. Membership may be discon­
tinued, by either you or the Club, at any time 
after you purchased 4 additional books. 

All eleven volumes of 

THE STORY OF CIVILI ZATION 
by Will and Ariel Durant for $2495 Publisher's list price: $24110 
This multi·volume history of all mankind-ancient and modem. Occidental and Oriental­
traces the development of man's economic and political organizations, science and art. It is 
one of the great literary achievements of this century and deserves a place in every library. 

The Complete 

BEElHOVEN 
NINE S YMPHO NIES 

The complete boxed set plus an $10 illustrated sixteen· page booklet for 

Ust price: $6281 
Sir Georg Solti conducts the Chicago Sym· 
phony in this nine·record set, hailed by the San 
Francisco Sunday Examiner & Chronick as 
"one of the two or three great recording ven­
tures of the century." Time called it "a glorious 
musical combustion" and Stereo Review 
declared. "This Beethoven set ranks first 
among those of recent date." 

mE ENCYCWPEDIA 
OF P HILOSOPHY 
The complete four· volume set for $1995 
Publisher's list price: $U5 
Regarded as the most comprehensive encyclo· 
pedia of philosophy ever published, this superb 
set-compiled in collaboration with the world's 
foremost philosophers-encompasses all aspects 
of ancient. medieval. modern. Eastern and 
Western thought. The four volumes represent 
an essential aid for students and a rewarding 
reference source for home libraries. 

Prices shown are publishers' U.S. prices. Outside the U.S., prices are generally somewhat higher. 

r-------------------------------, 
Book-of-the-Month Club, Inc� Camp Hill, Pennsylvania 17012 A170·1 

Please enroll me as a member of Book-of·the·Month Club and send me the work I 
have checked below, billing me for the appropriate amount, plus shipping and handling 
charges. I agree to buy 4 books during the coming year. A shipping and handling 
charge is added to each shipment. 

CHECK ONE BOX ONLY Mr. � r��::$�O �::. 
912 Oxnpact Address 
OED$J9.95 
913 1be Story 
of Civ. $24.95 City 
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his new book The Chess Mysteries 0/ 
Sherlock Holmes (Knopf, 1979), proves 
that, given the chess position shown last 
month, Green made the first move. 

"Red is now in check, hence Green 
moved last. It remains to determine who 
moved first, which can be done by figur­
ing whether an odd or an even number 
of moves have been made. 

"The rook on b I has made an odd 
number of moves; the other three rooks 
have each made an even number of 
moves (possibly zero). The Red knights 
have collectively made an odd number 
of moves, since they are on squares of 
the same color, and the Green knights 
have collectively made an even number 
of moves. [A knight changes square col­
or on each move.] One king has made an 
even number of moves (possibly zero), 
and the other king an odd number. The 
bishops and pawns have never moved, 
and both queens were captured before 
they ever moved. So the grand totality 
is odd. Thus Green moved first. Hence 
Green is White and Red is Black." 

4. Surprising as it may first seem, both 
the richest and the poorest classes in Oil­
aria would prefer pair averaging from 
the top down. Those in the richest class 
would prefer to be averaged with the 
next-richest class before the latter is re­
duced in wealth by averaging. Those in 

32 

the poorest class would prefer being av­
eraged with the next-poorest class after 
the latter has been increased in wealth 
by averaging. 

An example will make this clear. As­
sume that the wealth of the five classes is 
in the proportions I : 3 : 4 : 7 : 13. Aver­
aging from the bottom up changes the 
proportions to 2 : 3 : 5 : 9 : 9. Averaging 
from the top down changes the propor­
tions to 3 : 3 : 5 : 7 : 10. 

5. Divide the 500-mile track into 10 
segments of 50 miles each. If any seg­
ment is traversed in one hour, the prob­
lem is solved, and so it must be assumed 
that traversing each segment takes ei­
ther less than an hour or more than an 
hour. It then follows that somewhere 
along the track there will be at least one 
pair of adjacent segments, one (call it A) 
traversed in less than an hour and the 
other (call it B) traversed in more than 
an hour. 

Imagine an enormous measuring rod 
50 miles long that is placed over seg­
ment A. In your mind slide the rod slow­
ly in the direction of segment B until it 
coincides with B. As you slide the rod 
the average time taken by the train to go 
the 50 miles covered by the rod varies 
continuously from less than an hour (for 
A) to more than an hour (for B). There­
fore there must be at least one position 

Solutiol/ to the lil/ked·tortlses problem 

where the rod covers a 50-mile length of 
track that was traversed by the train in 
exactly one hour. 

6. The Aha! insight that solves the 
counter-jumping puzzle is to color nine 
spots as is shown in the illustration on 
page 30. It is obvious that, no matter 
how jumps are made, a penny on any 
colored spot can go only to another col­
ored spot. 

There are six colored spots above the 
line and only three below it. Therefore, 
by the pigeonhole principle, there must 
be three pennies above the line that have 
nowhere to go below the line. The task 
of moving all the pennies to spots below 
the line cannot be accomplished unless 
at least three pennies, on three colored 
spots, are removed from the top triangu­
lar array. Remove any three such pen­
nies and the transfer of the remaining 12 
is a simple task. 

7. The illustration below shows how a 
continuous deformation of the two-hole 
torus will unlink one of its holes from 
the single-hole torus. The argument giv­
en last month for the impossibility of 
this task fails because if a ring is paint­
ed around one hole (as is shown by the 
colored line), the ring becomes distort­
ed in such a way that after the hole is 
unlinked the painted ring remains linked 
through the one-hole torus. 

! 
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24 COLOR SLIDES 
of the G reat Impressionist 

Masterpieces for only $1 
(comparable value $1 8 to $24 

Includes this Deluxe 
A l bum and 4 8-page Gallery 
Lecture Guide-at n o  ex tra cost 

GAZE in astonishment as Renoir's 
l ov e l y " S e a ted B a t h e r " ( s h o w n  

above) appears on y o u r  w a l l  aglow with 
all the vibrant reds, blues and greens 
of the Impressionist palette. Or, thri l l  
t o  Rembrandt's famed "Aristotle Con­
templa ting the Bust of Homer"-one of 
the world's cos tl iest works of art. Or, 
marvel as you view Titian's allegorical 
masterpiece "Sacred and Profane Love" 
just as it appears in Rome's Borghese 
Gal lery . 

Until  today, u n l ess you had the means 
to travel among the world's grea t m u ­
seums a n d  private col lections, y o u  sim· 
ply could not know these painti ngs so 
intimately .  Now, as a member of the 
McGraw·Hill Color Slide Program of 
A rt Enjoy ment, they are b ut a few of 
the magnificent art works you will en· 
joy and more richly u nderstand as you 
view them in dramatic fu l/'size and 
glowing original colors! 

Accept this $1 demonstration offer 

If you mail the at tached card, you will 
receive a unique Album containing 24 
color slides of pricel ess works by Renoir, 
Monet, Degas and other important 1m· 
pressionist pain ters. These exquisite 
slides are produ ced to exacting specifi­
ca tions in Florence on 35mm. Kodak 
film. They come in individual 2" x 2" 
mounts and can be used in any home 
slide proj ector. (If you do not own a 
proj ector, see special  offer below.) 

The color slides, however, are only 
one part of this elaborate Album. 
Bound into the center is an illus­
tra ted 48-page book by Albert 

Chatelet, Director of France's reo 
nowned Lille Museum-with a 
guide to each of the slide pictures 
a n d  the complete s tory of the 
Impressionist era. 

If this demonstration pleases you, you 
will be offered a new slide·and·com­
mentary Album approximately every 
six weeks. Among the Albums in this 
series are Ita lian Renaissance Painting. 
the O rigins of Modern A rt-R o m a n ti·  
cism and Realism-and other Albums 
covering every major art period. 

The cost is surprisingly low 

The least you might expect to pay for 
24 color sl ides of comparable q u a l i ty­
if the subj ects were available from m u ­
seums a n d  private col lections-is $ 1 8-
$24. Yet, as a subscriber to this new Pro­
gram, you pay only $ 12 .95 for each com ­
plete Album-incl u d i ng sl ides and i l lus­
trated guide book . You may take as few 
or as many as you l ike, and may stop 
whenever you wish. 

Your Introductory Album only $1 
No obligation to continue 

Send no money now. We wil l  ship your 
i n t roductory Color Slide Album of I m ­
pressionist Paint i ngs and enroll  y o u  a s  
a t r i a l  subscriber. If  y o u  a r e  thril led 
with the demonstra tion, send only $ 1 ,  
plus a few cents for tax and shipping. 
Thereafter,  you will  be offered a new 
Album approxima tely every six weeks 
a t  the su bscribers' low price of only 
$12 .95. If  not del igh ted, however, you 
may return the I n t roductory Album 
within 1 5  days, and owe noth i ng. M a i l  
t h e  a t tached c a r d  today. 

Here's what you get 
for only $1 

Luncheon on the Grass- Edouard M anet 
Womtm in the Garden-Claude Monel 

The Green Parasol- Berthe Morisot 
Nude in the Sun-Auguste Renoir 

The Sealed BatheJ'-Auguste Renoir 
The Pedicure-Edgar Degas 

The Sai n t - Lazare Railroad Station -Cl aude Monet 
The House of Pere Lacroix- P a u l  Cezanne 

T h e  Saint-Martin Canal-Al fred Sisley 
At the R aces- Edgar Degas 

Tile Red Roofs-Camille P i ssarro 
The Loge-M ary Cassatt 

. . .  plus 12 other Impressio n ist classics! 
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The Co lor Slide Program 
of A Tt Enjoyment 

I f  you d o  not have a projector: here's  a n  un usual oppor· 
t u n i t y .  We can offer you the sensat ional  Kodak Carousel 
Be 604 P rojector supplied w i t h  a SOO · watt  lamp,  and 4 - inch 
f/2 . 8  Ek tanar lens. This top- rated projector shows all regu­
lar 2"  x 2" 35mm. sl ides u p  to 1 / 1 6 - inch thick.  It  has depend· 
able grav ity feed and you have 
i nstant access to any one of its 
1 40 - sl ide capacity at any time. 
List price S 1 29. 50-subscribers' 
price only $94.50, plus tax. Re­
m i t tance must accom pany trial 
subscri ption form. I f  you are not 
com pletely del ighted with the 
projector, you may return it in 
15 days for a full refund. 

If Reply Card has been removed, write McGraw-Hill 
C o l o r  S l i d e  P r o g r a m  of Art Enjoyment,  Dept.  
BC- I IO, 1221 Ave.  of the Americas, N.Y., N.Y. 10020. 
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The Sun shines bright 
A solar energy progress report from 

the designers of America's first 
solar thermal electric generating plant. 

Sometime in the early 1980s, somewhere in or 
near Barstow, California, someone will flip on a light 
switch, a hair dryer, or a TV set -=- and make history ­
by drawing on commercially-available solar-

generated electricity, produced by Solar One.  

Solar One: What it is, and what its not. 
Designed by McDonnell Douglas and being built 

with our help, Solar One will provide 10 megawatts of 
power to the Barstow area electric grid. But that's not by 
any means the purpose of this plant . 

Solar One is a pilot plant. A means for demonstrat­
ing operational hardware in an operational system to 
learn the costs of maintenance and operation; and to 
find and develop ways to trim costs . Solar One's size, 

perfect for this purpose, will give us the data we 
need to predict the costs and technical feasibility 

of larger, and smaller, plants. 

How we can plug into the Sun. 
Solar One has three basic systems. One 

system to collect the heat of the Sun's rays; 
another to convert that heat to steam; and a 
third system to store heat for use after sunset . 
To capture the Sun's heat, giant mirrors 

(heliostats) follow the Sun across the sky, focusing 
the rays onto a boiler mounted on a tower. With 

all heliostats in operation on a sunny day at Solar One, 
the superheated, pressurized steam in the boiler will 
reach an estimated 9500E The steam is piped to the 
ground to drive a conventional turbine generator. Part 
of the steam also flows to a thermal storage facility 
where thermal energy is retained for use at night or 

during periods of extended cloud coverage. The 
storage unit is a large tank filled with crushed rock, a 
heat transfer fluid, and standard heat exchangers . 
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on a fuel-hungry world 
Depending on the size of the plant and the needs to be met, 

a solar collector system could be built to work in harness 
with adjacent fossil-fuel boilers, feeding steam to drive 
common electric generators . This arrangement takes full 
advantage of solar energy's mid-day efficiency - providing 
supplemental power during the peak-demand period. 
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A solar electric station, like the one at Barstow, could be 

built as a remote "stand-alone" plant of any size to meet the 
electric power needs of a specific area, working either indepen­
dently or connected to an existing grid or diesel-electric system. 

I NDUSTRIAL 
PROCESS HEAT � 

, 
But the potential for solar energy goes far beyond 

producing electricity. Because the basic "product" of a solar 
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� A solar steam machine. 
Clean, reliable, efficient steam. The ideal 

energy transfer medium. 
A solar plant could contribute to total 

energy system needs. Steam-produced energy for 
industrial process heat to drive irrigation pumps, 
to create heat for crop drying, desalination, and 
refrigeration; thermal energy for space heating 
and cooling in industrial, business and com­
mercial, and residential areas. Plus, of course, 
turbine-generated electricity for small 
communities and developing countries.  

Solar-produced stearn can even help us with 
the oil shortage . . .  

The Sun as an oil pump. 
An oil field rarely runs dry. When production 

does drop off, it's normally because natural 
pressure is no longer strong enough to force out 
the heavy crude trapped deep in rock pores and 
fissures . When that happens, external force, 
usually steam, is forced into the well . The heat 
makes the oil less viscous, and allows the oil to 
flow toward the production pumps. 

U. S. petroleum engineers estimate that up 
to 76 billion barrels of crude could be recovered, 

OIL 
RECOVERY 

adding as much as 3 million barrels a day to 
U. S. production by the late 1980s . 

The problem is, you must waste one 
barrel of oil (to make the stearn) to get 
three barrels of oil out of the ground. A 
solar collector system built on or near a 
production field with good crude potential 
could save one out of ten barrels used to 
get that oil . Once the investment is made, 
operating costs should be extremely low. 

As costs for today's energy continue to 
climb . . .  as our energy options continue 
to dwindle . . .  and as solar costs drop, the 
Sun shines as a high, bright hope on a fuel­
hungry world.  

We want you to know we're working 
on it .  And that we would welcome your 
interest .  For more information, write:  
McDonnell Douglas, Box 14526, St . Louis, 
Missouri 63178 . 

Solar Power 
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Bumblebee economics, new maps and mapping, 

the night sky in 1980 and Nigerian archaeology 

by Philip Morrison 

B
UMBLEBEE ECONOMICS, by Bernd 
Heinrich. Harvard University 
Press ($17.50). It might be any­

where in the temperate U.S. where 
morning sunlight falls full on some 
moist meadow. A shadowed woodland 
is not far off, and nearby too may be a 
quiet pond, where beavers silently glide. 
In the spring a flycatcher calls; later on 
stands of high-bush blueberry and jew­
elweed come to decorate the spot. Insis­
tent little furry aerial forms in orange 
and black dart among the blossoms. The 
simple sense of leisure is our own sunny 
reverie; here we are watching the work 
of a hard-pressed economy. Bumble­
bees (there are 50 species over the U.S. 
and Canada, all neatly painted in color 
in an identification key useful in the 
field) have been inlaid within the com­
plex of tundra life for tens of millions of 
years by the deftest of invisible hands. 
Found now in all kinds of open areas­
field, roadside and mountaintop-bum­
blebees are best adapted to the flora of 
the slowly changing bogs that mark the 
cool woodlands, relicts of the ancient 
tundra. 

The free energy that drives this urgent 
economy is held in tiny droplets of a few 
milligrams of nectar within a myriad 
of blossoms dotted over the landscape. 
The bumblebee must visit these, flying 
in cool air effectively enough for the for­
aging investment to return an energy 
profit, with allowance for the indispens­
able moiety of protein, fats and the like 
that the flower pollen offers for forming 
capital; new bees. To this end bees of the 
genus Bombus have evolved a power­
ful thermoregulatory system; their furry 
muscle engine remains above 30 degrees 
Celsius, running even in a snowstorm, 
whereas almost all other bees are not 
able to forage at air temperatures be­
low 16 degrees. Engine losses, kept un­
der elaborate circulatory and nervous 
control, warm the engine itself and the 
nest as well. 

The bumblebee is a flying machine 
with a power of about a fiftieth of a watt. 
On a cold morning it develops as much 
power again in heat; in midsummer the 
heat is only the minimal loss. Foraging 
is usually done at full speed, blossom 
to blossom, engines always revved up 
for ready flight, for time is-one almost 

says-money. Time is heat loss in a short 
season, and profit is in fast foraging. 
Hovering costs too much to do often, 
and walking about on big flowering 
panicles of goldenrod is a strategy most 
commonly followed by the drones, 
which have no obligations to the babes 
at home. Large loads and long flight 
paths cost little compared with the cost 
of lost foraging time. 

Bumblebees dwell in colonies of a few 
hundred, often with many queens as 
well as many workers, the village demo­
graphics changing in response to food 
supply, established by feedback loops as 
yet unknown. One queen early in the 
spring starts it all, typically in some 
abandoned field-mouse nest, warm and 
snug in the ground, lined by its original 
builder with delicate fibrous insulation. 
In contrast to this nectar pioneer the 
honeybee swarm, a creature originally 
of the Old World Tropics, is a "big cor­
poration that goes after the big mar­
kets." Honeybees recruit entire flights 
of foragers to a bonanza, using a dance 
language; bumblebees are individualist 
foragers, without communications. The 
honeybee cities have a huge communal 
storage for a population of tens of thou­
sands. Honeybee life is plainly adapted 
to tropical windfalls, some large banana 
inflorescence loaded with pounds of 
nectar over a few square feet. The bum­
blebee is matched to a Temperate Zone 
scatter of open flowers, species follow­
ing species during an upland summer. 
("A bumblebee colony has a more in­
dividualistic cottage-industry approach. 
It thrives by living hand to mouth, ex­
ploiting small, scattered energy sources 
that in most cases can be taken up 
by single workers operating individual­
ly.") Human beings have domesticated 
the honeybee to orchard and cropland; 
the bumblebee remains wild because it 
thrives on fields where no plow has up­
set the best-laid plans of the field mouse. 
The fields of red clover in crop rota­
tion are nonetheless fertilized by bum­
blebees, a princely gift to the farmer. 

The data in this book sample the state 
of the science, not merely the work of 
Professor Heinrich. Two of his own 
recent results do, however, go far to 
strengthen his thesis. They were secured 
by novel techniques. An electronic sys-
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tem developed in his Berkeley group 
was able to serve as a time clock for 
bumblebee workers, identifying single 
bees and recording their times in and 
out, with their overall weight. Tiny tags 
weighing one milligram held microwave 
resonant circuits, each of which rang to 
a particular frequency from a wide­
band transmitter. A scanning receiver 
recorded the pip and thus the worker's 
card number, a form of micro-Taylor­
ism. In another facet of this diverse 
work Heinrich found that the free-fly­
ing bumblebee (six minutes aloft in a 
temperature-controlled room before 
capture and thermal probe) showed a 
temperature change of only some five 
degrees C. when the air temperature 
changed 25 degrees. This demonstrated 
thermostability had been missed in ear­
lier work relying on tethered bees as test 
animals; the tethered bee does not need 
to work all out to stay at speed; it has no 
direct perception of its thoracic temper­
ature, and it is cooled by the ambient air. 

What about the bumblebee's coevolu­
tionary partner, the flower, for which 
the economics of the bee is a system of 
mating� The book devotes a couple of 
chapters to such questions, as various as 
the species are numerous, for example 
the mutuality of design of the corolla of 
the desert willow and the daily behavior 
of the bee. The entire study is not only a 
model of the adaptive systems within 
the ecological world, a model as rich in 
questions as it is in answers, but also an 
example of good popular exposition. 
Jargon is at a minimum, sharp metaphor 
and simple estimates form integral parts 
of the argument; not even the clear 
quantitative graphs are necessary for 
understanding, although they and the 
rest of the ill ustrations do enhance 

'
it. 

There is a Maine ambience in this dis­
placed New Englander's writing; every 
chapter bears an epigraph, often one 
from a New England poet. The book is 
itself a concentrate of goodness. Not 
least is the indirect light it casts on hu­
man beings, tliat single species so swift 
to change and so varied in social struc­
ture that its diverse patterns of behavior 
worldwide can hardly be the work of the 
same invisible slow forces that have ex­
quisitely sorted the genes of the bumble­
bees throughout the Cenozoic. 

M APS AND AIR PHOTOGRAPHS: IM­

AGES OF THE EARTH, by G. C. 
Dickinson. Second edition. John Wiley 
& Sons, Inc. ($39.95). MAPS fOR A�'IERI­

C": CARTOGRAPHIC PRODUCTS OF THE 

U.S. GEOLOGICAL SURVEY AND OTHERS, 

by �,Jorris M. Thompson. U.S. Geologi­
cal Survey, U.S. GO\iernment Printing 
Office ($ II). The first U.S mapping 
agency, the Survey of the Coast, was es­
tablished by the signature of President 
Jefferson, and today it remains authori­
tative and vigorous offshore as the Na­
tional Ocean Survey. The famous quad­
rangles that represent the land surface 
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of the country, however, were not drawn 
until 1882. Four ambitious Federal sur­
veying expeditions followed the wester­
ing after the Civil War, laid out the rail 
routes, found canyon and ruin, pressed 
to the shores of California. After years 
of politicking a single consolidated and 
permanent organization, the U.S. Geo­
logical Survey, was formed by law in the 
spring of 1879. Its first director, Clar­
ence King, and his dynamic successor 
John Wesley Powell seized for that 
agency not only extension to the older 
lands east of the 100th meridian but also 
full responsibility for the topographic 
mapping of the national surface, a task 
not likely to end while the nation lives. 

The uniform mosaic of the most mod­
ern quadrangles, at a scale of about two 
inches to the mile (I : 24,000), "probably 
represents the world's largest area con­
sistently and systematically mapped" at 
such a scale. There are blanks still, 
and the chief present campaign of the 
U.S.G.S. is to bring the entire country 
(save great empty Alaska) onto the map, 
in the format familiar and delectable to 
every wanderer since the 1950's. The 
work goes on apace, about 100,000 new 
square miles each year, and the Nation­
al Mapping Program inaugurated in 
1975 promises to be completed by the 
mid-1980's. The Sierras and the Cas­
cades, the forests of Maine and Michi­
gan, and a good deal of flatland east and 
west remain to be done at the large scale. 

These two books provide a wide look 
at maps today. Dr. Dickinson is an En­
glish geographer. His book is an intro­
d uctory text, with international inter­
ests. Mr. Thompson, a veteran u.s.b.s. 
cartographer, has prepared an inexpen­
sive, useful and colorful volume cele­
brating the centennial of the survey, a 
book aimed at users and buyers of maps 
in the U.S. Centered on the work of the 
survey, as its anniversary warrants, the 
book is by no means narrow in coverage. 
On the contrary, it accepts with intelli­
gence and concern the function of help­
ing users whose interest is not bureau­
cratic boundaries but data on the land. 
One chapter lists all the Federal agen­
cies that make maps, with the nature of 
their diverse prod ucts, and it effectively 
reminds the reader of state, local and 
commercial sources of maps as well. In­
cluded is a tabulation of sources by the 
prod uct sought and a careful list of 
agency addresses, bound to be a valu­
able reference. 

Maps are old, of course; the first atlas 
was perhaps that of Ptolemy. It was the 
Renaissance, however, that nourished 
their flowering. Seamen had coastal 
maps early on, and landholders had long 
used surveyors well. The overall repre­
sentation of their lands fell to the form­
ing national states. The military need for 
maps is clear, and it still plays a major 
role. Nowadays even absolute geodetic 
accuracy is a military goal, in a time of 
far-flying strategic weapons. The care-
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ful discrimination of types of bridges in 
some European national mapping sys­
tems is logistic information; the wood­
land markings on the maps of the 
U.S.G.S. staff take into account whether 
or not the vegetation provides cover for 
troops. Perhaps the fullest coverage of 
all national maps is that of the British 
Ordnance Survey, which has been re­
sponsible for topographic maps of the 
realm since the days of that revolution 
over in France, when the Master Gener­
al of His Majesty's Ordnance undertook 
to image the kingdom. 

A fine period photograph in the 
U.S.G.S. book provides the canonical 
image of the mapmaker. One sees a man 
jaunty in slouch hat and high boots 
bending over his tripod, set carefully on 
shingly rock above the timberline, with 
the snowy peaks of the Rockies behind 
him. The apposite epoch is Theodore 
Roosevelt's time. Nowadays, of course, 
it is the camera flying high in the air, or 
even in orbit, that supplies most of the 
mapmaker's data. Almost every quad­
rangle bears a date of the primary pho­
tography. Indeed, the newest carto­
graphic product is the orthophotomap, 
a direct use of the aerial photograph as a 
published map, with only its distortion 
errors removed. Photographs in general, 
even neglecting the small errors of opti­
cal systems, are marked by two types of 
intrinsic distortion, one type due to the 
perspective effects of a camera angle 
that is not perfectly vertical and the oth­
er due to changes in the distance be­
tween the ground and the lens (the latter 
being the consequence less of changes in 
the altitude of flight than of the chang­
ing elevation of the ground itself). 

A revealing pair of figures in Maps 
and Air Phorographs shows on one page a 
normal vertical aerial photograph in­
scribed with a rectangular grid and on 
the opposite page the same photograph 
and the same grid corrected for the 
height and tilt displacements of careful 
flight. The grid lines wander and bend 
like a crumpled piece of fishnet. It was 
the task of photogrammetry to apply 
those corrections to the air coverage. A 
map represents the true plan of the land, 
projected onto a single horizontal plane 
within some stipulated limits of toler­
ance. Between a series of photographs 
and a map a long process of measure­
ment, reprojection, computation and 
careful fitting, has always intervened. 
The orthophotomap is the rectified 
product of the faulty air coverage. What 
has been done is in effect to scan the film 
systematically, one tiny rectangular 
area at a time. Each element is adjusted 
for the local height of the terrain and for 
any tilt, by means of the information 
available in the stereoscopic pair. At 
first this differential process was carried 
out visually and manually with inge­
nious optical and mechanical analogue 
instruments; these days the entire proc­
ess is digital and computerized. The 

only remaining human skills are survey­
ing on the ground to fix the all-impor­
tant control points for accuracy arid a 
similar process of setting things up on 
the consoles; the rest is done by ma­
chine, from survey to map. 

The most ambitious program of this 
kind now under way is a map of Aus­
tralia in 3,000 shcets. A number of 
U.S.G.S. orthophotomaps, at various 
levels of detail, are shown in the Thomp­
son book. They seem excellent for such 
flat and yet intricate places as the 
marshy shores of Prudhoe Bay in Alas­
ka, but the contour lines and the pho­
tographic image interfere severely in 
places of strong relief. The symbolic 
world of the drafted map still has a great 
deal to offer. There are 100 million bits 
in a typical quadrangle; digital replace­
ment, even simple storage of the con­
tours on magnetic tape, is immature. 
The terrain contours of the U.S. have 
been digitized rather roughly, with ele­
vations compiled from contours at 100-
or 200-foot intervals, on maps at a scale 
of 1: 250,000. Those digitized terrain 
tapes are available to the public; air­
plane and missile guidance require more 
data. The future will see more detail: 
automatic line following and interactive 
editing of the data are here now, on an 
experimental basis, and many special­
ized digital-data map systems have been 
set up, for example the network of pub­
lic-land boundaries over 400 quadran­
gles in the California desert. In the 
1980's elevations and boundaries will be 
digitized by automatic systems over 
wide areas. 

Cartography involves a kind of social 
self-reference. More than in most tech­
nological fields, progress is governed by 
what has actually been done, by what 
conventions have been adopted and by 
what needs have been realized. Both 
books reflect the point clearly, the Brit­
ish introd uction to techniq ues, utiliza­
tion and history perhaps less so than the 
American volume, which is really a us­
er's guide to available information on 
maps rather than an explanation in de­
tail of how they are made. Remote sens­
ing from airplane and satellite presages 
a new cartography, richer in every way. 
The evidence is nonetheless clear that 
the visual presentation of data will con­
tinue to require the subtle intervention 
of mind and hand in the long chain of 
mapmaking. Aerial photograph and 
computer program are not enough. 
Meanwhile it is a pleasure to note how 
accurately the form of the world we now 
see swiftly from far above was caught in 
the net cast by the slow, surface-bound 
mappers of the past. The Bureau of the 
Census published a wonderful map of 
the distribution of the population of the 
U.S. presenting the head count of 1970 
in white dots on a black ground, simulat­
ing "a night view of the United States 
from a satellite." The actual satellite 
photograph is now familiar to many; the 
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distribution of the population is close to 
the brightness of the lights at night but is 
not identical with it. The U.S.G.S. book 
reproduces the eastern part of that cen­
sus map. It is a paradigm of inference. 

THE VIEW FROM THE EARTH: A SIMPLE 

GUIDE TO THE NIGHT SKY AND THE 

EVENTS THAT WILL HAPPEN THERE, by 
Guy Ottewell. Department of Physics, 
Furman University, Greenville, S.c. 
29613 ($4). THE AMATEUR ASTRONO­

MER, by Antonin RUkl. Consultant edi­
tor, John Gribbin. Octopus Books Lim­
ited, available from Mayflower Books, 
Inc., 575 Lexington Avenue, New York, 
N.Y. 10022 ($9.95). THE SOLAR SYSTEM, 

by John A. Wood. Prentice-Hall, Inc. 
($10.95). PROTOSTARS & PLANETS: STUD­

IES OF STAR FORMATION AND OF THE 

ORIGIN OF THE SOLAR SYSTEM, edited 
by Tom Gehrels, with the assistance 
of Mildred Shapley Matthews. With 51 
collaborating authors. The University 
of Arizona Press ($17.50). In these days 
when our earth starts uphill in its annual 
orbital round (its closest approach to the 
sun is near January 2) it is a custom here 
to comment on books that look to the 
skies within the sun's system. This year 
four books will be assessed, a progres­
sion in depth from the visible and intro­
ductory to a systematic review at the 
frontiers of knowledge. 

Guy Ottewell, an artist-astronomer, 
has made a book of sky maps, an eve­
ning sky map for each month, done by 
his own hand, white on black, with a 
level of constellation detail and textual 
weight about right for serious-minded 
novices and a "lower limit" for children 
in the upper elementary grades. Each 
map bears an extended legend that com­
ments on the month's stars (January, 
say, brings Orion, the easiest constella­
tion), and on the opposite page there is 
an account of the month's transient 
events: planetary motions, meteors, 
eclipses and even the estimated arrival 
times for a few planetary probes. A cal­
endar of the month with the moon phas­
es is also presented, with candid remarks 
on stargazing opportunities. A few 
pages at the end explain the views in 
their true spatial context, in the author's 
imaginative pedagogical style. 

The sky is drawn as from latitude 40 
degrees north, good enough anywhere in 
the "thickly inhabited north-temperate 
zone of the earth." If you call it home 
there, the book is a useful guide, neither 
the simplest nor the cheapest to be had 
but handsome, easy enough and genu­
inely helpful. Look up at the eastern 
predawn sky in January and February 
or watch the sunset fade from March 
through June and you will see an un­
usual stately dance of the three supe­
rior planets ( Mars, Jupiter and Saturn), 
to whose to-and-fro close pa�sages the 
bright star Regulus adds a position of 
rest. 

A notable bargain, The Amateur As-
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tronomer is a product of the expert edu­
cational publishers of Czechoslovakia. 
A well-bound book of nearly 200 large 
pages with 75 pages of colorful paint­
ings and plenty of useful data in color 
graphics, it comes to us after translation 
(by way of London) through a new U.S. 
publisher. Uncoated paper and an ap­
propriate graphic design present the pic­
torial material economically and well. 
There are no photographs, but their 
place is sturdily held by the watercolors 
and airbrush work of the artist, who 
manages to represent convincingly the 
cratered surface of the moon, the look 
of the Milky Way at night and the 
sweeping tail of Comet Ikeya-Seki. 

In addition to such paintings-after­
photographs the book offers many use­
ful astronomical diagrams in color and 
a suite of carefully labeled up-to-date 
topographic maps of the inner planets. 
The work is an atlas and a handbook, 
from the compelling page of colored 
graphs that display the hours of day, 
night and twilight at four latitudes, an 
artist's view of our galaxy edge on and 
face on, a page of spectral distributions 
to show how temperature determines 
the colors of stars, a few nebulas seen as 
in a telescope, to a general biography of 
a comet: the true orbit of Halley's comet 
shown to scale with its speeds and latest 
schedule. Pavel BUchler has carried out 
a useful graphic design, although his ty­
pographic symbols are rather oversize 
for what is needed. The book is not diffi­
cult to follow visually, even though it is 
rich in detail; the text is well translated 
by Olga Kuthanova. 

The last 50 pages are a valuable bo­
nus. There is a simplified map of the 
night sky, stars white on blue, which is 
then elaborated over seven more full­
page maps, with positions entered for 
the usual sky sights of the amateur at his 
telescope. Their numerical coordinates, 
however, are not given. The opposite 
pages list the sights with some physical 
details. Then there is an unusual graphi­
cal display, easily usable once the reader 
has a little understanding of the geome­
try of the skies, that offers eight pages of 
curves marking the positions of the five 
bright planets over the next 20 years. 
The accuracy is good enough for locat­
ing the object among the stars and in 
relation to the sun. The sinuous path of 
Mercury around the position of the sun 
(with Mercury coded as H, for Hermes) 
suggests the serpent-entwined staff, the 
caduceus, certainly by no accident. Ta­
bles announce the phases of the moon, 
the eclipses of the sun and the moon and 
the close approaches of the planets, all 
through A.D. 2000. Although the book is 
not a primer, it is an outstanding buy as 
a reference work and an enjoyable visu­
al volume for anyone beyond the tyro 
stage, and of course for any library. 

In The Solar System John Wood has 
written a little text for college students, 
but the fare is rich enough for any gener-

al scientific reader. In it he acts as .in­
trepid guide to a zoo of sciences, those 
whose quantitative findings shape and 
constrain our understanding of the solar 
system, going much beyond our rough 
perceptions of the sky. The objects in the 
solar system fly about by no means hap­
hazardly; they have solid surfaces, and 
some have a gaseous atmosphere and 
a high-pressure interior; samples arrive 
here, by Newtonian chance or Apolloni­
an virtuosity, to be scrutinized by ana­
lysts who have thrown the book of in­
strumentation at their precious bits of 
sun stuff or moon stuff; the sun and its 
kindred stars demand optical attention. 
From all these facts a theory of the so­
lar system will mature; the fruit is still 
small, green and a bit acid. 

A few of the fascinating graphs and 
charts in the book will suggest its level 
and value: the Titius-Bode law is ex­
pressed as a pretty good straight-line fit 
between the outward order of the plan­
ets and the logarithm of the mean solar 
distance, with each orbit about 75 per­
cent larger than the preceding one. Here 
is seen less of origin than of persistence; 
closer spacings simply do not endure 
against mutual gravitational perturba­
tion. A wonderful graph plots the orbits 
of many objects according to inclination 
to the mean plane and to shape, mea­
sured by degree of circularity. There are 
three clear groupings: most planets hug 
the origin and orbit circles close to the 
plane, whereas the many near-parabolic 
comets are spread out along a well­
defined line. The comets fall in and fly 
out again at all directions to the plane, 
but their orbits are the opposite of cir­
cular. The asteroids of the asteroid belt 
cluster tightly around an implicit orbit, 
and a scatter of mixed near-earth aster­
oids and periodic comets reveals a sys­
tem in the process of slow change. 

Geologic maps of Mercury, the earth, 
the moon and Mars are compared, and a 
range of models for the internal struc­
ture of Mars, six on a page, are dis­
played. Another cleverly managed page 
exhibits to scale the Jovian planets and 
their satellites. Modern chemical and 
mineralogical work on the samples from 
space is well described by an author 
whose special expertise lies here, and the 
reader is shown a good deal of order in a 
confusing landscape. The noble antiq­
uity of the volatile-rich carbonaceous 
chondrites, sun stuff as soft and organic 
as a sooty cheese, is made plain, and so is 
the reworked nature of the lunar sam­
ples, pieces not of astronomy but of 
planetary geology. A too brief elemen­
tary review of star physics is followed 
by a modest and helpful summary of the 
features of origin theory, all variants 
of the evolution of a dusty nebula, co­
evolving with the ancient sun. Dr. Wood 
does not oversell the arguments: there is 
a lot to learn. 

Protostars & Planets makes pretty 
clear how far there is to go. Its three 
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dozen papers arise from a determination 
to initiate a new discipline: in the ab­
sence of any other solar system-yet­
there is a plain need to bring together the 
deep-sky astronomers, who observe and 
calculate on how stars form, and the so­
lar-system astronomers, who have enor­
mous power over detail but who must 

. study a big show that closed four billion 
years ago, with only minor scenes play­
ing here and there ever since. The dusty 
clouds in space have a complex chemis­
try and a poorly understood self-gravi­
tating dynamics. Exposure to a number 
of outside inducements toward collapse 
seems likely; observations show both 
new stars that have flared up in a cloud 
of dust and supernovas that seem to 
have triggered the formation of a ring of 
stars around them. 

All of this is examined and modeled in 
contributions by an international coterie 
of diverse experts. The degree and con­
sequence of uniformity, subdivision and 
mixing in the ancient solar nebula are 
the chief local themes, as the role of out­
side influence is the main remote theme, 
in this double look at two joint myster­
ies: how distant stars form now and how 
nearby planets grew then. At the level of 
the research student this big volume will 
be a starting point for many. Perhaps 
the most important novelty since the 
smooth and thoughtful compilation of 
this tome in 1978 is the growing evi­
dence in our galaxy for a decisive role of 
external influences in forming new stars, 
as the isotopic anomalies in the moon, 
the earth and meteorites have offered 
local evidence for the fathering of our 
sun on some ancient supernova. This is 
no book for beginners, but it is a fine one 
for those who would embark on stormy 
seas of inference. 

In all these books only one drawing in 
Wood offers information on such a 
homely, if immaterial, point as the date 
of the earth's annual perihelion passage. 

NIGERIA: ITS ARCHAEOLOGY AND 

EARLY. HISTORY, by Thurstan 
Shaw. With 147 illustrations. Thames 
and Hudson Ltd. Distributed by W. W. 
Norton & Co., Inc. ($16.95). The scien­
tific spade has borne eloq uent witness to 
the human past for a century and a half 
or more in some lands. In Nigeria, the 
most populous of all the nations of 
Black Africa, with a territory and a pop­
ulation as large as those of France and 
Spain together, archaeology hardly be­
gan before World War II. Still young, it 
has the buoyancy of youth; recent finds 
are abundant (even in this brief intro­
ductory volume some objects are shown 
that have not yet been formally pub­
lished) and new excavators are enthusi­
astically at work, Nigerians trained at 
and responsible to Nigerian universities 
and museums. In a new and diverse na­
tion one impetus to the study of a buried 
past is clear. It is expressed neatly in the 
epigraph of this exciting book, ascribed 
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to a well-known pop singer and social 
critic of Lagos, Fela Anikulapo-K uti: 
"You will never know where you are 
going unless you know where you are 
coming from." 

Our guide here to where Nigerians in 
all their variety come from is no new­
comer; he is the dean of Nigerian ar­
chaeologists, who has to his credit digs 
and publications in West Africa for 
nearly 40 years. The reflective survey he 
offers not only brings material fresh to 
most readers but also is marked by a 
catholic breadth of interest, from clima­
tology to ethnobotany and linguistics, 
which give his book a value beyond the 
topic directly at hand. 

The spade can find order, not make it; 
the book of sediments is hard to read 
where it is jumbled and awry. Across 
Africa in the Rift Valley there are fa­
mous sites, such as Olduvai Gorge, 
where the pages of the past lie one on 
another in neat order, cut into and ex­
posed to our benefit. There is no Olduvai 
in Nigeria; the closest to that treasury 
is the cool grassy Jos Plateau in cen­
tral Nigeria. There the granite outcrops 
have weathered and broken down to fill 
the complexly cut streams with alluvial 
gravels, whose content of heavy lumps 
and grains of tin oxide have drawn pros­
pectors and miners on a scale large and 
small for 50 years. Their burrowings 
have found many works of human 
hands in the gravels, but they are rarely 
ordered and datable. More often they 
have been washed from the sides of the 
valley into the loosened gravels of the 
fill below. Nowhere else in Nigeria has 
the subsurface been so widely sampled. 

In the J os region and downstream 
from it hand and mind can be traced for 
a very long time. Hundreds of scattered 
flint hand axes lie there, hard to date or 
even to sort but plainly showing occu­
pancy by our ancestor Homo erectus per­
haps as much as a couple of hundred 
thousand years ago. It can only be hoped 
that an assemblage of tools will be 
found in place, marking some camp of 
the elephant hunters, like the tools en­
countered on the quieter shores of the 
great lakes of East Africa. In the fans of 
loose gravel at the base of flowing wa­
terfalls the tin miners have found small­
er flakes made as spearpoints by people 
of the Middle Stone Age, our own spe­
cies Homo sapiens; at a guess the flakes 
are some 3 0,000 or 40,000 years old. In 
the same area a rock-shelter has yielded 
ground stone axes and pottery shards, 
6,000 or 8,000 years old, datable by ac­
companying samples of carbon. Still 
more is owed to the prospectors eager 
for tin and tantalum: iron objects, slag 
and finally a dozen old iron furnaces, 
located by the magnetometer. There, at 
Taruga in about 3 00 B.C., there was a 
"fully evolved iron technology." In a 
nonalluvial site, Taruga begins to tell a 
coherent cultural story. 

These later people are known to 

us by more than their technology. Their 
portrait heads and now figurines of all 
kinds in terra-cotta have also been by­
products of the search for tin. The Nok 
culture, as it is called, still awaits full 
publication, although the first few ex­
traordinary heads, found a generation 
ago, are known to everyone who has 
seen a text on African art or archaeolo­
gy. The look of these life-size heads can 
be matched unmistakably to many a Ni­
gerian head today. Agriculturists with 
their own novel domesticates (such as 
sorghum), artists, potters, smelters of 
iron, these people are not so unlike their 
contemporaries of western Europe. 

What is striking are their physical 
characteristics, made plain by their own 
hands in portraiture. They were negroid, 
as are almost all Nigerians today; such a 
gene pool, of course with a statistical 
spread of traits, can be documented in 
the Nigerian subsoil. In one rock-shelter 
well south of the Jos Plateau a Middle 
Stone Age skeleton has been dated to 
about 9000 B.C., "the earliest skeleton 
so far discovered" that shows physical 
characteristics prototypical of present 
African populations. The modest pres­
ent degree of human polytypy seems to 
have developed only rather late in the 
history of our species. Ethiopian skulls 
of the sapiens type indicate that such 
"differentiation had not taken place be­
fore 40,000 B.C." We are a single, com­
plex, cunning species, north and south, 
our common ancestry strongly marked 
on us all, probably emigrants out of East 
Africa some 50 millenniums back. 

Professor Shaw of course includes the 
protohistoric archaeology of Nigeria: 
the art, both in terra-cotta and in copper 
and its alloys, that has astonished view­
ers for a long time. Three remarkable 
styles are detailed: the dig Professor 
Shaw himself conducted in Igbo-Ukwo, 
whose cast objects of "strange rococo, 
almost Faberge-like virtuosity" in a lo­
cal burial seem Roman in their lightness 
and mimicry of rope work; the copper 
heads of Athenian naturalism found and 
still being found in lie-He, the holy city 
of the Y orubas, and the famous brasses 
of Benin, brought back by Portuguese 
travelers as impressed by that great city 
as learned Arab visitors had been before 
them. These works, all manifestly in­
digenous although made from traded 
copper, probably under the influence of 
metallurgical techniques from far away, 
span the years from the fifth to the 17th 
centuries A.D. The city walls, the shard 
pavements, the chief's insignia, the clay 
leopard bearing a human leg in its 
mouth-all abundantly reward the read­
er in interest and beauty. Here one can 
turn the first illuminated leaves of a 
work in progress: the unfolding story of 
where the Nigerians come from. In this 
logical land, where the age of costly 
bronze appears much later than the age 
of common iron, the reader finds much 
to admire and to learn. 
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accounts available anywhere: the facts, 
the findings, old and new theories, photos, 
computer-generated art, schematics and 
diagrams, upcoming projects and the riddles 
they hope to solve - all presented to you 
by the greatest astronomy minds on Earth! 

A BALANCE OF VIEWPOINTS AND 
AN ARRAY OF FACTS ALL IN ONE 
VOLUME AVAILABLE NOWHERE ELSE 
- BOOKS OR MAGAZINES! 

STAR & SKY is a blend of visuals and 
precise but easy-to-digest text. Jargon is 
held to a minimum yet we don't skimp 
on com prehensive coverage. 

Welcome to the expanding 

And art: What does a black hole look 
like? How does it work? How do the rings 
of Jupiter, Saturn and Uranus differ? Where 
photography is impossible, we turn to art. 
Intelligent renderings-made by astronomer­
artists who keep abreast of the newest 
theories and discoveries - portray visually 
the probabilities and possibilities we can't 
see. • 

universe ... 
The known universe is expanding 'at the 

rate of 40 trillion cu bic light-years per 
second. And, not only is the universe 
physically expanding, bu t our understanding 
of it is undergoing an unprecedented ex­
plosion as well: we have gained more new 
knowledge of the universe in the last two 
decades than in all prior human history! 

The pace of discovery is now so rapid 
that most - if not all - of the astronomy 
books in your local library are badly out-of­
date - even if they are only a few years old! 

STAR & SKY is a nlagazine that pays 
particular attention to the fast-breaking 
news and keeps you on top of it like an 
astronomy newspaper ... in it you can find 
consistently accurate, detailed reports of 
what's going on today (and tomorrow) in 
space exploration, astronomical research 
and discovery. 

STAR & SKY has reporters at mission 
control for the latest planetary encounters 
so we can bring you the detail and full 
color illustrations that the general science 
magazines don't seem to have room for. 
We reported on what the Voyager and 
Pioneer spacecraft actually found at Jupiter 
and Saturn and in later issues augmented it 
with late-breaking data emerging from 
further analyses. 

We cover the scientific meetings at the 
world's great observatories and universities 
to bring you details of the most recen t dis­
coveries about quasars, galaxies, black 
holes and such mind-stretching concepts as 
the origin and destiny of the universe. In 
addition, our monthly report on manned 
space activities by James Oberg at NASA's 
Johnson Space Center ensures you that you 
won't miss anything. 

UNLIKE ANY OTHER MAGAZINE IN 
THE FIELD we often publish Special Issues 
- entire issues devoted to in-depth treat­
ment of single topics. Our December 1979 
Special Issue is an all-inclusive examination 
of those cosmic enigmas, BLACK HOLES_ 

Six feature articles survey the most up­
to-the-minu te black hole facts and notions, 
written by authors who are among the best­
known names in the field: 

• SPACE, TIME AND BLACK HOLES 
by William J. Kaufmann: By severely 
warping space and time, black holes can 
create a totally alien realm that may lead 
beyond the universe. 

• THE ULTIMATE BLACK HOLE by 
Isaac Asimov: What would happen If all 
the matter in the universe were com· 
pressed into one enormous black hole? 

• THE MAW OF THE ABYSS by Wallace 
Tucker: Colossal black holes with masses 
greater than a billion suns may lurk in 
the hearts of galaxies and quasars. 

• BLACK AND WHITE HOLES: MINIS, 
MAXIS AND ... WORMS! by Barry 
Parker: Are black holes gateways to 
other universes? 

• BLACK HOLES OF THE MIND by 
Philip Morrison: A leading physicist 
cautions against confident acceptance of 
black hole reality. 

• STEPHEN HAWKJNG, BLACK HOLE 
REVOLUTIONARY by Ian Ridpath: 
Wherever black holes are discussed, the 
name of Stephen Hawking is sure to 

STAR & SKY brings you top authors in 
both professional and amateur astronomy: 
Isaac Asimov, James Oberg, Richard 
Hoagland, William J. Kaufmann, Barry 
Parker, Wallace Tucker, John Gribbin, 
Patrick Moore, John Sanford, Leo Henzl, 
Terence DiCkinson, Ben Mayer, Sam 
Bleecker, Trudy E. Bell. George T. Keene, 
James Mullaney, and many others. 

STAR & SKY covers the entire field of 
astronomy: IT IS THE COMPLETE 
REFERENCE FOR EVERYONE INTER­
ESTED IN THE UNIVERSE. 

FOR THE PRICE OF A 'TYPICAL 
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ISSUES OF STAR & SKY ... 
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& SKY. If you enclose payment with your 
order, we will send your BLACK HOLE 
Issue out immediately. If you prefer to be 
billed, we will send your BLACK HOLE 
Issue out when your payment is received. 

Act today to reserve your Special 
BLACK HOLE Issue - a definite collector's 
item - as supplies are limited. 

STAR & SKY Magazine, P.O_ Box 5172, Westport, CT06880 

I don't want to miss any reports of Voyager's encounter with Saturn; the first launch of 
the Space Shuttle; preparations for the return of Halley's Comet; plans for the launch of a 
94-inch telescope into Earth orbit; etc .. etc .... but I especially don't want to miss any 
future Special Issues on important and timely topics in astronomy! 

l.J Yes, send me my Special BLACK HOLE Issue right now. I am enclosing my check or 
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send me my Special BLACK HOLE Issue_ 
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The Next Generation 
of Particle Accelerators 

The smallest of objects can be perceived only with the largest 

ofinstruments. Penetrating deeper into the structure of matter 

may require accelerators built with multinational sponsorship 

F
or some 50 years the effort to un­
derstand the ultimate structure of 
matter has proceeded almost en­

tirely through a single experimental 
technique. A particle of matter is 
brought to high speed and made to 
strike another particle. From an exami­
nation of the debris released in the after­
math of the collision, information is 
gained about the nature of the particles 
and about the forces that act between 
them. To carry out a program of such 
experiments it is necessary to have a 
source of energetic particles. Cosmic 
rays provide a natural source, but the 
flux of particles is diffuse and is beyond 
the control of the experimenter. A more 
practical source is a particle accelerator, 
the device for increasing the speed of a 
particle and hence also its energy. 

One of the first particle accelerators, 
built by Ernest O. Lawrence in 1 92 8, 
was made of laboratory glassware a few 
inches in diameter. Most of the accelera­
tors in service today are lineal descend­
ants of Lawrence's device, but they have 
grown enormously in size and complexi­
ty. The largest extend over many square 
kilometers and indeed are so large that 
the availability of real estate has be­
come a significant consideration in their 
design. The particle accelerator is no 
longer an instrument installed in a labo­
ratory; instead the laboratory is assem­
bled around the accelerator. Building 
such a machine costs hundreds of mil­
lions of dollars; operating it requires a 
staff of about 1 ,000 people and dozens 
of digital computers. 

A new generation of particle accelera­
tors is now in prospect. The first few are 
just coming into operation; several more 
are under construction; others are still 
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by Robert R. Wilson 

being planned, and their characteristics 
are not yet fixed.  For both the physi­
cist and the layman the principal inter­
est inspired by these new machines is 
in the results of the experiments they 
will make possible, but the accelera­
tors themselves also merit notice. In the 
physics of elementary particles the high­
est available energy represents a frontier 
marking one of the boundaries of exper­
imentally verifiable knowledge. Several 
of the new accelerators will be capable 
of attaining higher energies than any ex­
isting machine, and so they will push the 
frontier into unexplored territory. In or­
der to reach those energies the accelera­
tors will of necessity be larger, more 
complicated and more expensive than 
their predecessors. 

Largely because of the cost, the con­
struction of an accelerator today re­
quires the resolution not only of techni­
cal problems but also of political, eco­
nomic and managerial ones. Money for 
scientific research is a scarce resource, 
and it is imperative that it be used as 
efficiently as possible. Technical innova­
tions have brought a substantial reduc­
tion in the cost per unit energy of ac­
celerating a particle. It is encouraging 
to note that another means for minimiz­
ing the total world expenditure is now 
emerging: through international cooper­
ation the unnecessary duplication of fa­
cilities can be avoided, and projects too 
large for any one nation can be under­
taken by regional groups of nations and 
perhaps eventually through a world­
wide collaboration. 

The large investment now being made 
in instruments for high-energy-phys­

ics research can be justified only because 

the preceding generations of accelera­
tors have already proved their worth. 
Fifty years ago only two kinds of ap­
parently indivisible particle were rec­
ognized: the electron and the proton. 
The remaining constituent of the atom, 
the neutron, was discovered in 1 93 2 .  In 
subsequent years, through experiments 
with cosmic rays and with early acceler­
ators, several additional particles were 
identified. One of the first was the posi­
tron, the antiparticle of the electron. 
Others were the neutrino, a particle 
without mass or electric charge, and the 
muon and the pion, which have masses 
intermediate between those of the elec­
tron and the proton. 

In the 1 950's, when more powerful ac­
celerators began operating, there was an 
unexpected and in some respects alarm­
ing proliferation in the number of 
known particles.  Within a few years the 
list extended to more than 1 00, most of 
them classified as hadrons, or nuclear 
particles.  Among the hadrons were sev­
eral with the new property of matter 
called strangeness. Five years ago it 
was necessary to add another class of 
hadrons, bearing another whimsically 
named property, charm. The pace of 
discovery continues to increase. Parti­
cles that apparently signal the existence 
of two more classes have been observed.  
These newest classes, which have only 
begun to be catalogued, are distin­
guished by properties called truth and 
beauty or top and bottom. 

For a time it seemed that all of these 
particles might have to be accorded 
equal status as elementary objects. That 
possibility was deeply troubling, as it 
was difficult to reconcile with the con­
viction that the laws of nature should be 
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reasonably simple. It was subsequently 
discovered, however, that all the had­
rons could be arranged in logical pat­
terns, some of which have a lovely 
snowflake form. Moreover, the exis­
tence of such patterns could be under­
stood if it was assumed that the hadrons 
are not elementary but are made up of 
the more fundamental entities that have 
been given the name quarks. 

In the view that now prevails among 
physicists there are just two kinds of ele­
mentary particles: leptons and quarks. 
Among the leptons the most familiar 
particle is the electron. Also included in 
that class are the muon and two kinds of 
neutrino, one associated with the elec­
tron and one with the muon. A few years 
ago a new lepton was discovered and 
given the designation tau. Presumably 
the tau also has an associated neutrino, 
so that there should be six leptons al­
together. 

There also appear to be six kinds 

of quarks, labeled up, down, strange, 
charmed, top and bottom. (As yet there 
is no experimental evidence for the top 
quark, but because all the other quarks 
and leptons come in pairs it is assumed 
that the bottom quark also has a part­
ner. )  No one has observed a quark in 
isolation, but there are substantial rea­
sons for believing in their existence. Ev­
ery known hadron (and there are now a 
few hundred) can be explained as a com­
bination of quarks or of quarks and an­
tiquarks, formed by explicit rules. 

Cataloguing the elementary particles 
constitutes only half the problem of un­
derstanding the structure of matter. I t  is 
also necessary to understand the forces 
that hold the particles together and give 
rise to their motions. Four basic forces 
are generally recognized. In order of in­
creasing strength they are gravitation, 
the weak force (which is responsible for 
radioactive beta decay), electromag­
netism and the strong force. Gravita-

tion and the weak force are universal : 
they act between all kinds of particles. 
Electromagnetism has a direct influ­
ence only on particles that carry an elec­
tric charge. The strong force acts only 
on hadrons or on their constituents, the 
quarks. 

Each force IS mought to be transmitted 
from point to point by the exchange 

of an intermediary particle. For electro­
magnetism the intermediary particle is 
the photon: the quantum of light and 
of other forms of electromagnetic radi­
ation. Thus the repulsion between two 
electrons is described as coming about 
from the exchange of photons, which 
are emitted by one electron and ab­
sorbed by the other. (A similar repulsion 
would be observed between two chil­
dren on ice skates throwing a ball back 
and forth.)  The mechanism of inter­
action is similar for the other forces, ex­
cept for the identity of the exchanged 

TANDEM ACCELERATORS occupy a single tunnel at the Fermi 
National Accelerator Laboratory (Fermilab) near Chicago. The blue 
objects in the upper tier are the beam-bending magnets of the origi­
nal "main ring" proton synchrotron, which began operating in 1972 
and has reached a 'peak energy of 500 billion electron volts (Ge V). 

Lower tier of red magnets is the first segment of a new proton syn­
chrotton, called the Tevatron, that is designed to reach one trillion 
electron volts (TeV). The Tevatron magnets have superconducting 
windings. The scale of the accelerators can be judged from-the slight 
curvature of the tunnel, which has a circumference of 6.3 kilometers. 
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ACCELERATION O F  A PARTICLE results from tbe force applied b y  a n  electric field. A 
static bigb voltage supplies tbe field in a Cockcroft-Walton generator, but the maximum ener­
gy tbat can be reacbed by tbis metbod is about a million electron volts (MeV). Higber energies 
call for many stages of acceleration, in wbicb tbe electric field is generated by radio-frequency 
oscillators. In a linear accelerator, or Iinac, many radio-frequency cavities are arranged in se­
quence and syncbronized so tbat a particle receives a small pusb at eacb stage. In a synchro­
tron tbe many radio-frequency stages can be replaced by one cavity, througb wbicb tbe beam 
passes many times. Bending and focusing magnets confine tbe particles to a circular patb; tbe 
magnetic fields must be adjusted continuously, bowever, as energy of tbe particles increases. 
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particle. The quantum of gravitation is 
the graviton, and the strong force be­
tween quarks is transmitted by the parti­
cles called gluons. For the weak force 
the mediating particle is the intermedi­
ate vector boson, now also known as the 
weak on; it comes in three charge states, 
designated W+, W- and Zoo Whereas 
the photon, the graviton and presum­
ably the gluons are all massless, the 
weakon is expected to be very heavy. 

One of the most far-reaching theoreti­
cal developments of the past several 
years was a demonstration that the weak 
force and the elec.tromagnetic force can 
be unified. Although the two forces are 
quite dissimilar in their observable char­
acteristics, they can now be understood 
as manifestations of a single underlying 
phenomenon. The unification is precise­
ly analogous to the 1 9th-century realiza­
tion that electric and magnetic forces 
are merely different manifestations of 
charge. Work is now under way toward 
the construction of a "grand unifica­
tion" that would include the strong 
force with the unified weak and electro­
magnetic forces.  The ultimate source of 
force, however, remains as mysterious 
today as the source of the N ile was in the 
1 9th century, and the search for that 
source is j ust as romantic. 

However much has been learned in 
the past 5 0  years, it would be misleading 
to suggest that the present understand­
ing of elementary particles is even ap­
proaching finality or completion. The 
status of the field is tantalizing rather 
than satisfying; there is no shortage of 
questions to be answered .  A first order 
of business for the new accelerators will 
be filling in the blanks in the catalogue 
of hadrons, particularly those that in­
corporate top and bottom quarks in 
their structure. It is also important to 
find out whether the list of quarks and 
leptons ends with the six of each that are 
now known or whether more will be 
found at higher energies. In a sense six 
quarks and six leptons are already too 
many; all of the ordinary matter in the 
universe could be constructed out of just 
four elementary particles :  the electron, 
the electron neutrino and the up and 
down quarks. The existence of the other 
leptons and quarks, which appear only 
in high-energy-physics experiments, is a 
puzzle. 

Another puzzle is the failure of all at­
tempts so far to detect a free quark. Var­
ious theoretical constructs have been of­
fered, after the fact, to explain why 
quarks should be permanently confined 
to hadrons. The possibility remains, 
however, that a quark can be knocked 
loose from a hadron if enough energy 
is supplied. Future experimental pro­
grams are therefore certain to include 
quark searches. 

One of the trophies that will be hunted 
with the new accelerators is the weakon, 
the transmitter of the weak force. The 
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three kinds of weakon are estimated to 
have masses roughly 1 00 times the mass 
of the proton; creating particles that 
heavy is beyond the capabilities of any 
existing accelerator, and it may not be 
possible for several years. 

The historical development of ele­
mentary-particle physics might well be 
read as an extended lesson in skepticism. 
Over the course of the past century the 
realm of inquiry has progressed from 
the atom to the atomic nucleus to the 
hadrons that make up the nucleus to the 
quarks that make up the hadrons. Each 
of these objects has been considered for 
at least a time to be an elementary parti­
cle, one with no internal structure. It 
may be too soon to declare an end to the 
progression by assuming that the quarks 
(and the leptons) are truly elementary. 
They too could be composite objects, 
made up of simpler components. In­
deed, one can imagine the endless re­
gression that was visualized by Jona­
than Swift: 

So, naturalists, observe, a flea 
Hath smaller fleas that on him prey; 
And these have smaller still to 

bite 'em; 
And so proceed ad infinitum. 
Theorists are already contemplating 

the next step in the regression. For ex­
ample, Haim Harari of the Weizmann 
Institute of Science in Israel has suggest­
ed that both the quarks and the leptons 
could be constructed of just two kinds of 
"ultimate" particles. He calls them ri­
shons, from the Hebrew word for ele­
mentary. 

The rationale for employing particle 
accelerators to explore the structure 

of matter is straightforward. Smashing 
two objects together is merely a means 
for breaking them down into their com­
ponent parts. If the collision could be 
made sufficiently violent, the parti­
cles might be reduced to their ultimate 
and unbreakable constituents. An inter­
action between high-energy particles is 
not entirely like an automobile accident, 
however. Particles not only are knocked 
out of the target and the projectile but 
also can be created anew out of the ener­
gy brought to the collision by the accel­
erated particle. For example, the upsi­
lon particle, which is thought to include 
a bottom quark, can be made in colli­
sions between energetic protons even 
though the mass of the upsilon is 1 0  
times that o f  the proton. 

Another way of considering the func­
tioning of an accelerator is by analogy 
with a microscope. The ultimate limit to 
the resolution of a microscope is the 
wavelength of the radiation with which 
the specimen is illuminated.  Patterns 
much smaller than the wavelength can­
not be resolved; as a resuft the light 
microscope cannot distinguish objects 

smaller than about 1 0-5 centimeter. In 
quantum mechanics a particle of matter 
can be described as a wave, which has 
a wavelength inversely proportional to 
the momentum of the particle. If an ac­
celerator is conceived as a large micro­
scope, the motive for increasing the en­
ergy is to reduce the particle wavelength 
and thereby improve the-resolution. The 
largest accelerators now operating have 
an effective resolution of about 1 0-16 

centimeter, which is a thousandth of the 
diameter of the proton. 

The newest accelerators exploit the 
same fundamental principles as the first 
ones. The force employed to accelerate 
the particles is electromagnetism, and 
so only particles that have an electric 
charge can be accelerated; they are usu­
ally either protons (with a charge of + 1) 
or electrons (with a charge of - 1 ). The 
particles are injected into � vacuum 
chamber, the vacuum being necessary to 
prevent the moving particles from col­
liding with air molecules. An electric 
field then sets the particles in motion. In 
the simplest case a high voltage is ap­
plied across a pair of electrodes. Elec­
trons are propelled toward the positive 
dectrode; protons move in the opposite 
direction, toward the negative electrode. 
A simple accelerator of this kind is 
found in the picture tube of a television 
receiver. 

The standard unit of measurement for 
particle energy is the electron volt, 

abbreviated eV. One electron volt is the 
energy acquired by an electron when it 
is accelerated through a potential differ­
ence of one volt. The same unit serves to 
measure the energy of moving protons 
or of any other particles. For conve­
nience various multiples of the electron 
volt are employed in specifying the en­
ergy of accelerators. The kiloelectron 
volt (keV) is 1 ,000 electron volts, the 
megaelectron volt (MeV) is a million, 
the gigaelectron volt (GeV) is a billion 
and the teraelectron volt (TeV) is a tril­
lion, or 1 012 electron volts. Because 
mass and energy can be freely intercon­
verted it is customary to give the mass of 
a particle in terms of its energy equiva­
lent, measured in electron volts. Thus 
the "mass" of the proton is 938 MeV. 

In principle any energy could be 
achieved with a simple accelerator 
made up of two electrodes, merely by 
raising the voltage to the appropriate 
level. In practice the maximum poten­
tial that can be sustained across a pair of 
electrodes is several million volts, so 
that such accelerators 'are confined to 
energies of no more than several MeV. 
The limit is determined by the onset of 
arcing between the electrodes or by the 
breakdown of insulators. 

In order to reach higher energies it 
is necessary to accelerate a particle in 
stages, giving it a sequence of small 
pushes instead of one big push. The 

most obvious way of arranging for such 
a gradual acceleration is by stringing to­
gether many small accelerator stages 
one after the next. That is the principle 
of the linear accelerator, or linac. In­
stead of applying a continuous high 
voltage to the electrodes in each stage, 
an alternating electric field is set up by 
an oscillator connected to each set of 
electrodes, forming the structure called 
a radio-frequency cavity. The oscilla­
tors for successive cavities are synchro­
nized in such a way that the electric field 
always has the correct polarity to accel­
erate, rather than retard, the moving 
particle. In effect an electromagnetic 
wave travels continuously through the 
vacuum tube and the particle ,rides the 
electrical wave as a surfer rides a water 
wave. 

There is only one large linac now op­
erating. It is at the Stanford Linear Ac­
celerator Center (SLAC) near Stanford 
University. Completed in 1 96 1  at a cost 
of some $ 1 15 million, it is two miles 
long and made up of 82,560 radio-fre­
quency cavities. The SLAC device was 
designed to accelerate electrons to an 
energy of 22 GeV; a program for replac­
ing the radio-frequency oscillators with 
more powerful units is raising that ener­
gy to 30 GeV. Even without the upgrad­
ing of the machine SLAC would have 
remained for some time to come the 
most powerful electron accelerator in 
the world. 

The limit to the maximum practical 
energy of a linear accelerator is the 

cost of the thousands of accelerator cav­
ities and their associated radio-frequen­
cy power supplies. The way to avoid 
that cost is to employ only a few cav­
ities but to make each particle pass 
through them many times. Under the 
infl uence of a magnetic field an electri­
cally charged particle follows a curved 
trajectory. By arranging many magnets 
in a ring the particle can be made to fol­
Iow a circular orbit, or any other closed 
curve. A bunch or cluster of particles 
can circle the ring several million times, 
passing through the radio-frequency 
cavities and gaining energy on each rev­
olution. An accelerator built in this way 
is called a synchrotron. 

All the large new accelerators that are 
now planned or under construction are 
synchrotrons. It is therefore worthwhile 
to consider their operation in somewhat 
greater detail. The magnets that make 
up the ring are of two kinds. The dipole 
magnets, which have two poles {one 
north and one south), generate a uni­
form magnetic field; they accomplish 
the bending of the particle trajectories. 
Quadrupole magnets, which give rise to 
a field with two north poles and two 
south poles, do not deflect the particles 
but focus them into a narrower beam, 
acting much like lenses. Interspersed 
among the magnets are the radio-fre-

4S 
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quency cavities, where the actual accel­
eration takes place. Specialized magnets 
and electrodes must also be provided for 
injecting the particles into the ring and 
for extracting them from it. 

' 

The synchrotron operates in cycles. 
When a bunch of particles is first inject­
ed, the fields of the bending magnets. are 
adjusted so that the particles precisely 
follow the curvature of the vacuum 
tube. As the energy of the particles in­
creases on each revolution the field 
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strength in the bending magnets must 
also be smoothly ipcreased. When the 
maximum energy is reached, the beam is 
extracted; then the magnetic field is al­
lowed to fall to its original level in prep­
aration for the next bunch of particles. 
The accelerator is called a synchrotron 
because the particles automatically syn­
chronize their motion with the rising 
magnetic field and the rising frequency 
of the accelerating voltage. 

The highest energies are not attempt-
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ed with a single machine; instead several 
machines are lined up in series. Each 
one augments the particle energy by a 
factor of 1 0  or even 1 00, then passes the 
beam on to the next accelerator in the / 
sequence. In several instances older ac­
celerators serve as injectors or prelimi­
nary stages for newer and for more pow­
erful machines, 

In a proton accelerator the first stage 
is most often a device of the kind built in 
1 92 8  by John D. Cockcroft and Ernest 
T. S. Walton at the Cavendish Laborato­
ry of the University of Cambridge. It is 
a large transformer and rectifier that 
·generates a potential of about a million 
volts between an inner electrode and an 
outer shell. Protons, obtained by ion­
izing hydrogen atoms, are released at 
the inner electrode; when they emerge 
(through a hole in the shell), they have 
an energy of about 1 MeV. 

The next stage is often a linac, which 
typically raises the energy per proton to 
50 or even 200 MeV. From the linac the 
protons can be injected into a synchro­
tron, which may be the final link in the 
chain or may serve merely to boost the 
energy of the protons for injection into a 
larger synchrotron. 

The first large synchrotrons were the 
Cosmotron, built in 1 952 at the 

Brookhaven National Laboratory, and 
the Bevatron, completed in 1 954 at the 
University of California at Berkeley. 
They reached energies of 3 GeV and 6.2 
GeV respectively. In design they dif­
fered from more recent practice chiefly 
in the disposition of the magnetic field, 
which provided only weak focusing of 
the beam. In building the next genera­
tion of larger and more powerful syn­
chrotrons, a new system of strong focus­
ing was introduced. The shape of the 
magnetic field can be described mathe­
matically as being partly uniform (the 
dipole component) and partly a gradient 
in a direction transverse to the orbit of 
the beam (the quadrupole component). 
The quadrupole component was made 
stronger and was alternated in sign, so 
that oscillations of the particles around 
the desired orbit were more frequent 
but of smaller amplitude, As a result of 
this alternating gradient the aperture of 
the magnets and the bore of the vacu­
um chamber could be made smaller. It 
is the invention of the synchrotron and 
of strong focusing that has made the 
very large accelerators of today eco­
nomically feasible. 

The strong-focusing principle was 
first applied to synchrotrons built at 
Brookhaven and in Europe. The Brook­
haven machine, which came to be 
known as the Alternating Gradient Syn­
chrotron, or AGS, was completed in 
1 96 1  and eventually reached an energy 
of 33 GeV. The AGS has had a distin­
guished career. It was an experiment 
with the.AGS that first revealed the exis-
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tence of two kinds of neutrino, one for 
the electron and one for the muon. In 
1 974 an AGS experiment was one of 
two that discovered the particle labeled 
J or psi, which provided the first evi­
dence of charm. The AGS is still operat­
ing and, as I shall explain below, there 
are plans for its further utilization. 

The European strong-focusing syn­
chrotron has turned out to be part of a 
much larger endeavor, what is indeed 
now the largest of the world's high-ener­
gy-physics laboratories. The project was 
undertaken by a consortium of Europe­
an nations, which formed the Conseil 
Europeen pour la Recherche N ucleaire, 
or CERN. (The name has since been 
changed to European Organization for 
N uclear Research, but the abbrevia­
tion remains.) It is a model of interna­
tional cooperation, which has broken 
new ground in solving the problems of 
language, money, custom and national 
self-interest. Today there are 12 mem­
ber nations. The laboratory itself now 
straddles the French-Swiss border a 
few miles north of Geneva. 

The Proton Synchrotron, or PS, at 
CERN was completed about a year 
ahead of the Brookhaven AGS. The PS 
too has made distinguished contribu­
tions. Most notably it was the instru­
ment with which CERN physicists dis­
covered a new aspect of the weak force, 
called the neutral weak current, which 
provided the first evidence supporting 
the unification of the weak and electro­
magnetic forces. 

Research is still carried out with the 
proton beams of the PS, but what is now 
probably the most important function 
of that machine is to serve as the injector 
for a still larger accelerator, the Super 
Proton Synchrotron, or SPS. The initial 
plans for the SPS called for a 300-GeV 
accelerator to be built somewhere in Eu­
rope other than the CERN site. In 1 965, 
however, France made available a tract 
of land adjoining the original laboratory 
in Switzerland, so that the SPS could be 
built next to the PS. As it happened, 
there was no need to disturb the surface 
over most of the area available. The tun­
nel for the SPS, which is almost seven 
kilometers in circumference, was bored 
underground with a mining machine, 
at an average depth of 40 meters. The 
beam comes to the surface only in the 
experimental halls. 

When the SPS began operation in 
1 976, its energy was not 300 GeV but 
400, and it has the capability of reaching 
500 GeV. There is no question that the 
availability of the PS as an injector 
speeded construction and made the 
higher energy economically feasible. 
The highest-energy protons at CERN 
pass through five accelerators: a Cock­
croft-Walton generator (550 keV), a lin­
ac (50 MeV), a booster synchrotron 
(800 MeV), the PS and the SPS. 

At about the same time planning be-

1 ,000 

900 

800 -I-� -- _. 

v�t-
-.. 

700 

:> COLLIDING BEAMS tt-. I ., 
Q. 600 
>-
CD 
a: 
w 
z 500 w 

/ I· I 
en 
en 
co:: 
:i: 400 li-
0 
Ii: 
w / 

V .. -
. I I 

r--�--I+-t+ 
i +. � 300 z w 

() 

200 

100 

I --

� t / 
� PROTO�S ON FIX

1
ED TARG�T OF PR

1
OTONS 

o I I 
o 100 200 300 400 500 600 

BEAM ENERGY (GaV) 
700 800 900 1,000 

EFFECTIVE COLLISION ENERGY is mucb greater in colliding-beam devices tban it is in 
fixed-target accelerators. Tbe energy available for creating new particles is tbe energy of tbe 
collision wben tbe collision is viewed in tbe frame of reference of tbe center of mass of tbe col. 
liding particles. In a storage ring tbe center·of·mass energy is simply twice tbe beam energy. (It 
is assumed tbat botb particles bave tbe same rest mass and are accelerated to tbe same energy.) In 
a fixed.target accelerator at low energy tbe center·of.mass energy is proportional to tbe square 
root of tbe beam energy, and at higb energy it rises even more slowly because of relativistic ef. 
fects. Fixed.target accelerators have tbe redeeming property of bigber luminosity, wbicb is 
a measure of tbe rate at whicb particle interactions can be observed. Fixed.target macbines 
also yield a variety of secondary beams, wbicb cannot be generated by a colliding-beam device. 

gan for the SPS, an American project of 
comparable scale was undertaken. Af­
ter considerable bickering among states 
competing for the new laboratory, a site 
was chosen in 1967, on farmland 30 
miles west of Chicago. The facilities 
built there are now called the Fermi Na­
tional Accelerator Laboratory, or Fer­
milab. It does not have the cachet of 
international sponsorship, but at least it 
is interscholastic: the operating authori­
ty is an association of 53 universities. Of 
course, physicists of many nations do 
experiments at the laboratory. 

Work at Fermilab proceeded faster 
than at CERN, and the accelerator be­
gan operating in 1972. The original plan 
had called for a 200-GeV proton syn­
chrotron, but it was possible to build a 
400-GeV machine for the same cost. By 
1 975 the maximum energy had been 
raised to 500 GeV, although the cost of 
electric power forbids extended periods 
of operation at that energy. 

The system of accelerators at Fermi­
lab follows what by now should be 

a familiar pattern. Protons are given an 

initial push in a Cockcroft-Walton gen­
erator (750 key), then pass through a 
linac (200 MeV) and a booster synchro­
tron (8 GeV) before being inserted into 
the main-ring synchrotron. The main 
ring is a little smaller than that of the 
SPS; its circumference is 6.3 kilometers. 
It is made up of 774 bending magnets, 
each 20 feet long, and 1 80 smaller fo­
cusing magnets. A series of radio-fre­
quency cavities add 2 . 8  MeV to the pro­
tons' energy on each revolution. Going 
from 8 GeV to 400 GeV therefore re­
quires 1 40,000 turns, which are com­
pleted in about three seconds. Control­
ling the rapidly changing events in such 
a large and complicated machine re­
quires a battery of three large digital 
computers and many smaller satellite 
computers. 

The process whereby a prima balleri­
na accelerator becomes a mere member 
of the ballet company, serving as the 
injector for a larger device, is about to 
be repeated at Fermilab. A new ring of 
magnets and radio-frequency cavities is 
being installed under the existing main 
ring, so that there will be two accelera-
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VERSATILITY OF THE MULTIPLE RINGS at Fermilab will en­
able tbe facility to operate either as a fixed-target accelerator or as a 
colliding-beam device. Protons will be delivered to external targets 
(a) either by the main ring (at energies of up to 500 GeV) or by the 

Tevatron (at 1 TeV). One scheme for colliding beams would employ 
the Tevatron to store counter-rotating protons and antiprotons. Pro­
tons would first be brought up to about 100 GeV in both synchro­
trons; they would then be extracted from the main ring and employed 

tors in the one tunnel. Protons will be 
brought up to an energy of about 1 50 
GeV in the main ring, then transferred 
to the lower ring for further accelera-. 
tion. The new ring is made up of super­
conducting magnets, which can reach a 
field strength twice that of the old mag­
nets. The maximum energy of the accel­
erator is thereby doubled, to 1 TeV. In 
recognition of this miiestone the new ac­
celerator has been named the Tevatron. 

The use of superconducting magnets 
was contemplated when plans were first 
made for Fermilab, but the risk of an 
unproved technology seemed too great 
then. Building the Tevatron has turned 
out to be a challenging task even today. 
The most obvious problem is that of 
cooling almost 1 ,000 magnets, strung 
out over 6.3 kilometers of tunnel, down 
to 4.5 degrees Kelvin, the temperature 
where the special cond uctors of the 
magnet windings lose all resistance to 
the flow of electricity. In order to main­
tain that temperature a river of liquid 
helium will be pumped through the ring. 
Twenty-four small refrigeration plants 
will be spaced around the tunnel, and 
the central helium liquefier will be the 
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largest in the world, with a capacity of 
4,000 liters per hour. 

The windings in the magnets are 
formed of a niobium-titanium alloy 
embedded in a copper matrix. Almost 
1 9,000 miles of this cable will be re­
quired to complete the ring, qualifying 
Fermilab for another superlative: it is 
the largest consumer of superconduct­
ing materials in the world. At maximum 
field strength the superconductors will 
carry a current of 4,600 amperes, and 
when a magnet is "quenched," or loses 
the superconducting property, the ener­
gy stored in the field (about half a mil­
lion joules per magnet) must be dissipat­
ed without destroying the windings. 

A particularly taxing problem has 
been the need to maintain the uniformi­
ty of the magnetic field to an accuracy of 
better than one part in 1 ,000. Because 
the windings are immersed in their own 
field they are subjected to a reactive 
force of about a ton per linear inch. The 
coils cannot be allowed to move even 
a thousandth of an inch, however, be­
cause the movement would distort the 
field and might also give rise to too 
much frictional heat. The windings are 

immobilized by laminated collars of 
stainless steel. The alignment of the 
magnets is also complicated by thermal 
contraction when the ring is cooled to its 
operating temperature; a magnet six me­
ters long contracts by about two centi­
meters. 

There is now substantial confidence 
that these problems have been under­
stood and solved. A string of 24 super­
conducting magnets has been installed 
in one segment of the tunnel, and a beam 
at 90 GeV has been diverted through it 
from the main ring. The magnets per­
formed as expected. Completion of the 
full lower ring is now expected toward 
the end of 1 9 8 1 ,  and protons at 1 TeV 
should be delivered to the experimental 
areas in 1 982. The rate of construction 
depends mainly on the rate of funding. 

It is worthwhile pausing to consider 
just how much energy 1 TeV per pro­
ton is. In units more commonly applied 
to macroscopic objects, a 1- Te V particle 
has an energy of 1 .6 ergs, which is 
roughly the kinetic energy of a flying 
mosquito. At full intensity the Tevatron 
will accelerate 5 X 1 013 protons at a 
time, which will give the total beam an 
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to generate antiprotons (b), which have the same mass but the oppo­
site electric charge. The antiprotons would be shunted through the 
booster to a "cooling" ring, where they would be formed into a well­
collimated beam. When enough antiprotons had been accumulated, 

they could be returned through the booster to the Tevatron, where 
they would be injected counterclockwise, opposite to its usual sense 
of rotation (c). Protons and antiprotons would then be accelerated si­
multaneously to 1 TeV, yielding a center-of-mass energy of 2 TeV. 

energy of eight million jpules. That is 
comparable to the energy of a 1 00-
pound artillery shell. If the beam should 
ever go out of control, it could melt the 
walls of the vacuum chamber and de­
stroy the surrounding magnets; obvious­
ly such an accident must be avoided. 

When the particles in a synchrotron 
have reached their full energy, 

they are nudged out of their orbit by a 
special magnet and deflected into an ex­
ternal beam line. Eventually they strike 
a target. Interactions of the protons with 
the target can be studied directly, and it 
is also possible to create beams of sec­
ondary particles knocked out of the tar­
get. At Fermilab, for example, there are 
separate areas for experiments with pro­
tons (the primary particles), with me­
sons (particles of intermediate mass, 
such as the pion), with neutrinos and 
muons, and with photons. Neutrino ex­
periments have been exceptionally re­
warding in recent years because the neu­
trino is subject only to the weak force; 
the properties of that force can there­
fore be observed without interference 
from other kinds of events. 

The detectors and other apparatus re­
quired for the experiments are often 
built on a grand scale, comparable to 
that of the accelerators. The armor plat­
ing of two decommissioned battleships 
has been incorporated into the shielding 
of a detector at Fermilab. A detector 
now installed at CERN employs many 
tons of fine Carrara marble. These de­
tectors are "counters": they sense the en­
ergy and direction and penetrating pow­
er of various particles and record them 
electronically for later analysis. Anoth­
er kind of detector is the bubble cham­
ber, where the passage of an electrically 
charged particle leaves a telltale track of 
small bubbles. From photographs of the 
tracks the sequence of events following 
a particle collision can be reconstructed. 
Fermilab has a bubble chamber 15 feet 
in diameter; CERN has three chambers, 
the largest about 12 feet in diameter. 

The CERN and Fermilab machines 
are both proton accelerators, but elec­
trons can also serve as the working 
medium of an accelerator. The phys­
ical principles are exactly the same, 
although the characteristics of the ma­
chine are somewhat different. The main 

reason for the difference is the greater 
importance in electron accelerators of 
the electromagnetic radiation that dis­
sipates the energy of an accelerated par­
ticle. 

It  has been understood for more than 
a century that any accelerated electric 
charge must radiate electromagnetic 
waves. "Acceleration," in this context, 
refers not only to a change in the speed 
of a particle but also to any change in its 
direction. If it is made to follow a circu­
lar path, then it undergoes a continuous 
acceleration even if the speed is con­
stant. The radiation emitted under these 
conditions is called synchrotron radia­
tion, because it was in the synchrotron 
that it was first observed. 

The synchrotron radiation appears as 
an intense beam of high-energy elec­
tromagnetic waves, with a continuous 
spread of wavelengths extending to the 
ultraviolet and X-ray regions of the 
spectrum. The energy drained away by 
this process must be made up by supply­
ing additional radio-frequency power. 
Thus synchrotron radiation acts as a re­
sistive force analogous to friction. 

The energy emitted in the form of syn-
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chrotron radiation varies inversely as 
the mass of the particle raised to the 
fourth power. Because the mass of the 
proton is 1 ,83 6 times that of the electron 
the problem of supplying the lost energy 
is greater for electrons by a factor of 
1 013. At the beam energies that have 
been attained so far synchrotron radia­
tion is not a significant consideration 
in the design of proton accelerators, 
whereas it is the principal restraint on 
the energy of electron accelerators. 

One solution to the problem of syn­
chrotron radiation is to build a linear 
accelerator, where there is no curvature 
and where the radiation resulting from 
the gentler straight-line acceleration of 
the electrons is negligible. It was for this 
reason that a linac was chosen for the 
SLAC electron accelerator. The princi­
pal drawback of this approach is again 
the cost of the many radio-frequency 
cavities and the oscillators needed to ex­
cite them. In a linac an electron passes 
through each cavity only once, which is 
a great extravagance. SLAC cost $ 1 1 5  
million; Fermilab cost almost $2 50 mil-

INTERSECTING 
STORAGE RINGS 

(ISR) 

lion, but the cost per electron volt was 
more than 10 times less than it was 
at SLAC. 

The alternative to a linac is building a 
synchrotron for electrons and accepting 
the cost of synchrotron radiation. A 
compromise can be reached between 
construction costs and the continuing 
expense of operating the radio-frequen­
cy power supplies. The energy radiated 
per revolution is inversely proportional 
to the radius of curvature of the particle 
track; and so the energy loss declines as 
the accelerator is made larger. 

In 1 96 5  a lO-GeV electron synchro­
tron was built at Cornell University in a 
tunnel dug under an athletic field. At the 
time the machine was notable for its 
size; the circumference is about 630 me­
ters. It reached about half the energy of 
SLAC at about a tenth the cost. 

Another electron synchrotron, with a 
beam energy of 6.3 GeV, was construct­
ed in 1 972 in Cambridge, Mass. It  has 
since been dismantled. A third was built 
at Hamburg in West Germany; it is 
called DESY, standing for Deutsches 

200 METERS 

SUPER PROTON SYNCHROTRON (SPS) 

( 

Elektronen-Synchrotron. With a beam 
energy of 7 GeV, DESY has now be­
come the basis for a diversified high­
energy-physics laboratory. 

For a given radius of curvature the en­
ergy lost to synchrotron radiation 

increases as the fourth power of the 
beam energy. The energy loss becomes 
the dominant consideration in the de­
sign of the accelerator at about 10 GeV, 
and it imposes an almost impenetrable 
barrier beyond a few hundred GeY. Of 
course, the feasibility of any instrument 
is a matter of j udgment and is subject to 
change; 25 years ago the limit of elec­
tron synchrotrons was thought to be 
about 1 GeY. 

It should be said in defense of syn­
chrotron radiation that it is not entirely 
wasted energy. One effect of the radia­
tion is to damp out small excursions of 
the electrons away from their mean tra­
jectory, making a beam of electrons eas­
ier to control than a beam of protons. 
What is more important, the radiation 
itself has become a valuable tool for 

ANTIPROTONS 

PROTON 
SYNCHROTRON 

(PS) 

CONVERSION OF A SYNCHROTRON is also planned at the Eu­
ropean Organization for Nuclear Research (CERN). A proton-proton 
colliding-beam facility, the Intersecting Storage Rings (lSR) has been 
operating at CERN since 1971. It consists of two interlaced rings, 
with eight crossover zones where collisions can be observ� at center­
of-mass energies of up to 62 GeV. A project now nnder way will em­
ploy the much larger ring of the Super Proton Synchrotron (SPS) for 

proton-antiproton collisions. The source of protons for all the CERN 
devices is tbe Proton Synchrotron (PS), completed in 1959. Antipro­
tons will be created as secondary particles from the PS beam and col­
lected in a cooling ring called the Antiproton Accumulator (AA). 
Protons and antiprotons will then be injected in opposite directions 
into SPS and brougbt up to 270 GeV each. Hence maximum center­
of-mass energy will be 540 GeV. Only a small arc of SPS is shown. 
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biological and materials studies. It is the 
most intense source known of ultravio­
let radiation and X rays. Facilities for 
exploiting the radiation have been set up 
at several high-energy-physics laborato­
ries, and a number of small accelerators 
have been built explicitly as sources of 
synchrotron radiation. 

In spite of the vexing problem of syn­
chrotron radiation, electron accelera­
tors will have an increasingly important 
part in future high-energy-physics pro­
grams. The reason is that the electron is 
a much simpler particle than the proton, 
and therefore makes a better probe of 
the structure of matter. When two pro­
tons (or other hadrons) collide, the out­
come is complicated by the multiquark 
structure of the particles. The electron 
gives no evidence yet of having an inter­
nal structure, and so the results of elec­
tron interactions are more easily inter­
preted .  This purity is achieved in double 
measure when an electron collides with 
another electron or with a positron. 
Such collisions can be arranged by 
building a device in which an accelerat­
ed beam impinges not on a fixed target 
but on another beam of particles. 

I f the entire 500 GeV per particle that 
is generated by the largest proton 

synchrotrons were released in a collision 
with a fixed target, many of the goals set 
for the next generation of particle ac­
celerators would already have been 
achieved.  The weakon, for example, is 
expected to have a mass near 1 00 GeV, 
and so it would have been seen by now. 
Not all the energy of an accelerated par­
ticle is made available for the creation 
of new particles, however, when a mov­
ing projectile collides with a fixed target. 
Instead a large fraction of the energy 
goes into setting in motion the system 
made up of the two particles. 

Consider a 500-GeV proton striking a 
stationary proton, such as the nucleus of 
a hydrogen atom. If the projectile were 
stopped by the collision, then all the en­
ergy it had acquired would have to be 
dissipated. What actually happens is 
that the accelerated proton keeps mov­
ing and the target proton moves in the 
same direction along with it. Indeed, be­
cause of relativistic effects the rapidly 
moving accelerated proton has a mass 
5 3 0  times that of the target proton. 
The accelerated particle is not stopped 
by the collision, just as a truck is not 
stopped when it collides with a bicycle. 
The two particles together retain an en­
ergy of 469 GeV, and only 3 1  GeV is 
made available for the creation of new 
particles. 

The energy released in a particle colli­
sion can be calculated most easily by 
changing one's frame of reference. The 
collision is seen most realistically by an 
observer who is moving parallel to the 
beam and at the same speed as the center 
of mass of the two-particle system. Such 

an observer would see the beam proton 
and the target come together symmetri­
cally with an energy of 15.5 GeV each, 
or a total energy of 31 GeV. That is the 
center-of-mass energy. According to the 
kinematics of relativity theory, the cen­
ter-of-mass energy grows only in pro­
portion to the square root of the beam 
energy, so that as accelerators become 
larger more of the energy invested is in 
this sense wasted.  In order to reach a 
center-of-mass energy of 1 00 GeV with 
a fixed-target proton accelerator the 
beam energy would have to be more 
than 1 0,000 GeV. 

The view of the collision from the 
center-of-mass frame of reference sug­
gests a solution to this problem. If the 
two particles are both accelerated to the 
same energy but are moving in opposite 
directions, they can be made to collide 
head on. In the simplest analysis both 
could be stopped in their tracks. Then 
all their energy would be liberated.  If 
the particles have the same rest mass 
and if they have been accelerated to the 
same energy, the center-of-mass energy 
is simply the sum of the two beam ener­
gies. In order to reach 1 00 GeV all that 
is needed is a pair of beams with ener­
gies of 50 GeV each. 

Head-on collisions can be arranged 
by building storage rings, in which 
beams of particles circulate continuous­
ly. A storage ring resembles a synchro­
tron: it has an annular vacuum chamber, 
which is surrounded by bending and fo­
cusing magnets, and has at least one ra­
dio-frequency cavity. Usually the ring is 
employed not to increase the particles' 
energy but to maintain them in a con­
stant orbit and at a constant energy. The 
radio-frequency cavity supplies only 
enough power to make up for the energy 
lost by synchrotron radiation. 

One method of arranging head-on 
collisions is to build two storage rings 
that are tangent to each other. The par­
ticles collide at the point of contact. In 
another plan two rings are interlaced, 
each of them following an undulating 
path like the strands of a braided hoop; 
the beams collide at each intersection. 
The cleverest of the storage-ring designs 
is possible only when the beams being 
stored are made up of particles and 
their corresponding antiparticles, such 
as electrons and positrons. It is then 
possible to make do with a single ring. 
Suppose the magnetic fields and the ra­
dio-frequency cavities are adjusted to 
maintain electrons circulating clockwise 
at some fixed energy. Positrons, having 
the opposite electric charge, respond to 
magnetic and electric fields in a manner 
exactly opposite to that of electrons. 
The positrons can therefore be injected 
into the same ring, but in a counter­
clockwise d irection, and the single set of 
magnets and radio-frequency cavities 
will maintain both kinds of particle in 
orbit. If the ring holds one bunch of elec-

trons and one b unch of positrons, colli­
sions will be observed at two points dia­
metrically opposed.  

Given the enormous energy advan­
tage of a colliding-beam device, it may 
seem surprising that anyone would now 
contemplate building a fixed-target ac­
celerator. Energy, however, is not the 
only pertinent measure of an accelera­
tor's performance. Another important 
factor is the rate at which interactions 
are observed. A solid or liq uid target has 
a far greater density of particles than an 
accelerated beam, with the result that 
the interaction rate is much higher in a 
fixed-target accelerator. In the colliding­
beam device, most of the time the par­
ticles in the beams do not collide but 
pass through one another without inter­
acting at all. The probability of inter­
actions is proportional to a parameter 
called the luminosity, which essentially 
measures the brightness of the beam. 
The luminosity of fixed-target machines 
is greater than that of storage rings by a 
factor of about a million. 

Interpreting the results of a physics 
experiment requires a statistically sig­
nificant sample of events. Collecting 
such a sample can be difficult when the 
events of interest take place at a rate of 
only a few per day. For this reason stor­
age rings may be expected to give the 
first glimpse of the commonest phenom­
ena at high energy, but greater accuracy 
and the observation of rare events may 
follow only when the fixed-target ac­
celerators reach comparable center-of­
mass energies. 

Another advantage of the fixed-target 
accelerator is versatility. A storage ring 
generally provides only one kind of col­
lision, such as protons on protons or 
electrons on positrons. A fixed-target 
machine, on the other hand, can gen­
erate a variety of secondary beams, 
including neutrinos, muons, pions and 
other mesons, antiprotons and the mas­
sive particles called hyperons. Indeed, 
the small fraction of the beam energy 
that is made available in the center-of­
mass system is an advantage for creating 
secondary beams; it is the large quantity 
of "wasted" energy that accelerates the 
secondary particles. 

One further advantage of the fixed­
target accelerator has already been de­
scribed at length: the machine built to 
supply particles for research can later 
supply them to a larger accelerator, or 
to a storage ring. 

The first electron-positron storage 
ring was begun in 1 9 5 9  by Bruno 

Touschek and an enthusiastic group of 
Italian physicists at the National Labo­
ratories of the National Committee for 
Nuclear Energy (C. N . E . N . )  at Frascati 
near Rome. Called ADA, for Annello 
d' Accumulazione, the ring was later 
moved to the Orsay laboratory outside 
Paris. The energy of each beam was .25  
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GeV, yielding a center-of-mass energy 
of .5 GeV. 

By the early 1 970's half a dozen other 
storage rings were in operation. ADA 
was the direct progenitor of a larger ring 
at Or say (a third has since been built 
there) and of a ring at Frascati that was 
named ADONE, for "Big ADA," with 
an energy of 1 . 5  Ge V per beam. The first 
in a succession of pioneering storage­
ring projects at Novosibirsk in the 
U.S.S .R.  was completed in 1 96 5 .  The 
Cambridge Electron Accelerator was 
modified at about that time to form a 
storage ring with an energy of 3 . 5  GeV 
per beam. The life span of the Cam­
bridge machine was brief, but the ma­
chine revealed an anomaly in the total 
rate of electron-positron interactions 
that presaged the discovefy of charm. 

By 1 974 storage rings at two laborato­
ries had exceeded 4 GeV per beam. One 
of them, called SPEAR, is at SLAC and 
is filled with electrons and positrons 
from the linac there. The other, called 
DORIS, was built next to the DESY 
synchrotron in Hamburg, and receives 
its particles from that source. 

It was with the SPEAR storage ring 
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that the first charmed particle, the J or 
psi, was seen at 3 . 1 GeV. As I have men­
tioned, the same particle was discovered 
simultaneously in a fixed-target experi­
ment at Brookhaven, but the signal at 
SPEAR was much clearer. Workers at 
DORIS were able to detect the new par­
ticle immediately when they tuned their 
instrument to the right energy. ADONE 
had just missed seeing the ps i  because i t  
was designed for a maximum center-of­
mass energy of exactly 3 GeV, but it was 
possible to nudge the machine over this 
limit and detect the particle. The subse­
quent exploration of the spectrum of 
charmed particles was carried out large­
ly with these three storage rings. 

The discovery of charm revitalized 
elementary-particle physics. Obviously 
it pleased the experimenters who had 
made the discovery, but it was also re­
warding to theorists, who had predicted 
the existence of the charmed quark and 
had waited 10 years for it to be revealed. 
After such a success it is little wonder 
that plans were immediately drawn up 
for a new round of electron-positron 
storage rings. A proposal to build a larg­
er ring at SLAC, in collaboration with 
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the Lawrence Berkeley Laboratory, was 
soon approved; it inherited the name 
PEP. In Europe two quite similar proj ­
ects were considered, one in Hamburg 
to be called PETRA and the other at the 
Rutherford Laboratory in England. The 
two proposals were brought before an 
international body, the European Com­
mittee for Future Accelerators; follow­
ing the recommendation of the commit­
tee, construction began on the German 
project but the Rutherford plan was 
dropped. 

The specifications of PETRA and 
PEP are remarkably similar. PETRA 
is designed to reach a maximum energy 
of 19 GeV per beam, PEP 1 8  GeV. In 
size (2.2 kilometers in circumference) 
and luminosity they are almost identi­
cal. Most likely the costs are also simi­
lar, although differences in accounting 
methods make the comparison difficult. 

As soon as construction began it was 
apparent the two laboratories were in a 
race. PETRA has won: it began operat­
ing in 1 978,  whereas PEP is not expect­
ed to be in operation until early this 
year. The faster progress of PETRA can 
be attributed to the elegant but spare 
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BEAM-COOLING TECHNIQUES are essential to the success of 
proton-antiproton storage rings. The antiprotons are created with a 
comparatively wide range of speeds and directions and therefore can­
not be injected directly into an accelerator. When the protons are 
viewed in their own frame of reference, they make up a hot gas, the 
particles of which have randomly directed velocities. One means of 
cooling the gas employs electrons to c arry off the heat. In repeated 
collisions with the antiprotons tbe electrons come away with most of 

the randomly directed momentum. In anotber cooling method (sto­
chastic cooling) the average position of the beam is sensed, and then 
a correction is applied to keep the beam centered in the vacuum tube. 
Some particles may be affected adversely by tbe correction, but a ma­
jority will always have their extraneous components of motion re­
duced. After many repetitions of this process the antiproton beam 
will be cooled. Only the transverse component of the particle veloci­
ties is shown; there is also variation in speed along tbe axis of beam. 
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design of G ustav Adolph Voss, to the 
fact that the German group had a head 
start and perhaps also to the fact that 
money was made available as it was 
needed. Indeed, the builders of PETRA 
were encouraged to spend quickly in or­
der to stimulate business in the Ham­
b urg area. PEP has been nursed along 
on funds doled out almost a dollar at a 
time, and it has also been slowed by 
heavy rains (which flooded the tunnel 
excavations) and by labor tro uble. 

The first experiments at PETRA sug­
gest that both machines have an interest­
ing future. Preliminary data provide en­
couraging support for quantum chro­
modynamics, the theory that has been 
devised to describe the interactions of 
q uarks and gl uons inside hadrons. 

The race to exploit the simplicity of 
electron-positron collisions at higher 
energy is not be ing contested by PEP 
and PETRA alone; a dark horse has 
emerged. It is the Cornell Electron Stor­
age Ring, or CESR, which has been 
squeezed into the same tunnel with the 
existing Cornell electron synchrotron. 
Under the direction of Boyce D. Mc­
Daniel of Cornell the project was com­
pleted in less than two years and at a 
cost of less than $20 million. The first 
electron-positron collisions were detect­
ed last summer, and experiments have 
now beg un. CESR is unusual in be­
ing sponsored by the National Science 
Foundation; virtually all other high-en­
ergy-physics laboratories in the U.S. are 
funded by the Department of Energy. 

An innovative method of filling the 
I\. storage ring has been introduced 
at CESR by Maury Tigner of Cornell. 
B unches of particles are passed back 
and forth between CESR and the elec­
tron synchrotron, which have different 
radii. By taking advantage of the slight 
delay in the outer ring, many b unches 
can be superposed in the storage ring, 
thereby improving the luminosity of the 
beams. The maximum energy is 8 GeV 
per beam, which may turn out to have 
been a fortunate choice. It is intermedi­
ate between the energies of SPEAR and 
DORIS and those of PEP and PETRA, 
and it falls in a range where a rich spec­
trum of new particles is expected to be 
found. Those particles are the ones re­
lated to the upsilon, incorporating the 
bottom quark. 

Heady with success, the Cornell 
group has made an initial design for an 
electron-positron storage ring capable 
of 50 GeV per beam. With a center-of­
mass energy of 1 00 GeV, a particularly 
exciting prospect is the copious prod uc­
tion of the ne utral weak on, or Zoo At 
that energy the electrons and positrons 
would radiate 1 . 6 GeV of synchrotron 
radiation per turn; this energy loss 
would be made up by superconducting 
radio-frequency cavities with a total 

power consumption of 36 megawatts. 
The machine would be four kilometers 
in circumference, and Tigner estimates 
it would cost $ 1 20 million. 

A still grander electron-positron de­
vice is already in an advanced stage 
of design. Proposed by physicists at 
CERN, it is called LEP, for large elec­
tron-positron storage ring. Several can­
didates for the next large-scale Euro­
pean high-energy-physics facility were 
submitted to the European Committee 
for Future Accelerators in 1 97 8. LEP 
won the endorsement of the committee, 
and a detailed design study was there­
fore undertaken. No funds have yet 
been committed to the construction of 
the ring, but if money is made available 
for a large E uropean project, LEP will 
presumably have priority. 

In an initial stage the maximum ener­
gy of LEP might be about 86 GeV per 
beam, but that could later be raised to as 
m uch as 1 3 0  GeV by adding supercon­
ducting radio-frequency cavities. In or­
der to minimize the energy loss through 
synchrotron radiation the ring would be 
made very large, with a circumference 
of 30 kilometers. As with the SPS, the 
t unnel would be excavated from under­
ground. Indeed, it would extend under 
the Jura Mountains west of Geneva, and 
three of the experimental halls would be 
half a mile underground. By locating 
LEP adjacent to the SPS, facilities could 
be added later for collisions between 
electrons in one ring and protons in the 
other. Indeed, once the LEP tunnel is in 
place a ring of superconducting magnets 
for a proton synchrotron could be added 
to it. Protons injected by the SPS could 
be brought to an energy of between 3 
and 6 TeV, although this potentiality 
has not yet been publicly mentioned by 
the proponents of the machine. 

The estimated cost of the initial phase 
of LEP is 1 ,2 7 5  million Swiss francs 
(some $800 million), more than the 
combined cost of Fermilab and the 
CERN SPS. If construction were started 
soon, the ring might be operating by the 
late 1 980's. 

There is no reason for colliding-beam 
devices to be confined to electrons 

and positrons. In fact, a proton-proton 
collider has been operating at CERN 
since 1 97 1. Called the Intersecting Stor­
age Rings (lSR), it consists of two inter­
laced rings that store counter-rotating 
proton beams. The rings cross over at 
eight points around their circumference, 
meeting at a shallow angle. Detectors 
can be set up in seven of the interaction 
zones. 

The protons stored in the ISR are s up­
plied by the adjacent PS, at energies of 
up to 28 Gey. In the ISR they can be 
accelerated slightly, to an energy of 3 1  
GeV per beam. The resulting center-of­
mass energy, 62 GeV, is the highest 

available today. To reach the same cen­
ter-of-mass energy with a fixed-target 
accelerator would require a beam ener­
gy of 2 TeV. 

A device that is similar to the ISR in 
conception but much larger in scale is 
now under construction at Brookha­
ven. Called ISABELLE (for Intersecting 
Storage Accelerator plus belle. for beau­
tiful), it will  consist of two interlaced 
rings, but they will be about four times 
as large as those of the ISR. Moreover, 
both rings will be made up of supercon­
d ucting magnets, with a m uch higher 
field strength than that of conventional 
magnets. The rings will operate at 400 
GeV per beam, for a center-of-mass en­
ergy of 800 GeV. The equivalent fixed­
target accelerator would have a beam 
energy of 3 40 TeY. 

Protons for ISABELLE will come 
from the AGS. They will be injected at 
about 30 GeV; then each of the ISA­
BELLE rings will be operated briefly as 
a synchrotron to bring the protons up to 
maximum energy. Thereafter the mag­
net c urrents will be held fixed, and the 
protons will circulate with constant en­
ergy. There are six intersections, and 
there is adequate space for experimental 
facilities at all of them. 

The supercond ucting magnets differ 
in several details from those being built 
at Fermilab for the Tevatron. For ex­
ample, the vacuum chamber threaded 
through the Tevatron supercond ucting 
magnets will be cooled to the liquid­
helium temperature of the magnets, 
whereas the vacu um tube in ISABELLE 
will be warm. On the other hand, the 
comparatively massive iron yoke of the 
ISABELLE m�gnets will be cooled, 
whereas the Tevatron yoke will remain 
at room temperature. The cooling sys­
tems themselves will be quite different. 
The Tevatron will employ liquid heli­
um, but ISABELLE will be cooled by 
the forced circulation of high-density 
helium raised to a pressure beyond the 
critical point, where the distinction be­
tween liquid and vapor disappears. Be­
cause there is so m uch iron in the ISA­
BELLE magnets it is expected to take 
two weeks for them to be cooled to their 
working temperature of 3 .8 degrees K. 

The aperture of the ISABELLE mag­
nets will be greater, allowing for a larg­
er-bore vacu um chamber . That in turn 
will make possible more intense proton 
beams and higher l uminosity. The aim is 
a luminosity 10 times greater than that 
of any previous colliding-beam device, 
and 25 times greater than the l uminos­
ity of the ISR. ISABELLE is expected 
to cost $ 2 7 5  mill ion. The construction 
sched ule calls for experiments to begin 
in 1 986. 

Before ISABELLE is finished even 
higher center-of-mass energies may 
have been achieved at Fermilab and at 
CERN, although the l uminosities will 

5 3  

© 1979 SCIENTIFIC AMERICAN, INC



be much lower. The extreme energies 
would be obtained through improvised 
schemes for operating the large syn­
chrotrons as storage rings. At Fermi­
lab the presence of two rings in the 
same tunnel makes possible a variety 
of colliding-beam arrangements. One 
plan would be to store counter-rotating 
beams of protons in the two rings and to 
bring them into" collision at one of the 
straight sections that are spaced around 
the rings. The Tevatron could be operat­
ed at its full l -TeV energy as a storage 
ring, but the maximum steady magnet 
current would limit the main ring to 
about 2 5 0  GeV. The center-of-mass 
energy for such collisions is about 1 
TeV. By pulsing the main ring up to its 
full energy a 40 percent improvement 
in center-of-mass energy could be ob­
tained, although at considerable cost to 
the rate of interactions. 

A proposal that would yield even 
greater energy and

' 
one that, for the pres­

ent at least, is being seriously pursued, is 
to employ the Tevatron alone as a sin­
gle-ring colliding-beam device for pro­
tons and antiprotons, operating on the 
same principle as the electron-positron 
rings. The difficulty of such a plan is 
in accumulating a sufficiently intense 
beam of antiprotons, which are not 
available in ordinary matter. Antipro­
tons are formed in collisions of protons 
with a fixed target, but they emerge with 
a wide range of speeds and directions 
and cannot in that state be injected into 
the narrow aperture of a synchrotron. 

Viewed in the antiprotons' own frame of 
reference the rough beam of them re­
sulting from the collisions is a hot gas, 
the temperature of which must be re­
duced substantially before the particles 
can be employed in a colliding-beam ex­
periment. 

The prospects for building a proton­
antiproton storage ring depend on 

two recently developed methods for ar­
tificially cooling a beam of antiprotons. 
One method, called electron cooling, 
was invented by the late Gersh I.  Budker 
and his colleilgues at Novosibirsk. A 
rough beam of antiprotons is first con­
fined in a low-energy storage ring of 
very large aperture. Electrons are then 
passed through a long straight section of 
the ring in such a way that they move 
parallel to the average path of the anti­
protons and at the same average speed. 
The electrons have a much lower tem­
perature, and as a result of collisions 
they carry off the randomly directed 
components of the antiprotons' momen­
tum. In effect the hot gas of antiprotons 
gives up its heat to the cold gas of elec­
trons. At the end of the straight section 
the two kinds of particles are separated 
by a magnetic field. The electrons strike 
a collector, but the antiprotons continue 
to circulate and pass through the cooling 
region repeatedly. 

' 

Electron cooling was demonstrated 
by Budker, and larger cooling rings have 
been set up both at CERN and at Fermi­
lab. The CERN workers were the first 
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to repeat the Novosibirsk results; they 
found the rate of cooling was even faster 
than had been expected. The Fermilab 
plan calls for injecting both protons and 
cooled antiprotons into the Tevatron at 
an energy of about 1 50 GeV. A rather 
complicated procedure of shuttling par­
ticles among the main ring, the Teva­
tron, the booster and the cooling ring 
will be required in order to inject both 
beams. The particles and antiparticles 
will then be accelerated simultaneously 
to any energy up to the maximum of 1 
TeV. Thus the center-of-mass energy 
can reach 2 TeV. 

At CERN another method of antipro­
ton cooling is being tested. Invented by 
Simon Van der Meer of CERN, it is 
called stochastic cooling. The antipro­
tons are again stored in a small ring of 
large aperture, this one equipped with a 
system of electronic sensors and a spe­
cial orbit-correcting magnet. On each 
revolution the sensors detect the aver­
age position of the particles at some 
point along the ring. If the center of 
charge of a fluctuation of the particles in 
the beam has strayed from the axis of 
the vacuum chamber, a correction sig­
nal is calculated and dispatched to the 
correction magnet. (Because the anti­
protons move at nearly the speed of 
light the signal can reach the magnet be­
fore the particles do only by taking a 
short cut across a chord of the circle. )  
The correction magnet restores the cen­
ter of charge to its proper position. In 
the process some particles may well be 

FIXED-TARGET 
BEAMS 

ALTERNATING GRADIENT 
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PROTON-PROTON COLLISIONS are the purpose of ISABELLE, 
a device now being built at the Brookhaven National Laboratory. The 
protons will be supplied by the Alternating Gradient Synchrotron, a 
33-Ge V accelerator built in 1961. They will be injected into inter-

laced rings made up of superconducting magnets and brougbt to 400 
GeV per beam; hence center-of-mass energy will be 800 GeV. Par­
ticular care is being taken to ensure high luminosity, 10 times that 
of any previous storage ring. ISABELLE will be completed in 1986. 

54 

© 1979 SCIENTIFIC AMERICAN, INC



further deflected from their proper' tra­
jectories rather than returned to them, 
but the majority always move in the 
proper direction. The system of sensors 
and magnets acts l ike Maxwell's demon, 
cooling the beam by deft manipUlations 
of the distribution of particle velocities. 

At CERN the protons and antipro­
tons will be stored in the SPS. Because 
of limits on the steady-state current in 
the conventional magnets, the maxi­
mum sustained energy will be 270 GeV 
per beam. That still amounts to 5 40 
GeV in the center-of-mass system. By 
pulsing the magnets a center-of-mass 
energy of 1 ,000 GeV could be reached, 
but at a much lower average rate of 
interactions. 

The parallel efforts of CERN and 
Fermilab to establish proton-antiproton 
collisions will undoubtedly be seen as 
another race, and with some j ustice. One 
prize may well be the first observation 
of the weakon. CERN has committed 
more of its resources to the project and 
for now has a considerable lead, but the 
estimated completion dates, early in 
1 98 1  for CERN and one or two years 
later for Fermilab, are close enough for 
factors unforeseen to determine the out­
come. In any case it must also be said 
that a spirit of generous cooperation 
prevails between .the two laboratories. 
Both of the projects were largely in­
spired by the brilliant conceptions of the 
same man: Carlo Rubbia of Harvard 
University. 

Neither of these makeshift storage 
rings is expected to have a high lumi­
nosity. The facilities for experimental 
apparatus will also be less than ideal. 
Furthermore, there will be fierce com­
petition for running time with the very 
attractive fixed-target programs, which 
are incompatible with the colliding­
beam experiments. The one irresistible 
allure of the beam-cooling projects is 
the opportunity to reach extremely high 
energy quickly and cheaply. What the 
CERN and Fermilab colliders will pro­
vide is a glimpse from Mount Pisgah 
of the promised land. Will it be ISA­
BELLE and LEP that will actually take 
us there? 

The impression should not be giv­
en that the only interesting high­

energy-physics laboratories are in the 
U.S .  and Western Europe. In Japan a 
1 2 -GeV proton synchrotron, KEK, has 
been operating for several years and 
a 200-Ge V synchrotron, TRISTAN, is 
planned.  The Chinese have announced 
plans for an ambitious complex of ac­
celerators to be built on a site 40 miles 
northwest of Beij ing. Construction has 
begun on a 50-GeV proton synchro­
tron, which is expected to be completed 
by about 1 98 5 .  The lovely site, which 
has a view of the M ing tombs and is near 
the Great Wall, is large enough to accom-

CENTER- INTENSITY 

DATE OF PARTICLES BEAM OF·MASS ( PARTICLES 

ACCELERATOR F I RST ACCEL· ENERGY E N E R G Y  P E R  

OPE RATION ERATED (Gev) (GeV) PULSE) 

PS 

CERN. Geneva 1 959 Protons 2 8  7.4 

AGS 

Brookhaven National Laboratory, New York 1 96 1  Protons 33 8 8 x 1 01 2  

SLAC ( l inear accelerator) 

Stanford Univers ity 1 96 1  Electrons 22 6 . 5  

Cornell Electron Synchrontron 

Cornell Un iversity 1 967 Electrons 1 2  4 . 9  

Serpukhov Proton Synchrotron 

Serpukhov, U . S . S . R .  1 967 Protons 76 1 2  5 x 1 01 2  

Fermi lab main ring 

Batavia, I I I .  1 972 Protons 500 30 . 7  2 x 1 01 3  

DESY 

Hamburg 1 974 Electrons 7 3 . 8  

KEK 

Japan 1 975 Protons 1 2  5 

SPS 

C E R N .  Geneva 1 976 Protons 500 30.7 1 01 3  

Tevatron 

Fermilab 1 982 Protons 1 .000 43 5 x 1 0 1 3  

Beijing Proton Synchrotron 

Beij ing 1 985 Protons 50 9 .8  1 01 3  

U N K  Late 

Serpukhov, U . S . S . R .  1 980's Protons 3,000 75 

Pentevac Un· 

Fermi lab scheduled Protons 5,000 97 1 0 1 4  

VBA Un-

No site selected scheduled Protons 20,000 t 37 to 1 94 1 0' L 1 0" 

INVENTORY OF LARGE ACCELERATORS includes one Iinac (at SLAC); the rest are 
synchrotrons. Among the projects that are not completed, the Tevatron at Fermilab and the 
Beijing Proton Synchrotron in China are under construction. UNK, a planned 3-TeV proton 
synchrotron to be built at Serpukhov, near Moscow, has not been given final authorization. 
The Pentevac is a design exercise, describing the most powerful accelerator that could be built 
on the Fermilab site. The VBA (Very Big Accelerator) is under discussion as the successor to 
tbe accelerators and storage rings planned or being built now. Its maximum energy and its cost 
would be an order of magnitude greater than those of the largest accelerators operating today. 
Building tbe VBA would probably require pooled resources of U.S., U.S.S.R. and other nations. 

modate a 1 . 5 -TeV superconducting pro­
ton synchrotron for which the 50-GeV 
machine could serve as an injector. 

The scope of the accelerator laborato­
ries in the U.S .S .R.  is comparable to that 
of the American and European pro­
grams. A series of four electron-posi­
tron colliding-beam devices has been 
built at Novosibirsk, the latest one hav­
ing a beam energy of 7 GeV. There is a 
6-Ge V electron synchrotron at Yerevan 
in Armenia, and there are small proton 
synchrotrons at Moscow (7 GeV) and at 
the Joint Institute for N uclear Research 
in Dubna ( 1 0  GeV). The Serpukhov In­
stitute for Nuclear Physics, 60 miles 
south of Moscow, has an accelerator 
that for several years was the most pow­
erful in the world:  it is a 76-GeV proton 

synchrotron. When a proposed expan­
sion of the facilities there is completed, 
the Serpukhov laboratory may reclaim 
that distinction. 

In the new project, which is called 
UNK, protons will be transferred from 
the 76-GeV accelerator to a new site six 
kilometers away . ,There the protons will 
be injected into a 400-GeV synchrotron, 
which will serve as the booster for a 
third synchrotron, to be built in the 
same tunnel, with a maximum energy of 
3 TeY. The booster will be of conven­
tional design, but the 3 -TeV ring will 
employ superconducting magnets. The 
magnets are now being developed at 
Serpukhov and at the Saclay N uclear 
Research Center outside Paris. 

M ultiple modes of operation are envi-
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sioned. The 3 -Te V protons and second­
ary beams derived from them will be 
available for fixed-target experiments. 
Collisions between the 3 -TeV protons 
and the 400-Ge V protons from the 
booster will also be possible, yielding 
a center-of-mass energy of somewhat 
more than 1 TeV. The possibility has 
also been discussed of adding a 20-
GeV electron synchrotron, which would 
provide for electron-proton collisions. 
Beam cooling would supply antiprotons 
for collisions with a center-of-mass en­
ergy of 6 TeV. If a second large r ing 
were constructed, the same energy could 
be attained in proton-proton collisions. 
Plans and specifications for UNK are 
now being drawn up; the machine will 
take some seven years to complete. 

A dream that has not yet even begun 
to make its way through the bureaucra­
cy is the Site-Filler or Pentevac acceler­
ator that could be built at Fermilab. The 
idea began with the question: What is 
the most powerful accelerator that 
could be fit into the Fermilab site? The 
land available will accommodate an ac­
celerator no larger than five kilometers 
in diameter, or 1 7  kilometers in circum­
ference. The energy that could be devel­
oped in a proton synchrotron of that size 
depends strongly on future develop­
ments in the technology of supercon­
ducting magnets. The maximum field 
strength possible now in a magnet suit­
able for an accelerator is about 50 kilo­
gauss. It  seems reasonable to assume 
that in about 10 years with improved 
materials and improved methods of fab­
rication the limit will be raised to 85 
kilogauss (although eventually much 
higher fields will be attained). In that 
case the accelerator could reach 5 TeV. 
A varied menu of experiments would 
then be made available. Included on the 
list would be fixed-target beams, proton­
proton collisions at energies of up to 4 . 5  
TeV and proton-antiproton collisions at 
10 TeV. An electron accelerator could 
be added, further increasing the combi­
natorial richness of the laboratory. 

I t may be possible to defend the thesis 
that the world needs two synchro­

trons as similar as the Fermilab main 
ring and the SPS, or two storage rings as 
similar as PEP and PETRA. It is cer­
tainly true that none of those instru­
ments will sit idle for lack of worthy 
experiments to carry out. For the largest 
accelerators now contemplated, how­
ever, any possible benefits of duplica­
tion become moot. The worldwide bud­
get for high-energy physics is not likely 
to support more than one proton syn­
chrotron with a beam energy of 20 or 30 
TeV. If such a machine is ever to be 
built, it cannot be as a national project, 
nor is it likely to be the undertaking of a 
regional consortium such as CERN. 
Worldwide sponsorship would be ap­
propriate to such an endeavor; it might 
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be necessary, and a dream of many 
physicists is that it would be possible. 

With a curious blend of pragma­
tism and idealism physicists have long 
advocated and practiced international 
collaboration. CERN is an exemplary 
model, but there are other robust inter­
national endeavors, including some with 
a broader constituency. In 1 96 1 ,  as a 
result of the Atoms for Peace move­
ment, an exchange of particle physicists 
was worked out between the U.S. and 
the U.S .S .R.  for the discussion of under­
takings in the mutual interest. The possi­
bility of a "World Accelerator,"  to be 
supported by the pooled resources of 
many nations, was one of the topics con­
sidered. Those talks came to an end with 
the episode of the U-2 flight over the 
U.S .S .R. ,  but the idea did not die. 

Enthusiasm for the World Acceler­
ator surfaced again in 1 97 5 ,  at an in­
ternational meeting convened in New 
Orleans by Victor F.  Weisskopf of the 
Massachusetts Institute of Technology. 
What was a strong sentiment at the New 
Orleans meeting has now been embod­
ied in an official agency, the Internation­
al Committee for Future Accelerators, 
which operates under the aegis of the 
International Union of Pure and Ap­
plied Physics. The committee is charged 
with coordinating the plans of the var­
ious national and regional laborato­
ries and with encouraging collabora­
tion among them. M any physicists think 
such joint ventures are already working 
well, and are suspicious of official med­
dling. 

A second function of the committee 
has been received more enthusiastically: 
it is to provide a forum for the discus­
sion of what is now called the VBA, for 
Very Big Accelerator. To that end two 
international workshops have been held, 
one at Fermilab in 1 97 8  and the second 
at CERN a few months ago. Both meet­
ings have been concerned largely with 
establishing the possibilities and lim­
its of accelerator and particle-detector 
technology, but of course the discus­
sions were held in the context of the 
physical phenomena to be expected at 
VBA energies. 

It appears that building a 20-TeV pro­
ton synchrotr.on is feasible and would 
require no major departures from pres­
ent practice. A large share of the in­
crease in energy would be obtained by 
the simplest of strategies: increasing the 
radius of the ring. Very-high-energy col­
liding-beam devices, on the other hand, 
might benefit from new techniques. For 
e lectron-positron collisions, for exam­
ple, energies beyond the LEP range 
might be reached most efficiently by a 
pair of linacs aimed muzzle to muzzle, 
or by a combination of linacs and elec­
tron synchrotrons. A means for improv­
ing the luminosity of colliding beams 
without accelerating more particles has 
been suggested; it consists in raising the 

particle density of the beams by squeez­
ing them down to a microscopic cross 
section at the point of interaction. That 
presents a new phenomenon that was 
recognized by the first workshop spon­
sored by the International Committee 
for Future Accelerators: in a small 
beam the magnetic field becomes large, 
so that synchrotron radiation in the 
magnetic field itself becomes an impor­
tant energy loss. This phenomenon is 
known as "beamstrahlung," a pun on 
bremsstrahlung, or braking radiation, 
the process in which charged particles 
emit electromagnetic radiation on being 
decelerated. Burton Richter and his col­
leagues at SLAC are seriously propos­
ing that colliding 50-GeV linac beams 
could be a ZO factory-a challenge to the 
Cornell plans. 

One thing that most interested physi­
cists agree on is that a world effort 

should not be resorted to until it is clear­
ly recognized as the only way to achieve 
the construction of a particular accel­
erator. It  is significant that when seri­
ous discussion of a World Accelerator 
began in 1 960, it was a 1 OO-Ge V pro­
ton synchrotron that was being consid­
ered. Now, because of technological 
advances, 10 times that energy can be 
achieved by a national effort alone. At 
the time the International Committee 
for Future Accelerators was organized 
a proton synchrotron of 10 TeV and an 
electron-positron storage ring with col­
liding beams of 1 00 GeV seemed appro­
priate projects for a worldwide effort. 
The proposed construction of LEP at 
CERN has preempted the latter possi­
bility. The workshops sponsored by the 
committee arrived at the conclusion 
that it would be possible to build elec­
tron storage rings with a circumference 
of about 1 00 kilometers and about twice 
the energy of LEP. Above that energy 
colliding linac beams with energies of 
up to 3 50 GeV appear to be more fea­
sible. For protons a synchrotron with a 
circumference of between 50 and 1 00 
kilometers, with energies in the TeV 
range and with all the options of anti­
proton-proton collisions, would also be 
a viable candidate for the Very Big Ac­
celerator. 

If it should become necessary to build 
such large accelerators in order to study 
the inner structure of leptons and 
quarks, and it probably will, then the In­
ternational Committee for Future Ac­
celerators is providing the necessary in­
ternational foundation on which such 
an effort can be built. One is reminded 
of a fanciful suggestion made 30 years 
ago by Enrico Fermi: to build an accel­
erator that would encircle the world. 
By that standard an accelerator such as 
the VBA would not be very big, but the 
common effort needed to build such a 
machine might nonetheless help to bind 
the world together. 
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CENTER-
DATE OF E N E RGY OF-MASS 

DEVICE FI RST PARTICLES PER BEAM E N ERGY LUMINOSITY 
OPERATION TYPE STORED (GeV) (GeV) (CM-2 SEC- ' )  

-
ADA (dismantled) 

National Laboratories of C . N . E . N . ,  Frascati 1 963 Single ring e +e .25 .5  

Princeton-Stanford Storage Rings (dismantled) 
Stanford University 1 964 Tangent rings e -e - .56 1 . 1  1 027 

VEPP-2 

Novosibirsk, U . S . S . R .  1 965 Tangent rings e +e - .04 .08 

ACO 

Orsay Laboratories, Paris 1 966 Single ring e +e .5  1 

ADONE 

National Laboratories of C.N . E . N . ,  Frascati 1 965 Single ring e +e - 1 . 5 3 

ISR 

C E R N ,  Geneva 1 971 Interlaced rings pp 31 62 4 x 1 031  

C EA-Bypass (dismantled) 
Cambridge, Mass. 1 967 Single ring e +e - 3.5 7 2 x 1 028 

SPEAR 
Stanford L inear Accelerator Center 1 972 Single ring e +e - 4.2 8.4 1 0" 

DORIS 
DESY, Hamburg 1 974 Single ring e +e - 4 . 5  9 1 0" 

VEPP-2M 
Novosibirsk, U . S . S . R .  1 975 Single ring e +e - 1 .3 2.6 

DCI 
Orsay Laboratories, Paris 1 975 Interlaced rings e +e - 3.7 7.4 1 0" 

VEPP-3 

Novosibirsk, U . S . S . R .  1 977 Single ring e +e - 3 6 1 030 

VEPP-4 
Novosibirsk, U . S . S . R .  1 978 Single ring e +e - 7 1 4  1 03 '  

PETRA 

DESY, Hamburg 1 978 Single ring e +e - 1 9  38 1 0" 

CESR 
Cornell Un iversity 1 979 Single ring e 'e - 8 1 6  1 0" 

ISR pp 
CERN,  Geneva 1 980 Interlaced rings pp 31 62 1 02• 

PEP 

Stanford Linear Accelerator Center 1 980 Single ring e +e - 1 8  36 1 032 

SPS pp 
CERN,  Geneva 1 981  Single ring pp 270 540 1 030 

Fermilab pp 
Batavia, I I I . 1 982 Single ring pp 1 ,000 2 ,000 1 030 

VAPP 

Novosibirsk, U . S . S . R .  ? Single ring pp 23 46 

I SABELLE 

Brookhaven National Laboratory, New York 1 986 Interlaced rings pp 400 800 1 033 

LEP Late 
C E R N ,  Geneva 1 980's Single ring e +e - 86 1 72 1 032 

UNK Late 
Serpukhov, U . S . S . R .  1 980's Single ring pp 3,000 6,000 

VBA Un-
No site selected scheduled Single ring pp 20,000 40,000 1 032 

PARTICLE STORAGE RINGS will have a major role in the high­
energy-physics program of the next two decades. Two new electron­
positron rings have recently begun operating; a third such machine 
will soon be finished. They are CESR, an 8-Ge V ring at Cornell 
University, and PETRA and PEP, two devices with almost identical 
specifications, respectively at Hamburg and SLAC. About a dozen 

more colliding-beam devices are planned, including numerous pro­
posals to operate synchrotrons in a storage-ring mode. The largest 
project for which a detailed design is available is LEP, the Large Elec­
tron-Positron storage ring to be built at CERN. The initial phase of 
LEP would have an energy of 86 Ge V per beam, but that could be 
raised to 130 GeV with superconducting radio-frequency cavities. 
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The Cell Biology of Human Aging 
When normal human cells grow in laboratory glassware, they 
eventually lose the ability to function and divide. The timing 
of this loss may well represent the limit of the human life span 

The human life span has not in­
creased significantly for millenni­
ums: for most people the biblical 

fourscore years and ten is still the upper 
limit. What has changed, at least in the 
developed countries, is the average ex­
pectation of life. Improvements in the 
conditions of life and advances in med­
icine, particularly in the control of in­
fectious diseases, have simply allowed 
more people to reach the limit of what 
appears to be a fixed life span. Even if all 
the major causes of death today were 
eliminated, the length of human life 
would still be fixed at 90 or 100 years. 
The reason is that although death may 
result from cardiovascular disease or 
cancer, those conditions arise from the 
normal age-related degeneration of the 
arterial walls or of the imm une system. 
The fundamental cause of death in the 
later years is the body's increased vul­
nerability to disease or accident attrib­
utable to the inexorable decline in its 
peak functional capacity from age 30 
on. Bernard L. Strehler of the Universi­
ty of Southern California has estimated 
that the loss of functional capacity af­
ter age 30 is about .8 percent per year. 
Moreover, in 1825 the English actuary 
Benjamin Gompertz discovered that the 
likelihood of dying doubles every eight 
years after about age 30. What causes 
this natural decline? Is it possible that it 
could be halted or even reversed? 

With the exception of certain types of 
cells (notably nerve cells and some mus­
cle cells), the organism represented by 
an individual human being is not the 
same organism it was a few years earli­
er. Many of its cells have died and have 
been replaced by their descendants. The 
new cells do not, however, make the or­
ganism younger. Aging is expressed not 
in individual cells but in cell lineages. 
Consider the oldest living things: bristle­
cone pines and redwood trees. The liv­
ing cells in those trees are no more than 
30 years old; the great bulk of the tree is 
made up mostly of dead cells that are 
not necessary for survival. Since dead 
cells should not be included in determin-
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ing age, by this reasoning the trees are 
no more than 30 years old: considera­
bly younger than the oldest nerve cells 
in many human beings. 

In my laboratory at the Children's 
Hospital Medical Center of Northern 
California we have been examining the 
process of aging at the cell level. When 
normal human fibroblasts (the struc­
tural cells of the body's soft tissues) 
are grown in laboratory glassware, over 
a period of months they divide many 
times and then slowly stop dividing 
and eventually die. Such findings sug­
gest that the aging of a normal cell lin­
eage is an innate property of cells. 

Our cell-culture technique is a fairly 
simple one. We first expose small 

bits of embryonic lung tissue to diges­
tive enzymes, which dissociate the tissue 
into millions of individual cells. The 
cells are separated from the enzymes by 
being spun in a centrifuge, are intro­
duced into bottles containing a nutrient 
solution and are incubated at body tem­
perature. The cells then proceed to di­
vide regularly. After a week the popula­
tion of cells attains a state of confluence: 
it covers the entire surface of the culture 
in a layer one cell thick. Once conflu­
ence has been reached normal cells are 
prevented from dividing further by the 
phenomenon of contact inhibition. 

If additional cell divisions are want­
ed, the cells must be removed from the 
"mother culture" bottle and distributed 
in equal numbers to two other culture 
bottles, along with fresh nutrient medi­
um. This procedure, called subcultiva­
tion, results in an approximate doubling 
of the number of cells removed from the 
mother culture by the time the daughter 
cultures reach confluence and stop di­
viding. (The fact that the population of 
cells doubles does not mean that each 
cell divides once; some cells do not di­
vide at all and others divide more than 
once.) If four daughter cultures are pre­
pared from a single mother culture, the 
total number of cells will double twice, 
although a longer incubation period is 

needed. Regardless of the dilution, how­
ever, the ability of normal human em­
bryo fibroblasts to divide is limited to 50 
population doublings over a period of 
between seven and nine months. 

When normal 
'
fibroblasts reach the 

end of their ability to proliferate, they 
do not stop dividing suddenly. Rather 
the time necessary for the daughter cul­
tures to reach confluence increases as 
the population approaches the limit of 
50 doublings. The first sign of approach­
ing senescence is the need for 10 days 
instead of a week for the culture to reach 
confluence. The ultimate result is a sub­
cultivation in which confluence is never 
reached, regardless of how long the cul­
ture is incubated or how often the nu­
trient medium is changed. Finally the 
cells undergo a variety of degenerative 
changes and die. 

At first we attributed the death of the 
cultures to experimental error; the divi­
sion of cells in culture is known to be 
adversely affected by faulty preparation 
of the culture medium, by inadequate 
washing of the glassware, by contami­
nation with viruses and by other tech­
nical oversights. Intensive studies sug­
gested otherwise. The experiment that 
came closest to proving that the death 
of cultured normal cells is an innate 
cell phenomenon was done by Paul S. 
Moorhead and me. Taking advantage 
of the fact that normal human fibro­
blast strains derived from male and fe­
male embryos can be distinguished by 
comparing their sex chromosomes, we 
mixed female cells that were 10 popu­
lation doublings old with an equal num­
ber of male cells that were 40 popula­
tion doublings old. Unmixed cultures 
of each strain were retained as controls, 
and all three cultures were subcultivated 
in the usual way. After 20 population 
doublings we looked at the mixed cul­
ture and found only female cells pres­
ent. The female control cells were also 
dividing but the male control cells had 
died. This result strongly suggested that 
the death of the older male cells was 
due to some innate property of the cells 
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"YOUNG" FIBROBLASTS (connective-tissue cells) obtained from 
human fetal tissue carpet the surface of a culture dish in this pho-

SENESCENT FIBROBLASTS were stained during the loss of divi­
sion capacity that follows approximately 50 population doublings in 
culture. The cells undergo a variety of degenerative changes and then 

tomicrograph. The spindle-shaped cells were fixed and stained dur­
ing a period of active proliferation. Reddish objects are cell nuclei. 

die. This observation suggests that aging is an innate property of nor­
mal living cells. Micrographs were made in the author's laboratory 
at the Children's Hospital Medical Center of Northern California. 
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themselves rather than to some techni­
cal error, since otherwise it would have 
been difficult to explain why only the 
female cells in the mixed culture sur­
vived. 

The fact that normal fibroblast strains 
have a finite lifetime was also suggest­
ed by another observation. When fibro-

blasts derived from human embryos are 
stored at subzero temperatures in liq­
uid nitrogen, they exhibit a remarkable 
"memory." If they are frozen at the 20th 
population doubling and later thawed, 
they will undergo 30 more doublings 
and then stop. If they are frozen at the 
10th population doubling and thawed, 
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they will undergo 40 more doublings. In 
other words, when the doublings before 
and after freezing are summed, the total 
number of population doublings is al­
ways 50. It is as if the cells have a built­
in clock that counts divisions. One of 
our normal human-cell strains, desig­
nated WI-38, retained this memory af­
ter more than 13 years of preservation in 
liquid nitrogen! 

The finite lifetime of cultured human 
cells has now been observed in fibro­

blasts and in other normal cell types de­
rived from many tissues, including the 
skin, the brain, the liver and smooth 
muscle. No exception has yet been 
found to the general rule that normal 
cells possess a limited capacity to di­
vide. Cultured human-cell strains can, 
however, be transformed into an "im­
mortal" cell line by being treated with 
the cancer-causing monkey virus SV40. 
About 600 immortal or transformed 
cell lines are known, many of which 
arose spontaneously in animal-cell cul­
tures. The most famous human-cell line, 
called HeLa, was derived in 1952 from 
cultured tissue from the uterine cervix. 
It has been in continuous culture since 
then. The transformed cells are clear­
ly abnormal in such characteristics as 
the number and shape of their chro­
mosomes, their chemical properties and 
their staining characteristics. Moreover, 
most of the transformed cells give rise to 
tumors when they are injected into labo­
ratory animals, whereas normal cells do 
not. One is therefore led to the paradoxi­
cal conclusion that for animal cells to 
achieve the potential for unlimited cell 
division they must acquire some or all of 
the properties of cancer cells. 

Several subsequent discoveries sug­
gested to us that the finite lifetime of 
cultured normal cells might represent 
a form of aging at the cellular level. 
We cultured fibroblasts from older hu­
man donors to determine whether older 
cells undergo fewer divisions in culture. 
Since our initial studies had been done 
with fibroblasts from the lung tissue of 
human embryos, we used lung fibro­
blasts obtained at autopsy from eight 
adults ranging in age from 20 to 87. We 
found that the older fibroblast popula­
tions doubled between 14 and 29 times 
in culture, with no clear correlation be­
tween the number of doublings and the 
age of the donor. Nevertheless, there 
was a significant reduction of the consis­
tent 50 population doublings observed 
for human-embryo fibroblasts. More 
recently studies on cultured fibroblasts 
obtained from human skin biopsies by 
George M. Martin and his colleagues 
at the University of Washington School 
of Medicine, by Samuel Goldstein of 
McMaster University in Canada and 
by Edward Schneider and Y ouji Mitsui 
of the Gerontology Research Center in 
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Baltimore have suggested that the num­
ber of population doublings undergone 
by normal human fibroblasts in culture 
is inversely proportional to the age of 
the donor. Similar results have been ob­
tained with cells derived from human 
liver by Y. Lebuilly in France and with 
muscle cells by Edwin L. Bierman of 
the University of Washington School 
of Medicine. 

Aging is a property of all animals that 
n reach a fixed size at maturity. 
(Some fishes continue to grow through­
out their lifetime and do not age in 
the usual sense.) It is therefore clearly 
of interest to know whether the normal 
cells of animals other than man also be­
come senescent in culture. The varia­
tions in life span among different spe­
cies are far greater than those among 
individuals of the same species. A fruit 
fly is ancient at 40 days, a mouse at three 
years, a horse at 30, a man at 100 and 
some tortoises at 150. Although only a 
few species have been examined, the 
available evidence suggests that there 
may be a direct relation between the 
life span of a species and the capacity 
of its cells to divide in culture. Another 
interesting relation has been pointed out 
by George A. Sacher, Jr., of the Argonne 
National Laboratory. He finds a strong 
positive correlation between life span 
and the ratio of brain weight to body 
weight in 85 animal species ranging in 
size from the mouse to the elephant. 
This finding indicates that over the span 
of the evolution of vertebrate animals 
there may have been an important link 
between the increase of life span and the 
increase of brain size. 

A second approach to the study of 
aging at the cellular level has been to 
transplant marked cells serially into in­
bred animals before the animal is old, 
thereby circumventing the death of the 
marked cells when the host animal dies. 
These in vivo experiments have com­
plemented the tissue-culture ones. Re­
sults from several laboratories in which 
mammary tissue, skin and immature 

CULTURE of normal human cells in the au­
thor's laboratory begins with the breakdown 
of tissue into individual cells with the digestive 
enzyme trypsin. The cells are then transferred 
to a flat bottle, where they multiply until they 
cover the surface of the culture vessel. Then 
they stop mUltiplying. The cell population is 
now divided into equal halves, which are re­
cultured. This process can be repeated only 
about 50 times with human fetal cells; it can­
not be repeated as often with cells from old­
er donors. Cells grown in this way are stored 
by being frozen in liquid nitrogen. Thawed 
and cultured years later, the cells "remember" 
the population-doubling level at which they 
were frozen and continue to divide until the 
total number of possible doublings is reached. 
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blood cells were serially transplanted 
into rats indicate that the transplant­
ed cells age and die as they do in culture. 
In some cases, however, the total calen­
dar time that elapsed before the death 
of those cells was greater than the max­
imum life span of an animal of that 
species. This finding can be explained 
by the fact that the transplanted cells 
do not grow as rapidly as they would 
in culture but most of the time remain 
in a quiescent state. If they did grow as 
fast as the cultured cells, the trans­
plant would in a few months reach a 
size many times that of the host. 

A similar phenomenon is observed 
when cultured normal cells are grown 
not at body temperature but at room 
temperature: they divide slowly and de­
generate many months after the death of 

40TH POPULATION 
DOUBLING 

sister cultures grown at body tempera­
ture. Although calendar time may be ex­
tended this way, the total number of 
population doublings does not exceed 
that of the cells incubated at body tem­
perature. In contrast, like the immortal 
transformed cell lines grown in tissue 
culture, cancer cells replicate indefinite­
ly when they are transplanted from one 
inbred animal to another. 

In an effort to locate and understand 
the mechanism controlling the finite 
replicative capacity of normal cells, 
Woodring Wright and I took a different 
approach. When cultured cells are treat­
ed with the drug cytochalasin B. they 
extrude their nucleus. The nuclei can be 
separated from the cells by centrifuga­
tion, so that it is possible to obtain mil­
lions of cells lacking a nucleus. Such 

10TH POPULATION 
DOUBLING 

MALE CONTROL MALE-FEMALE MIXTURE FEMALE CONTROL 

1\ 1\ 1\ 
/\/\ /\/\ /\/\ 

MALE CONTROL FEMALE CELLS REMAIN FEMALE CONTROL 

LIMIT OF REPLICATION of normal cells in culture was demonstrated by preparing a mixed 
culture of female and male fetal cells that were respectively "young" and "old." Unmixed cul­
tures of each served as experimental controls. After 30 population doublings only the female 
cells remained in the mixed culture and only the female control cells were still dividing. The 
male cells had exhausted their population-doubling potential and had stopped dividing several 
weeks before the mixture was examined. It is unlikely that technical errors or contaminating vi­
ruses could explain why only the male cells in the mixed culture had died off. Most likely expla­
nation is that loss of ability to divide in normal cells is due to activity of an intracellular dock. 
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cells are called cytoplasts, and they re­
main viable for days. In that tilTIe they 
can be fused with normal cells. In order 
to determine whether the clock that dic­
tates a cell's replicative capacity is in the 
nucleus or outside it in the cytoplasm, 
we fused cytoplasts derived from young 
cells to normal old cells and vice versa. 
We found that the cytoplasm seemed 
to have little effect on the cell's rate 
of aging, suggesting the clock is prob­
ably in the nucleus. More recently tech­
niques have been developed for insert­
ing cell nuclei into cytoplasts. Audrey 
M uggleton-Harris and I reconstituted 
viable normal human cells from isolat­
ed young puclei and old cytoplasts and 
from old nuclei and young cytoplasts. 
The results of preliminary experiments 
seem to indicate that the clock that de­
termines the ability to continue cell divi­
sion is indeed in the nucleus. 

It is also possible to grow small bits of 
intact animal tissue directly on glass or 
plastic instead of dissociating them into 
individual cells. As early as the 1920's it 
was discovered that if a small scrap of 
tissue from a chick embryo is placed in 
culture, the time it takes for the first fi­
broblasts to migrate out from the edge 
of the tissue explant increases with the 
age of the embryo. This length of time is 
known as the latent period. 

In the 1960's Milena Soukupova and 
Emma Holeckova of Charles Universi­
ty in Czechoslovakia found a similar in­
crease in the latent period with respect 
to the age of rats in explants from the 
heart, the liver and the kidney. In 1970 
Roy L. Walford, Jr., and Harold Waters 
of the University of California at Los 
Angeles School of Medicine obtained 
20 explants from living human donors 
ranging in age from a few minutes to 80 
years and found that the latent period 
increased with age (although individual 
variations in the period tended to in­
crease as well). 

Now that there is ample evidence that 
cultured normal cells are not im­

mortal but have a finite capacity to di­
vide, it is important to assess the impact 
of this discovery on the understanding 
of the aging process. It now appears that 
some kind of clock mechanism exists in 
normal cells controlling their capacity 
to function and to reproduce_ Not all the 
cells of the body, however, have the fi­
broblast's capacity for rapid replication. 
The tissues in which cells replicate rap­
idly are the skin, the blood-forming tis­
sues and the lining of the gut. More 
specialized cells, such as nerve cells, en­
docrine cells, muscle cells, sensory cells 
and some cells of the immune system 
divide little if at all after maturity. Ger­
ontologists tend to agree that the most 
important age changes occur not in the 
rapidly dividing cells but in the highly 
specialized cells_ In fact, it seems likely 
that the animal ages and dies for other 
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REPLICATIVE ABILITY of fibroblasts from the fetus (from the 
newborn animal in the case of the tortoise) and grown in culture is 

proportional to life span of species. Observation suggests that limited 
replicative ability of cultured normal cells may be correlate of aging. 

reasons before the replicative end point 
of the fibroblasts and other rapidly di­
viding cells is ever reached. 

Nevertheless, the mechanism that 
limits cell division in rapidly proliferat­
ing cells is probably the same one limit­
ing the functional capabilities of spe-

cialized cells that divide more slowly if 
at all. Indeed, over the past decade a 
wide variety of physiological and mor­
phological changes have been detected 
in cultured human fibroblasts well be­
fore they lose their ability to divide. 
Among them are changes in the utiliza-

tion of foodstuff, in the expression and 
repair of the genetic material, in the 
metabolic pathways of the cell, in the 
activity of several crucial enzymes and 
in the morphology of the cell surface 
and of the organelles within the cell. 
Many of these changes are identical 
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BRAIN WEIGHT (GRAMS) 

BRAIN SIZE also appears to be correlated with the life span of various animal species, suggest­
ing that there is a link between the two that arose over the course of the evolution of vertebrate 
animals. As is shown in this log-log graph, there is a significant trend with a slope of about .25 • 
The scatter in the data points is due to variation of life span for a given brain weight and stratifi­
cation among orders of animals. When other variables (such as body weight, metabolic rate and 
body temperature) are taken into account, scatter around the line is considerably reduced. Data 
displayed in graph were collected by George A. Sacher, .Jr., of Argonne National Laboratory. 
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cultured skin fibroblasts from several 
mammalian species, ranging from the 
shrew to the elephant and man, are able 
to repair damage to their DNA caused 
by irradiation with ultraviolet in direct 
proportion to the lifetime of the species. 
For example, human beings live about 
twice as long as chimpanzees and the 
rate of DNA repair in human beings is 
also twice as high. More recently these 
workers and others have confirmed the 
previous studies and have also found 
that the capacity for DNA repair in cul­
tured normal human cells decreases as 
they approach the limit of their replica­
tive ability. 

These processes might be compared 
to what happens to an automobile or a 
washing machine. Both machines have 
what engineers call a "mean time to fail­
ure." Without repairs they might func­
tion well for a few years, and with per­
fect repairs they might last indefinitely 
as long as spare parts are available. The 
lack of either perfect repairs or spare 
parts, however, means that the machine 
ultimately ends up on the scrap heap. 
Spare-part surgery for human beings is 
limited to a few organs, and the spare 
parts are themselves imperfect. Even if 
brain transplants were possible, the out-

\. ... ____ _ ---"'1 come would be futile. Immortality, after 
V all, presupposes the continuity of self-

SURVIVE 20 identity, which someone else's brain 
MORE DIVISIONS would not provide. 

CELL-FUSION EXPERIMENT helped to determine the location of the clock that controls 
cellular aging. It was made possible by the development of techniques for removing nuclei 
from cells and reinserting them into other cells. The cells without nuclei, called cytoplasts, can 
survive for a short time. Here nuclei from young cells (10 population doublings) were inserted 
into the cytoplasts of old cells (30 population doublings) and vice vers!l. Preliminary results sug­
gest that the nucleus ratber than cytoplasm is the location of the clock that counts cell divisions. 

Medvedev has also put forward the 
second hypothesis about the ge­

netic basis of aging. It is known that only 
about .4 percent of the information in 
the DNA of the cell nucleus is utilized 
by a given cell in its lifetime. Moreover, 
many of the genes along the DNA mole­
cule are repeated in identical sequences, 
making the genetic message highly re­
dundant. Medvedev has proposed that 
the repeated sequences are normally re­
pressed but that if an active gene is ex­
tensively damaged, it is replaced by one 
of the identical reserve genes. The re­
dundancy of the DNA might therefore 
provide insurance against the system's 
inherent vulnerability to random molec­
ular accidents, lengthening the time be­
fore a sufficient number of errors could 
accumulate to confound the genetic 
message. Ultimately, however, all the 
repeated genes would be used up, errors 
would accumulate and physiological de­
ficiencies leading to age changes would 
arise. This hypothesis would therefore 
predict that long-lived species should 
have DNA more redundant than the 
DNA of short-lived species. 

with those that occur in human beings 
as they age. An understanding of why 
normal fibroblasts lose their ability to 
replicate may well provide insights into 
the age-related loss of other kinds of 
functional properties in more special­
ized cells. 

What, then, is the underlying mecha­
nism that causes age changes in 

most cells? Many gerontologists believe 
the answer can be found in the genet­
ic message. They reason that if all the 
complexities of development from the 
fertilized egg to sexual maturation are 
orchestrated by the genetic apparatus, 
age changes are likely to be controlled 
by the genes as well. Three general hy­
potheses based on the properties of the 
information-bearing molecules in the 
cells (DNA and RNA) are now thought 
to be the most plausible explanations 
for aging. 

The first hypothesis, formulated by 
Zhores Medvedev of the Medical Re­
search Council in London and further 
developed by Leslie Orgel of the Salk 
Institute, proposes that over a period of 
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time the information in the information­
processing system represented by the 
transcription and translation of the ge­
netic message in DNA into RNA and 
into enzymes and other protein mole­
cules might be increasingly subject to 
error. Such errors would give rise to 
faulty enzyme molecules and lead to a 
decline in the functional abilities of the 
cell. The situation would be analogous 
to an error in the instructions of an auto­
matic machine tool: the tool would turn 
out faulty parts that, when they were as­
sembled into the final product, would 
reduce its efficiency or keep it from 
working altogether. Although this "er­
ror catastrophe" hypothesis has been 
tested in several laboratories by tracing 
protein synthesis in aging cells, the re­
sults have not yielded good evidence to 
support it. 

The accumulation of errors in a bio­
logical system can be partially offset by 
known processes of repair, but the re­
pair systems themselves do not perform 
perfectly or indefinitely. Ronald W. 
Hart and Richard B. Setlow of the Oak 
Ridge National Laboratory found that 

The third genetic hypothesis of aging 
proposes that age changes are simply a 
continuation of the normal genetic sig­
nals regulating the development of an 
animal from the moment of its concep­
tion until its sexual maturation. There 
may even be "aging genes" that slow or 
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shut down biochemical pathways in a 
sequential manner and lead to the pre­
dictable expression of what are recog­
nized as age changes. Graying of the 
hair, menopause and diminished athlet­
ic ability are a few of the hundreds of 
late-developing events associated with 
aging. None is regarded as a disease, 
but such normal events decrease cell 
function and increase vulnerability to 
disease. These genetically programmed 
events may differ in the time of their 
expression in different cell types. The 
root of aging might therefore result 
from deficiencies in a few key cell types 
whose rate of aging is the fastest and has 
the greatest effects. 

The function of the hypothetical ag­
ing genes might be analogous to the nor­
mal functional decline and death of cells 
that take place on a massive scale during 
the development of the embryo. In ver­
tebrate animals the modeling of a limb, 
for example, calls not only for the mar­
shaling of millions of cells but also for 

INFANCY 

MATURITY 

the death and resorption of millions of 
others. The fate of these latter cells is 
determined by "death clocks" that oper­
ate on a precise schedule. It is conceiv­
able that the same processes continue 
throughout life, operating at different 
rates in different tissues and ultimately 
leading to the normal age changes that 
increase susceptibility to disease. Advo­
cates of such a predetermined genetic 
program for aging argue that the evolu­
tionary success of a species depends 
only on the ability of its members to live 
long enough to procreate and raise their 
young; what happens after that is irrele­
vant to the survival of the species. 

All three major hypotheses of aging are 
Il. applicable equally to the demise of 
normal animal cells in tissue culture and 
to the aging of intact animals. They are 
not mutually exclusive and might well 
operate simultaneously. Two animal­
cell lineages; however, are known to 
escape from the inevitability of aging 

or death. These are cancer cells and 
the germ cells: the egg and the sperm 
and their immediate precursors. It is in­
teresting to speculate that cancer cells 
and germ cells might avoid senescence 
through a common mechanism. Indeed, 
the way genetic information is ex­
changed between cancer-causing viruses 
and animal cells might be similar to 
the way the genetic cards are reshuffled 
when the sperm fuses with the egg. The 
reshuffling of genetic information be­
tween two adjacent normal body cells 
(mediated by viruses, carcinogens or 
ionizing radiation) might give rise to a 
cancer cell. Such reshuffling of genetic 
information when egg and sperm cells 
are produced or fused could perhaps 
serve to reprogram or reset the cell's 
biological clock. By this mechanism 
even if the individual members of a spe­
cies were programmed to die, the spe­
cies would live. A human being, then, 
would be the germ cells' way of making 
more immortal germ cells. 

ADOLESCENCE 

SENESCENCE 

MIGRA nON TIME of fibroblasts growing out fro III a tiny scrap of 
living tissue placed in culture varies inversely with age of the source. 

This has been ascertained for fibroblasts frolll chickens, rats and hu­
lIIan beings and frolll several tissues, including heart, lung and skin. 
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World Uranium Resources 

A case study in the estimation of mineral resources, supported 
by u.s. mining records, indicates that the supply of uranium 

will not be a limiting factor in the development of nuclear power 

by Kenneth S. Deffeyes and Ian D. MacGregor 

T
he task of estimating the world's 
mineral resources is a fairly recent 
undertaking in geology. Our own 

interest in the subject dates from 1972, 
when a group of analysts at the Massa­
chusetts Institute of Technology pub­
lished the book titled The Limits to 
Growth. The book was based on a study 
they had done that attempted to look 
into the future by establishing a quanti­
tative model of the world economy and 
then extending the model forward in 
time with a computer. The model pre­
dicts disaster by about the year 2000 be­
cause of the depletion of resources. As 
geologists we were concerned with what 
was meant by the term resources in this 
context. A closer reading indicated that 
"resources" was actually being used in 
the same sense geologists use the word 
"reserves," that is, to denote the amount 
of material already discovered that is 
profitably recoverable under current 
economic conditions. To our surprise 
we could find no quantitative estimates 
of undiscovered mineral deposits or of 
known deposits that might become eco­
nomic in the future. Before a study of 
the type exemplified by The Limits to 
Growth can ever be expected to yield a 
better forecast, estimates of the total 
availability of mineral resources must 
be attempted. 

There is a particularly pressing need 
for such a resource estimate in the case 
of uranium. For example, the initial eco­
nomic justification for the fast breeder 
reactor, which was being advanced at 
about the same time The Limits to 
Growth study appeared, assumed that 
the supply curve for uranium (the curve 
relating the price of the mineral to the 
amount recoverable at that price) fol­
lowed a smoothly 'ascending trajectory 
[see illustration on page 69]. It seemed 
entirely possible at the time, however, 
that some modest price increase might 
cause virtually all the uranium deposits 
in a given geological category to be dis­
covered and mined, and that a very large 
price rise would be necessary before an­
other, category would become exploit­
able; in that case the supply curve would 
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first rise and then level off before begin­
ning to rise again. 

If such a curve were to describe the 
uranium-supply situation accurately, 
then raising the price to intermediate 
levels would amount to either a cash gift 
to the owners of the known deposits or 
an incentive to waste money, effort and 
energy in the search for nonexistent me­
dium-grade deposits. (We know a few 
petroleum geologists who argue that oil 
prices above "$7 per barrel are in just the 
kind of gap represented by the flat part 
of the colored supply curve in the illus­
tration on page 69.) In spite of the obvi­
ous need for reliable resource estimates 
not only for nuclear fuel but also for 
fossil fuels, metals and other vital mate­
rials, there was no generally accepted 
method for making such estimates in 
1972 and there is still none today. In­
deed, for most minerals the raw geolog­
ical data on which to base even a ru­
dimentary resource-estimation method 
have yet to be assembled. 

Of the few resource-estimation ap­
proaches that have been proposed 

in recent years most are narrowly spe­
cific for a given material. One model 
that was intended to be applicable to all 
resources was put forward in 1972 by 
Vincent E. McKelvey of the U.S. Geo­
logical Survey. He created a two-way 
grid of categories based on the degree 
of geological knowledge (known depos­
its, inferred deposits and probable de­
posits) and on current economics (eco­
nomic, subeconomic and uneconomic). 
The only way of estimating the amount 
of material in each of McKelvey's cate­
gories is to ask a number of experts to 
guess at the amount of material in the 
category, then add up the estimates and 
divide the sum by the number of ex­
perts. Although the Geological Survey 
has gone on to try to measure the uncer­
tainty in expert estimates for undiscov­
ered oil, it is clearly difficult to base 
public policy on such subjective inputs. 

A radically different approach to re­
source estimation was pioneered in the 
1950's by M. King Hubbert of the Shell 

Development Company. He analyzed 
the history of oil production in the U.S. 
by fitting a symmetrical bell-shaped 
curve to the annual rate of domestic oil 
production. At the time of Hubbert's 
first estimate oil prod uction was still at a 
comparatively early stage in the U.S., 
and he relied on expert opinions to de­
fine the total area under the bell-shaped 
curve. By the late 1960's, however, 
enough annual production figures had 
accumulated for him to extract an esti­
mate of the total U.S. oil resource with­
out relying on expert opinions. The ver­
dict of history has been favorable to 
Hubbert's initial estimate: the recent 
course of domestic oil production fol­
lows his 1957 prediction quite closely 
[see top illustration on page 70]. 

During the 1960's Hubbert's methods 
were severely criticized because he uti­
lized time as the independent varia­
ble rather than some measure of the ef­
fort spent on petroleum exploration. In 
1967 he introduced a second approach, 
in which he compared the number of 
feet of exploratory borehole drilled in 
search of oil with the amount of oil dis­
covered. What he found was an expo­
nential decrease in the number of bar­
rels of oil discovered per foot of bore­
hole drilled as exploration proceeded. 
Not surprisingly, Hubbert's estimate of 
the total U.S. oil resource derived from 
the area under the exploratory-effort 
curve was remarkably similar to his esti­
mate derived from the area under the 
bell-shaped annual-production curve. 

Could Hubbert's methods serve as a 
basis for estimating other mineral re­
sources, specifically uranium? There is 
no hope of applying his first approach, 
based on the bell-shaped annual-produc­
tion curve, to uranium. The history of 
uranium mining is marked by "boom 
and bust" cycles, and there would be no 
plausible predictive value to such a 
time-dependent analysis. There is an­
other bell-shaped curve, however, that is 
well known to geologists. In 1954 Louis 
H. Ahrens of the University of Cape 
Town noted that the abundances of 
trace elements in granites generally fol-
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Iow a bell-shaped curve when the num­
ber of samples is plotted against the log­
arithm of the trace-element concentra­
tion [see bottom illustration on page 70J. 
On a logarithmic scale the curve fits a 
normal, or Gaussian, curve well enough 
to have led Ahrens to suggest that such a 
log-normal distribution is a fundamen­
tal law of geochemistry. 

Although we doubt that log-normali­
ty is a law, we have taken it as a start-

ing point for our investigation. Our ap­
proach has been to ask whether the dis­
tribution of uranium in the earth's crust 
can be reasonably approximated by a 
bell-sliaped log-normal curve. In addi­
tion we have asked whether the uranium 
deposits actually mined appear to be a 
portion of the high-grade "tail," or as­
cending slope, of that distribution. This 
approach pres�rves what we feel are the 
two most important guiding principles 

of Hubbert's work, namely recognizing 
the geological framework that contains 
the deposits of interest and examining 
the industry's historical record of dis­
covering those deposits. Our findings, 
published recently in the form of a 
book-length report prepared for the 
U.S. Department of Energy, suggest 
that for uranium the crustal-distribution 
model and the mining-history model 
can be brought together in a consistent 

URANIUM IS TRANSPORTED from the earth's mantle to the up­
per part of the continental crust as a trace element ·in upwelling blocks 
of granite, such as the ones seen in this false-color ERTS 1 image of 
an arid region in Western Australia, viewed from an altitude of 570 
miles. The large light-colored areas in the image are granitic domes, 
the vestiges of molten bodies of rock formed by heat generated as a 
by-product of the natural radioactivity of certain elements, including 

uranium. The rock formations were carried to the surface sometime 
in the Precambrian era (more than 600 million years ago). The subse­
quent weathering of the exposed granite has had the effect of releas­
ing uranium into the surrounding sedimentary rocks, where under 
suitable conditions it can be concentrated with the aid of flowing 
water to form economically recoverable deposits. The chief alterna­
tive mechanism for transporting uranium to the surface is volcanism. 
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picture. In brief, we conclude that both 
sets of data can be described by a sin­
gle log-normal curve, the smoothly as­
cending slope of which indicates ap­
proximately a 300-fold increase in the 
amount of uranium recoverable for each 
tenfold decrease in ore grade. This con­
clusion has important implications for 
the future availability of uranium. 

There is no underlying geological the­
ory requiring that the abundance in 

the earth's crust of trace elements such 
as uranium should follow a log-normal 

distribution. We have simply reasoned 
that rich deposits of uranium (and other 
trace elements) are formed only where 
several improbable circumstances come 
together. There has to be a source of the 
element, enough water to transport it, 
suitable subsurface conduits, complex­
ing agents to carry the element in solu­
tion and other agents to precipitate the 
final minerals. Clearly if any one of 
these ingredients is lacking, no uranium 
deposit can be formed. Therefore the 
probability that an ore deposit will be 
formed at a given site is determined by 

multiplying the probabilities that each 
essential ingredient was present. When­
ever probabilities add, the central-limit 
theorem of statistics holds that the even­
tual distribution approaches the bell­
shaped normal distribution. Since the 
multiplication of probabilities corre­
sponds to adding on a logarithmic scale, 
it is not surprising to see the familiar 
bell-shaped curve appear when elemen­
tal abundances are plotted on a logarith­
mic scale. 

We hasten to point out that this is only 
an approximate argument; no rigorous 

URANIUM IN GRANITE is usually concentrated in a few of tbe 
less abundant minerals ratber tban being evenly scattered tbrougb­
out tbe major minerals. Tbis transmitted-ligbt micrograpb (magnifi­
cation about SO diameters) sbows a slice of granite only .03 millimeter 
tbick. Tbe colors result from tbe interference of tbe transmitted Iigbt 

waves, wbicb are broken into two components traveling at different 
speeds as tbey pass tbrougb tbe crystalline materials of tbe sample 
and tbrougb a single-crystal quartz plate. Most of tbe uranium in tbe 
field of view is contained in a crystal of zircon, or zirconium silicate 
(ZrSi04), wbicb appears as tbe s.mall dark blue grain at tbe center . 

68 
• 

© 1979 SCIENTIFIC AMERICAN, INC



statistical basis exists for expecting a 
log-normal distribution. If the curve 
showing the log-normal distribution 
were a full description of the minor ele­
ments of the earth's crust, then the re­
coverable ore deposits should be simply 
the high-grade tail of the log-normal 
distribution. A quick calculation shows 
that this is not always the case. For ex­
ample, taking the best-fitting log-normal 
curve for Ahrens' plot of the distribu­
tion of lead in granite and extending the 
curve out to a lead concentration of 
20,000 parts per million (the lower limit 
at present for economically recovera­
ble lead ores), one finds that the total 
amount of lead ore in the world should 
be no greater than a single 50-gram 
specimen of galena (lead sulfide) in the 
mineral collection of the Smithsonian 
Institution! Of course there are minerals 
so rare that only a single specimen is 
known, but galena is not one of them; 
more than 190 million tons of lead has 
already been mined in this form. Ac­
cordingly Ahrens' curve for lead in 
granite has to be modified. There are 
two obvious ways the actual distribu­
tion of a trace element could differ 
from the log-normal one. Either the 
high-grade tail of the distribution con­
tains more material than the theoretical 
log-normal curve suggests or the ore de­
posits form a separate and independent 
distribution. 

The case for a separate distribution 
describing ore deposits has been stated 
by Brian J. Skinner of Yale University. 
He points out that in ore deposits the 
metals being mined exist as minerals in 
which the metal is an essential compo­
nent of the crystal structure. In ordinary 
rock the trace amounts of the same met­
al can be accommodated by an atom­
for-atom substitution in common min­
erals. For example, lead exists as galena 
in most lead ores, but in common rock­
forming minerals such as the feldspars 
lead substitutes in small amounts for po­
tassium. Skinner has pointed out that 
the overall crustal distribution could be 
bimodal, with one peak for the ore de­
posits and a second peak for the com­
mon rocks. The consequences for socie­
ty could be severe if the high-grade peak 
of a trace element such as uranium were 
to be exhausted and mining had to shift 
suddenly to the much-lower-grade com­
mon rocks. A bimodal distribution of 
the type Skinner proposes would cause 
the kind of discontinuity represented by 
the flat portion of the colored supply 
curve for uranium in the illustration on 
this page. 

Of all the metals, chromium seems to 
us to be the one most likely to exhibit the 
kind of bimodal distribution Skinner 
suggests. A single geological process, 
the crystallization of large basaltic mag­
ma bodies, has produced all the major 
chromium deposits in the world. The 
worldwide uniformity of chromium de­
posits may reflect the metal's com-
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PRICE OF URANIUM (DOLLARS PER POUND)----7 

HYPOTHETICAL SUPPLY CURVES for urauium relate the projected price of the uranium 
(logarithmic horizontal scale) to the cumulative amount recoverable at that price (arithmetic 
vertical scale). One possibility is that the supply curve will simply follow a smoothly ascending 
trajectory (black curve); in other words, the higher the price, the greater the amount of urani­
um available. The other possibility is that some modest price increase will cause virtually all 
the uranium deposits in a given geological category to be discovered and mined; a very large 
price rise would then be necessary before another category would become exploitable. The re­
sult would be a supply curve that would rise and then level off before beginning to rise again 
(colored curve). The authors' findings suggest that the black curve is more likely to be correct. 

paratively simple geochemistry and the 
dominance of a single type of deposit. 

Uranium, in contrast, exhibits an 
enormously complex range of geo­
chemical behavior and a wide variety 
of different kinds of economic deposit. 
Two valence states of uranium, one with 
a deficit of four electrons and the other 
with a deficit of six, occur in nature, and 
a variety of ions such as the uranyl car­
bonate complexes, U02(C03h-- and 
U02(C03)a----, contribute to the di­
versity of uranium's behavior. Instead 
of a bimodal distribution such as the one 
that might be expected for chromium, 
uranium ought to have a multimodal 
distribution. Each chemical style and 
geological setting should have its own 
characteristic average uranium concen­
tration. We have tested the simple hy­
pothesis that the ensemble of all these 
diverse uranium deposits combines to 
form a simple log-normal distribution. 
To repeat, we have no strong theoretical 
reason to expect a log-normal curve; we 
have simply put a fresh blade in Oc­
cam's razor and examined the simplest 
hypothesis first. 

Unfortunately it is not possible to de-

termine the distribution of uranium de­
posits directly by analyzing for uranium 
in a large random sample of rocks. Even 
if there were a laboratory that could 
turn out one uranium analysis per sec­
ond, it would take 30 years, running 
around the clock, to define the shape of 
the tails of the distribution out to such 
rare occurrences as economic uranium 
mines. An analytical scheme of this type 
is tantamount to prospecting for ura­
nium by picking up rocks blindfolded 
until one accidentally discovers a sub­
stantial number of economic uranium 
mines. Since it is not possible to measure 
the distribution directly, one has to ap­
proach the problem in stages, examining 
first the uranium distribution in the ma­
jor geochemical reservoirs and then fo­
cusing on the smaller units that have an 
unusually high uranium content. 

Two dominant factors influence the 
partitioning of uranium into the ma­

jor geochemical reservoirs: its large ion­
ic radius and its production of heat by 
radioactivity. Under the conditions ex­
pected in the earth's mantle uranium ex­
ists in the quadruply ionized valence 
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SUCCESSFUL RESOURCE ESTIMATE was made in 1957 by the geologist M. King Hub­
bert, who fitted a bell-shaped curve to the history of U.S. oil production, relying on expert opin­
ions to define the area under the curve. (The two colored curves represent the upper and lower 
limits of his estimate.) The recent course of domestic oil production follows Hubbert's predic­
tion closely. Area under curve in this case corresponds to total amount of resource available. 
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CONCENTRATION OF TRACE ELEMENT IN ORE (PARTS PER MILLION) 

DISTRIBUTION OF TRACE ELEMENTS in granite generally follows a bell-shaped curve 
when the amount found in various samples is plotted against the logarithm of the trace-element 
concentration. The central question asked at the outset of the authors' study was whether the 
distribution of uranium in the earth's crust could be described by such a bell-shaped log­
normal curve. Their interpretation of the evidence suggests that it can, and the black curve is 
their approximation of the overall shape of the log-normal distribution curve for uranium. (The 
curve is not perfectly symmetrical: its high-grade ''tail,'' or ascending slope, has been adjusted 
to indicate the availability of somewhat more high-grade ore than the theoretical log-normal 
curve would suggest.) An alternative model of the overall crustal distributions of the trace ele­
ments, put forward by Brian J. Skinner of Yale University, portrays them as following a bi­
modal curve, with one peak for the ore deposits and a second peak for the common rocks. Chro­
mium, for example, may have a bimodal distribution, represented here by the colored curve. 
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state, and its ionic radius in crystals is 
comparable to the radius of ionized so­
dium. Like sodium ions and other large 
ions, uranium ions selectively enter any 
partial melt that is generated from the 
mantle. Therefore uranium ions are 
readily transferred out of the mantle. (It 
happens that the other two major radio­
active heat producers, thorium and po­
tassium, also have large ionic radii and 
are chemically fractionated out of the 
mantle. The world would have been a 
very different place if any of the small­
er common ions such as magnesium 
had been radioactive, because the heat 
source would then have remained deep 
in the mantle, where it would have given 
rise to much stronger convection cur­
rents and disrupted the crust to a great­
er extent.) The extremely low uranium 
content of iron meteorites suggests, by 
analogy, that the earth's core is also defi­
cient in uranium. 

Within the earth's crust there are a 
few crystallographic niches where ura­
nium can make an approximate fit. 
There is, however, an additional con­
straint on the crustal distribution of ura­
nium. If the uranium content of a block 
of rock within the crust generates heat 
faster than the heat can be carried away 
by thermal conduction, the block will 
melt (partially or completely) and come 
toward the surface as molten magma. 
To be more precise, the time required 
for the block to reach its melting point is 
proportional to its specific heat and is 
inversely proportional to its internal 
rate of radioactive heat production. The 
distance to which heat can diffuse is giv­
en by the square root of the product of 
the time and the thermal diffusivity. 
Any body of rock that is deep enough 
and has a sufficiently high uranium con­
tent will melt. During mountain build­
ing, for instance in a collision between 
two continents, the components of the 
newly formed crust are reassembled 
without regard to their uranium content. 
In time self-heating can melt large bod­
ies of rock, forming the characteris­
tic post-tectonic granites of the earth's 
mountain belts. The upward transport 
of heat-producing elements by the mo­
bilization of granite is a major mecha­
nism in transferring uranium into the 
upper part of the continental crust. Af­
terward erosion exposes these granites 
to weathering, and the uranium in them 
finds its way into sedimentary rocks. 

There is a second way large amounts 
of uranium-bearing granitic material 
are transferred to sedimentary rocks. 
Some melts with granitic compositions 
reach the surface in volcanic eruptions. 
The more water-rich of these melts typ­
ically form a froth of millimeter-size 
steam bubbles with glass walls. Small 
amounts of material are preserved in 
this stage as the lightweight rhyolitic 
rock called pumice, but for most of the 
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URANIUM DEPOSIT TRAVELS SLOWLY through sandstone in 
the direction of the flowing ground water, as these two cross sections 
show. An ore deposit of this type, called a roll-front deposit, has a 
characteristic crescent-shaped reaction zone, where the uranium ions 
are precipitated out of the water, usually in the form of the mineral 
uraninite (U02). The actual movement of the deposit can be dem­
onstrated by subsurface gamma-ray measurements, made with the 
aid of a detector that is able to distinguish the gamma radiation emit-

ted by protactinium 234, the first "daughter" isotope of uranium 238, 
from the much more abundant gamma rays emitted by bismuth 214, 
a later radioactive-decay product (top). The fact that the area where 
the gamma rays from the bismuth predominate (heavy white hatch­
ing) is generally downstream from the area where the gamma rays 
from the protactinium predominate (heavy black hatching) is taken 
as evidence that the uranium deposit itself (gray shading at bottom) 
is being transferred gradually downstream by moving ground water. 

froth the contiuued expansion of the 
steam shatters the bubble walls, and a 
cloud of steam and fine glass shards is 
propelled high into the atmosphere. 
These are the Plinian eruptions, named 
for Pliny the Younger's description of 
the eruption of Mount Vesuvius in A.D. 
79, which buried Pompeii and Hercula­
neum. In the 1950's several geologists 
noted that the total amount of volcanic 
glass of granitic composition trans­
ferred to the surface by these enormous 
volcanic explosions may be equal in vol­
ume to the great bodies of granite within 
the mountain belts. The products of the 
eruption are often propelled upward 
through the entire troposphere, and the 
fallout of volcanic ash and other frag­
ments, collectively referred to as tephra, 
can extend downwind for hundreds of 
kilometers [see "Tephra," by Laurence 
R. Kittleman; SCIENTIFIC AMERICAN, 
December, 1979]. 

Once the atmospheric dispersion and 
the further transport by rivers have 
brought the volcanic fragments to sites 
where sediments are accumulating, the 
glass, which is less stable than a crystal­
line assemblage of the same composi­
tion, gradually breaks down. The re­
lease of chemicals from the breakdown 
of volcanic glass accounts for the ex­
traordinary fertility of volcanic soils. At 
the same time a small amount of urani­
um is released. 

Uranium derived either from the sur-

face wel'thering of granite or from the 
breakdown of volcanic ash can be trans­
ferred through the accumulating sedi­
ments by ground water, and at least 
some uranium ore deposits are found 
where uranium is precipitated out of 
moving ground water. There are several 
other types of uranium deposit, but in 
one way or another they all owe their 
origin to the progressive upward trans­
fer of uranium into the top part of the 
continental crust and also to one or 
more final steps of concentration within 
the crust. 

The uranium content of the major 
units of the earth is supplemented by 

some smaller units that are highly en­
riched in uranium. The most uranium­
rich of all these units are metal-rich 
veins deposited in fractures by the 
movement of hot water (with the heat 
possibly coming from the radioactivity 
of the uranium in the adjacent rocks). 
Vein deposits such as those at Joa­
chimsthal in Czechoslovakia, Great 
Bear Lake in Canada and Katanga in 
what is now Zaire were the main source 
of uranium before World War II. In ad­
dition to veins deposited by hot water 
there are some high-grade uranium de­
posits in pegmatites, which are unusual­
ly coarse-grained igneous rocks formed 
from melts rich in dissolved gases. 

Several recently discovered deposits 
of uranium ore in Saskatchewan and 

northern Australia have been found at 
the base of Precambrian sandstone lay­
ers that overlie even older Precambrian 
granites and metamorphic rocks. Possi­
bly as a result of their great age, these 
deposits, which are a newly recognized 
category of deposits of the unconformi­
ty type, have subsequently been rear­
ranged into veins and other fillings of 
open spaces, and they have been heated 
to temperatures of a few hundred de­
grees Celsius. During this later phase of 
their history much of the evidence that 
would have unequivocally demonstrat­
ed their origin has been obliterated. 
As a result there is some disagree­
ment among geologists on the question 
of why the uranium in these deposits is 
associated with the unconformities. 

The next category of uranium ore (in 
descending order of uranium content) 
consists of the deposits of the sandstone 
type. These ores typically consist of ura­
nium minerals deposited interstitially 
between the sand grains in sandstones. 
The bizarre aspect of such deposits is 
that many of them are moving actively, 
if slowly, through the sandstone when 
the faster-moving uranium miners come 
along and capture them. The motion of 
the uranium deposit is quite similar to 
the motion of a front in a laboratory 
chromatography column. If oxygenated 
water from the surface is introduced 
into a sandstone that contains small 
amounts of reducing agents (such as fos-
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sil organic matter, petroleum or sul­
fides), a zone of active chemical reac­
tion will develop between the reducing 
agents and the oxygen in the water. As 
oxygenated water continues to be intro­
duced the reaction zone moves in the 
direction of the water flow. 

Oxidizing even 1 percent of the organ­
ic carbon in a sandstone requires all the 
dissolved oxygen in 500 pore volumes 
of water; therefore the reaction zone 
moves along much slower than the wa­
ter. As a result the reaction zone be­
comes a boundary between oxygenated 
water and water from which the oxygen 
has been removed. Upstream from the 
reaction zone uranium is soluble as the 
hexavalent uranyl carbonate complex, 
and uranium picked up from the surface 
weathering of granite, from the alter­
ation of volcanic ash or from other 
sources can move toward the reaction 
zone. Within the part of the zone in 
which oxygen is being removed from the 
ground water uranium is changed from 
the hexavalent state to the quadrivalent 
one. The quadrivalent uranium is insol­
uble and precipitates out, usually in the 
form of the mineral uraninite (U02). 
Because of the characteristic shape of 
these actively moving uranium deposits 
they are called roll-front deposits. 

The fact that deposits of this type are 
actively moving today has been directly 
demonstrated by subsurface measure­
ments made with a gamma-ray spec­
trometer lowered down a series of bore­
holes. A group at the firm of Princeton 
Gamma-Tech has packaged a germani­
um-crystal detector, its cryogenic heat 
sink and a multichannel analyzer into a 
probe two inches in diameter and about 
12 feet long. The probe, which has been 
used for uranium prospecting by the 
U.S. Geological Survey, among oth­
ers, can separate the gamma radiation 
emitted by protactinium 234, the first 
"daughter" isotope of uranium 238, 
from the abundant gamma rays emitted 
by bismuth 2 14, a later product of the 
radioactive-decay chain. 

From data obtained this way one can 
plot a cross section showing both the 
gamma radiation from the protactinium 
near the uranium and the gamma radia­
tion from the bismuth, which has been 
transferred downstream by the moving 
ground water as the several daughter 
isotopes sequentially decayed [see illus­
tration on preceding page]. The new tech­
nique is an important advance; until 
now the lack of correspondence between 
the radioactive bismuth (which domi­
nates in most total-radioactivity sur­
veys) and the uranium has been a bane 
to the prospector, because the most ra­
dioactive rocks are not necessarily the 
most uranium-rich. 

Uranium deposits of the sandstone 
type in Wyoming, New Mexico, 

Utah and Colorado have dominated 
U.S. uranium production. Until recently 
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there were very few significant deposits 
of uranium known in sandstone outside 
the U.S. Several uranium mines that 
are being opened in Niger seem to have 
the same origin as the sandstone de­
posits in the,western U.S., although only 
sketchy descriptions of them are cur­
rently available. 

Uranium deposits of lower grade than 
the typical sandstone deposits are not 
now economic to mine, unless a valu-

able by-product or coproduct can be ex­
tracted along with the uranium. By far 
the most important example is the co­
production of gold and uranium from 
the Witwatersrand deposits in South Af­
rica. During the first 60 years of the ex­
ploitation of the Witwatersrand gold de­
posits the cost of mining and extraction 
was borne primarily by the gold that 
was recovered. The existence of urani­
um in the gold-bearing rock was long 
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known; in fact, the radioactivity of the 
uranium was used as an exploration 
guide for selecting the best gold ores. 
After World War II some extraction of 
uranium was begun by sending the gold 
ore through a uranium-recovery cycle 
after the gold was extracted. In the 
course of the uranium extraction some 
additional unrecovered gold was liber­
ated, and so the process was reversed, 
the uranium being recovered first and 

the gold recovered second. Economic 
changes also supervened; some mines 
were opened that would have been un­
economic for gold alone but were via­
ble when operated for the coproduction 
of uranium and gold. 

The Witwatersrand deposits, along 
with similar deposits at Elliot Lake in 
Canada, are fossil placers. Present-day 
placer deposits of gold in rivers are fa­
miliar, but in the earth's present oxidiz-

ing atmosphere uranium minerals are 
quickly oxidized to the soluble hexava­
lent complexes. If the earth's early at­
mosphere was in equilibrium with the 
igneous rocks of the crust, however, the 
conditions would have been reducing 
instead of oxidizing. Before the atmo­
sphere was converted by photosynthesis 
into an oxidizing state, uraninite could 
travel in rivers as stable heavy grains 
and could be cOl)centrated along with 

0" 30° 180° 
��--�------��----------��---------'��---------'�--------�r-��----��--��-----------'75° 

�--�--------�------------�30" 

���----�-----------i0° 

�=- ____________ � ____________ � ____________ �=- __________ �� ____________ �� __________ �� __________ � 60° 
30° 0° 30° 60° 90° 120° 1 50° 180° 

KNOWN DEPOSITS OF URANIUM are identified on this world 
map hy a set of symbols suggestive of the various major types of de­
posit. The key at the left lists the six most important categories of ura­
nium ore in descending order of their uranium content. The deposits 
shown are economically recoverable now or in the foreseeable future 
either in straight mining operations or in association with the recov­
ery of some valuable by-product or coproduct. Examples of the latter 
type of association include the fossil placer deposits at Witwatersrand 

in South Africa and Elliot Lake in Canada, where both gold and ura­
nium are recovered, and the phosphate deposits in various parts of 
the world, where uranium is liberated in the process of converting 
phosphate rock into soluble phosphate fertilizer. The newly discov­
ered deposit of the unconformity type at 1abiluka in northern Austra­
lia apparently contains more uranium than all the uranium that was 
produced in U.S. between 1948 and 1970. Lower-grade deposits, such 
as abundant Chattanooga shales in the eastern U.S., are not included. 
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DISTRIBUTION OF URANIUM in the earth's crust among the major geological reservoirs 
of the element is plotted here on a log-log chart. The bars representing the various categories 
of ore deposits (in descending order of their uranium content) define a log-normal global­
abundance curve, which in this instance takes the form of a parabola opening downward (black 
curve). Ascending slope of parabola is roughly 2.5 to 1, which corresponds to a 300-fold in­
crease in the estimated amount of recoverable uranium for every tenfold decrease in 'the ore 
grade. The three gray bars at the left indicate the deposits now being mined for uranium alone. 

the grains of gold. No known deposits 
of the Witwatersrand type are younger 
than 1,800 million years; most geolo­
gists accept this finding as evidence for 
the time at which the atmosphere be­
came at least partially oxidizing. 

Another possible by-product associa­
tion for uranium comes from the mining 
of phosphate rock for fertilizer. Phos­
phate rock typically carries from 10 to 
300 parts per million of uranium, lower 
than the minimum concentration now 
being mined as straight uranium ore. 
The process of converting the phosphate 
rock into soluble phosphate fertilizer, 
however, liberates most of the uranium. 
If for no other reason than environmen­
tal concerns, removal of the uranium 
would be desirable. Once the advan­
tages of recovering the uranium are es­
tablished, the value of the rock is the 
sum of the values of the uranium and 
the phosphate, and mining the most val-
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uable uranium-phosphate rock can be 
considered. Iris Y. P. Borg of the Law­
rence Livermore Laboratory showed in 
1974 that by-product uranium from 
phosphate mining alone might supply 
the entire demand of u.s. fission power 
plants for uranium. 

There are additional subeconomic 
uranium deposits, including the exten­
sive sedimentary-basin fills in Nevada 
and adjacent states, which contain abun­
dant volcanic ash that has released ura­
nium into the system. Marine black 
shales usually contain more than the 
average crustal abundance of uranium, 
and some black shales, such as the Chat­
tanooga shale, get into the range be­
tween 10 and 100 parts per million of 
uranium. The most uranium-rich of the 
granites contain roughly 10 parts per 
million of uranium. 

In the aggregate all these deposits de­
fine a global abundance curve for urani-

um [see illustration at left]. Of course, 
there is the possibility that we have 
grossly underestimated the amount of 
uranium in one of the categories. Since 
airborne radiation counters became a 
common prospecting tool some 25 years 
ago, however, millions of miles of flight 
lines have been surveyed. Therefore the 
odds are small that some major category 
has been systematically underestimated. 
Because the vertical scale of this partic­
ular global uranium-abundance chart 
is logarithmic, the expression for the 
expected normal curve is a parabola 
opening downward. As the illustration 
shows, a parabola can be drawn that 
gives a reasonable approximation of the 
data. Therefore the simplest hypothe­
sis, a single log-normal distribution, ex­
plains most of the data, and we see no 
reason at this time to entertain more 
complicated hypotheses. Of particular 
interest is the slope of the parabola as it 
goes through the concentrations that are 
now being mined. The slope on the log­
log plot is about 2.5 to 1, which corre­
sponds to a 300-fold increase in recover­
able uranium for each tenfold decrease 
in ore grade. This trend would seem to 
guarantee an ever increasing uranium 
supply as the uranium prices justify 
mining lower grades of ore. Before ac­
cepting this conclusion, however, we ex­
amined carefully the history of uranium 
mining in the U.S. to see whether the re­
lation between ore supply and ore grade 
could be confirmed. 

For most metals other than uranium 
there has been a long historical pro­

gression from the mining of high-grade 
deposits toward lower-grade ores, great­
er depths and higher costs. In contrast, 
some of the lowest-grade uranium ores 
ever mined were mined early in the 
intensive program immediately after 
World War II. Because subsidies were 
made available in the U.S. to encourage 
the mining of even the lower-grade ores, 
the time progression of ore grades is 
chaotic. By ignoring time and concen­
trating on the amount of uranium recov­
ered in each ore grade, however, we 
have constructed an artificial history 
that develops as if the highest-grade ura­
nium ores had been mined first. 

The only purchaser of uranium in the 
U.S. initially was the Atomic Energy 
Commission, and even after there was a 
private market for uranium the A.E.C. 
and its successor agencies continued to 
keep records of the amounts of uranium 
mined. Access to the records is difficult 
because mining companies made the 
data available to the Government with 
the understanding that data would be 
released only in statistical categories 
that did not identify individual mines 
or companies. Throughout our work we 
had to write computer programs for tab­
ulating the data into categories and sub­
mit each program to a Department of 
Energy employee who would run the 
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program and examine the output before 
letting us see the result. The frustration 
we experienced in getting the programs 
debugged and putting the data in satis­
factory form was enormous. As a partial 
way of sparing future investigators the 
same difficulties we have appended a 
400-page atlas of graphs to our recent 
Department of Energy report. 

Even if there were no human errors 
in recording the mining history, there 
is one way the reported ore grades do 
not faithfully represent the ore in the 
ground. There is a tendency in metal 
mining in general and in uranium min­
ing in particular to balance out blocks of 
unusually high-grade ore by mining 
simultaneously some low-grade ore to 
maintain a constant product. Some ura­
nium mines maintain "pads" near the 
mine mouth with stocks of low- and 
high-grade ore for blending with the 
current production to keep an optimal 
feed going to the processing plant. For 
any one mine the ores in the ground are 
thereby averaged into a single ore grade, 
which may continue unchanged for 
years. Fortunately most uranium mines 
have their own processing plants opti­
mized for the average ore in that mine; 
hence there is no averaging imposed be­
tween mines. Because of the large num­
ber of mines in the U.S. we do not think 
large anomalies appear in the data as a 
result of the blending of ores. 

The curve of U.S. uranium ore grades 
mined with respect to the amount of 
uranium recovered is shown by the 
black curve at the top of each of the four 
graphs at the right. The slope of the 
curve of mined uranium deposits, which 
is remarkably similar to the slope of the 
curve for the earth's crust in the same 
composition range, is about 2.5 to 1 (on 
a log-log scale), again implying a 300-
fold increase in available uranium for a 
tenfold decrease in ore grade. We have 
tested the firmness of this conclusion by 
subdividing the data into subsets reflect­
ing the depth of the mine, the thickness 
of the ore layer, the mineralogy of the 
uranium, the geology of the host rock 
and the geographical region. In every 
case the slopes of the curves relating ore 
grade to uranium content were substan­
tially the same, except for those subsets 
including only a few mines. We are con­
vinced that the agreement between the 
crustal-abundance data, taken over a 
wide range of geological occurrences, 
and the U.S. mining-history data estab­
lishes an expected trend for future ura­
nium exploration and mining. Further­
more, the curve suggests that a large 
amount of uranium will be recovered in 
the range between 300 and 800 parts per 
million and that deposits as lean as the 
Chattanooga shale will not be mined in 
this century. 

The slope of the curve relating the 
ore grade to the amount of ore mined 
for uranium can be compared with the 
slopes of similar curves for other metals 

[see illustration on next pagel Such a 
comparison shows that the curve we 
postulate for uranium is steeper than 
the curve for copper and flatter than 
the curves for chromium and molybde­
num. Therefore the uranium curve does 
not seem to be unusual. 

There is a striking parallel between 
the characteristics of uranium and sil­
ver. Both metals have roughly the same 
average crustal abundance (one part per 
million for uranium and . 1  part per mil­
lion for silver); both have had (until re­
cently) roughly comparable prices; the 
leanest minable ore grades for both are 
enriched about 2,000 times over the 
average crustal abundance, and both are 
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recovered by using a complexing agent 
to dissolve the metal selectively into a 
dilute solution and then stripping the 
metal from the solution. The main dif­
ference is that unlike the short history of 
uranium the mining history of silver in 
the U.S. started in about 1860 and the 
last major silver discoveries were made 
in about 1915. Since then most domestic 
silver production has been the by-prod­
uct of copper mining. 

There is a second method for esti­
mating the amount of uranium that 

is likely to be discovered at each ore 
grade. This method is derived from 
Hubbert's extrapolation of the amount 
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COMPUTER-GENERATED CURVES are based on reported records of the amount of ura­
nium recovered (in the form of "yellowcake," or U 308) from a large number of mines in the 
U.S. as a function of the grade of the recovered ore. The overall history of uranium mining in 
the U.S. is given by the black curve at the top of these four graphs. The white curves were ob­
tained by subdividing the data into subsets depending on the depth of the mine (a), the geology 
of the host rock (b), the mineralogy of the uranium (c) and the geographical region of the U.S. 
in which the mines were situated (d). In every case the slopes of the curves relating ore grade to 
uranium content are substantially the same: about 2.S to 1 on a log-log scale, again implying a 
300-fold increase in the amount of uranium available for each tenfold decrease in ore grade. 
These summary curves, which are representative of a 400-page atlas prepared by the authors 
for the Department of Energy, suggest a large amount of uranium could be recovered in U.S. 
in the range between 300 and 800 parts per million (between .03 and .08 percellt uranium). 
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of oil found per foot of borehole drilled. 
Michael A. Lieberman of the University 
of California at Berkeley has plotted the 
amount of uranium found per foot of 
exploratory borehole drilled against the 
total number of feet of exploratory bore­
hole drilled. He has gone on to estimate 
the total size of the resource by extrapo­
lating the resulting curve out to an infi­
nite amount of exploratory drilling. 
Since Lieberman's curve exhibits an ap­
proximately exponential decline, the ex­
trapolation is mathematically very sim­
ple. Nevertheless, there are several dif­
ficulties with the details of Lieberman's 
analysis. The data Lieberman had avail­
able were categorized by current mining 
costs: the known amounts of uranium 
ore minable at $8 per pound of "yellow­
cake" (U30S), at $10 per pound, at $15 
per pound and at $ 30 per pound. Lieber­
man was aware that in some years more 
uranium disappeared from the $8-per­
pound category as a result of inflation 
than disappeared as a result of mining. 
To avoid this difficulty we have carried 
out calculations both in constant-value 
dollars corrected for inflation and in 
current-value dollars. 

A second problem with Lieberman's 
analysis was the underreporting of ore 
in the lower grades. Lieberman used the 
ratio of low-grade (high-cost) ore to 
high-grade (low-cost) ore to assess the 
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SLOPE OF THE CURVE relating the grade 
of the ore to the amount of ore mined for ura­
nium (black line) turns out to he not very dif­
ferent from the slopes of similar curves for the 
mining of othermetals (colored lines). For exam­
ple, the curve postulated hy the authors for 
uranium is steeper than the curve for copper 
but less steep than the curve for chromium. 
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total availability of uranium from the 
lower ore grades. In our study we were 
surprised to find that for one year, only 
three mines had bothered to report their 
ore reserves in the lowest-grade cate­
gory ($30 per pound). This omission 
not only seriously underestimated the 
amount of low-grade ore available but 
also signaled another underestimation. 
Taking into account only the amount 
of low-grade ore found in and around 
high-grade deposits ignores all those ter­
rains that have never produced high­
grade uranium ores but that are known 
to hold low-grade deposits. For both of 
these reasons Lieberman obtained esti­
mates of recoverable uranium consider­
ably smaller than the current Depart­
ment of Energy estimates. 

We have repeated Lieberman's analy­
sis using as various measures of explora­
tion effort not only the number of feet of 
borehole drilled but also the number of 
individual boreholes, the total explora­
tion expenditures and the number of 
acres of land leased for uranium explo­
ration. When these estimates are carried 
out for constant and current dollars, an 
entire range of estimates results, most of 
which lie between Lieberman's estimate 
and the Department of Energy esti­
mates. Our feeling is that the scatter 
among the various estimates is a rough 
measure of the uncertainty of the entire 
procedure, and we would be skeptical of 
any attempt to select a "correct" esti­
mate out of the scattered answers. 

The prospect of an increasing supply 
of uranium as the ore grade is low­

ered seems considerably more optimis­
tic than the comparable picture for pe­
troleum. By utilizing the lower-grade 
components of the deposits of the sand­
stone type, by recovering the uranium 
that could be the by-product of phos­
phate mining and by searching for other 
ores in the range between 600 and 2,000 
parts per million of uranium, the U.S. 
could supply even an expanded nuclear­
power industry from domestic uranium 
sources without having the cost of ura­
nium mining become an important part 
of the cost of energy. Of course, that 
may not happen. As has happened so of­
ten in the past, supplies from outside the 
U.S. could now come on the market at 
lower cost than domestic production 
would require. In particular the ore 
grades in some of the deposits of the un­
conformity type in Canada and Austra­
lia are at the level of 10,000 parts per 
million in shallow deposits, which could 
be mined by open-pit methods. One de­
posit alone, at labiluka in northern Aus­
tralia, has already been found from core 
drilling to contain more uranium than 
was produced in the U.S. in the entire 
period from 1948 through 1970. If large 
amounts of Canadian and Australian 
uranium were offered on the world mar­
ket at prices modestly above the cost of 
mining and processing, the U.S. would 

again face the dilemma of whether to 
subsidize an active program of domestic 
exploration and production or to buy 
the imported minerals and hold the low­
er-grade domestic ores as a reserve for 
the future. 

A few years ago some opponents of 
nuclear power argued that estimates of 
undiscovered uranium were so low that 
they precluded the construction of addi­
tional power reactors. Now that much 
larger estimates of worldwide uranium 
availability are being made, what is the 
likely impact on the future of uranium­
generated power? The present genera­
tion of light-water reactors was designed 
at a time when uranium ore was cheap, 
less than $8 per pound of yellowcake, 
compared with the present price of $40 
per pound. Because the interest on the 
capital cost of the reactor was a much 
larger component of the cost of the elec­
tricity than the uranium was, the reac­
tors were designed to minimize capital 
costs even if they were inefficient urani­
um burners. (One of our colleagues calls 
them uranium guzzlers.) Redesigning 
the next generation of reactors to be 
more uranium-efficient, even if reproc­
essing is forbidden in an effort to inhibit 
weapons proliferation, could extend the 
useful life of known uranium deposits 
by a factor of about five. If the estimates 
of uranium resources and the prospects 
of more efficient uranium utilization 
turn out to be correct, the need for the 
liquid-metal fast breeder reactor could 
be postponed until well after the year 
2000. On the other hand, there may be 
other breeder reactors on the horizon. A 
symbiosis between the neutron-rich fu­
sion reactor and the traditionally neu­
tron-starved fission reactor may turn out 
to be more effective than either one of 
them alone. 

(In the meantime there is another sub­
stantial untapped resource of fission 
fuel that should not be neglected. It has 
recently been estimated that the selec­
tive "mining" of some of the highly en­
riched uranium and plutonium current­
ly stockpiled by the U.S. in the form of 
obsolete nuclear weapons could yield 
enough fuel to satisfy the demand of a 
significant fraction of the nation'S nucle­
ar power reactors.) 

Useful as it is to estimate the future 
availability of uranium at this stage, we 
are convinced that geologists and geo­
chemists will have to make even better 
estimates in the future not only for ura­
nium but also for a wide range of other 
mineral resources. For some metals, 
such as copper, the U.S. is rapidly going 
to lower ore grades, whereas for oth­
ers, such as lead, the ore grades have 
changed very little. Only by estimating 
in advance the likely tonnages of materi­
al available at each ore grade can geolo­
gists help an ind ustrialized society. )o 
evolve without the kinds of shocks that 
abruptly increasing fossil-fuel price� 
have brought in the past few years. 
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Many reach for the Olympic gold but only a few get it. And 
that's the reason for having the Olympics. 

We don't have to support the Games. We just want to. So we do. 
The Committee has made us the Official Photographic 

Consultant to the 1 980 World Olympics. That means that every 
()()() day of the Winter and Summer Games, 
'-X../ from 8 a.m. to 2 a.m., our people and our �equipment will be processing fihn for 

accredited press.* No charge. Our 
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clearly at the decisive moment. Between 
the hands on the camera and the eyes of 

()()() the world, Kodak can make itself useful. 
'-(X)":' We consider the Olympic Games vitally 

. important. We would. We're just that kind 
of people. We feel kinship with others who value excellence, 

wherever in the world they live and for whomever they cheer. 
Incidentally, even if you are 'not a professional photographer, we 

want your pictun!s:of sports events to look as though you 
were on your way to becoming one. Drop a postcard to Dept. 
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tion No. A99-2, "Sports Photography-Tips and Techniques." 
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SCIENCE AND THE CITIZEN 
Day in Court �thOUgh in recent years LQ. tests 

have been increasingly chal­
lenged as a measure of human 

abilities, they have continued to be 
widely given. In California the scores on 
I. Q. tests have provided school authori­
ties with a basis for assigning children to 
special classes for the "educable mental­
ly retarded." In these classes some 25 
percent of the children are black, even 
though black children constitute only 10 
percent of the total school population 
in California. A Federal judge, acting 
in a lawsuit brought against the state's 
department of education on behalf 
of black children alleged to have been 
wrongly placed in the classes, has now 
enjoined the state from employing I. Q. 
tests in deciding who should be put in 
them. He ruled that the tests "are racial­
ly and culturally biased, have a discrim­
inatory impact against black children 
and have not been validated for the 
purpose of essentially permanent place­
ments of black children into education­
ally dead-end, isolated and stigmatizing 
classes for the so-called educable men­
tally retarded. " 

The suit was originally filed in 1971 
against the San Francisco school sys­
tem. It challenged the use of the tests as 
violating the Federal and state consti­
tutions by denying black children the 
equal protection of the law. In 1974 the 
court expanded the class action to in­
clude all black schoolchildren in Cali­
fornia "who have been or may in the 
future be classified as mentally retarded 
on the basis of LQ. tests. " 

The recent decision was issued by 
Robert F. Peckham, chief judge of the 
U. S. District Court for the Northern 
District of California. "We must recog­
nize at the outset," he wrote, "that the 
history of the I. Q. test, and of special 
education classes built on LQ. testing, is 
not the history of neutral scientific dis­
coveries translated into educational re­
form. It is, at least in the early years, a 
history of racial prejudice, of Social 
Darwinism and of the use of the scientif­
ic 'mystique' to legitimate such preju­
dices. " Acknowledging that black chil­
dren generally score lower than white 
children on the standardized tests, Peck­
ham considered and rejected the argu­
ment that the reason could be a genetic 
difference in intelligence. The reason, he 
said, is that the tests "were standardized 
and developed on an all-white popula­
tion, and naturally their scientific validi­
ty is questionable for culturally different 
groups. " 

Peckham also considered the argu­
ment that success in the U. S. culture de­
pends on the acquisition of skills the I. Q. 
tests can measure. The logic of the argu-
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ment, he said, does not fit the facts. "To 
give up so easily on black children is 
simply not justified." 

The judge noted that a different edu­
cational philosophy, partly reflected in a 
master plan for education being devel­
oped in California, is gaining adherents. 
Instead of labeling a child and putting 
him in a special class, "it aims to diag­
nose learning problems, to take the child 
as he or she is and to encourage remedial 
action through an individualized educa­
tional program. " It seems likely that the 
California decision, invoking the Feder­
al constitution, will affect school sys­
tems elsewhere in the country that as­
sign children to special classes on the 
basis of scores on I. Q. tests. 

New Math 

Advocates of greater U.S. military 
Il. spending have relied increasingly 
in recent months on two economic indi­
cators that are often cited in conjunction 
to project an alarming image of the 
country's future defense capability. Ac­
cording to one mode of analysis, the 
portion of the total Federal budget de­
voted to military programs has been' 
steadily declining for a number of years, 
largely at the expense of rising social­
welfare costs. At the same time, the ar­
gument holds, the military expenditures 
of the U.S.S. R. have been increasing 
sharply and now surpass compara­
ble U.S. expenditures by a wide margin. 
The statistical basis of both assertions 
has been called into question. 

In its present form the U.S. military 
budget for the fiscal year 1980 (counting 
only direct Department of Defense line 
items) stands at approximately $122 bil­
lion, a gain of more than $30 billion (or 
roughly 34 percent) over the corre­
sponding amount for 1976, the year 
President Carter was elected. Even 
when U.S. military expenditures are 
measured in constant, or inflation-ad­
justed, dollars, they have increased ev­
ery year since 1976. (The issue now be­
fore Congress is whether the fiscal-year 
1981 military budget should be raised 
by 3 or 5 percent over and above the rate 
of inflation, to a new high in current dol­
lars of nearly $140 billion.) 

Nevertheless, it has been stated pub­
licly by Secretary of Defense Harold 
Brown, among others, that in the com­
ing year "U.S. defense will . .. still re­
ceive the lowest fraction of our re­
sources in 40 years. " President Carter 
too has been quoted as saying that "over 
the last number of years, including since 
I have been in office even, the percentage 
of our total budget ... that goes into de­
fense has been decreasing." 

The apparent contradiction of a bud­
getary trend that is simultaneously in-

creasing and decreasing is explained by 
the substitution of relative terms for ab­
solute ones: Any increasing series can 
be made to appear as if it is decreasing 
simply by expressing it as a fraction or 
percentage of some other series that is 
increasing faster. In the case of the in­
creasing U. S. military budget the ap­
pearance of a decreasing trend is usually 
achieved by comparing it either to the 
rise in the total Federal budget or to the 
growth of the country's gross national 
product (G. N. P. ). 

The questionable validity of this ac­
counting procedure has been pointed 
out by a number of individuals and 
groups opposed to excessive military 
spending, including the Center for De­
fense Information, a nongovernmental 
research organization based in Wash­
ington. Writing in The Defense Monitor, 
the center's monthly newsletter, James 
J. Treires, the principal economic ana­
lyst on the staff, gives several reasons 
for concluding that the declining-ratio 
method of accounting for the cost of the 
U. S. military establishment "conceals 
more than it reveals. " With reference to 
a frequently reproduced chart prepared 
by the Department of Defense in which 
two curves representing Federal out­
lays, one labeled "DOD military " and 
the other "nondefense," are compared 
for the years 1950 through 198Q, Treires 
comments: "First, it counts veterans' 
benefits as a 'nondefense' item. While 
these rapidly growing expenditures do 
not buy any current military capability, 
they are a direct result of past military 
efforts, and like the pensions of retired 
military personnel, which are included 
in the military budget, are simply de­
ferred military costs. 

"Second, and perhaps more impor­
tant, the Pentagon's chart itself is based 
on the 'unified budget,' which adds to­
gether the social-insurance programs 
funded through employee contributions 
and the programs [such asj'national de­
fense' that are supported entirely out of 
Federal income and other general tax­
es. The 'DOD military' line represents 
an expenditure financed entirely by the 
general taxpayer and in direct 'competi­
tion' only with other programs similarly 
funded. The 'nondefense' line includes 
the huge social security, unemployment 
insurance, medicare and highway and 
airport programs. 

"It is also inaccurate to include inter­
est on the national debt, a $57-billion 
item in the FY 1980 budget, as a 'nonde­
fense' expenditure. About two-thirds of 
this debt was incurred through military 
spending. " 

An "objective chart " of recent trends 
in Federal spending, Treires suggests, 
by eliminating all trust-fund programs 
and other irrelevant comparisons, would 
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"show, as the President's budget does 
not, just where our income taxes have 
been going. " Such a chart, he says, 
would reveal that U,S. military spending 
has continued its steady upward trend 
in both current and constant dollars 
throughout the past decade and "still 
constitutes the largest single expendi­
ture from general revenues. " 

The other economic indicator fac­
tored into many "worst case " analyses 
of the relative status of U.S. military 
expenditures is the annual estimate of 
Russian military expenditures made by 
the Central Intelligence Agency. Ac­
cording to Franklyn D. Holzman, pro­
fessor of economics at Tufts University 
and an associate at Harvard Universi­
ty's Russian Research Center, "there are 
many sources of possible exaggeration 
in the CIA estimates. " For one thing, he 
explains in a recent article in The New 
York Times. "the CIA's published com­
parisons are always in dollars. Prices ex­
pressed in dollars exaggerate Soviet ex­
penditures . . .. This is because the Soviet 
armed forces have twice the personnel 
of America's but add only a little more 
new equipment each year, and because, 
in the words of the Director of Central 
Intelligence, Adm. Stansfield Turner, 
'In the United States manpower is rela­
tively more expensive than hardware 
[whereas] in the Soviet Union military 
hardware is much more expensive than 
manpower. ' '' By valuing the manpower 
costs of the Russian armed forces at the 
wage scales of the U. S. armed forces, the 
CIA analysts arrive at an official dollar 
estimate of the military budget of the 
U. S. S. R. that is some 40 percent higher 
than the U. S. figure. 

Conversely, Holzman continues, "a 
ruble comparison . . .  exaggerates Amer­
ican expenditures. This is because our 
armed forces have more equipment 
per person than the Soviet forces and 
because equipment is relatively high­
priced in the Soviet Union. " In response 
to Congressional questioning the CIA 
some time ago prepared an unofficial 
comparison in rubles that put the mil­
itary expenditures of the U.S. S.R. for 
1977 at 25 percent more than those of 
the U. S. Although the downward ad­
justment in the estimated level of mili­
tary spending by the U. S.S.R. may have 
satisfied Congressional interrogators, 
Holzman reports, "it did not satisfy 
economists used to such .. . comparisons. 
Experience has shown that ruble-dollar 
differentials typically exceed 50 percent. 
Clearly, then, if the Soviet Union out­
spends the United States in dollars by 
40 percent, one would expect the United 
States to equal or outspend the Russians 
in rubles. The CIA's figures, therefore, 
are highly suspect. " 

The main reason the CIA gives for not 
publishing an official ruble estimate is 
that much of the equipment deployed by 
the U. S. is beyond the current capabili­
ty of Russian technology and therefore 
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cannot be given an exact ruble price. In­
stead the CIA's unofficial ruble compar­
ison values U.S. high-technology equip­
ment at ruble prices that are "applicable 
to the closest substitute goods that can 
be produced in both economies," a pro­
cedure the CIA concedes is merely a 
"rough approximation." Holzman ob­
serves: "No wonder American defense 
expenditures priced in rubles are esti­
mated at less than the Russians' defense 
expenditures. If a properly high ruble 
price tag could be put on our high tech­
nology, the American defense package 
would certainly cost the Russians more 
to produce than their own. It might well 
be that they cannot produce our defense 
package at any cost." His article con­
cludes: "The major fallacy in the CIA 
procedure is that the very dimension 
of the arms race in which America has 
the greatest advantage-advanced tech­
nology-and which makes most of the 
difference between military superiority 
and inferiority is enormously underval­
ued .. .. All things considered, the CIA's 
categorical conclusion that the Soviet 
Union is outspending the United States 
on defense may well be a figment of its 
faulty methodology." 

One indication that the official dollar 
estimates of Russian military expendi­
tures put out by the CIA are found to be 
unsatisfactory even within the Adminis­
tration is contained in the Arms Control 
and Disarmament Agency's annual re­
port World Military Expenditures and 
Arms Transfers. which notes in an in­
troductory essay in the current edition 
that "alternative methods of calculat­
ing Soviet military expenditures in dol­
lars are being considered for future edi­
tions of this publication." Why are such 
misleading comparisons given wide cir­
culation in the first place? "Perhaps," 
remarks David T. Johnson, research di­
rector of the Center for Defense Infor­
mation, "it is because the strictly mili­
tary rationale for many military pro­
grams is obscure or dubious that high 
levels of military expenditure are fre­
quently defended on other grounds. " 

Fascinatin ' Algorithm 

The ideal way to plan the production 
of an automobile plant, schedule 

workers on an assembly line or formu­
late a military strategy is to take all the 
relevant factors into account. Hence in 
the complex modern world some of the 
most frequently encountered computing 
tasks are those that seek to find the opti­
mum value of a function whose varia­
bles are subject to a large number of 
constraints. If these limiting factors 
can be expressed as linear, or first-de­
gree, equations, such tasks are the prov­
ince of linear programming. Linear­
programming problems arise continual­
ly in fields such as economic modeling 
and business planning, where deciding 
how to allocate manpower and resour-

ces for minimum cost or maximum prof­
it typically involves hundreds or thou­
sands of variables and constraints. On 
even the fastest modern computers the 
cost of performing such complicated 
computations can be enormous, and so 
there is considerable excitement at pres­
ent among pure and applied mathemati­
cians concerning a new way to approach 
problems of this kind. L. G. Khachian, 
a mathematician at the computer cen­
ter of the Academy of Sciences of the 
U. S. S. R., has devised a new algorithm 
for solving linear-programming prob­
lems that, in principle at least, is signifi­
cantly more efficient than any procedure 
previously known. 

In order to appreciate the importance 
of Khachian's discovery it is necessary 
to understand how mathematicians clas­
sify different- methods of solving com­
puting problems. The efficiency of a so­
lution procedure is determined accord­
ing to how in the worst possible case the 
number of computational steps (and 
thus the time) required to implement the 
procedure increases as a function of the 
size, or complexity, n of the problem to 
which it is to be applied. In particular, a 
solution procedure is considered to be 
efficient if the number of steps required 
to implement it grows as a polynomial 
function of n (say n2). According to this 
theoretical criterion, an example of an 
inefficient procedure is one where the 
number of steps grows as an exponen­
tial function of n (say 2n). An expo­
nential function increases far more rap­
idly than a polynomial one, so rapidly 
that when a problem is only moderately 
large, a solution requiring exponential 
time may take millions of years to im­
plement on the fastest computer. This 
distinction is important in terms of lin­
ear programming because until Khachi­
an's algorithm came to light the best 
procedure known for solving linear­
programming problems, a procedure 
known as the simplex algorithm, could 
not be guaranteed to provide a solution 
in polynomial time. 

More precisely, the simplex algo­
rithm, which was devised in 1947 by 
George B. Dantzig of Stanford Univer­
sity, is based on a geometrical interpre­
tation of linear programming in which 
each of the constraining equations in a 
problem is visualized as a plane in mul­
tidimensional space. It can be shown 
that the intersection of all the constrain­
ing planes forms a polyhedron, or mul­
tidimensional multifaceted box, whose 
vertexes correspond to all the potential 
optimum solutions of a function whose 
variables are subject to those con­
straints. To minimize or maximize the 
function, then, the simplex algorithm 
moves from vertex to vertex, calculating 
the function and successively choosing 
better solutions until an optimum one is 
finally attained. 

In principle it may be necessary to 
check most or all of the vertexes of 
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For 1980, Mercedes-Benz 
introduces the most relentlessly efficient 

automobiles in its history. 

Stringent efficiency is no 
sudden demand to the 

engineers of Mercedes-Benz. 
For 94 years they have built 
cars with little else in mind. 

And for 1980 they have 
inched the standards up 
another notch. Without down­
sizing bodies or engines, with­
out sTashing weight or cutting 
corners in quality or safety or 
comfort, they have created the 
most relentlessly efficient 
Mercedes-Benz automobiles yet. 

Diesels-and more power to them 
In any ordinary year, it 

would be major news that 
Mercedes-Benz engineers had 
boosted the performance of 
their Diesel-powered cars. 

And boost it they did-to a 
healthy degree. The muscular 
300 SD Turbodiesel is even 
more muscular. The five-

·Cllifornia estimates vary. 

cylinder 300 TD Station Wagon, 
300 CD Coupe and 300 D 
Sedan move more briskly. The 
240 D Sedan enjoys new punch. 

But 1980 is no ordinary year. 
The best news is that the legen­
dary Diesel fuel efficiency 
remains legendary. 

The pleasant shock of efficiency 
All six Mercedes-Benz 

gasoline models remain on the 
reading edge of automotive 
technology for 1980. 

In these cars for 1980, fuel 
efficiency gains some makers 
might be pleased to achieve in 
two, three or five years have 
been achieved in one. Advances 
ranging from a 14.3* percent 
increase in fuel mileage for the 
280 CE Coupe, 280E and 280SE 
Sedans, to a 33.3 percent gain 
in the450SEL Sedan, the 450SL 
Roadster and the 450 SLC 

Coupe. Compare this to other 
cars. Your mileage may differ 
dep�nding on speed, weather 
conditions and trip length. 

In 1980 as in 1886 

Every car maker today speaks 
of its products as being "right 
for the times." Mercedes-Benz is 
no exception. 

But there is one difference. 
Making its cars more efficient 
does not loom only as "the 
challenge of the eighties" at 
Mercedes-Benz. It has always 
been the challenge. 

Engineered like no other 
car in the world 

©J979 Mercedes·BenzofN.A .. lnc. 
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Actual-size reproduction of a Polacolor x 10 hardcopy of 10, moon of Jupiter, taken by Voyager satellite. An example of remote sensing. Photo courtesy of JPLlNASA. 
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Now, direct from your computer­
big instant pictures. 

Now your computer can 
immediately deliver sharp pic­
tures in brilliant colors on 
Polaroid 8 x 10 Land film. 

This is an ideal form of hard­
copy. It adds impact to your 
graphic data by presenting it in 
a large, easily readable form. 
And it serves a wide variety 
of i n f o r m a t i o n a l  n e e d s  i n  
business graphics and image 
processing -with applications 
in mapping, earth studies from 
satellites, medical diagnosis, 
computer-aided design and 
animation. 

The pictures shown here 
were made by new computer 
peripherals - color cameras. 
They are manufactured by 
Dunn Instruments and Matrix 
Corp. Since the cameras use 
standard video (RS 170) sig­
nals, .you can conveniently in­
terface them with computers 
or color-raster based terminals. 

The Polaroid 8 x 10 print 
produced by the camera is the 
highest -quality instant record 
available. Since you receive 
your hardcopy immediately, 

you can be sure you're getting 
exactly the record you want, 
exactly the way you've seen it 
displayed on your monitor. 
And you can distribute it at 
once if the data is urgently 
n e e d e d .  The p i c t u r e s  a r e  
d i s t o r t i o n- f r e e ,  a n d  t h e i r  
bright, saturated colors yield 
superb results. 

The print can also record 
continuous-tone images from 
digital color TV signals in such 
applications as remote sens­
ing, animation and geological 
sounding. Its resolution sur­
passes the resolution of pres­
ent color digital TV systems. 
As the technology of digital 
T V  a d v a n c e s ,  t h e s e  l a r g e  

Polaroid prints will be able to 
record even greater detail and 
more information. 

The film's colors are stable, 
so the picture stays fresh and 
bright. The photo can be used 
as original art for high-quality 
printing. And because of its 
8 x 10 size, it can be inserted 
as a complete page in a report. 

For more information or a 
d e m o n s t r a t i o n ,  w r i t e  to: 
Polaroid Corporation, Dept . 
A 42 8, 575 Te c h n o l o g y  
Square, Cambridge, Mass. 
02 139. Or call toll-free from 
anywhere within the Con­
tinental U. S :  80 0-225- 1618 . 
(In Massachusetts call collect: 
617-547-5177.) 

Computer-aided design of IC clip from Ramtek color terminal 

(Reduced from Potacotor 8 x 10 print.) 

Polaroid 
Instant 8x10 color film 
© 1979 PolarOid Corporation ··Polaroid" and "Polacolor"· 

TYPical management information graphic from Tektronix color terminal (Reduced from Potacolor 8 x 10 print.) 
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the polyhedron (usually an exponential 
function of the number of variables and 
constraints in the problem) before an 
optimum vertex, or solution, is discov­
ered. (Actually mathematicians have 
constructed pathological examples of 
linear-programming problems where 
that is the case.) In most instances, how­
ever, only a "reasonable" number of 
vertexes need to be checked before an 
optimum one is found. In other words, 
although the simplex algorithm can­
not guarantee a solution to a particular 
linear-programming problem in poly­
nomial time, in practice the algorithm 
solves most problems quite efficiently. 

Indeed, the simplex algorithm per­
forms so well that mathematicians have 
long sought a refinement of the algo­
rithm or a new procedure that would be 
efficient not only in practice but also 
in principle. No such algorithm was 
known, however, until October, 1978, 
when Khachian submitted to Doklady, 
the proceedings of the Academy of Sci­
ences of the U. S. S. R., a note outlining a 
new algorithm for solving linear-pro­
gramming problems that was guaran­
teed to find a solution in polynomial 
time. Because Khachian is apparently 
completely unknown in the U. S. it took 
several months for word of his findings 
to reach mathematicians here. Finally in 
the spring of last year translations of the 
note began circulating among comput­
er scientists in the U. S. and Western 
Europe. Because the note did not in­
clude any proofs, however, there was 
no way of knowing whether the asser­
tions in it were valid until midsummer, 
when Laszlo Lovasz of the University of 
Szeged and Peter Gacs of the University 
of Rochester sat down to reconstruct the 
details of Khachian's argument. 

The work of Lovasz and Gacs (who in 
the course of retracing Khachian's steps 
were able to simplify his procedure) has 
given mathematicians a clearer under­
standing of the new algorithm. Like the 
simplex method it depends on a geomet­
rical interpretation of linear program­
ming, but one in which each problem is 
recast to create a larger set of con­
straints and variables in a geometrical 
space of higher dimension. Once again 
every constraint is visualized as defin­
ing a plane, but now an ellipsoid, or 
multidimensional ellipse, is defined with 
respect to the set of constraining planes. 
The algorithm proceeds by construct­
ing a series of successively smaller ellip­
soids whose centers converge on an op­
timum solution. The proofs supplied 
by Lovasz and Gacs confirm Khachian's 
assertion that if an optimum solution ex­
ists, it will be found by this procedure in 
polynomial time. 

The new algorithm proves that linear 
programming can be classified as a poly­
nomial-time problem, an important the­
oretical advance. The practical implica: 
tions of Khachian's work have yet, how­
ever, to be determined. In its present 
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form the algorithm could not be applied 
effectively to any real linear-program­
ming task. Moreover, the simplex algo­
rithm, whose uses have been refined for 
more than 30 years, is extremely suc­
cessful in most programming situations. 
Some mathematicans believe Khachi­
an's results will eventually yield even 
more efficient practical techniques for 
solving linear-programming problems, 
but a great deal of study and experimen­
tation will be required in order to decide 
the issue. 

Khachian's work may prove to be ap­
plicable, however, to some other types 
of problems with certain computational 
similarities to linear programming. In 
particular, the practical strengths and 
theoretical limitations of the simplex al­
gorithm had prompted mathematicians 
to conjecture that linear-programming 
problems might belong to a special class 
of problems falling somewhere in be­
tween the class of "easy" problems 
(those with polynomial-time solutions) 
and the class of very difficult computing 
problems that are called nondeterminis­
tic polynomial-time complete, or NP­
complete. It is generally believed that 
such problems require exponentially in­
creasing amounts of time, and in addi­
tion it has been established that if any 
one of them can be shown to have a 
polynomial-time solution, they all have 
such a solution. Khachian's algorithm 
demonstrates that in theoretical terms 
linear-programming problems are easy, 
not NP-complete or even close to NP­
complete, which raises the possibility 
that other problems thought to fall be­
tween the two classes can also be placed 
in one class or the other. Khachian's ap­
proach may offer an indication of how 
to tackle these problems and may even 
give some insight into the nature of the 
highly intractable NP-complete prob­
lems themselves. 

Cloud Burst 

For 10 years spacecraft equipped to 
detect gamma rays, notably the 

Vela satellites designed to monitor clan­
destine nuclear explosions, have record­
ed an average of nine or 10 mysterious 
bursts of gamma rays per year from re­
gions outside the solar system but pre­
sumably within the galaxy. None has 
ever been associated with anything visi­
ble in an astronomical photograph that 
could reasonably serve as the source 
of such a burst. A burst recorded on 
March 5, 1979, however, was different 
from all the others. Its intensity was 10 
times higher than any of the 90-odd 
bursts previously observed, and it was 
recorded simultaneously by 11 sensors 
aboard nine spacecraft, six American 
and three Russian, that are part of a re­
cently formed interplanetary gamma­
ray-burst network. 

Although each of the gamma-ray sen­
sors is by itself omnidirectional, the ar-

rival time of the gamma-ray wave front 
at each of the spacecraft is accurately 
recorded, and from that information the 
direction of the source can be calculated 
by triangulation. Because the distance 
separating some of the detectors was 
more than 150 million kilometers the 
direction of the March 5 event could be 
fixed in a region of space only two min­
utes of arc across. Within that region a 
candidate source was found for the first 
time in the 10-year history of such 
events: a supernova remnant known as 
N49 in the Large Cloud of Magellan, a 
small galaxy close to our own (about 
180,000 light-years away). Thus the in­
ferred source is roughly 100 times more 
distant than the still unknown sources 
within our own galaxy where all previ­
ous gamma-ray bursts were believed to 
originate. 

Since the March 5 event was 10 times 
stronger than any previous burst and 
seems to have originated from a point 
100 times more distant, its energy out­
put presumably exceeded that of previ­
ous bursts by a factor of 100,000 or even 
a million. If it is assumed that the energy 
was radiated equally in all directions, 
one can compute that for a tenth of a 
second gamma rays issued from the 
source at the rate of 1045 ergs per sec­
ond, equivalent for that brief instant to 
the output of visible radiation from 10 
entire galaxies the size of our own. 

The second remarkable fact about the 
March 5 event is that the original giant 
burst was followed by a series of smaller 
bursts of diminishing intensity, 22 of 
which were recorded before the memo­
ries of the most capacious recording in­
struments were saturated. The smaller 
bursts were spaced precisely eight sec­
onds apart. It is as if the original cata­
clysmic report "rang " for several min­
utes. Although no one has yet proposed 
a satisfactory model to explain the 
event, it seems likely that the source was 
a rotating beam of photons rather than a 
series of explosions that fired photons in 
all directions. If the beam model is cor­
rect, the rate of energy release would of 
course be much lower than 1045 ergs per 
second. 

The nine spacecraft that recorded the 
event were: Helios-2 (in interplanetary 
orbit around the sun), the Pioneer-Ve­
nus orbiter (in orbit around Venus), the 
International Sun-Earth Explorer-3 (in 
orbit around the sun), three Vela satel­
lites (in orbit around the earth) and three 
Russian vehicles, Venera-II and Venera-
12 (both in orbit around the sun after 
passing Venus) and Prognoz-7 (in orbit 
around the earth). The initial report, 
soon to appear in The Astrophysical Jour­

nal, was submitted by an international 
group from the Goddard Space Flight 
Center of the National Aeronautics and 
Space Administration, the Los Alamos 
Scientific Laboratory, the Institute for 
Space Research in Moscow and the 
Centre d'Etude Spatiale des Rayonne-
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ments in Toulouse, which built the in­
struments on the Russian spacecraft. 

Opportunistic Agent 

The mysterious Legionnaires' disease 
epidemic of 1976 was eventually 

shown to have been caused by a pre­
viously unrecognized bacterium, Legion­
ella pneumophila, with unusual stain­
ing and culturing characteristics, that 
turned out to have been responsible for 
other outbreaks of pneumonia before 
and after the one in Philadelphia that 
brought it to world attention. Last year 
the authors of a report on the disease 
and its agent remarked that for about a 
third of all the cases of pneumonia re­
corded in the U. S. each year the cause is 
not known, and they speculated that 
some of the unknown agents might be 
bacteria related to L. pneumophila (see 
"Legionellosis," by David W. Fraser 
and Joseph E. McDade; SCIENTIFIC 
AMERICAN, October, '1979). Now it ap­
pears this may well be the case. Another 
"new" pneumonia has been reported, 
and its agent has been shown to be a 
bacterium that has some features in 
common with the agent of legionellosis. 

The new bacterium was first reported 
in The Lancet last July by A. William 
Pasculle, Richard L. Myerowitz and 
Charles R. Rinaldo, Jr., of the Universi­
ty of Pittsburgh School of Medicine and 
Presbyterian-University Hospital. A 
team of physicians, microbiologists and 
pathologists had been seeking to identi­
fy agents responsible for "opportunis­
tic" pneumonias seen in patients under­
going therapy by drugs, such as corti­
costeroid hormones, that depress the 
cellular immune response. The team 
isolated from the lung tissue of two kid­
ney-transplant patients with pneumonia 
a microorganism that had an unusual 
combination of characteristics: in stain­
ing tests it was both gram-negative and 
"acid-fast. " Most acid-fast bacteria are 
gram-positive and give rise to lung-tis­
sue changes rather different from the pa­
thology observed in the two patients. 

The newly identified agent was simi­
lar to L. pneumophila in that it had a 
structure characteristic of gram-nega­
tive bacteria, caused an acute pneumo­
nia, could be isolated only in embryo­
nated eggs and guinea pigs, could not be 
cultured on the standard bacteriologic 
culture mediums and could be visual­
ized in lung tissue by the Dieterle stain. 
The new agent differed from L. pneumo­
phila in some ultrastructural details and 
serologically (it failed to react with an­
tiserums directed against the Legion­
naires' disease bacterium), and it could 
not be cultured even on some modified 
mediums developed for culturing L. 
pneumophila. It was apparently a previ­
ously unrecognized bacterium, and it 
was designated the "Pittsburgh pneu­
monia agent" (PP A). 

Now a total of 13 cases of PPA pneu-

86 

monia have been reviewed in The New 
England Journal 0/ Medicine, eight cases 
by Myerowitz and Pasculle and their 
colleagues at Pittsburgh and five cases 
by Beverly H. Rogers and her colleagues 
at the University of Virginia Hospital in 
Charlottesville. Ten of the 13 patients 
had received kidney transplants and 
were receiving steroids and other immu­
nosuppressive drugs to combat graft re­
jection; the others had been under simi­
lar therapy for different reasons. In each 
case an acute, purulent bronchopneu­
monia developed soon after the admin­
istration of high doses of corticoster­
oids. The white blood cells in the alveoli 
of the lung were largely polymorpho­
nuclear leukocytes rather than macro­
phages; granulomatous inflammation, 
which is usually seen in infections by 
acid-fast bacteria (and the presence of 
which is usually the only reason for do­
ing an acid-fast staining test), was not 
present. Seven of the 13 patients died; as 
Morton N. Swartz of the Massachusetts 
General Hospital points out in a New 
England Journal editorial, the apparent 
mortality could be exaggerated because 
some cases were identified only by re­
viewing autopsy records and material. 

The diagnosis of PP A pneumonia was 
established by isolation of the bacteria 
from the lung, by visualizing the bacte­
ria in lung tissue and, in a number of 
cases, by indirect fluorescent-antibody 
tests in which the patients' blood serum 
was shown to react with PP A. The fact 
that the infection developed during hos­
pitalization or just after discharge sug­
gests that the bacterium was encoun­
tered in the hospital, but it is also possi­
ble that a latent infection was activated 
by the suppression of the immune re­
sponse. Swartz points out that just as 
legionellosis was found to have ante­
dated the Philadelphia outbreak, so a 
review of tissue samples from patients­
and particularly patients who have re­
ceived immunosuppressive drugs-with 
undiagnosed pneumonias may show 
that PP A pneumonia "has been around 
for some time. " There are indications 
that the discovery of Legionella pneu­
mophila was the first recognition of a 
new family of bacteria and that PP A is 
one of the relations. 

Quailing before a Quail 

Since ancient times it has been known 
in Europe and North Africa that the 

European migratory quail, Coturnix, 
was good eating but that eating it some­
times made the eater deathly ill. More 
recently it has been established that the 
cause of illness is a unique kind of food 
poisoning now named coturnism. The 
symptoms include difficulty in breath­
ing, impaired speech, nausea, weakness 
and loss of feeling in the legs and partial 
paralysis; death may result. The reason 
the explicit connection between these 
symptoms and eating quail took so long 

to establish is that only certain of the 
birds are toxic to human beings at cer­
tain times of the year and in certain 
parts of their migratory range, so that 
the symptoms were often attributed to 
other causes. 

What makes some of the birds poison­
ous some of the time? Two students of 
the question, Louis E. Grivetti, a nutri­
tionist at the University of California at 
Davis, and his research associate, Bruce 
W. Kennedy, have been able to elimi­
nate one long-lived suspicion. This was 
that the quail became toxic after they 
had eaten quantities of seeds rich in poi­
sonous alkaloids, particularly those of 
the poison hemlock Conium, a member 
of the carrot family. When European 
quail were given a choice of food, the 
investigators found, they did not readily 
select hemlock seeds. Moreover, during 
the birds' migration from equatorial 
Africa to northern Europe (February 
through April) and their return south 
(August through October) hemlock is 
rarely in fruit along the flyways. And 
even when the quail were fed quantities 
of hemlock seed in the laboratory, they 
did not concentrate the alkaloids but ex­
creted them, usually within 24 hours. 

In a report for the British journal Ecol­
ogy 0/ Food and Nutrition Grivetti and 
Kennedy suggest that the stress of mi­
gratory flight may induce a buildup of 
some unidentified toxic metabolite in 
the bird's body. For example, the Euro­
pean quail's westernmost flyway brings 
it north to Spain and France after a long 
and tiring passage over the Sahara and 
the Mediterranean. Case histories of co­
turnism indicate that quail flying north 
on this route are sometimes toxic and 
quail flying south are never toxic. On the 
other hand, the easternmost flyway of 
the quail brings them north down the 
Nile valley and across the Levant and 
Turkey into the western U. S. S. R., and 
case histories of coturnism in the Greek 
islands and the area north of the Black 
Sea indicate that none of the birds mak­
ing the northward passage appear to be 
toxic, whereas some of the southbound 
migrants are toxic on their return to the 
eastern Mediterranean. Why the early 
part of this southbound migration might 
be comparable in stress to the north­
bound passage across the Sahara and the 
Mediterranean remains unexplained. 

Another variable is the way the birds 
come to market. For example, in Egypt 
the quail are netted and cooped for 
some time before they are sold for the 
table. The delay would allow ample 
time for any stress-induced toxin to be 
eliminated from the bird's body before 
the bird was eaten. In other areas, where 
private and market hunters bring fresh­
killed birds to the table, no such elimina­
tion can take place. To test the stress 
hypothesis further Grivetti and Kenne­
dy intend to collect fresh-killed north­
bound and southbound quail for labora­
tory analysis. 
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More sports: optional4-wheel power disc brakes­
power front disc/rear drum system is all Celica offers. 

More luxury: power steering 
standard. $165 extra on Celica. 

Even more sports: bigger radial 
tires, 195mm of tread 
vS.185mm. 

More coupe: 
more overall passenger 
room, by EPA Interior 
Roominess Index. 

Even more luxury: 
Sapporo's unique overhead console. 
A more convenient cluster of digital 

More luxury: dual electric 
remote-control racing mirrors, 
not available on Celica. 

clock, additional gauges, swivel map light. 

More sports: Sapporo's 2600cc 
MCA-JET engine. Sportier per­
formance than Celica's 2200cc. 
Clean air and terrific mileage, 
too, because a uniquejet valve 
maximizes combustion. 

Sports and luxury: 
Silent Shaft, another 
Mitsubishi exclusive. 
Counterbalancing shafts 
reduce engine vibration 
for a smooth ride. 

@ EPA est. MPG/32 highway MPG 
When equipped with 5-speed manual 
transmission. Use the circled EPA 
estimate for comparison to other cars. 
Your mileage may vary depending on 
speed, distance and weather. Actual 
highway mileage will probably be less. 
Calif. ests. lower. 

Plymouth Sapporo: built by 
Mitsubishi for Chrysler-Plymouth. 
The top of the line which in total 
is Japan's most technologically 
advanced fleet of passenger cars. 

PLYMOUTH SA PPORO IS A WXURY SPORTS COUPE 
FROM JAPAN, JUST LIKE CELICA 

EXCEPT SAPPORO HAS MORE LUXURY, 
MORE SPORTS AND MORE COUPE. 
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Pl ymouth imports by Mitsubishi. Japan's most technologically advanced passenger cars. 
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The Galilean Moons of Jupiter 
. In viewing the four largest jovian satellites last year the Voyager 
spacecraft increased to nine the number of earthhke bodies that can 
be closely compared to gain an understanding of how they evolved 

O
ne of the most spectacular scien­
tific adventures of all time began 
on March 5 of last year. In a 

period of some 30 hours the spacecraft 
Voyager 1 flew past the giant planet Ju­
piter and returned closeup pictures of 
three of the planet's four largest moons: 
10, Ganymede and Callisto. First ob­
served by Galileo in 16 10, the four 
moons are commonly called Galilean. 
Detailed pictures of the fourth Galilean 
satellite, Europa, were made later (on 
July 9) by Voyager 2. which also ex­
plored the hemispheres of Ganymede 
and Callisto that had not been visible to 
its sister craft. Perhaps the most dramat­
ic discovery made by Voyager 1 was that 
on 10 volcanic eruptions were in prog­
ress. Voyager 2 therefore devoted nearly 
10 hours to observing 10 in a "volcano 
watch" inspired by the earlier pictures. 

Both spacecraft also had distant views 
of Amalthea, an asteroidlike body dis­
covered only 88 years ago and until re­
cently thought to be Jupiter's innermost 
satellite. Voyager images have now dis­
closed, however, that the planet has an­
other tiny satellite near the outer edge 
of a faint ring resembling one of Sat­
urn's rings. This 14th satellite of Jupi­
ter, which is only a few dozen kilome­
ters in diameter and is about halfway 
between the surface of the planet and 
the orbit of Amalthea, was discovered 
by David Jewitt and G. Edward Daniel­
son of the California Institute of Tech­
nology. It has temporarily been desig­
nated 1979J 1. 

Amalthea and the four Galilean 
moons (and probably 19791 1 as well) 
travel in circular orbits lying in Jupiter's 
equatorial plane and therefore consti­
tute the "regular" satellite system of the 
planet. The remaining eight confirmed 
Jovian moons are much smaller and 
move in irregular orbits scattered well 
beyond those of the inner six. From 
close examination of the several hun­
dred pictures of the Galilean satellites 
and Amalthea returned by the two Voy­
agers one can infer a great deal about 
their histories, relative ages and the 
nature of the geological processes by 
which they have evolved. 

88 

by Laurence A. Soderblom 

The use of the term satellites to de­
scribe the Galilean moons understates 
their importance to students of plane­
tary science. 10, Europa, Ganymede and 
Callisto belong to the family of objects 
designated terrestrial, a family that in­
cludes Mercury, Venus, the earth, the 
earth's moon and Mars. The Galilean 
satellites are similar to the bodies of the 
inner solar system in both size and com­
position, so that both groups of objects 
should have evolved by comparable 
processes and on similar time scales. As 
a result of the Voyager missions the 
number of earthlike objects with which 
one can test theoretical models of plane­
tary evolution has doubled. One can 
now appreciate that the planets of the 
inner solar system occupy only a small 
part of the spectrum of characteristics 
and evolutionary possibilities open to 
such objects. 

It was known from studies done with 
telescopes on the earth that the Galilean 
satellites exhibit certain regular trends, 
such as decreasing density and increas­
ing size with distance from Jupiter, 
trends remarkably like those in the solar 
system as a whole. Of Amalthea little 
can be told from the earth except that 
it is no more than a few hundred kilo­
meters in diameter, dark and red. 10, 
the next satellite out from Jupiter, was 
known to have about the same size and 
density (3.5 grams per cubic centimeter) 
as the earth's moon. Unlike the other 
three Galilean satellites, 10 shows no 
trace of water in its infrared reflection 
spectrum. Because of its brilliant orange 
red appearance and the steep drop in its 
reflection spectrum toward the ultravio-

let it was suspected of having a surface 
rich in sulfur. 

Europa, second out from Jupiter of 
the large Galilean satellites, is also 
about the size of the earth's moon but is 
far brighter: it reflects nearly 70 percent 
of the sunlight striking it compared with 
7 percent for the moon (and 35 percent 
for the earth). Spectra made at near­
infrared wavelengths indicated large 
amounts of water ice on the satellite's 
surface. Estimates of Europa's density 
(about three grams per cubic centime­
ter) suggested that it might have a shell 
of ice and liquid water as much as 100 
kilometers thick. 

The third and fourth members of the 
Galilean satellite system, Ganymede 
and Callisto, are rather similaI;. Both 
were known to be about the diameter of 
the planet Mercury and to have a densi­
ty of about two grams per cubic centi­
meter. (Mercury and the earth are about 
5.5 grams per cubic centimeter.) One 
could therefore speculate that Gany­
mede and Callisto are even richer in wa­
ter than Europa is, assuming that all 
three consist chiefly of water and typi­
cal silicates (silicon oxides). Ganymede, 
however, reflects 50 percent of the sun's 
light compared with only 20 percent for 
Callisto and shows more evidence of 
water or ice on its surface. 

The Voyager Trajectories 
As Amalthea and the four Galilean 

satellites move in their orbits they keep 
one face constantly toward Jupiter, just 
as the earth's moon keeps one face 
toward the earth. Their orbital periods 

CALLISTO, the outermost Galilean moon, was photographed on March 5, 1979, at a distance 
of between 337,000 and 364,000 kilometers by the television cameras aboard the spacecraft 
Voyager 1. The other three Galilean moons, in the order of their distance from Jupiter, are 10, 
Europa and Ganymede. Jupiter has 14 moons in all, including a tiny new one discovered by 
Voyager 2 and temporarily designated 197911. The new moon circles Jupiter within the orbit 
of another small moon, Amalthea, which in turn circles the planet inside the orbits of the Gali­
lean satellites. The orbits of the remaining eight Jovian moons lie outside those of the Galilean 
satellites. Callisto is about the size of Mercury. It circles Jupiter once every 16.69 days at a dis­
tance of 1.8 million kilometers. In this mosaic the resolution, equivalent to the width of a pair 
of television scan lines, is seven kilometers. The circular feature near the left limb, or edge, is 
about 600 kilometers across. Concentric rings extend outward for another 1,500 kilometers. 
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TRAJECTORIES OF THE TWO VOYAGERS were selected to op­
timize their coverage of the Galilean satellites. Voyager 1 (left) went 
within 277,000 kilometers of Jupiter on March 5. Voyager 2 (right) 

did not go nearly as close to the planet, passing it at a distance of 
650,000 kilometers on July 9. In these diagrams each satellite is at 
the position it occupied when spacecraft made its closest approach. 

range from 12 hours for Amalthea to 
16.69 days for Callisto. The Voyag­
er trajectories took advantage of this 
synchronous rotation of the Galilean 
satellites and their rapidly changing 
positions to optimize pictorial cover­
age of their surfaces. As Voyager 1 ap­
proached 10 the spacecraft took pic­
tures of the satellite's outward-facing 
and trailing hemispheres, flew under 
its south pole and proceeded to close 
encounters with Ganymede and Callis­
to, viewing their Jupiter-facing hemi­
spheres and flying past them at high lati­
tudes so that their north poles could be 
examined. 

Voyager 2 encountered Callisto and 
Ganymede before it reached Jupiter and 
hence was able to photograph the oppo­
site, outward-facing hemispheres and to 

MEAN DISTANCE 
DI AMETER FROM JUPITER 

S ATELLITE (KILOMETERS) (KILOMETERS) 

AM ALTHEA 155 x 270 (±8) 109,900 

10 3,638 (±10) 350,200 

EUROPA 3,126 (±10) 599,500 

GANYMEDE 5,276 (±10) 998,600 

C ALLISTO 4,848 (±10) 1,808,600 

view the south-polar region of Gany­
mede. As a result 80 percent of th<: sur­
face of Ganymede and Callisto were 
covered with a resolution of about five 
kilometers or better. (Resolution is de­
fined as the width of two television scan 
lines.) Voyager 2 also photographed 
about a fourth of the surface of Europa 
with a similar resolution. Since Amal­
thea and 10 revolve around Jupiter rap­
idly compared with the time each space­
craft was near the planet, they could be 
photographed at all longitudes with in­
termediate resolution (about 20 kilome­
ters per line pair). lo's short orbital peri­
od (1.77 days) also made it possible for 
the two Voyagers to inspect the satellite 
repeatedly at many longitudes during 
the few days near each encounter. This 
provided a rather complete inventory 

and characterization of the plumes that 
marked the volcanic eruptions on the 
satellite. 

The most exciting aspect of the satel­
lites of Jupiter is what can be learned 
from comparing them. A great variety 
of geological processes and evolution­
ary rates are dramatically recorded in 
their appearance. I shall now describe 
Amalthea and the four Galilean satel­
lites, in order of their distance from Ju­
piter, as revealed by the Voyager mis­
sions. 

Amalthea 

Amalthea is in a class by itself. Al­
though it is smaller than the Galilean 
satellites by a factor of about 10, it is 
about 10 times larger than Mars's tiny 

BEST RESOLUTION 

BULK DENSITY CLOSEST APPROACH (KILOMETERS 

ORBITAL (GRAMS PER (KILOMETERS) PER LINE PAIR) 

PERIOD CUBIC M ASS 
(D AYS) CENTIMETER) (MOON = 1) VOYAGER 1 VOYAGER 2 VOYAGER 1 VOYAGER 2 

.49 ? ? 420,100 558,270 7.8 11 

1.77 3.53 1.21 18,640 1,127,920 1 21 

3.55 3.03 0.66 732,270 204,030 ·33 4 

7.16 1.93 2.03 112,030 59,530 2 1 

16.69 1.79 1.45 123,950 212,510 2.3 4 

PHYSICAL AND ORBITAL CHARACTERISTICS of Amalthea 
and the Galilean satellites are tabulated with the closest approach of 
the two Voyagers and the resolution of the best images. Each space­
craft bore two Vidicon cameras with lenses of different focal length: 
200 and 1,500 millimeters. Color images were produced by making 

sequential exposures through orange, green, blue, violet and ultravio­
let filters. Each image consists of 800 scanning lines with 800 pixels 
(image units) on each line. The two Voyagers returned 35,000 pic­
tures in aU. All the pictures in this article were prepared at the Jet 
Propulsion Laboratory of the California Institute of Technology. 
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satellites Phobos and Deimos, which 
have been intensively examined by 
spacecraft missions to Mars. Amalthea 
is therefore the first in a class of interme­
diate-size objects, comparable to many 
asteroids, to be explored at close range. 
Of irregular ellipsoidal shape, its long 
axis (about 270 kilometers long) is 
pointed at Jupiter and its short axis ( 155 
kilometers long) is at right angles to the 
plane of its orbit. Voyager imaging data 
show that it reflects about 50 percent 
more red light than violet light, confirm­
ing observations made from the earth. 
Although its overall albedo, or reflectiv­
ity, is about 5 percent, a few patches are 
as much as three times brighter [see bot­
tom illustration on next page). 

Rudolf A. Hanel of the Goddard 
Space Flight Center of the National 
Aeronautics and Space Administration 
and his colleagues on the Voyager infra­
red experiment discovered that Amal­
thea is warmer than it would be if it were 
simply absorbing and reradiating solar 
radiation and radiation reflected from 
Jupiter. The excess heat may be generat­
ed by electric currents traveling along 
the lines of force in Jupiter's magnetic 
field or by the bombardment of particles 
trapped in the planet's radiation belt. 
The irregular shape of the satellite im­
plies a substantial internal rigidity and a 
low content of volatile substances. 

10 

10, the innermost Galilean satellite, 
was generally expected to have an an­
cient cratered surface much like that of 
the earth's moon. There were, however, 
a few dissenters from this view. In a 
striking example of scientific prediction, 
published just three days before the 
close approach of Voyager 1 to 10, Stan­
ton J. Peale of the University of Cali­
fornia at Santa Barbara and Patrick 
M. Cassen and Ray T. Reynolds of the 
Ames Research Center of NASA point­
ed out that since the satellite is subjected 
to resonant gravitational forces exerted 
by its sister satellites, mainly Europa, its 
orbit would be distorted out of the circu­
lar. 10 would move in and out slightly 
in Jupiter's powerful gravitational field, 
with the result that it would be repeated­
ly flexed by tidal forces and an enor­
mous amount of frictional heat would 
be dumped into its interior. And since 
the heat would ultimately have to be 
dissipated through the surface of the 
satellite, Peale, Cas sen and Reynolds 
speculated, "widespread and recurrent 
surface volcanism would occur." 

The prediction was borne out, but not 
immediately. The first images of 10 with 
detectable surface markings showed 
small dark spots, some of which were 
surrounded by faint rings. The first im­
pression was that these were the expect­
ed impact craters. The impression soon 
had to be revised when pictures of high­
er resolution showed no impact craters 
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TERRESTRIAL BODIES that have now been studied at close range in space missions are 
Mercury, Venus, the earth, the earth's moon, Mars and the four Galilean moons of Jupiter. 
These bodies are designated terrestrial because of their similarity in size and composition to 
the earth. The five terrestrial bodies of the inner solar system are drawn to the same scale at the 
left in the order of their distance from the sun. The shallow arc around them represents the 
limb of the sun. The Galilean moons are drawn to the same scale against the limb of Jupiter 
and in order of their distance from the planet. At this scale Amalthea is little more than a dot. 
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JUPITER, 10 AND EUROPA were photographed by Voyager 1 on February 13, 1979, near­
ly a month before the spacecraft made its closest approach to the planet. The distance was 
21.6 million kilometers; the resolution is 390 kilo�eters per pair of television scan lines. 10 
appears against the disk of .Jupiter, directly above the Great Red Spot. Europa is at the right. 

at all! At maximum resolution (600 me­
ters per line pair) a crater as small as one 
kilometer in diameter should have been 
visible. Assuming that on 10 the rate of 
formation of impact craters larger than 
one kilometer is not drastically different 
from rates typical for the inner solar sys­
tem, some process on lo's surface must 
be obliterating the impact craters in a 
period of something less than a million 
years. 

lo's surface shows a host of bizarre 
land forms, including sinuous scarps 
and faults [see bottom illustration on page 
95]. Pictures returned just before Voyag-

er 1 's closest approach to 10 finally of­
fered a clue to the process that might 
be renewing the satellite's surface. One 
such picture shows a circular depres­
sion about 50 kilometers in diameter, 
rimmed by a cliff and surrounded by a 
radiating pattern of flow [see top illustra­
tion on page 94]. The feature resembles a 
volcanic form seen on other terrestrial 
bodies: a caldera, or large collapse cra­
ter, created when lava flows out of or is 
withdrawn from a magma chamber so 
that the surface above it collapses. More 
than 100 such features larger than about 
25 kilometers have been identified in the 

BEST VIEWS OF AMALTHEA were recorded by Voyager 1. This asteroidlike body is about 
270 kilometers on its long axis and 155 kilometers on its short axis. The picture at the left, 
made from a range of 695,000 kilometers, has a resolution of 13 kilometers per line pair. Pic­
ture at right, made from a distance of 425,000 kilometers, has a resolution of eight kilometers. 
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hemisphere seen in high resolution. The 
flows radiating from the presumed vol­
canic centers are multicolored: black, 
yellow, red, orange and brown. To ac­
count for the observations members of 
the Voyager teams have suggested that 
the flows consist of everything from sul­
fur-colored basalt to pure sulfur; some 
have even suggested the existence of sul­
fur lakes and oceans. 

If the surface of 10 is so young, and if 
volcanic activity was as recent as the 
pictures indicate, that activity should 
be continuing even today. Those of us 
on the Voyager imaging team did not 
dream, however, of detecting active vol­
canism on 10. The probability of seeing 
an active volcano on the earth at a com­
parable distance with cameras like those 
on the Voyagers is extremely small. 

A few days after the encounter of 
Voyager 1 with Jupiter, Linda A. Mora­
bito, an engineer at the Jet Propulsion 
Laboratory of the California Institute of 
Technology, was examining some im­
ages of 10 taken at long range for the 
purposes of navigation. The pictures 
had been overexposed to bring out the 
stars in the field behind the satellite. As 
Morabito was examining one picture 
she noted a large bright form shaped 
like an umbrella off the limb, or edge, of 
lo's southern hemisphere. When efforts 
to explain away the form as an artifact 
failed, the conclusion was reached that 
it was real. Evidently an enormous 
cloud was arching 270 kilometers above 
the surface of 10 [see top illustration on 
page 95]. 

After the reality of the cloud was ac­
cepted a search revealed that there were 
no fewer than eight active volcanoes on 
10 throwing up plumes from 70 to 300 
kilometers high with velocities ranging 
up to a kilometer per second. Some of 
the plumes are highly symmetrical. In 
most instances the ejected material rises 
to a height of about 100 kilometers and 
forms the umbrella-shaped cloud as it 
spreads out and plunges back to the sur­
face. Some of the plumes exhibit a large 
diffuse globe in the ultraviolet and an 
inner core in the visible wavelengths [see 
cover and illustration at bottom left on 
page 94]. The inner core, which is of­
ten asymmetrical, may consist of sol­
id particles ejected on ballistic trajec­
tories. The ultraviolet globe is possi­
bly the condensate of a symmetrically 
expanding gas. Of the eight volcanic 
plumes observed by Voyager 1 seven 
were still there when Voyager 2 arrived 
four months later. Evidently the plumes 
erupt continually and last from a few 
months to a few years. 

Another interesting phenomenon on 
10 is the presence of white or bluish 
white bright patches along scarps and 
faults observed in many areas but nota­
bly in the south-polar region. Such fea­
tures are diffuse, are sometimes variable 
and apparently obscure the surface be­
low, and so it was first suggested that 
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they might be clouds (or material depos­
ited from clouds) produced by a gas 
leaking out of the interior of the satellite 
and condensing into 'some kind of snow. 
One of the key observations that has led 
to a preliminary explanation of both the 
plumes and the isolated white patches· 
along scarps is the discovery by John 

Pearl of the Goddard Space Flight Cen­
ter and members of the Voyager infra­
red experiment that 10 has a tenuous at­
mosphere of sulfur dioxide. From mea­
surements of infrared absorption it has 
been estimated that during the day this 
atmosphere has a pressure of about a 
tenth of a micro bar (a ten-millionth of 

the atmospheric pressme at sea level on 
the earth). 

Another infrared-absorption feature, 
discovered in the course of telescopic 
observations made from the earth by 
Dale P. Cruikshank of the University 
of Hawaii at Manoa, was interpreted 
at about the same time by a number of 

TWO FACES OF 10 were recorded about 11 hours apart as Voyager 
1 approached aud then overtook this innermost Galilean moon. The 
picture at the left, made from a distance of about 860,000 kilometers, 
shows the hemisphere of 10 that always faces away from Jupiter as 
the satellite circles the planet every 1.77 days. The doughnut-shaped 
feature near the center is the site of an erupting volcano (Plume 3). 
The resolution is about 16 kilometers per line pair. The higher-reso-

THREE MORE VOLCANIC PLUMES ON 10, of the total of eight 
sighted, rise to a height of about 100 kilometers in these two views. 
The picture at the left, made by Voyager 1, shows Plume 2. The one 
at the right, made by Voyager 2 during a 10-hour "volcano watch" 
after the spacecraft's closest approach to Jupiter, shows Plume 5 and 
Plume 6. The image of Plume 2 is a companion to the image on the 
cover of this issue of SCIENTIFIC AMERICAN. The picture of Plume 2 

lution mosaic at the right was made on the day of the spacecraft's 
closest approach and shows 10 rotated about 120 degrees to the right, 
or the east. The large heart-shaped region at the lower right is the 
site of Plume 1, the first actively erupting volcano to be discovered 
on the satellite. Four months later, when Voyager 2 arrived, the erup­
tion had stopped. Closeup views of the same region, both active and 
quiescent, appear in the illustration at bottom left on the next page. 

here is constructed from images made in the visible part of the spec­
trum and shows only the small central core of the plume. The picture 
on the cover incorporates an image made through an ultraviolet filter 
(passing wavelengths centered on 3,500 angstrom units) and reveals 
that the visible core is surrounded by a larger envelope that scatters 
ultraviolet radiation. In picture at right Plume 5 is the symmetrical 
lower plume. Plume 6, the upper one, is smaller and asymmetrical. 
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RADIATING FLOW PATTERNS ON 10 around a dark caldera, 
the crater of a collapsed volcano, appear in this picture made by 
Voyager 1 shortly before its closest approach. The resolution is about 
two kilometers. At that point the first of the volcanic plumes had not 
yet been recognized. The calderas gave Voyager investigators their 

LARGEST ACTIVE VOLCANO ON IO, the source of Plume 1, is 
shown in the view at the top made by Voyager 1. The heart-shaped 
pattern extends about 1,200 kilometers in its longest dimension. When 
the same region was photographed by Voyager 2 (bottom), the heart­
shaped pattern had been replaced by a more symmetrical one. Other 
Voyager 2 images showed that the eruptions had stopped. The Voy­
ager 2 image, made at a greater distance, has a resolution of 24 kilo­
meters compared with one of seven kilometers for Voyager 1 image. 
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first clue to the absence of the impact craters they had expected to 
see long before Voyager 1's closest approach. Even in the pictures of 
the highest resolution, 600 meters, no impact craters were ever seen. 
Their absence indicates that the volcanism of the satellite is erasing 
features as large as one kilometer across in less than a million years. 

THREE CALDERAS ON 10 are shown in images made six hours 
apart as Voyager 1 closed in on the satellite from a distance of 374,000 
kilometers to 130,000 kilometers. In the first view (top) the floors of 
all three calderas show up as black. In the second view (bottom) lu­
minous bluish white patches have developed in the caldera that is 
farthest to the right. A possible explanation is that liquid sulfur di­
oxide has leaked out of the interior of the satellite and on reaching 
the surface has exploded into a large cloud of ice crystals and gas. 
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observers as being possibly due to sulfur 
dioxide frost on the surface of the satel­
lite. Recent spectrophotometric analysis 
of the Voyager images suggests that the 
large white regions could be about half 
sulfur dioxide frost and half sulfur. 
These findings suggest that sulfur diox­
ide may be abundant in lo's surface lay­
ers. If that is the case, liquid sulfur diox­
ide will be stable in a zone the top of 
which will be a few hundred meters be­
low the surface, and it will collect in that 
zone. 

The presence of reservoirs of liquid 
sulfur dioxide, much like aquifers of liq­
uid water on the earth, may provide a 
simple explanation of what appear to be 
ice clouds issuing from fractures in lo's 
crust. The fluid sulfur dioxide would 
have easiest access to the surface along 
a fault or at the base of a scarp. As it 
reaches the surface, perhaps forced out 
by artesian pressures, the confining pres­
sure drops below a critical point and 
the liquid explodes into an ice fog that 
spreads out and falls back to the surface. 
John F. McCauley of the U.S. Geologi­
cal Survey and his colleagues have pro­
posed that this process actually erodes 
material along the scarps. 

The sulfur dioxide "aquifer" has also 
been called on to explain the much larg­
er volcanic plumes. Bradford A. Smith 
of the University of Arizona and his col­
leagues on the Voyager imaging team 
have suggested that the liquid sulfur di­
oxide causes violent volcanic eruptions 
in much the same way that water does in 
the earth's crust. In the model proposed 
for 10 heat, tidally generated in the sili­
cate lithosphere, is carried upward by 
molten sulfur that has been in contact 
with the hot rock. When the molten sul­
fur comes in contact with the liquid sul­
fur dioxide, the mixture begins to rise 
toward the volcanic vent and rapidly ex­
pands as the pressure drops and the sul­
fur dioxide vaporizes. When it reaches 
the surface, its velocity will be between 
500 and 1,000 meters per second, which 
is consistent with the velocities deduced 
for plumes rising from 100 to 300 kilo­
meters above the surface. This model 
requires large segregated pools of mol­
ten sulfur, possibly large enough to jus­
tify being called oceans, below lo's sur­
face. Some of the volcanic flows may 
therefore consist of almost pure sulfur, 
as has also been proposed by Carl Sagan 
of Cornell University. 

At the other extreme are models pro­
posed by Michael H. Carr and Harold 
Masursky of the U.S. Geological Survey 
in which sulfur and sulfur compounds 
are simply coloring agents for the lava 
flows of ordinary silicate volcanism, 
such as that on the earth. Actually di­
verse mechanisms may be at work in 
different places on the satellite. It is gen­
erally agreed that the vivid colors seen 
on the surface are consistent with the 
wide range of molecular forms of sulfur 

FIRST ACTIVE VOLCANO ON 10 was discovered in this image made by Voyager 1 on 
March 8, looking back 4.5 million kilometers at the satellite it had flown past three days earli­
er. Linda A. Morabito of the Jet Propulsion Laboratory detected the faint umbrella-shaped 
cloud (Plume 1) on lo's limb as she was inspecting a specially processed image. It was then rec­
ognized that the picture includes a second volcanic plume that has caught rays of the rising sun, 
creatiug a glow just inside the line of the terminator: the edge of the illuminated hemisphere. 

CLOUDS OR SURFACE DEPOSITS ON 10 can be seen in the vicinity of scarps in this Voy­
ager 1 picture of a region near the satellite's south pole. The resolution is about 16 kilometers. 
The white patches may be ice crystals, either aloft or on the surface, produced when liquid sul­
fur dioxide just under the surface breaks through fractures in the crust and explosively freezes. 
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known to be stable at lo's surface tem­
perature, which ranges between 60 and 
120 degrees Kelvin. 

Europa 
Europa was farthest away of all the 

Galilean satellites at the time of Voyag-

er J's closest approach to it (732,270 
kilometers) and therefore was photo­
graphed with the lowest resolution, 
about 33 kilometers per line pair in the 
best images. This resolution is compara­
ble to a picture of the earth's moon oc­
cupying a third of the height of an ordi­
nary television screen. Voyager 2, which 

EUROPA, the next moon outward from 10, was photographed by Voyager 2 with a maxi­
mum resolution about eight times higher than that achieved by Voyager 1. This mosaic of Voy­
ager 2 images has a maximum resolution of about 4.3 kilometers. It shows Europa crisscrossed 
by stripes and bands that may represent filled fractures in the satellite's icy crust. Water, in sol­
id and liquid form, may constitute about 20 percent of Europa's mass. Satellite's albedo, or 
surface reftectivity, is nearly 70 percent, or 10 times the albedo of the earth's moon (and twice 
that of the earth). Europa circles Jupiter every 3.55 days at a distance of 600,000 kilometers. 
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approached to within 204,000 kilome­
ters, provided an eightfold improve­
ment in resolution. The Voyager 1 im­
ages of Europa show a body that is 
nearly white, with global markings and 
patterns that are bland and low in con­
trast. Its equatorial region exhibits two 
basic types of terrain: mottled darker 
regions and brighter regions, both of 
which are transected by a series of nar­
row dark stripes tens of kilometers in 
width extending in some instances for 
thousands of kilometers. 

In the higher-resolution Voyager 2 im­
ages the stripes emerge as a vast tan­
gle of intersecting lines [see illustration 
at left]. The mottled dark terrain is re­
solved into a series of interlocking de­
pressions and mesas whose typical di­
mension is a few kilometers. Many of 
the depressions may be impact craters, 
but their identification is uncertain. 

Only three probable impact craters 
have been identified. They are between 
18 and 25 kilometers in diameter and 
display widely different morphologies. 
One crater is fresh and bowl-shaped. 
Another is shallow and surrounded by 
a system of dark rays. The third seems to 
be raised on a pedestal as if the sur­
rounding area had been etched away. In 
some pictures there is a hint of numer­
ous smaller craters a few kilometers in 
diameter, particularly along the termi­
nator zone (the zone at the edge of the 
satellite's illuminated side). The surface 
of Europa is at least hundreds of mil­
lions of years old and is possibly billions 
of years old. 

The absence of substantial relief 
along the terminator, where it would be 
most visible, suggests that water, the 
most likely principal volatile compo­
nent of the satellite, has risen from the 
interior to the surface and formed a 
thick mantle of ice that obscures topo­
graphic relief. A mantle 100 kilometers 
deep would certainly be thick enough to 
mask whatever relief could possibly ex­
ist on the silicate lithosphere. 

Europa, along with all the other plan­
etary bodies in the solar system, was 
presumably created by the accretion of 
material circling the sun four to five bil­
lion years ago. Thereafter, again like the 
other bodies, it continued to be subject­
ed to an intense bombardment by me­
teorites, large and small, for perhaps 
another half-billion years. Its present 
appearance is probably a sensitive re­
flection of the relation between its ear­
ly intense bombardment and its thermal 
history. If its icy crust had formed, fro­
zen and become rigid in the period of 
early intense bombardment, the scars of 
the impacts would be clearly visible to­
day. Evidently its crust remained warm, 
soft and mobile until late enough in its 
history to obscure the evidence of the 
bombardment. 

Two mechanisms have been suggest­
ed to explain how the surface tempera­
ture of the satellite could have been 
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maintained during this early period. 
Fraser P. Fanale and his co-workers at 
the Jet Propulsion Laboratory proposed 
a few years ago that the heat released in 
the decay of radioactive elements would 
in itself have been sufficient to keep Eu­
ropa's icy mantle soft, and perhaps liq­
uid, at depths below some tens of kil­
ometers. Recently Cas sen and his col­
leagues have suggested as an alternative 
that the same kind of tidal friction heat­
ing 10 would heat Europa, although to 
a lesser degree. They also suggest that 
the dark stripes on the surface of the 
satellite could be filled cracks resulting 
from simple expansion when the oceans 
froze. The hypothesis may not, how­
ever, be adequate to explain the increase 
in area of from 10 to 15 percent implied 
by the width of the large dark markings. 
Many other models are possible. 

Ganymede and Callisto 
Ganymede and Callisto, the two out­

ermost Galilean satellites, will be treat­
ed here as a pair because their bulk 
properties are similar and because the 
Voyager evidence indicates that their 
surfaces evolved to some extent in par­
allel. Although Callisto is the more dis­
tant from Jupiter, 1 shall take it up first 
because it is easier to understand and 
because stages in its development seem 
to be evident in some of Ganymede's 
oldest terrains. 

The Jupiter-facing hemisphere of 
Callisto was imaged at high resolution 
(between 2.3 and seven kilometers per • 

line pair) as Voyager 1 flew past the sat­
ellite at a distance of 124,000 kilome­
ters [see illustration on page 89]. The sur­
face is almost saturated with craters, yet 
Callisto looks quite different from the 
earth's moon. For example, there is a 
complete absence of visible relief at Cal­
listo's bright limb. The left half of the 
hemisphere is dominated by a system of 
concentric rings centered on a bright cir­
cular region 10 degrees north of the 
equator and about 600 kilometers in di­
ameter. The rings, from 50 to 200 kilo­
meters apart, extend out to a radius of 
some 1,500 kilometers. 

The population of craters within the 
inner part of the ring system is lower by 
a factor of three than it is elsewhere on 
Callisto. The population in the outer 
part of the system has a density similar 
to that in other regions, but judging by 
the transection and intersection of the 
features some two-thirds of the craters 
were formed before the ring system was. 
Evidently preexisting craters within 
about 350 kilometers of the central zone 
were erased and craters at greater dis­
tances were preserved. Younger craters 
are superposed on both the rings and the 
central zone. The most likely explana­
tion is that the large impact that created 
the rings took place early in the history 
of the satellite, when the crust was not 
rigid enough to support and retain the 

DETAIL ALONG THE TERMINATOR ON EUROPA is seen at high resolution (about 3.8 
kilometers per line pair) in this mosaic of Voyager 2 images. The low inclination of the iIIumi. 
nating sunlight makes it possible to estimate that the long, narrow ridges rise only about 100 
meters above the average surface. The ridges are most abundant in the satellite's southern 
hemisphere. Much of Europa's terrain consists of interlocked depressions and mesas. Although 
many of the depressions could be impact craters, they are too small for positive identification. 
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GANYMEDE is the largest of Jupiter's moons. This picture, which was made by Voyager 2 
at a distance of 1,217,000 kilometers, shows the hemisphere of the satellite that always faces 
away from the planet. The hemisphere is dominated by an immense dark area, the lal'gest rem­
nant of an ancient crust riddled by the impact of meteorites. Early in its history Ganymede 
may have been as densely cratered as Callisto is today. Ganymede is only two-thirds as dense

' 

as Europa and therefore may have a higher fraction of water, perhaps as much as 50 percent. 

GANYMEDE'S JUPITER-FACING HEMISPHERE was photographed at high resolution 
by Voyager 1. The area shown is about 1,600 kilometers across and has a maximum resolution 
of about four kilometers per line pair. Ganymede's crust presumably consists mostly of ice, 
which is darkest in oldest regions. Around rayed craters ice may be white because it is cleaner. 
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-topographic forms normally associated 
with large impact basins. 

The rings themselves could have been 
dynamically formed immediately by the 
impact of a large body or could have 
been a delayed response to the impact as 
the central region rebounded and the 
surrounding surface readjusted. Later 
the icy crust became rigid as it froze 
to substantial depths. As we shall see, 
a similar feature of comparable size is 
partially preserved on the most ancient 
regions of Ganymede's crust. 

Pictures of Ganymede made by Voy­
ager 1 during its approach to the satellite 
show a body that remarkably resembles 
the earth's moon. One pattern visible at 
this scale that does not resemble any­
thing seen on the moon, however, is a 
-complex intersecting network of irregu­
lar, linear, broken and branching bright 
bands that crisscross the disk of the sat­
ellite. At this scale the,patterns bear lit­
tle resemblance to t . rays of impact 
craters scattered elsewhere over the sur­
face. The preliminar' suggestion was 
that the patterns might be tectonic. 

As Voyager 1 flew closer to Ganymede 
two basic types of terrain were recolr­
nized: heavily cratered polygon-shaped 
regions up to a few tens of kilometers 
across surrounded by younger regions 
of grooved terrain. The grooved terrain 
was found to occupy the bright lin­
ear patterns seen at lower resolution. 
The grooved terrain consists of closely 
spaced parallel ridges and troughs, each 
from five to" 15 kilometers wide and up 
to several hundred kilometers long. In 
some regions as many as 20 parallel 
grooves and ridges can be counted. 

The density of the craters on the 
grooved terrain of Ganymede is ex­
tremely variable, ranging from a density 
equivalent to that found in the cratered 
terrain to a density lower by a factor of 
to. The implication is that the forma­
tion of the grooved terrain began early 
in the satellite's history and continued 
for a long time through the period 
of intense bombardment. Most of the 
grooved terrain is a mosaic of discrete 
systems, with the grooves of one sys­
tem ending abruptly at the boundary of 
an adjacent system. In some instances, 
however, several systems of grooves 
transect one another. In such instances 
the older system is not offset by the 
younger, implying that the process that 
forms the grooves does not Involve lat­
eral motion. It has been suggested that 
the grooves are formed by a process 
similar to the one...that creates intrusive 
dikes in the earth's crust: fluid material 
might be injected into faults and then 
freeze. 

The encounters of the two Voyag­
erS' 'with Ganymede were highly com­
plementary. Voyager 1 viewed the hem­
isphere of the satellite facing Jupiter; 
Voyager 2 encountered the satellite be­
fore the spacecraft's closest approach to 
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Jupiter and therefore got high-resolu­
tion coverage of the opposite hemi­
sphere [see top illustration on opposite 
page]. The most striking feature in the 
Voyager 2 view of Ganymede is. a large 
circular region of ancient dark cratered 
terrain covering about a third of the en­
tire hemisphere. It is the only feature 
that can easily be identified with tele­
scopes on the earth. Traversing the dark 
region is a series of giant bright streaks 
that are slightly curved and parallel. In 
the higher-resolution images they bear 
a striking resemblance to the ring struc­
tures on Callisto. Although studies have 
shown that the streaks on Ganymede 
form concentric circles, there is no evi­
dence at their center of symmetry of a 
bright impact-disrupted zone like the 
one on Callisto. Evidently the formation 
of younger terrains, primarily grooved 
ones, has erased the record of an an­
cient impact site. 

Although the ring systems on Callisto 
and Ganymede exhibit strong similari­
ties, where the rings on Callisto take the 
form of flat-topped ridges those on Gan­
ymede are furrows. The furrows suggest 
what the ridges on Callisto looked like 
before they were filled. Such differences 
may reflect variations in the detailed his­
tory of the two bodies, including differ­
ences in the strength of the early crust, 
differences in the chronologies of cool­
ing and freezing and differences in the 
availability of fluid materials capable of 
being extruded. 

Another important observation is the 
wide variation in the appearance of im­
pact craters on Ganymede. Some of the 
craters look fresh and young. At the oth­
er extreme are ancient circular forms 
that are hardly more than "ghosts" or 
stains on the ancient crust. Evidently 
the brighter ghost craters were formed 
when Ganymede's crust was too warm 
and soft to hold a record of the impact 
that made them. Close examination in­
dicates that the younger or smaller the 
crater is, the better preserved its relief 
is. Eugene M. Shoemaker and his col­
leagues in the U.S. Geological Survey 
have concluded that the cratering rec­
ord in ancient terrains on Ganymede 
and Callisto is also a record of the ther­
mal gradient and the strength of the up­
per crust as a function of time as the two 
bodies began to cool. 

The discovery by Voyager 2 of a large 
fresh impact basin near the south pole of 
Ganymede is further evidence of major 
changes in the strength and rigidity of 
the satellite's crust. The basin resembles 
some of the major impact basins of the 
inner solar system. In high-resolution 
views one can see that the flat-floored 
basin is surrounded by blocky massifs 
and a blanket of ejecta, indicating that 
by the time the basin had formed the 
crust had hardened enough to support 
large-scale mountainous relief. The fact 
that numerous large craters are su-

per posed on the basin suggests it was 
formed in the first billion years after the 
accretion of Ganymede, when the satel­
lite was still being bombarded by bodies 
of substantial size. Evidently the crust 
was cooling rapidly and freezing during 
the first few hundred million years of the 
satellite's existence. 

By comparing Ganymede and Callis­
to it is possible to reconstruct the evolu­
tionary history of Ganymede in broad 
strokes. One can imagine that the an­
cient surface of the satellite was soft, icy 
and dark, resembling the present surface 
of Callisto. The huge array of slightly 
curved parallel streaks in the northern 
hemisphere was created when a large 
meteorite punctured the soft crust and 
set up oscillations and strains that frac­
tured the crust in an enormous pattern 
of concentric rings. Water filled the frac­
tures and froze. Later polar caps were 
formed, and grooved terrain slowly be­
gan to develop and grow. As sections of 
the crust slid past each other faults at an 
angle to the lines of slippage gave rise to 
offsets in the lines. Then the crust be­
came rigid enough to preserve a lasting 
record of meteorite impacts. The young 
impact basin near the south pole and a 
large bright-rayed crater near the equa­
tor were the last large-scale features cre­
ated in the hemisphere facing away 
from Jupiter that was viewed by Voyag­
er 2. In the several billion years since 

these early events in the evolution of 
Ganymede the satellite has evidently re­
mained quiescent. 

History in the Craters 

One of the major objectives of plane­
tary science is to compare the geological 
histories of the terrestrial planets and 
satellites in the solar system as they are 
revealed by the detailed images returned 
by spacecraft. The principal means of 
establishing the relative time scales of 
these histories from images is to deter­
mine the record of impact cratering on 
the simple premise that the older the 
surface is, the more craters there are 
on it. Establishing absolute time scales 
from the cratering record is much more 
difficult because it requires a knowledge 
of the cratering rates for each of the 
bodies. 

There is now ample evidence on how 
the rate of cratering differed from one 
part of the solar system to another. 
Models of the rates at which craters 
were made by the impact of asteroids 
(and to a lesser extent of comets), to­
gether with observations of the crater 
populations on different bodies, suggest 
that the average rates over the past few 
billion years were similar for Mercury, 
Mars, the earth and the moon within a 
factor of perhaps two. 

Shoemaker has suggested, however, 

GROOVED AND TWISTED TERRAIN is a distinguishing feature of Ganymede. This Voy­
ager 1 view along the terminator from a distance of 135,000 kilometers has a resolution of 
about 2.4 kilometers. The closely spaced parallel ridges and troughs are usually from five to 15 
kilometers across. Younger systems of grooves can be seen transecting older systems. In the 
area shown here tbe grooved terrain has totally replaced heavily cratered ancient dark crust. 
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that over the past few billion years the 
cratering rates for Jupiter's satellites 
may have been substantially lower than 
those for the inner solar system, perhaps 
by a factor of between 10 and 1 00. His 
reasoning is as follows. Although aster­
oids are deflected outward from the 
inner solar system to the region of Ju-

piter's orbit, they are probably soon de­
flected again by Jupiter's powerful grav­
itational field to other parts of the solar 
system. Therefore they have only a 
small probability of hitting Jupiter or its 
satellites. That being the case, the flux of 
smaller objects in the Jovian system is 
probably dominated by periodic com-
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SIZE AND FREQUENCY OF THE IMPACT CRATERS on Europa, Ganymede and Cal­
listo fall within the range measured on the earth, the earth's moon and M ars. 10, however, has 
no impact craters down to the resolution of the Voyager images of the satellite: ahout one kilo­
meter. The curve for Europa is highly uncertain since only three craters can be confidently 
identified in the Voyager pictures. Estimates for impact craters on the earth were made by Rich­
ard Grieve and Michael R. Dence of Canadian Dep artment of Energy, Mines and Resources. 
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ets, which are less abundant than aster­
oids by a factor of at least 10 and per­
haps as much as 1 00. 

Another factor that influences the cra­
tering rates of the satellites is Jupiter's 
great mass, which dramatically increas­
es the velocity of incoming objects. 
Thus an impacting body of a given size 
would tend to produce a larger crater on 
a satellite near Jupiter than it would on 
one farther away. This enhancement of 
velocity is negligible for Callisto, but it 
is about a factor of two for Ganymede, 
three for Europa and five for 10. 

When crater size is plotted against im­
pact-frequency distribution for the Gal­
ilean satellites and for representative 
bodies of the inner solar system, one ob­
tains curves for Callisto and Ganymede 
that are rather like those for the earth's 
moon and Mars [see illustration at left]. 
In contrast Europa (on the basis of only 
three probable craters) and the earth 
have fewer craters of a given diameter 
than the other bodies by a factor of be­
tween 10 and 50. Although Europa may 
have many small craters less than 1 5  
kilometers in diameter, direct evidence 
for them is lacking. 10, as we have seen, 
has no craters at all down to the limit of 
Voyager image resolution. The low cra­
tering value for the earth undoubtedly 
reflects the difficulty of identifying small 
craters and the obliterating effects of ge­
ological processes. 

The following general conclusions 
can be reached. The heavily cratered 
terrains on Ganymede and Callisto, 
comparable to the heavily cratered 
highlands on the earth's moon, Mars 
and Mercury, must date back to the pe­
riod of torrential bombardment some 
four billion years ago. Evidently the 
grooved terrain on Ganymede started to 
form before the early intense bombard­
ment ended. 

A lower limit on the recent cratering 
rates can be derived as follows. First, the 
surface of Europa certainly cannot be 
older than about four billion years or it 
would still bear the scars of large an­
cient craters formed during the early 
torrential bombardment. Three identi­
fied craters in four billion years sets a 
lower limit for the flux of crater-making 
objects in the vicinity of Europa at 
about a tenth of the flux in the vicinity 
of the earth's moon. This is consistent 
with Shoemaker'S estimate of the flux 
in the vicinity of Europa and could im­
ply that the surface of Europa is billions 
of years old. At the other end of the 
range of possibilities, the surface of Eu­
ropa could not be younger than perhaps 
1 00 million years or the flux in the vi­
cinity of Europa would have to be much 
greater than that in the vicinity of the 
moon. As for 10, regardless of flux esti­
mates the total absence of craters sim­
ply means that it has the youngest and 
most dynamic surface yet observed in 
the solar system. 
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Geometrical Illusions 
In these classic figures of psychology Jines appear different 

from the way they really are. The effects appear to be related 

to clues to the size of objects in the three-dimensional world 

Gometrical illusions are line fig­
ures in which the length, orienta­
tion, curvature or direction of 

lines is wrongly perceived. For example, 
in certain figures two lines of equal 
length appear to differ in length. Why 
does this happen? In normal three-di­
mensional viewing two lines of uneq ual 
length at different distances from the ob­
server can cast on the retina images of 
eq ual size, but the lines are not per­
ceived as being equal because the visual 
system takes into account the fact that 
they lie at different distances. The lines 
appear to have the lengths they actually 
have in the three-dimensional world be­
cause the perceptual mechanism known 
as size constancy seems to compensate 
for the difference in distance by making 
the far line appear to be larger and the 
near line appear to be smaller. It has 
been suggested that size constancy is re­
sponsi ble for geometrical illusions. In 
other words, if the visual system proc­
essed the lines of a geometric figure as if 
they were at different distances, then the 
result would be an illusion. 

Attractive as this explanation of illu­
sions may be, it is not correct because in 
most illusory line figures there is no 
depth, either real or apparent. It has 
nonetheless seemed to several investiga­
tors, including me, that some process 
contributing to accurate perceptions of 
the three-dimensional world might give 
rise to ill us ions in two-dimensional fig­
ures. My own finding is that geometrical 
illusions depend not on apparent depth 
but on cl ues to the scale and size of ob­
jects in the visible world, clues such as 
linear perspective and foreshortening. I 
shall be returning to this distinction be­
tween apparent depth and perspective 
clues in somewhat greater detail. 

Most of the more than 200 geometric 
illusions that have been recorded by in­
vestigators were discovered in the sec­
ond half of the 19th century. Some of 
the best-known illusions are shown in 
the illustration on the opposite page. 
In the Mliller-Lyer figure the two lines, 
one with outward-pointing arrowheads 
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at the ends and the other with inward­
pointing arrowheads, are actually the 
same length. In the Ponzo figure the hor­
izontal Jines are also the same length. In 
both the Zollner and Lipps figures the 
oblique lines are parallel. In the Titche­
ner figure the two inner circles are the 
same size. In the Delboeuf figure the 
outer circle on the left is the same size as 
the inner circle on the right. In the Pog­
gendorff figure the oblique lines are col­
linear. In the upside-down T the hori­
zontal and vertical lines are the same 
length. And in the Judd figure the dot is 
at the middle of the horizontal line. 

Each of these illusions has traditional­
ly been thought to consist of two parts: 
an "inducing" component that does the 
distorting and a "test" component that is 
distorted. For example, in the Mliller­
Lyer figure the arrowheads are the in­
ducing component and the horizontal 
lines are the test component, and in the 
Poggendorff figure the parallel lines are 
the inducing component and the oblique 
lines are the test component. This divi­
sion can, however, oversimplify what is 
going on. The distortion of the test com­
ponent is sometimes only the most ob­
vious manifestation of a host of mis­
perceptions that involve the ind ucing 
component as well. 

I
n the 100 years that geometrical ill u­

sions have been studied many differ­
ent explanations for them have been ad­
vanced. The most compelling of these 
explanations agree on three fundamen­
tal points. First, the illusions are not 
conceptual but perceptual; knowing that 
a partic ular effect is illusory does not 
diminish the strength of the illusion, al-

though most of the ill usions are drasti­
cally reduced when the figure is viewed 
repeatedly over a short period of time. 
Second, the illusions do not originate in 
the retina; they emerge at almost full 
strength when the inducing component 
is presented to one eye and the test com­
ponent is presented to the other, and so 
they must originate at a point in the vis­
ual system beyond the lateral geniculate 
nucleus of the brain, where the inputs 
from the two eyes first come togeth­
er. Third, illusions do not result from 
the movements of the eye; experiments 
show that the illusions, usually of full 
magnitude, emerge when a figure is ex­
posed too briefly for the eye to scan it or 
when the retinal image of the figure is 
artificially stabilized by a special appa­
ratus that causes the image to remain 
still on the retina even as the eye moves 
back and forth. 

Explanations of illusions fall into four 
main categories: classification theories, 
activity theories, physiological theories 
and functional theories. The theories are 
not necessarily mutually exclusive; in 
some cases they might emphasize differ­
ent aspects of the same process. The first 
of these categories is the least ambitious. 
The classification theories point to com­
mon properties among a variety of illu­
sory figures. What the figures have in 
common suggests the presence of an un­
derlying perceptual process. Neither the 
mechanism nor the function of such a 
process is addressed by the classification 
theories. The illusions are attributed to 
contrast when they are characterized by 
a perceptual exaggeration of the degree 
to which the test component differs 
from the inducing component in a pre-

NINE GEOMETRICAL ILLUSIONS are presented on tbe opposite page. In tbe upside. 
down-T figure tbe vertical line and tbe borizontal line are tbe same lengtb. In the Lipps fig· 
ure tbe oblique lines in tbe middle are parallel. In both tbe Ponzo figure and the Miiller.Lyer 
figure the horizontal lines are equal in length. In the Judd figure tbe dot is at tbe midpoint of 
tbe borizontal line. In the Poggendorff figure tbe oblique lines are collinear. In tbe Zollner fig­
ure the oblique lines are paralleL In the Titchener figure the two inner circles are the same size. 
In tbe Delboeuf figure the outer circle on the left is tbe same size as the inner circle on the right. 

© 1979 SCIENTIFIC AMERICAN, INC



UPSIDE-DOWN T PONZO 

> < 

MOLLER-LYER POGGENDORFF 

JUDD 

ZOLLNER 

TITCHENER DELBOEUF 

103 

© 1979 SCIENTIFIC AMERICAN, INC



vailing quality such as size or orienta­
tion. The Titchener illusion is an exam­
ple of size contrast, whereas the Zollner 
illusion is one of orientation contrast, or 
more specifically of angle contrast. 

The illusions are attributed to assimi­
lation or confusion when they are char­
acterized by a perceptual underestima-
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tion of the degree to which the test com­
ponent differs from the inducing com­
ponent. In other words, the test element 
is distorted in the same direCtion as a 
prevailing quality of the inducing ele­
ment. The Miiller-Lyer illusion is an ex­
ample of size or position assimilation 
because the horizontal lines are length-
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ORIENTATION (DEGREES) 

VISUAL RESPONSE TO LINE STIMULI is shown in a highly schematic way for two lines 
(a) that differ in orientation by 12 degrees. Below eacb line is the distribution of orientation­
detecting cells of the visual cortex that the line activates. The colored distribution shows what 
might happen if the two lines were presented simultaneously to the visual system. The sum 
of the individual distributions gives rise to the colored distribution in which the peaks of ac­
tivity are slightly displaced from each other. This illustration is based on the findings of Col­
in Blakemore, Roger H. S. Carpenter and their colleagues at the University of Cambridge. 
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ened in the direction of the arrowheads. 
The Lipps illusion is an example of ori­
entation assimilation because the orien­
tation of each parallel line is perceptual­
ly shifted toward the orientation of its 
neighbors. A single illusion can incorpo­
rate both contrast and assimilation. In 
the Ponzo illusion the apparent length 
of the upper line is distorted toward the 
surround (assimilation), whereas the ap­
parent length of the lower line is distort­
ed away from the surround (contrast). 

T
his classification scheme has done 
little more than help to bring or­

der to the large number of illusions. It 
does suggest, however, that the processes 
could have something in common with 
those of brightness perception, which 
exhibits both contrast and assimilation 
with respect to the brightness of neigh­
boring areas in a scene. Apart from the 
classification scheme's lack of explana­
tory power, it is limited by the fact that it 
does not apply to some important illu­
sions, for example the Poggendorff fig­
ure and the upside-down T. Moreover, 
the lines that are assimilated in the Lipps 
figure are well within the orientation 
range of the lines that show contrast in 
the Zollner figure. 

The activity and physiological theo­
ries go beyond mere classification by as­
serting that illusions are incidental side 
effects or errors of normal visual per­
ception. Activity theories attribute illu­
sions to the responses an individual has 
to certain stimuli or prepares to have 
to them. The efferent-readiness theory, 
proposed by Leon Festinger of the New 
School for Social Research, maintains 
that illusions develop because of the 
way the eye "gets ready" for saccadic 
movements. (As I have mentioned, ex­
perimental evidence rules out the eye 
movements themselves playing a role in 
the illusions, but that evidence does not 
rule out the possibility that the visual 
system's preparations for eye move­
ments do play such a role.) According to 
this theory, people tend to look not at 
the entire figure but at the part of the 
figure that optimizes the number of de­
tails seen with high acuity. Festinger and 
his co-workers have found that when 
people try to fixate on the ends of a M iil­
ler-Lyer figure, they actually fixate with­
in the arrowheads. According to Fes­
tinger, that has the effect of lengthening 
the line with the inward-pointing arrow­
heads and shortening the line with the 
outward-pointing ones. 

It is known that the decrease in the 
strength of an illusion that comes with 
repeated exposure is accompanied by an 
increase in the accuracy of eye move­
ments, but this correlation does not indi­
cate whether or not the eye movements 
cause the illusions. Many other motor 
responses, such as directing a pointer at 
the illusion, might provide information 
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IBM'S GREATEST HITS. 
These aren't the kind of "platters" 

they spin at discos. But they are record­
ings, and they've sold in the millions. 

They're magnetic disks, and what 
record is information for storage 

in computers. 
They were introduced by IBM in 

the mid-50's and revolutionized 
data processing because they gave 
the user quicker access to his 
information. 

Since then, disk storage has been 
universally adopted by the computer 
industry. 

Without it, making airline and rental 
car reservations, credit card transactions, 
and 24-hour banking, to name just a 
few uses, would be all but impossible. 

But the most important thing about disk storage is that at IBM we're 
still inventing it. Finding new ways to pack more information into less space, 
and retrieve it faster, all for less cost. 

Today a single 8"disk (the small one at left above) can store as much 
information as 120 of the 24" disks (the big one at the top) used in the first 
disk storage system we built. The 8" disk can, in fact, pack all the information 
on 22 newspaper pages into a space the size of a postage stamp! 

Information that used to be stored at a cost of $150 can now be stored 
for about $1. 

Technology has gone through the roof. 
The cost of using a computer has gone through the basement. 
And the person who's getting more for his money is you. � � �iwi: ® 
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Chevrolet Monte Carlo for 1980. 
Even standing still 
it knows how to move you. 

To help keep your 
Monte Carlo looking good, 
look into the double-panel 
construction of its doors, 
hood and deck lid. 
Fenders inside fenders 
prouide extra protection 
against corrosion. 

� 
New auai/able 3.8 Liter 

turbocharged V6 with up to 
47% extra power on demand 

for passing or merging. 

Remoue the auai/able 
glass roof panels and 

invite the sun into 
Monte Carlo's rich 

new interior. 

If that impressive new front-end 
styling flowing into the unmistakable 
mark of Monte Carlo's sculptured 
fenderline moves you, read on. 

For as commanding as the 1980 
Monte Carlo is to the eye, its true beauty 
comes when you turn the key. 

You'll be moved by what you see. 
And by what you don't. 

Prepare to feel special behind the 
wheel. 

Dials and gages with international 
markings cluster in front of you. A rich 
new look of vinyl wood-grain sweeps 
across the instrument panel, integrating 
with elegant new interiors for 1980. 

As you drive, a highly tuned sport 
suspension imparts a solid feel of the 
road. 

Up front, a standard 3.8 Liter 
V6 engine moves you with a smooth 
rush of power, a sensation you can 
amplify in 1980 with a new available 
turbocharged V6. 

Carlo with these 
impressive 1980 EPA estimates. 

CHEVROLET 
MONTE CARLO 

Standard 3.8 liter 
V6 

Available 3.8 liter 
V6 Turbo 

EPA 
EST. 

MPG 
HIGH­
WAY 
EST. 

REMEMBER: ComRare the "estimated 
MPG" to the "estimated MPG" of other 
cars. You may get different mileage 
depending on how fast you drive, 
weather conditions, and trip length. 
Actual highway mileage will probably be 
less than the estimated highway fuel 
economy. Monte Carlo is equipped with 
GM-built engines produced by various 
divisions. See your dealer for details. 

Its CheVTolet price 
will move you, too. 

If by now you think there's never 
been a Monte Carlo quite like our 
1980, you're quite right. 

A refined new Monte Carlo. With 
automatic transmission, power front 
disc brakes and power steering. 

All standard. All at a Chevrolet 
price. 

See your Chevy dealer about 
buying or leasing Monte Carlo today. 

And be moved. 
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about the perceptual error and thereby 
help to reduce the illusion in the same 
way that eye movements do. Inasmuch 
as the illusion would not be attributed 
to the intention to direct a pointer, it 
would be premature in the absence of 
other evidence to attribute the illusion 
to preparations for saccadic eye move­
ments. Moreover, it is difficult to under­
stand why inaccurate eye movements in 
the presence of angle and line intersec­
tions would not have been eliminated in 
the normal environment where such in­
tersections are frequently encountered. 

The physiological theories attribute 
illusions to the "hardware" of the visu­
al system. Many of these theories are 
based on lateral inhibition, a neural 
process that serves to restrict the stimuli 
that can fire a cell in the visual cortex of 
the brain. According to these theories, 
the perceived orientation of a line is de­
termined by the peak activity of orienta­
tion-detecting cells in the visual cortex, 
each of which is activated by line stimu­
li of a particular range of orientations. 
The introduction of a second line of a 
different but similar orientation gives 
rise to a somewhat different distribu­
tion of activity among the orientation­
detecting cells, activity that either facili­
tates or inhibits the activity generated by 
the first line, thereby shifting the appar­
ent orientation. On this view facilitation, 
which would result from very similar 
lines, would cause assimilation in the 
illusory figure, and inhibition, which 
would result from less similar lines, 
would cause contrast. The same view is 
supported by the experiments of Colin 
Blakemore and his co-workers at the 
University of Cambridge. To explain 
size illusions a similar physiological the­
ory has been proposed that is based on 
size-detecting cells in the visual cortex. 

P
hysiological theories based on later­
al inhibition are best able to handle 

angle-contrast illusions with multiple 
inducing lines, for example the Zollner 
illusion, which exhibits assimilation at 
extremely small angles and contrast at 
larger angles. George Wallace and his 
co-workers at the University of Reading 
have found that the Zollner illusion is 
enhanced by changes that should pro­
mote lateral inhibition, such as increas­
ing either the brightness contrast or the 
number of inducing lines. 

Most angle-contrast illusions persist 
when the test line is replaced by a set of 
dots or by a moving dot. Physiological 
theories based on lateral inhibition can­
not explain this phenomenon because 
there is no actual test line to be inhibit­
ed. That may not be a problem, how­
ever, because little work has been done 
on whether the orientation-detecting 
cells might in fact respond selectively 
not only to a line but also to a row of 
dots or a moving dot. 

<: 

5.4 

2 

2.2 

2 

5.4 

22 > 

1.4 

2.2 

1.4 

2 

SUBJECT 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

MEAN 

UPPER LOWER 

LEFT LINE LEFT LINE 

+3.2 -12.8 

+6.8 -9.6 

-.1 -4.4 

+1.6 -3.2 

+2.6 -3.2 

+1.1 -6.9 

+1.3 -2.2 

+5.9 -6.4 

+2.3 +.5 

+7.0 -5.3 

+1 4 . 1  -11.8 

-3.2 -1.6 

+3.6 -5.6 

VARIATION OF THE PONZO ILLUSION at the top left consists of collinear line segments 
that seem to b

'
e displaced. The line at the upper right appears to be too high and the line at the 

lower right appears to be too low for them to be aligned with their counterparts at the left. The 
author asked 12 subjects to indicate how much each line at the left should be adjusted so that it 
would be collinear with the corresponding line at the right. For the figure at the bottom left 
with dimensions in centimeters the subjects' adjustments are tabulated in millimeters at the 
right. In the normal Ponzo illusion in the illustration on page 103 the apparent length of the 

upper line is distorted toward the surround (the distortion called assimilation), whereas the ap­
parent length of the lower line is distorted away from the surround (the distortion called con­
trast). Yet there is more to the illusion. The figure at the top left shows that the Ponzo configu­
ration affects not only length of lines placed in it but also alignment of lines attached to its ends. 

Physiological theories based on later­
al inhibition fall short for the simplest 
illusions involving angles. For example, 
in the Poggendorff figure the acute an­
gles, which should show the greatest ef­
fect of lateral inhibition, contribute 
nothing to the illusion [see top illustration 
on next page]. Another exception is the 
Miiller-Lyer illusion, which no physio­
logical theory has been able to explain. 
A comparison of the horizontal lines of 
the Miiller-Lyer figure with a line lack­
ing arrowheads reveals that the inward­
pointing-arrowhead configuration (ob­
tuse angles) contributes two or three 
times as much to the total illusion as 
the outward-pointing-arrowhead config­
uration (acute angles). No plausible ar­
rangement of orientation-detecting cells 
could give rise to such lopsided contri­
butions. 

Another physiological theory, filter 
theory, is based on neural channels in 
the visual cortex that seem to be tuned 
not to line stimuli but to particular spa­
tial frequencies of sinusoidal modula­
tions of light, the spatial frequency be­
ing the number of modulations per unit 

of visual angle. Mathematicians have 
proved that any waveform, no matter 
how complicated, can be expressed 
as the sum of simple sinusoidal wave­
forms. In 1968 Fergus W. Campbell and 
John G. Robson of the University of 
Cambridge proposed that the visual sys­
tem processes a waveform of light by 
breaking it down into its sinusoidal com­
ponents. Since then much psychophysi­
cal and physiological evidence has accu­
mulated in support of this proposal, and 
it is now a cornerstone of visual theory. 

Arthur Ginsberg of the U. S. Air 
Force attributes illusions to the respon­
ses of the neural channels that are tuned 
to low spatial frequencies. He has bro­
ken down the images of certain illusory 
figures into sinusoidal waveforms of dif­
ferent frequencies and amplitudes, elim­
inated the high-frequency waveforms 
and added back together the low-fre­
quency ones. With the high-frequency 
waveforms filtered out the reconstruct­
ed image turns out to have properties 
that correspond to perceived distortions 
of the original figure. For example, in 
the reconstructed image of the outward-
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pointing-arrowhead configuration of the 
Miiller-Lyer illusion the arrowheads and 
the shaft have merged to form a short 
blurred shaft, and in the reconstruct­
ed image of the inward-pointing-arrow­
head configuration the arrowheads and 
the shaft have merged to form a long 
blurred shaft. The respective. shorten­
ing and lengthening of the shaft is of 
course the substance of the illusion. 

Ingenious as Ginsberg'S work may be, 

1 
a b 

there is little reason to believe that in 
arriving at size judgments the visual sys­
tem filters out the information provided 
by high-frequency waveforms. It would 
be odd (although not impossible) if the 
visual system judged the apparent size 
of a distinct line by the responses of 
neural channels in which the line was 
indistinctly merged with its surround, 
particularly because such judgments 
would lead to gross perceptual errors. 

/ 
I 

I 

,/V I / 
/ 

/ 
I 

/f/ 
c 

POGGENDORFF FIGURE is decomposed so tbat tbe illusory effects of tbe acute-angle 
components (a) can be distinguisbed from tbose of tbe obtuse-angle components (b). In a tbe il­
lusion is zero or even sligbtly negative, tbe line at tbe rigbt appearing to some people to be 
sligbtly lower tban tbe one at tbe left. In b tbe illusion is strongly present. An illusion in a may 
be due to tbe visual system's processing a as if it were part of c, in wbicb parallel lines form a re­
ceding plane. In c tbe line at tbe rigbt is in fact lower on tbe receding plane tban tbe one at left. 

PICTURE OF A LIVING ROOM includes many well-known illusory configurations. One 
guitar looks longer tban tbe otber (Ponzo illusion), tbe rear edge of tbe carpet looks sborter 
tban its front-to-back dimension (upside-down-T illusion), tbe molding looks too bigb to be 
collinear witb tbe baseboard (Poggendorff illusion) and tbe front edge of tbe carpet looks sbort­
er tban tbe bottom edge of tbe back wall (Miiller-Lyer illusion witb balf of eacb arrowbead), 
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A major drawback of both activity 
theories and physiological theories is 
that they cannot account for the de­
creases in the strength of illusions. The 
fact that by repeated exposure illusions 
can diminish almost to zero for as long 
as a period of days does not support the­
ories that posit immutable physiological 
mechanisms. Only functional theories, 
which treat illusions not as errors but 
as essential processes of the visual sys­
tem, begin to deal adequately with de­
creases in the strength of illusions. 

Over the past century several investi­
gators, including the 19th-century psy­
chologist Armand Thiery, Richard L. 
Gregory of the University of Bristol and 
Reinhardt Tausch of the University of 
Marburg, have shown that most illusory 
figures can be found in two-dimension­
al representations of three-dimensional 
scenes. What are called distortions or 
illusions in sketchy drawings promote 
accurate perception in the normal three­
dimensional world and increase the re­
alism of a picture. Consider the bottom 
ill ustration at the left. One guitar looks 
longer than the other (the Ponzo illu­
sion), the rear edge of the carpet looks 
shorter than its front-to-back dimension 
(the upside-down n, the molding looks 
too high to be collinear with the base­
board (the Poggendorff illusion) and the 
front edge of the carpet looks shorter 
than the bottom edge of the back wall 
(the Miiller-Lyer illusion with half of 
each arrowhead). 

Although all these percepts are distor­
tions compared with the picture plane or 
the retinal image, they would not nor­
mally be called illusions because they 
are not surprising. They reflect charac­
teristics of the three-dimensional world 
represented in the picture plane. In nor­
mal three-dimensional viewing it is 
quite irrelevant whether or not a base­
board is retinally collinear with a mold­
ing and whether or not the edge of a 
door has the same length in the retinal 
image as the corner of a room. Such 
facts about the picture plane, which de­
pend mostly on the viewing position of 
the observer, are not registered. 

The main function of perception is to 
decode the transient retinal image in or­
der to achieve constancy: the perception 
of the external world in terms of its sta­
ble and intrinsic characteristics. In the 
illustration of the room it is clear that 
the "distortions" are just instances of 
perception doing its job. If the contextu­
al details that are necessary for a three­
dimensional impression are eliminated, 
however, the same perceptual responses 
to the same configurations seem unjusti­
fied and are called illusions. Does this 
mean that illusions are only constancy 
responses (the decoding of perspective) 
operating in a context that is too mini­
mal, since it lacks apparent depth, to 
give the distortions meaning? This view 
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is appealingly parsimonious, but it goes 
against a strong tradition in psychology 
that constancy responses are triggered 
by apparent depth. 

T
he�e are a number of reasons to 
doubt that a depth response always 

underlies constancy scaling. J. J. Gibson 
of Cornell University has pointed out 
that gradients in the apparent compres­
sion of objects and textures by perspec­
tive provide information about the size 
and shape of objects. The size of an ob­
ject can often be judged by the ratio 
of its width to the width of the back­
ground. Consider railroad tracks reced­
ing into the distance. Since the viewer 
knows that the distant railroad ties are 
as large as the close ones, an object span­
ning the rails in the distance is perceived 
as being the same size as an object span­
ning the rails in the foreground, in spite 
of the fact that the sizes of the objects' 
retinal images are quite different. 

Conclusive evidence for a size-con­
stancy process that is not secondary to 
perceived depth comes from my own 
work with backgrounds in which equiv­
alent depths ar� represented by different 
types of perspective [see illustrations at 
right]. In effect I was able to separate the 
response to depth from the response 
to perspective. I investigated two kinds of 
background drawing. In the first kind, 
based on the receding oblique lines of 
the Ponzo figure, the horizontal dimen­
sions are increasingly compressed to­
ward the "far" end, or top, of the draw­
ing (the distortion known as linear per­
spective). In the second drawing, based 
on horizontal parallel lines that get 
closer to one another toward the top 
of the drawing, the vertical dimensions 
are increasingly compressed (the distor­
tion known as foreshortening). 

Next I put test lines at various orienta­
tions on the two kinds of background. I 
found that the perceptual lengthening of 
lines put at the top with respect to lines 
put at the "near" end, or bottom, oc­
curred only when the test lines were ori­
ented along the compressed dimensions. 
There was no illusion for test lines at 
orientations for which the background 
drawing did not provide a scale of size. 
In other words, a linear-perspective 
scale does not affect the apparent length 
of lines along the dimension subject to 
foreshortening. This result constitutes 
compelling evidence for a perceptual 
mechanism promoting size constancy 
that is based on the scale itself and not 
on a depth response to the scale, which 
would lengthen any apparently distant 
lines regardless of their orientation. 

T
his is not to deny that apparent dis­
tance can influence size perception. 

Experiments have demonstrated that 
changes in perceived size and shape ac­
company depth reversal in ambiguous 

LINEAR PERSPECTIVE, the compression of horizontal dimensions toward the top of a draw­
ing, is achieved by the receding obliqne lines of the Ponzo figure. The horizontal test lines (left) 
are the same length, but the upper line appears to be longer because of linear perspective. There 
is no illusion for vertical test lines (right). This means that here the perception of size depends 
not on depth, which would increase the length of all the test lines regardless of their orientation, 
but on perspective, which affects only lines for which the background shows a scale of size. 

I 

I 
FORESHORTENING, the compression of vertical dimensions toward the top of a drawing, is 
achieved by parallel horizontal lines that get closer to one another toward the top of the draw­
ing. The vertical test lines (right) are the same length, but the upper one seems longer because 
of foreshortening. There is no illusion for the horizontal test lines (left). This result confirms 
that the perception of size here does not depend on depth, which would lengthen horizontal 
lines as well as vertical ones. Perception of size seems to depend on the perspective scale of size. 

figures. The fact that perceived size and 
shape can be primary responses and yet 
can still be influenced by apparent depth 
is not surprising when one considers that 
depth perception itself can be influenced 
by apparent size and shape. An example 
is the well-known moon illusion. When 
the moon is near the horizon, it looks 
larger than it does high in the sky. As 
a result when it is near the horizon, 
it looks closer. Under normal circum­
stances primary and secondary ways of 

judging size and distance reinforce each 
other. My work shows, however, that 
the amount of information in a line 
drawing needed to trigger a primary 
process of size scaling is less than the 
amount needed to trigger a process of 
depth scaling. Gregory has suggested 
that this result may be due to a perceptu­
al conflict between the drawing's repre­
senting objects in depth and its actually 
being flat. 

How well can a functional theory 
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based not on apparent depth but on 
perspective explain illusions that do 
not have an interpretation as obvious in 
terms of perspective as the Ponzo illu­
sion does? How does it explain the MUl­
ler-Lyer or the Poggendorff illusion? 
The resemblance between the M Uller-

Lyer figure and objects and scenes in­
volving depth has been recognized since 
the 19th century. Most recently Gregory 
has pointed to the similarity between the 
two MUller-Lyer configurations and the 
corner of a building seen respectively 
from the inside and the outside. On the 

QUADRANGLES ON THE RETINA are usually the projections of rectangles in three-di­
mensional space. A perceptual mechanism that lengthens horizontal lines bounded by obtuse 
angles and shortens horizontal lines bounded by acute angles would compensate for the differ­
ence in size caused by perspective projection. The arrows indicate the direction of the perceptu­
al expansion or contraction. The colored dots mark the midpoints of the horizontal lines of the 
quadrangle at the right. The midpoints appear to be too close to perceptually shortened ends. 

J�[ D---D 

RECTANGULAR MULLER-LYER FIGURES (le/t) also create an illusion, although it is 
much weaker than the one created by the normal Muller-Lyer figures that are shown in the 
illustration on page 103. The illusion gets quite strong when the appendages are closed up to 
form rectangles (right). No theory of geometrical illusions can account for this phenomenon. 

A A 

COLLINEAR LINES ON THE RETINA need not necessarily represent collinear lines in 
three-dimensional space. The points B and C at the left could represent an interruption in a 
continuous receding horizontal dimension, in which case the line ABCD would lie on a single 
horizontal plane in three-dimensional space. The other possibility (right) is that Band C repre­
sent points that are separated both horizontally and vertically, in which case AB and CD would 
lie on different horizontal planes and would therefore be noncollinear in three-dimensional 
space. The presence of parallel vertical lines in the Poggendorff figure favors the arrangement 
at the right, and so the visual system interprets the lines AB and CD as having different heights. 

liD 

other hand, Tausch and other investiga­
tors, including me, have found that the 
MUller-Lyer illusion is close to being 
the sum of the separate effects of the 
four individ ual oblique lines forming 
the arrowheads on the length of the 
horizontal line, effects that seem to be 
divorced from depth. Two lines that 
form acute angles are perceptually 
shortened, whereas two that form ob­
tuse angles are lengthened. It is the 
distortion of these fundamental angle 
relations that must be understood in 
order to comprehend the MUller-Lyer 
illusions and other illusions in which an­
gles influence perceived line length. 

Do the lengthening of lines bounded 
by obtuse angles and the shortening 
of lines bounded by acute angles pro­
mote perceptual constancy? They do. 
An overwhelmingly large proportion of 
the obtuse and acute angles formed on 
the retina in the course of human visu­
al experience are projections of right 
angles. A perceptual mechanism that 
lengthens horizontal lines bounded by 
obtuse angles and shortens horizontal 
lines bounded by acute angles would 
compensate for the differences in size 
created by perspective projection [see 
top illustration at left]. 

The illustration also shows that the 
process I have described would promote 
size and shape constancy regardless of 
whether the obtuse angles represent far 
corners and the acute angles near ones 
or the obtuse angles represent near cor­
ners and the acute angles far ones. It is 
therefore not surprising that the pres­
ence or absence of these distortions has 
nothing to do with depth. The parts of 
the perspective projection of a rectangle 
that form obtuse angles are always the 
most contracted and the parts that form 
acute angles are always the most ex­
panded. The fact that the obtuse angles 
have a much larger effect in the MUller­
Lyer ill usion suggests that constancy 
scaling tends to equalize lengths by 
expanding the most contracted parts 
(bounded by obtuse angles) to match 
the rest of the projection rather than 
to diminish the more expanded parts 
(bounded by acute angles) to match the 
rest of the projection. 

I
f contraction and expansion illusions 

serve to compensate for properties of 
the projection that are not properties of 
the scene that was projected, then the 
greater the distortions caused by per­
spective projection are, the greater is the 
illusion needed to compensate for the 
distortion. That is the case with the MUI­
ler-Lyer illusion, which gets stronger as 
the angles deviate more from right an­
gles and as the arrowheads become larg­
er. (There is a limit I cannot account for, 
however, on the effect the size of the 
arrowheads has on the magnitude of the 
illusion.) 

I want to turn now to the Poggendorff 
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illusion and discuss what it means in 
terms of perspective. The oblique lines 
of the Poggendorff figure do not seem to 
be significantly misaligned when they 
are viewed alone. Why does insertion of 
the vertical parallel lines disrupt the ap­
parent alignment of the oblique lines to 
such a great degree? Although collinear 
lines in the three-dimensional world al­
ways project as collinear lines on the 
retina, non collinear lines in the three-di­
mensional world can also project as col­
linear lines. I contend that the parallel 
lines of the Poggendorff figure, particu­
larly the components forming obtuse 
angles, provide a context suggesting that 
the obliq ue lines do not represent collin­
ear lines in three-dimensional space. As 
a result the oblique lines do not appear 
to be collinear. This is shown in the bot­
tom illustration on the opposite page. 

From the point of view of perspective, 
obliq ue lines represent receding hori­
zontal lines. When two oblique lines are 
lined up, as they are in the Poggendorff 
illusion, the conventions of perspective 
dictate that the space between them on 
the picture plane could represent one of 
two possible arrangements. The points 
Band C in the illustration could repre­
sent an interruption in a continuous re­
ceding horizontal dimension, in which 
case the line ABCD would lie on a single 
horizontal plane in three-dimensional 
space. The other possibility is that B 
and C represent points that are separat­
ed both horizontally and vertically, in 
which case AB and BC would lie on 
different horizontal planes and would 
therefore be noncollinear in three-di­
mensional space. 

Visual processing favors the noncol­
linear arrangement when details placed 
within the gap BC are consistent with 
equidistance rather than with a depth 
difference for Band C. The parallel lines 
of the Poggendorff figure are particular­
ly effective in this regard because they 
place Band C on a plane seen head on. 
What actually seems to happen is that 
the context changes the arrangement 
from one in which AB. BC and CD are 
each seen as having less slope than they 
do on the picture plane, because they all 
represent horizontal lines, to one in 
which the apparent slopes of AB and CD 
remain the same, because they continue 
to 

'
represent horizontal lines, whereas 

the apparent slope of BC increases, be­
cause it no longer represents a horizon­
tal line. The result is a disruption of per­
ceived collinearity. This explanation is 
supported experimentally by the work 
of Ross H. Day and R. G. Dickinson of 
Monash University in Australia, who 
asked experimental subjects to estimate 
the slopes of AB. BC and CD in the Pog­
gendorff figure. 

A consequence of my explanation of 
the Poggendorff figure is that the illu­
sion should be greatly reduced if the 
length of the parallel lines is changed so 

that they outline not a plane seen head 
on but an appropriately receding plane, 
in which case AB. BC and CD are col­
linear in three-dimensional space. This 
change can be achieved by making the 
ends of the parallel lines and the oblique 
lines converge on a single vanishing 
point. When the vanishing point is clear­
ly defined, the magnitude of the illusion 
is reduced by half. This provides strong 
evidence that the context relevant to the 
three-dimensional layout represented 
by two-dimensional lines strongly influ­
ences the perceived collinearity. 

The evaluation of a functional theory 
based on perspective decoding is ham­
pered by the tact that so little is known 
about perceptual responses to perspec­
tive, in spite of the fact that much of 
Western art has been based on perspec­
tive for 500 years. It is unlikely, how­
ever, that all illusions are the result of 
perspective decoding. For example, no 
obvious constancy function is served 
by illusions of orientation assimilation, 
such as the Lipps figure. Yet my func­
tional theory, unlike the other theories, 
can handle in a general way the mainte­
nance of illusory responses under nor­
mal three-dimensional viewing condi­
tions, where the responses are rein­
forced because they promote accurate 
perception, and the diminution of illu­
sory responses under two-dimensional 
viewing conditions, where the respon­
ses are inhibited because they serve no 
function. 

W
ork remains to be done on how 
the diminution is achieved and on 

what role eye movements play in the 
process. Stanley Coren of the University 
of British Columbia and Joan S. Girgus 
of Princeton University have proposed 
that illusions that strongly diminish in 
the course of repeated exposure have 
a considerable judgmental or learned 
component, whereas illusions that only 
weakly diminish, for example assimila­
tion illusions such as the Delboeuf one, 
are chiefly built in. Although constancy 
responses are traditionally regarded as 
being based on learned algorithms, there 
is no reason some of the responses could 
not be built-in ones that evolved because 
they promoted constancy. In principle 
theories emphasizing function are not 
incompatible with theories emphasizing 
mechanism. 

Functional theories based on per­
spective are supported to some degree 
by responses to geometrical illusions 
among peoples who do not live in a 
world dominated by rectangular rooms, 
buildings and cities. For such people the 
illusions tend to be not as strong as they 
are for people in our own kind of cul­
ture. Their response to the upside-down­
T illusion, on the other hand, which 
seems to depend not on the exposure to 
a rectangular environment but on the 
foreshortening of distant terrain, is not 

ORIENTATION OF THE PLANE strongly 
alters an illusion for a set of collinear oblique 
lines with a common vanishing point. The top 
lines, which interrupt a plane seen head on, 
appear to deviate more from being collinear 
than the bottom lines, which interrupt a reced­
ing plane that has the same vanishing point 
as the lines. This provides evidence that the 
context relevant to the three-dimensional lay­
out represented by lines in two dimensions 
strongly influences the perceived collinearity. 

reduced. Striking as such results are, 
they should not be allowed to carry 
much theoretical weight until it is clear 
the people involved in the experiments 
have had the same understanding of 
what it is they are being asked to do as 
subjects in our own kind of culture. If 
such results hold up, however, they 
could significantly bolster the functional 
theories. 

Perhaps the most serious challenge to 
functional theories, and for that matter 
to all theories of illusion relying on 
processes in the visual system, could 
come from investigations into the sense 
of touch. Experiments have revealed 
touch illusions that are analogous to 
optical ones when subjects ran their fin­
gers over raised versions of well-known 
illusory figures. At this stage, however, 
the work is too tentative to establish 
any identity between misperceptions of 
touch and misperceptions of vision. 
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The Ancestry of Corn 

The progenitor of modern corn is probably the wild grass known 

as teosinte. The hypothesis has been disputed, but it is supported 

by new evidence from plant breeding, archaeology and folklore 

T
he origin and growth of agricul­
ture over the past 10,000 years or 
so has made possible a thousand­

fold increase in the human population 
and has freed a substantial fraction of 
the population for participation in as­
pects of cultural evolution other than 
the procurement of food. It is relatively 
easy to trace the origins of wheat, barley 
and rice, on which the emergence of ag­
riculture in eastern and western Asia 
was based. In much of Asia today the 
wild grains from which these crops were 
derived are still growing, enabling plant 
geneticists to determine the route by 
which they were cultivated and-at first 
unconsciously and later deliberately­
selected and bred for characteristics that 
would make the harvest easier and more 
fruitful. No such continuum can be 
established, however, for the most im­
portant food crop of the Western Hemi­
sphere: maize, or corn (Zea mays). Mod­
ern corn, with its many-kerneled, husk­
wrapped ear, bears no readily apparent 
morphological resemblance to any New 
World plant that might have been its 
ancestor. Yet corn must have been de­
rived from some wild grass through 
selective breeding by the ancient Indi­
an agriculturists of Central America. 
Whether there is or ever was such a 
thing as wild corn continues to be a sub­
ject of vigorous scientific controversy. 

Modern corn is so highly domesticat­
ed that it has in a sense become a biolog­
ical monstrosity. Although it is superbly 
adapted for producing grain, it could 
not survive under natural conditions be­
cause it has no satisfactory mechanism 
for dispersing its seed. If an ear of corn is 
left on its own under conditions favor­
able for germination, it will give rise to a 
group of seedlings so densely clustered 
that they will compete among them­
selves for water and soil nutrients, with 
the result that all may fail to reach re­
productive age. Without human inter­
vention modern corn would become 
extinct in a few generations. Corn can 
survive only if man removes the ker­
nels from the cob and plants them. 

The origin of corn is a matter of more 
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than academic interest. Corn is the most 
efficient of all cereals in converting solar 
energy, carbon dioxide, water and min­
eral nutrients into foodstuff. It is now 
the world's third most important food 
crop: more than 200 million metric tons 
is produced each year, only slightly less 
than the harvests of wheat and rice. Al­
though relatively little corn is consumed 
directly as human food, when it is trans­
formed into meat, milk, eggs and other 
animal products, it is the principal food 
plant of the Western world. Hybrid 
corns, which represent most of the corn 
grown today, tend to be susceptible to 
disease, and the strains of corn that are 
crossbred to produce the hybrids tend 
to become weakened by excessive in­
breeding, so that correctly identifying 
the original genetic stock of corn might 
well supply valuable sources of genetic 
diversity and hybrid vigor. 

There are currently two competing 
hypotheses about the origin of corn. 

One school contends that wild corn can 
in fact be found: it is and always was the 
wild grass teosinte, which grows in Mex­
ico, Guatemala and Honduras. The hy­
pothesis was popular among 18th- and 
19th-century botanists but lost its prom­
inence during the first half of this cen­
tury. The other school contends that if 
there was a wild corn, it was swamped 
out of existence by later, man-bred 
strains. This school is led by Paul C. 
Mangelsdorf, emeritus professor at 
Harvard University and now at the Uni­
versity of North Carolina at Chapel Hill 
[see "The Mystery of Corn," by Paul 
C. Mangelsdorf; SCIENTIFIC AMERICAN, 
July, 1950]. Recent work by my col­
leagues and me, however, has provided 
new and impressive support for the teo­
sinte hypothesis. It now seems quite like­
ly that a teosinte of some 8,000 to 
15,000 years ago was the direct ancestor 
of modern corn and was transformed 
into a primitive corn through human se­
lection. 

Corn was totally unknown in Europe 
and Asia until the arrival of Columbus 
in the New World in November of 1492. 

His men discovered on the island of 
Cuba great fields of the strange new 
plant, which was later found to be culti­
vated throughout the Western Hemi­
sphere. The large populations and im­
pressive cultural achievements of the 
Aztecs, the Mayas and the Incas could 
not have come about without corn, 
which not only was nutritious but also 
could be dried, transported and stored 
for long periods. The tribute list of 
Montezuma, the last Aztec emperor, 
shows that the 20 provinces of the em­
pire were taxed an annual total of some 
300,000 bushels of corn. 

The first corn known to exist was iden­
tified from archaeological evidence; it 
dates back some 7,000 years. Over a pe­
riod of a few millenniums pre-Colum­
bian peoples bred most of the major va­
rieties of corn that exist today, including 
red corn, blue corn, yellow corn, field 
corn, sweet corn, dent corn, flint corn, 
flour corn, pod corn and popcorn. By 
the time of Columbus between 200 and 
300 varieties of corn were already in 
cultivation. The ancient Indian agri­
culturists had carried the plant from 
its place of origin, probably southern 
Mexico, and adapted it to a wide vari­
ety of temperate and tropical climates 
ranging from the mouth of the St. Law­
rence River to what is now central 
Chile. Although modern plant breeders 
have greatly increased the yield of corn 
through the development of new varie­
ties and hybrid lines adapted to various 
regions and resistant to diseases and 
insect pests, the development of corn 
by the Indians remains man's most re­
markable plant-breeding achievement. 

Long before Columbus the peoples of 
parts of Mexico and Guatemala were 
also familiar with teosinte. In 1780 the 
Spanish plant explorer Francisco Her­
m'tndez described teosinte (in transla­
tion) as a plant that "looks like corn but 
has a triangular seed." Teosinte differs 
from corn in that it has several stalks 
growing from the base of the plant 
where modern corn usually has only 
one. Its seeds are borne in hard, individ­
ual fruit cases, which form a single row 
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of from six to 10. This row is called a 
female spike and corresponds to an ear 
of corn. Where the entire corn plant 
bears only one ear or at most a few, the 
teosinte plant typically produces several 
spikes. At maturity the individual fruits 
of the teosinte spike disarticulate, allow­
ing them to be disseminated. 

Although the seed spike of teosinte 
has only a seemingly remote resem­
blance to an ear of corn, teosinte was 
thought by early students of the ques­
tion to be the most likely ancestor of 
corn because it grows wild in the same 
regions of the New World where corn 
was probably first domesticated. The 
botanist A. Vinson wrote in 1877, "Fol­
lowing the thinking of Darwin, teosinte 
is the ancestor of corn." Most of his con­
temporaries disagreed, because the teo­
sinte spikes were so different from ears 
of corn that it seemed unlikely human 
selection could have transformed one 
into the other. 

Tater what seemed a more likely candi­
L date was discovered: a plant inter­
mediate between teosinte and corn. It 
bore a small ear with pointed kernels 
resembling a dog's teeth partially pro­
jecting from individual jackets and was 
therefore called dog corn or coyote 
corn. This type was soon found to be 
a naturally occurring first-generation 
cross between teosinte and corn that can 
easily be repeated experimentally and is 
quite fertile. The fertility of the cross 
indicated that the genetic relation be­
tween teosinte and corn was much clos­
er than had been assumed. 

Such was the state of the field in 1928, 
when I began graduate work at Cornell 
University with R. A. Emerson. Emer­
son had shortly before demonstrated 
that teosinte is a "short day" plant: it 
wants no more than 12 or 13 hours of 

DOMESTICATION OF CORN from the 
wild grass teosinte by a few millenniums of 
human selection has been reconstructed by 
breeding experiments nndertaken by the au­
thor. All the specimens are drawn approxi­
mately life-size. The "spike" of teosinte (a) is 
equivalent to the ear of corn and consisfs of a 
single row of kernels in hard, shell-like fruit 
cases. On ripening, the spike shatters, scatter­
ing the seeds. Crosses between teosinte and 
corn yield a modified teosinte (b), which may 
be similar to an IlBI"ly transitional form. A sin­
gle mutation in teosinte can also give rise to a 
tunicate variety (c), in which the hard fruit 
cases have been converted Into soft, husklike 
glumes from which kernels can be threshed 
with ease. This mutation may well have been 
a crucial step in the domestication of teosinte. 
Crosses between teosinte and modern corn 
give rise to small, primitive ears (d), which are 
similar to 7,OOO-year-old archaeological spec­
imens found in the southwestern U.S. and 
Mexico. Modern corn (e) is a biological mon­
strosity created by prolonged domestication. 
It is well adapted for production of grain but 
is unable to survive under natural conditions. 

a 

b 

d 
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sunlight a day and warm temperatures. 
It grows wild only where these condi­
tions exist. Emerson was able to grow 
teosinte at the Cornell latitude by artifi­
cially shortening the summer day; he did 
so by putting dark boxes over the plants 
for the critical period in which flowering 
is initiated. 

As a part-time graduate-student as­
sistant I was assigned to study the cytol­
ogy and genetics of corn-teosinte cros­
ses. Emerson and I confirmed the fertil­
ity of the cross and showed that the 10 
chromosomes in the cells of Mexican 
teosinte were highly compatible with the 
10 chromosomes of corn. The chromo­
somes paired normally during the for­
mation of sex cells in the crossed plants, 
and the nine chromosomes we could 
identify with markers formed pairs in 
the crosses and exchanged segments in 
essentially the same way they did in pure 
corn. Our conclusion was that cytologi­
cally and genetically corn and Mexican 
teosinte could even be considered one 
species. The hypothesis that wild teosin­
te was the direct ancestor of cultivated 

corn therefore seemed entirely plausi­
ble. We regarded the problem as being 
essentially solved, believing relatively 
few minor gene changes could convert 
the wild plant into the cultivated one 
and had probably done so. 

I remember well discussions with Em­
erson in which he pointed out that just 
two mutations would be required to 
make teosinte a more useful food plant: 
one mutation to a nonshattering spike, 
so that the kernels would not be scat­
tered and lost, and the second to a soft 
fruit case, so that the kernels could be 
threshed free. These postulated muta­
tions are not far-fetched; they are much 
the same as the known changes in the 
evolution of cultivated wheat, rye, bar­
ley and oats from their wild ancestors. 
In spite of the strong arguments in favor 
of the teosinte hypothesis, however, it 
began losing support in the late 1930's 
because of studies suggesting so many 
genes of corn were different from those 
of teosinte that they could not have 
originated in a few thousand years of 
domestication. 

SIZE AND SHAPE of a modern bybrid-corn plant and a teosinte plant are markedly differ­
ent, a fact tbat accounted for early resistance to tbe idea tbat corn could bave arisen from teo­
sinte by buman domestication. Corn bas a single tbick stalk, wbereas teosinte bas numerous' 
thin stalks. Corn also bears one or two large ears, wbereas teosinte bears numerous small spikes 
at eacb node. Tbe tassels (male flowers) of tbe two plants are similar, bowever. Wbere corn 
could not survive witbout buman intervention, teosinte is well adapted to survival in tbe wild. 
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Forty years after my work with Emer­
son on teosinte as a graduate student, 
after a career spent studying the genetics 
of fruit flies and bread mold, I decided 
to return to the study of the relation be­
tween teosinte and corn because of the 
disrepute into which the teosinte hy­
pothesis had fallen. On my retirement 
from academic administration at the 
University of Chicago I set out to deter­
mine the approximate number of genet­
ic differences between teosinte and corn 
by growing large-scale populations of 
corn-teosinte crosses, populations that 
were far larger than any that had been 
grown before. 

The need for a large number of segre­
gating crosses is a consequence of 

Mendelian genetics. Mendel's laws state 
that if there is a difference of only one 
gene between the parents, each original 
parental type will reappear in the plants 
of the second generation with a statisti­
cal frequency of one in four. The pro­
gression is geometric: with two indepen­
dent gene differences the frequency of 
reappearance is one in 16 and with 10 
gene differences the frequency ap­
proaches one in a million. If teosinte and 
corn differed by even as few as 10 genes, 
I would not be able to grow and examine 
populations of crosses large enough to 
produce good segregant offspring equiv­
alent to the original teosinte and corn 
parents. I therefore resolved to grow 
as many as 50,000 second-generation 
plants if necessary; that number would 
give a reasonable chance of finding 
types similar to the original parents if 
there were no more than six or seven 
major gene differences. Since teosinte is 
a short-day plant that will not mature at 
U. S. corn-belt latitudes, I made arrange­
ments with Edwin J. Wellhausen to 
grow the hybrids at the El Batan station 
of the International Maize and Wheat 
Improvement Center near Texcoco in 
Mexico. The work there was done in 
collaboration with Mario Gutierrez of 
the El Batan station and Walton C. Gali­
nat of the University of Massachusetts. 

To minimize the probable number of 
gene differences between the parent 
stocks, we selected a particularly primi­
tive Mexican variety of corn known as 
Chapalote and the most cornlike variety 
of Mexican teosinte, known as Chalco. 
After several seasons of crossing, the 
frequency of reappearance of good par­
ent corn types and teosinte types in the 
second-generation crosses proved to be 
about one in 500. This frequency indi­
cated that there could be approximately 
five major and independently inherited 
gene differences between the parental 
stocks of corn and teosinte, far fewer 
than had been suspected previously. 

These experiments clearly demon­
strated that the genetic differences be­
tween corn and teosinte are not so great 
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that they render untenable the hypothe­
sis of an ancestral relation between teo­
sinte and corn. It therefore seems rea­
sonable that pre-Columbian man could 
have selected and preserved the relative­
ly few mutants required to produce a 
useful crop plant from teosinte, namely 
a primitive corn. 

Nevertheless, Mangelsdorf has con­
tinued to be a major critic of the teosinte 
hypothesis. In 1939 he and Robert G. 
Reeves of Texas A. and M. University 
proposed that teosinte was not ancestral 
to corn but rather was a relatively recent 
species derived from the crossing of 
corn and a grass of the genus Tripsacum. 
Their principal argument was that teo­
sinte is intermediate between Tripsacum 
and corn in many morphological traits. I 
never believed this hypothesis and said 
so in 1939. My reasons were several. 
First, corn and Tripsacum have never 
been known to cross naturally, in spite 
of the fact that they grow in close prox­
imity over millions of acres. Man-made 
crosses can be accomplished only with 
special techniques. Second, none of the 
18 chromosomes of Tripsacum pairs 
normally with any of the 10 chromo­
somes. of corn. Third, the man-made 
crosses of corn and Tripsacum are com­
pletely male-sterile. 

The Tripsacum hypothesis has been 
advocated by its proposers for more 

than a third of a century, with the result 
that it has thoroughly permeated genet­
ic, botanical, plant-breeding and other 
scientific literature, often being trans­
formed in the process from a hypothe­
sis into an established fact. Two recent 
findings, however, have raised serious 
doubts about its validity'. First, contrary 
to Mangelsdorf's assumption that teo­
sinte is of relatively recent origin, two 
seeds much like those of Chalco teosinte 
were recovered recently from an undis­
turbed preceramic horizon dating back 
7,000 years at a site about 20 miles 
southeast of Mexico City. Second, Gali­
nat has demonstrated that the hard fruit 
case of teosinte, which Mangelsdorf 
postulated was contributed by Tripsa­
cum as a block of closely linked genes, 
could not have arisen in that way. The 
reason is simply that the fruit case of 
Tripsacum, in contrast to that of teosinte, 
appears to be governed by genes that are 
not closely linked and hence could not 
have been transmitted to teosinte as a 
block. 

In response to the evidence against the 
Tripsacum hypothesis Mangelsdorf and 
his associates recently made an alterna­
tive proposal. They now contend that 
modern corn is derived from a wild type 
of popcorn known as pod corn and that 
teosinte arose from this wild corn by 
mutation. Their position is a dramatic 
reversal, since Mangelsdorf had former­
ly maintained that teosinte and corn 
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TEOSINTE STILL GROWS WILD in p arts of Mexico and Guatemala. It does not grow at 
temperate latitudes because it is a "short day" plant: it wants only 12 or 13 hours of sunlight 
per day. It also needs warm temperatures. According to the author's hypothesis, pre-Columbi­
an Indians bred it to yield 200 or 300 varieties of corn, adapted to a wide range of conditions. 

were so different genetically that corn 
could not have descended from teosinte. 
If corn could have given rise to teosin­
te, surely the reverse is also possible. I 
would say it is much more probable, 
since teosinte is a highly successful wild 
plant and corn is not. 

If there ever was a wild corn growing 
independently of teosinte, it is now ex­
tinct or is undiscovered in spite of exten­
sive searches. Although it is logically 
impossible to prove that corn never ex­
isted as a wild plant, I see no compelling 

. evidence to indicate that it did. Indeed, 
many ecological factors would have fa­
vored the survival of teosinte over the 
hypothetical wild corn. For one thing, 
the brittle spike of teosinte is a far more 
effective seed-dispersing mechanism 
than the cob of a wild corn would have 
been. Teosinte has many other charac­
teristics that enhance its survival in the 
wild. Its seeds have a dormancy mecha­
nism that ensures their germination un­
der conditions favorable for survival, 
and the hard fruit case of teosinte pro­
vides significant protection to the en­
closed kernels compared with the naked 
or poorly protected kernels of corn. 
Controlled experiments have shown 
that various rodents, birds, insects and 
other animals that feed on seeds much 
prefer corn kernels to teosinte seeds. 

The colors and patterns of the teosinte 
fruit cases camouflage them remarkably 
well, thereby reducing animal feeding. 
The fruit cases vary from gray to brown 
to black, often with mottling, spotting or 

striping; in their color and their oblate 
shape they effectively mimic the pebbles 
and soil particles of the ground on which 
they fall. Moreover, unlike corn, teosin­
te responds adaptively to environmental 
conditions. In fertile soil with optimum 
moisture the plants are large and pro­
duce abundant seed, but under adverse 
conditions their growth is limited and 
they produce just as much seed as the 
available resources allow. Corn, on the 
other hand, gambles on producing a 
minimum of one ear, and if it does not 
do so, it produces no seed at all. 

Therefore if a wild corn did exist, it 
seems highly improbable that it and teo­
sinte could have shared the same habitat 
or overlapping habitats. Teosinte, with 
its many attributes of a successful wild 
plant, would surely have competitively 
replaced the wild corn. Conversely, if 
teosinte and wild corn occupied differ­
ent habitats, it is difficult to believe they 
could have remained as completely 
interfertile as the evidence shows they 
have been for thousands of years. 

What is the archaeological evidence 
for and against the two competing 

hypotheses of the origin of corn? In the 
1940's many cobs were recovered from 
ancient refuse piles in a number of dry 
caves in the southwestern U.S. and the 
Tehuacan valley of southern Mexico. 
Carbon- 14 dating has shown that the 
oldest Mexican cobs were grown ap­
proximately 7,000 years ago. Because 
successive generations of human occu-
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CHALCO 
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SMALL-EAR CROSS 

CHAPALOTE 
CORN 

CHALCO 
TEOSINTE 

F1CROSSES 

F2CROSS 
(SEGREGANT 
SMALL CORN) 

BREEDING EXPERIMENTS were done on a large scale by the author and his colleagues in 
order to determine the approximate number of gene differences between teosinte and corn. Ac­
cording to Mendel's laws, if two related varieties are crossed, progeny similar to the parent 
forms should segregate out in the second generation in direct proportion to the number of gene 
differences between the parents. In order to minimize the possible number of gene differences, 
a cornlike teosinte known as Chalco and a primitive COrn known as Chapalote were selected 
for the experiment. Out of 50,000 crosses about one in every 500 closely resembled either par­
ent, indicating that Chalco teosinte and Chapalote corn differ by only about five major genes. 
That COrn arose from teosinte over a few millenniums of domestication is genetically plausible. 
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pants of the caves allowed refuse· and 
trash to accumulate on the cave floor 
to a depth of about six feet, the cobs 
in different strata reveal a distinct se­
quence of evolutionary changes due to 
domestication. The oldest cobs are only 
about an inch long, and they bore about 
50 to 60 kernels. Mangelsdorf has inter­
preted these cobs as being the remains of 
a genuine wild corn, mainly because of 
their reported uniformity and because 
they were uncovered in strata older than 
those in which the remains of other 
plants known to have been cultivated 
have been found. 

The alternative explanation, and to 
me the more plausible one, is that the 
oldest archaeological cobs represent 
stages in the transition of teosinte to 
corn through a process of human selec­
tion. What is the evidence for this alter­
native? First, the ancient cobs are much 
closer-morphologically to teosinte than 
the cobs of modern corn. For example, 
some of the earliest cobs are brittle and 
have two rows of kernels, both teosin­
te traits. Second, cobs closely match­
ing the archaeological cobs are readily 
recovered in second-generation and lat­
er crosses 'of modern corn and teo�in­
teo Third, if the earliest archaeological 
specimens were wild corn and dispersed 
their seeds by means of a brittle cob, it is 
difficult to explain how the cobs could 
have survived harvesting, transporta­
tion to the caves where they were found, 
shelling of the kernels and mixing with 
the other debris on the cave floor. If the 
cobs wen! not brittle, however, and the 
cobs in question clearly do not appear to 
have been, how would they have been 
able to disseminate their seeds without 
human help? 

In spite of the impressive evidence in 
favor of the direct origin of corn from 
teosinte, Mangelsdorf and his associates 
persist in believing the direction of the 
change was from a primitive wild corn 
to teosinte. The major line of evidence 
to support this view rests on the analysis 
of fossil pollen. Corn and teosinte pol­
lens are indistinguishable except by size: 
corn pollen is significantly larger. In 
1954, during the excavation of the 
Belles Artes site in Mexico City, 14 ana­
lyzable pollen grains were recovered 
from construction drill cores at a depth 
of 70 meters, corresponding to an age 
of 80,000 years. Of the 14 fossil pol­
len grains five were judged by Elso S. 
Barghoorn of Harvard and his col­
leagues to be those of corn on the basis 
of size. Barghoorn concl uded that be­
cause the stratum in which the pollen 
was found antedated the presence of 
man in the Western Hemisphere, the 
large pollen grains must have come 
from an ancient wild corn that had origi­
nated separately from teosinte. Man­
gelsdorf later wrote that the fossil pol­
len "shows beyond a reasonable doubt 
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INNER 
GLUME 

TUNIC ATE MUTATION could have been a crucial step in the evo­
lution of teosinte into corn. The teosinte spike, with each kernel com­
pletely encased in a hard fruit case, is shown in the drawing at the left. 
The tunicate mutant, with the fruit cases reduced to a series of shal­
low cupules and the kernels enclosed in individual husklike glumes, 
is shown in the drawing at the right. The tunicate form has less of a 

tendency to shatter on ripening and the kernels can be easily threshed 
free of the chaff, making it a much more useful food plant. A single mu­
tation is therefore capable of transforming teosinte into a logical pro­
genitor of modern corn. Further selection could then have reduced 
the size of the tunicate glumes, yielding naked kernels that could be 
removed from the cob of the plant without the need for threshing. 

that the ancestor of cultivated corn was 
corn, not teosinte or any other of corn's 
relatives. " 

There is reason, however, to doubt 
this interpretation. For one thing, 

there is a close correlation between the 
size of pollen, the length of the ear and 
the distance a pollen tube must grow 
through a silk or style. Primitive corn 
and teosinte, with their tiny ears, have 
small pollen grains that cannot fertilize 
the kernels of large modern ears with 
their long silks. Assuming that the pos­
tulated wild corn was at least as small 

• and primitive as the 7,000-year-old ar­
chaeological ears found in the Tehuacan 
valley, the correlation of pollen size and 
short ears indicates that the drill-core 
pollen is clearly too large for wild corn. 
One possible explanation is that the 
large drill-core pollen arose from a teo­
sinte with four sets of chromosomes (a 
tetraploid) whose pollen had not yet 
been reduced by natural selection to the 
minimal effective size. Such tetraploids 
are known to occur. 

A second and more likely possibility 
is that the pollen in question is not an­
cient at all but is the result of contami­
nation of a drill core during or after the 
samples were taken. Indeed, extraordi­
nary care would have been required to 
have completely avoided contamination 
of the cores by modern pollen, and it 
is doubtful that such precautions were 
observed with drill cores taken primar­
ily for construction purposes. For these 

reasons it seems clear that the fossil-pol­
len evidence is at best inconclusive. 

A second argument against teosinte as 
an ancestor of corn is that it is not clear 
how its nutlike seeds with their heavy 
shells could have been used as food by 
primitive man. This view has persisted 
in spite of early Spanish evidence that 
teosinte seeds were indeed used as food, 
since young teosinte spikes can be eaten 
before the fruit cases harden. In 1939, 
without knowledge of any documented 
use of teosinte as food, it occurred to me 
as a boyhood lover of popcorn that per­
haps teosinte seeds would pop. A sim­
ple experiment demonstrated that they 
do; the popped kernels, exploded out 
of their fruit cases, are indistinguish­
able from popped corn. That teosinte 
could have been prepared in this way 
by preceramic man seems likely. Ker­
nels placed in a fire, on glowing em­
bers, on hot rocks or on heated sand pop 
very well and either pop free of the fire 
or can be retrieved with sticks or tongs. 

I have also had a try at cracking dried 
teosinte seeds with the primitive grind­
ing stones employed by the pre-Colum­
bian Indians some 8,000 years ago: the 
mano and metate. The Field Museum of 
Natural History in Chicago kindly lent 
me 8,000-year-old archaeological speci­
mens for the experiment. I concluded 
that in a day an energetic person moti­
vated by sufficient hunger could sepa­
rate enough partially shell-free teosinte 
meal from the ground shell-kernel mix­
ture by a simple water-flotation method 

to feed a small family for a day or more. 
Whole mature teosinte seeds can be eat­
en directly by first soaking them in water 
until they have been sufficiently soft­
ened to chew. The shells can be either 
swallowed or selectively spit out. 

I know of a simple and plausible mech­
anism by which teosinte could have 

been converted by domestication into a 
more useful food plant and a logical 
precursor of corn. The modern mutant 
corn called pod corn or tunicate corn 
has soft, leaflike flaps known as glumes 
covering each kernel. Mangelsdorf and 
his associates have suggested that the 
early archaeological corn could have 
had the genetic equivalent of the tuni­
cate trait, since archaeological corn has 
noticeable tunicate glumes whereas the 
glumes of modern corn are reduced to 
scales on the cob that cannot be seen 
until the kernels are removed. In fact, 
Mangelsdorf has employed tunicate 
types of modern corn to breed recon­
structions of the earliest archaeological 
specimens .. 

I now believe the tunicate trait had a 
far more important bearing on the ori­
gin of corn than has been recognized. 
Galinat generously gave me several 
strains of a teosinte cross carrying tun i­
cate genes from corn, and with these 
crosses I was able to produce many ad­
ditional strains by backcrossing them 
with teosinte. The resulting modified te­
osintes had many of the characteristics 
Emerson had postulated as being the 
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NOBOGAME TEOSINTE 

2 

CHALCO TEOSINTE 

ARCHAEOLOGICAL CORN 

EVOLUTION OF THE CUPULE from tbe fruit case of teosinte to 
tbe compacted cob of modern corn provides strong support for tbe 
origin of corn from teosinte. Two progressive cbanges are apparent 
in tbis evolutionary sequence. First, tbe dimensions of tbe cupule 
gradually sbift from a vertical orientation in teosinte to a horizontal 
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4 

CORN-TEOSINTE CROSS 

CHAPALOTE CORN 

MODERN CORN 

orientation in modern corn. Second, tbe space between tbe adjacent 
cupules, corresponding to tbe back of tbe fruit case in teosinte, is re­
tained in primitive corn but tben is gradually reduced. In modern corn 
cupules are closely packed to yield a rigid, dense cob. Drawings are 
based on work of Walton C. Galinat of University of Massachusetts. 
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first steps in the transformation of teo­
sinte into corn. The fruit cases of the 
tunicate-teosinte crosses were converted 
into shallow, softer, cuplike structures 
called cupules. Moreover, the glumes 
that protect the kernels and seal them 
within the fruit case were enlarged and 
softened, so that they could be scraped 
off with a fingernail to reveal the ker­
nel underneath. There was also much 
less tendency for the modified teosinte 
spikes to shatter on ripening. 

A single mutation is therefore capable 
of transforming teosinte, with its hard, 
!\hell-like fruit case, into a plant from 
which the naked kernels can be threshed 
with ease. If the tunicate-mutant change 
was indeed an early step in the transfor­
mation of teosinte into corn, the pres­
ence of the tunic ate trait in the archaeo­
logical specimens would be accounted 
for. The plausibility of this hypothesis 
seems further enhanced by the fact that 
the gene responsible for the tunicate 
trait is dominant rather than recessive. If 
in the early stages of human cultivation 
a tunicate mutant of teosinte had arisen 
and had been selected for planting, it 
would not have seemed to disappear 
in the next generation through outcros­
sing, as a recessive mutant would have. 
The reduced tunic ate glumes of modern 
corn can be easily explained. After the 
development of the tunicate form of te­
osinte, in subsequent stages of domesti­
cation the ancient Indian plant breeders 
would clearly have found it desirable to 
reduce the tunicate trait by selecting for 
cobs with naked kernels, which could be 
removed without threshing. 

A new and important piece of evi­
dence supporting the transformation of 
teosinte into corn has been provided 
by Galinat, who compared the cupules 
of the oldest archaeological corn with 
those of both modern teosinte and mod­
ern corn. In teosinte and sometimes in 
primitive corn the cupules are higher 
than they are wide. In contrast, in north­
ern flint corn and its modern descend­
ants the cupules are wider than they are 
high. Galinat has examined a series of 
archaeological cobs from New Mexico 
dating from 1400 B.C. to A.D. 1400 and 
has found that the cobs can be placed in 
an evolutionary continuum from teosin­
te to modern corn on the basis of pro­
gressive modifications of the cupule. In 
teosinte each cupule in a vertical row 
alternates with an interspace represent­
ing the back of the adjacent fruit case. 
This space also undergoes a progressive 
evolutionary change; it is retained in ar­
chaeological cobs but is progressively 
reduced, so that in modern corn-belt 
corn the cob is stiffly clad in vertical 
rows of compacted cupules, with virtu­
ally no space between them. 

The fruit case-cupule relation seems 
overridingly persuasive as evidence that 
the direction of change was from teosin­
te to corn. How else can one account for 

the cupule of the corncob, clearly pres­
ent in the earliest archaeological speci­
mens? As Galinat has pointed out, the 
cupule indicates that corn must have 
evolved from an ancestor with a cupu­
late fruit case. With Tripsacum exclud­
ed, teosinte remains the sole candidate. 
There is no other living or known extinct 
species that so logically satisfies all the 
criteria. 

Another line of evidence that supports 
I\. the teosinte hypothesis comes from 
the study of regioqal language and folk­
lore. The word teosinte comes from the 
Aztec teocentli, meaning "God's ear of 
corn." How did the Aztecs know that 
teosinte was related to corn? Is it a case 
of cultural memory? Moreover, in many 
parts of Mexico teosinte is known as ma­
dre de maiz ("mother of maize"), pre­
sumably from an earlier native designa­
tion. With many other existing native 
names for teosinte in the various parts 
of its range, this would appear to be a 
rewarding area for linguistic analysis. 
H. Garrison Wilkes of Harvard has 
also found evidence in regional folk­
lore for the role of teosinte in prehis­
toric times. According to Wilkes, the ex­
plorer C. Lumholz, who traveled exten­
sively in Mexico at the turn of the cen­
tury, noted that in the Nobogame area 
teosinte growing in or near fields of corn 
was said to be "good for the corn." 

ActuallY,there is good evidence that 
teosinte growing adjacent to fields of 
corn improves the vigor of the crop. The 
reason is that under primitive conditions 
of culture corn is grown in small areas, 
often relatively isolated from other corn 
populations, and seed is saved from 
each crop for successive plantings. In­
breeding is thereby intensified, and after 
several generations the vigor and yield 
of the population is reduced. If teosinte 
grows adjacent to such isolated plots or 
even in them, crosses between it and 
corn occur. The frequency of the crosses 
depends on a number of factors, such as 
spatial relations and relative times of 
pollination. When corn is pollinated by 
teosinte, the resulting kernels are usual­
ly indistinguishable from pure corn and 
so may be unwittingly chosen for plant­
ing. The resulting first-generation cros­
ses show marked hybrid vigor: we grew 
corn-teosinte crosses in Mexico that 
were 12 to 15 feet high and had as many 
as 4,000 kernels on one plant. 

Although the ears of such crosses are 
small and undesirable and hence are not 
chosen as seed for the succeeding crop, 
the crosses will have shed abundant pol­
len, which is disseminated widely be­
cause of the plants' tallness and vigor. 
The cross will therefore be the male par­
ent in backcrosses to corn in the next 
generation. Some of the backcross prog­
eny will be good corn showing marked 
hybrid vigor and increased yield, and 
second- and later-generation backcros-

ses could result in an even higher fre­
quency of high-yielding corn plants. 
In this way the corn will be rejuve­
nated according to the same principles 
employed in developing modern high­
yielding hybrid corns. 

The rejuvenation of corn populations 
by crossing with teosinte has been dem­
onstrated in a well-controlled experi­
ment by Robert J. Lambert and Earl R. 
Leng of the University of Illinois at Ur­
bana-Champaign. They crossed a well­
adapted, high-yielding inbred line of 
corn with four varieties of teosinte and 
made successive backcrosses to the in­
bred corn parent. Yields in the second 
and third backcrosses were increased by 
as much as 100 percent. Such crossing is 
not infrequent in parts of Mexico where 
corn and teosinte grow together. In these 
populations corn and teosinte genes are 
exchanged regularly at a low frequency, 
thereby maintaining hybrid vigor. 

With modern practices of corn-seed 
production hybrid vigor is con­

trolled and maximized without repeated 
introduction of genes from teosinte. In 
the long run, however, there may be a 
need for a wider range of genetic diver­
sity, for example to increase resistance 
to disease, and teosinte might well sup­
ply it. In 1973, 40 corn breeders and 
corn geneticists were polled on the ad­
visability of banking seeds from a large 
array of teosinte varieties and from vari­
ous corn-teosinte crosses of the second 
generation and later ones. Of those 
polled 35 regarded the seeds as a valu­
able source of genetic diversity likely to 
prove useful in the next decade or so, 
five considered the proposal interesting 
but of dubious scientific or plant-breed­
ing value and none thought the seeds 
unworthy of preservation. A similar 
poll on the desirability of preserving 
wild teosinte populations would cer­
tainly have elicited an equal or more 
positive response, since a number of 
wild populations of teosinte in Mexico 
and Guatemala have already been de­
stroyed. Others are in danger because 
teosinte is a highly favored food of both 
wild and domestic grazing animals. 

Except for the rather haphazard teo­
sinte-seed-bank program relatively little 
has been done. In part the reason is that 
teosintes are short-day plants not readi­
ly cultivated at temperate corn-belt lati­
tudes. There are now a number of ge­
netically adapted day-neutral teosintes, 
however, that may prove to be of signifi­
cant value in more extensive breeding 
programs. It would therefore be wise to 
establish teosinte preserves at appropri­
ate latitudes and altitudes in such pro­
tected areas as parks, archaeological 
sites, botanical gardens, agricultural 
colleges and commercial and govern­
ment corn-breeding stations. The cost in 
money and effort would be insignificant 
and the benefits could be enormous. 
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Rabies 
This ancient scourge of man is perpetuated by infected wild animals, 
notably skunks, bats and foxes. The classic Pasteur vaccine treatment 
can now be replaced by a shorter and less painful series ofinoculations 

by Martin M. Kaplan and Hilary Koprowski 

On May 2 1, 1908, the Philadel­
phia North American carried the 
headline, "Drugged at His Own 

Request, Victim of Hydrophobia Dies 
Peacefully." The accompanying article 
was the dramatic story of a successful 
manufacturer who had taken medical 
courses and recognized the inevitable 
course of hydrophobia, or rabies, after 
the appearance of the laryngeal spasms 
that are the early symptoms of the dis­
ease. He described to the attending phy­
sician the probable entry .of the virus (he 
had scratched an eczematous patch on 
his thigh after treating bite wounds on 
his bulldog), arranged his business af­
fairs and asked for opiates for the con­
vulsions he knew would come before his 
death. Aulus Cornelius Celsus in the 
first century A.D. would have prescribed 
treatment by ducking in a pool, and if 
Celsus' preventive measures had been 
followed, including immediate excision 
of the bitten tissue and cauterization of 
the wound with a hot iron, the victim's 
life might have been spared. 

There are references to rabies earlier 
than those of Celsus. Aristotle in the 
fourth century B.C. erroneously stated 
that man, but not any other animal, was 
exempt from contracting rabies from 
the bite of a mad dog. Achilles called 
Hector a "rabid dog" in the Iliad (before 
700 B.C.), and the following reference 
appears in the Mesopotamian "Laws of 
Eshnunna" (before IS00 B.C.): "If a dog 
is mad and the authorities have brought 
the fact to the knowledge of its owner; if 
he does not keep it in and it bites a man 
and causes his death, then the owner 
shall pay two-thirds of a mina (40 shek­
els) of silver. If it bites a slave and caus­
es his death, he shall pay 15 shekels of 
silver." 

In 1546 the Italian physician Girola­
mo Fracastoro portrayed vividly what it 
is like for a human being to be afflicted 
with rabies. "Its incubation [following a 
bite by a rabid animal] is so stealthy, 
slow and gradual that the infection is 
very rarely manifest before the 20th 
day, in most cases after the 30th, and in 
many cases not until four or six months 
have elapsed. There are cases recorded 
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in which it became manifest a year after 
the bite." Once the disease takes hold 
"the patient can neither stand nor lie 
down; like a madman he flings himself 
hither and thither, tears his flesh with his 
hands, and feels intolerable thirst. This 
is the most distressing symptom, for he 
so shrinks from water and all liquids 
that he would rather die than drink or be 
brought near to water; it is then that they 
bite other persons, foam at the mouth, 
their eyes look twisted, and finally they 
are exhausted and painfully breathe 
their last." 

The standard modern treatment en­
tails a painful series of from 14 to 21 
inoculations of vaccine following an ex­
posure to an animal that is known to be 
or is suspected of being rabid. Every 
year more than a million people, in­
cluding more than 30,000 in the U.S., 
go through this disagreeable procedure. 
Fortunately it is rapidly being supplant­
ed in several countries (but not yet in the 
U.S., where the Food and Drug Admin­
istration is still considering it) by a dif­
ferent type of vaccine that Tadeusz J. 
Wiktor, we and other workers devel­
oped at the Wistar Institute of Anatomy 
and Biology. It entails only four to six 
inoculations and so far has been without 
side effects. 

The human fear of rabies is well 
founded; few people are known to have 
recovered from the disease after the 
clinical symptoms have appeared. The 
great Austrian actor and playwright 
Ferdinand Raimund shot himself on 
August 25, 1836, a day after he was bit­
ten on the hand by a dog that had also 
bitten other people and was later killed 
by a policeman. Raimund had had a 
morbid fear of rabies since his child­
hood and once even thought he had con­
tracted the disease because a dog had 
licked a piece of bread he was eating. 

A successful defense against rabies 
infection requires that treatment start 
within a short time after a patient has 
been bitten. Notwithstanding the suc­
cesses with vaccines and more than a 
century of laboratory work on rabies, 
such matters as when and how the rabies 
virus produces disease and how the vac-

cines achieve protection are still poorly 
understood. 

. 
Although rabies is found in a wide vari­

n ety of mammals, in the past the 
main reservoir and transmitter of rabies 
in most countries has been dogs. The 
Greeks called the disease lyssa (frenzy) 
and the Roma"ns used the word rabere 
(to rage), from which the modern term is 
derived. In antiquity the disease was as­
sociated with the appearance of Sirius 
(the Dog Star) in the "dog days" of sum­
mer, when dogs were considered to be 
particularly subject to madness. 

For centuries it has been recognized 
that the causative agent of rabies is asso­
ciated with the saliva of mad dogs, but it 
was not until early in the 19th century 
that proof of the relation was obtained 
experimentally (a considerable feat in 
the history of infectious disease). In 
1804 the German worker G. Zinke dem­
onstrated that the disease is infectious 
by inoculating normal dogs with saliva 
from rabid dogs, and in 1821 Fran�ois 
Magendie and Gilbert Breschet infected 
dogs with human saliva, proving that 
the same agent was involved. Not until 
modern techniques utilizing the electron 
microscope and tissue culture began to 
be employed about 20 years ago was the 
viral agent itself characterized. 

In the electron microscope the rabies 
virus resembles a bullet.· Chemically 
the rabies virus consists of lipids, pro­
teins and one species of ribonucleic acid 
(RNA). Taxonomically it belongs to the 
rhabdoviruses, a large group of viral 
agents that affect plants, insects and 
both warm-blooded and cold-blooded 
animals. 

Until recently, because of a lack of 
reagents that could identify the specific 
antigenic determinants of the various 
components of rhabdoviruses, it was 
impossible to study the problems of the 
interrelation and evolution of these vi­
ruses. Now, however, the availability 
of monoclonal antibodies, particularly 
those that detect antigenic determinants 
on the nucleocapsids of viruses belong­
ing to the rabies group, may allow the 
study of interrelations among various 
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RABIES VIRUSES appear at an enlargement of about 116,000 di­
ameters in tbis electron micrograpb of a slice of tissue from tbe brain 
of a rat infected witb rabies. Tbe cbaracteristic bulletlike sbape of tbe 

virus is evident in many of tbe dark forms. Tbe dark circular forms 
are viruses in cross section. Tbe micrograpb was made by Carey Cal­
laway of tbe Center for Disease Control, U.S. Public Healtb Service. 
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rhabdoviruses and provide a better in­
sight into their evolution from a com­
mon ancestor. 

The antigens represented by glyco­
proteins and nucleocapsid proteins until 
recently were thought to be similar, if 
not identical, regardless of the strain of 
rabies virus from which they could be 
isolated in relatively pure form, This as­
sumption was based on a similar immu­
noreactivity of the antigens with anti­
rabies serums obtained from animals 
immunized with rabies virus, 

When rabies-virus preparations were 
studied in immunoassays with rabies­
specific monoclonal antibodies pro­
duced by hybridomas in tissue culture, 
however, it became apparent that strains 
of rabies virus formerly considered as 
being identical or very closely relat­
ed could be quite different antigenical­
ly, For example, two fixed laboratory­
adapted virus strains derived from the 
rabies virus originally isolated by Louis 
Pasteur differed antigenically both from 
the Pasteur virus and from each other, 
and the much-attenuated Kelev strain 
reacted with only one hybridoma out of 

six hybridomas tested, all of which were 
prod ucing monoclonal antibodies, In 
contrast to the marked antigenic differ­
ences observed among fixed laborato­
ry-adapted strains of rabies, different 
"street" viruses (isolated from naturally 
infected animals in many parts of the 
world) show similar antigenic specifici­
ties when they are tested against a panel 
of monoclonal antibodies, 

The results with monoclonal anti­
bodies also reflect differences in the 

antigenic composition of the glycopro­
teins of rabies-virus strains, A Flam­
mand, Wiktor and one of us (Koprow­
ski) have been studying the reactions of 
monoclonal antibodies against the nu­
cleocapsid isolated from various strains 
of rabies virus, Contrary to expecta­
tions, we have discovered that nucleo­
capsid proteins can be classified into 
different antigenic groups, These results 
have also enabled'us to establish the ex­
istence of antigenic determinants com­
mon to nucleocapsids of the rabies virus 
and what are known as rabies-associated 
viruses. Two such viruses, Makola and 
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Lagos Bat, were isolated from human 
beings and bats in Nigeria, In contrast 
to the rabies virus, the Makola virus has 
been found to cause a nonlethal disease 
in human beings, Another African strain 
of rabies-associated virus, the Duven­
hage strain, was isolated from a dying 
man in South Africa. Glycoproteins of 
this strain have been found to react only 
with the two hybridomas that also react 
with rabies-virus nucleocapsids. 

Monoclonal antibodies can potential­
ly be produced relatively cheaply and in 
large quantities. Since they react more 
specifically than antibodies in the ani­
mal serums employed for the diagnosis 
of rabies in infected cells, monoclonal 
antibodies should replace animal se­
rums for such purposes. They may also 
eventually replace horse or mule antira­
bies serums, which cause unfavorable 
side reactions in from 15 to 20 percent 
of inoculated people. In addition they 
should replace antirabies gamma globu­
lin of human origin, which is expensive 
and difficult to obtain, in the postexpo­
sure treatment of people bitten by rabid 
animals. 
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STRUCTURE OF VIRUS is portrayed sche­
matically, beginning at the far left. The inter­
nal cylindrical core is surrounded by two en­
velope proteins, here numbered 2 and 3 to dis­
tinguish them from the glycoprotein spikes' 
that cover the virus. Treatment with a deter­
gent (NP40) removes the spikes. Further treat-
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Although the events of viral replica­
tion in an infected cell are fairly well 
understood, it remains unclear what 
happens just before that, after the ra­
bies virus has been deposited in the 
body tissue (usually in a wound caused 
by a bite). Recent work by Frederick A. 
Murphy of the Center for Disease Con­
trol in Atlanta found in newborn ham­
sters the first evidence of viral replica­
tion in muscle cells near the entry 
wound. This replication may provide a 
sufficient amplification of viral particles 
to create an infectious dose. On the oth­
er hand, the original inoculum of viral 
particles in saliva may be sufficient for 
the purpose. 

The viral particles penetrate the nerve 
endings and progress toward the spinal 
cord in the axoplasm (the protoplasmic 
fluid that circulates in the axons of the 
neurons, or nerve cells, in the nerve 
trunks). The movement of the virus in 
the axons is passive, at a speed of about 
three millimeters per hour. The axons 
lead to the cell bodies of the neurons, 
which are situated in ganglia in the dor­
sal branch of the spinal nerves just be-
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fore it enters the spinal cord. The infec­
tion spreads progressively up the spinal 
cord through the synapses of neurons 
with one another, also affecting the 
chain pf other ganglia alongside the 
cord. The course of the virus through 
the spinal cord leads rapidly to the 
brain, where the virus multiplies. The 
infection then follows the nerve trunks 
outward to all parts of the body, includ­
ing the salivary glands, which are the 
crucial site for the t�ansmission of the 
virus to another animal. The virus mul­
tiplies further in the salivary glands. 

The cycle may take weeks or months. 
It is not known how or where the virus 
remains in a latent and undetectable 
form during prolonged incubation peri­
ods. Nor is it known what balance of 
factors determines why rabies develops 
in certain individuals and not in others, 
but from the symptoms and the cause of 
death (respiratory failure) it is evident 
that the function of the neurons must be 
seriously impaired. Also not known is 
what arrests the disease in most natural­
ly infected people, including those who 
have been vaccinated. Neutralizing anti-
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ment with another detergent (DOC) disrupts the particle, making it possible to isolate a nucleo­
capsid consisting of from 30 to 3S coils of ribonucleoprotein. Further treatment with SDS and 
2-ME digests the components of the virus so that single-strand ribonucleic acid (RNA) can 
be separated from the nucleocapsid protein. On analysis the glycoprotein is found to account 
for about 48 percent of the viral protein, the nucleocapsid protein for about 32 percent and the 
envelope proteins for 20 percent. A minor nonstructural protein is also present in the nucleo­
capsid. The analysis reveals that lipids such as cholesterol make up about 1 percent of the virus. 

bodies, certain "killer" lymphocytes at­
tacking rabies-infected cells and inter­
feron may all be involved in halting in­
fection. (Interferon is the protein manu­
factured by cells stimulated by a variety 
of infectious agents, including the rabies 
virus.) What is not clear is the interrela­
tion of these factors. 

Babies is found in most parts of the 
ft world. The major areas free of it 
are Australia and Antarctica, certain is­
lands (including New Zealand, Hawaii, 
Britain and Ireland) and the Scandi­
navian countries except for the border 
region of Denmark. For centuries the 
principal vector of the disease was the 
dog, but for a variety of reasons (incluq­
ing ecological shifts and the vaccination 
of dogs) the dog has been superseded by 
other animals in many parts of the 
world in recent years, particularly since 
World War II. 

All warm-blooded animals are sus­
ceptible to both natural and artificial in­
fection with rabies virus, but their sus­
ceptibility varies widely from species to 
species. For example, skunks, opossums 
and fowl are relatively resistant, where­
as foxes, cats and cattle are highly sus­
ceptible. Human beings and dogs occu­
py an intermediate position. 

In the dog the incubation period is 
usually from three to six weeks, but it 
can be as short as 10 days and in rare 
instances as long as a year and perhaps 
even longer. The early signs are an alert, 
troubled air and a change of disposition 
followed by restlessness, snapping at 
imaginary flies and licking or gnawing 
the site of the bite. The animal is often 
fearful and hides. 

Between the third and the fifth day 
after the appearance of these early signs 
the paralytic syndrome emerges in ei­
ther the "furious" or the "dumb" form . 
In the furious form the dog is restless 
and snaps at moving objects, and toward 
the end the lower jaw hangs and saliva 
drools. Paralysis and convulsions fol­
low. In the dumb form the owner may 
think the dog has something lodged in its 
throat. The dog is not irritable and rare­
ly bites. It is lethargic and likely to hide. 

In cats rabies follows a similar course . 
The signs of the disease in horses and 
cattle are irritation, restlessness and 
unusual aggressiveness. Rabies in such 
large animals is usually not transmitted, 
since they rarely bite people or other 
animals. 

In wild animals the chief characteris­
tic of rabies is the loss of fear of man and 
larger animals. The trait is particular­
ly evident in foxes, jackals, skunks and 
bats. The signs usually resemble those in 
a rabid dog. An unprovoked biting at­
tack by any wild animal, with the possi­
ble exception of a rat in a crowded ur­
ban setting, should give rise to a strong 
suspicion of rabies. 

In many parts of the world the ma­
jor problem with rabies is its transmis-
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You can wait years for new 
developments to appear in 
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standard texts. spend 
hundreds of hours extracting 
them from journals or you can 
subscribe to Scientific 
American Medicine. 

-Adjuvant chemotherapy 
for breast cancer utilizing CMF 
enhances survival among pre­
menopausal women with axillary 
lymph node involvement. 
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-Posttransfusion hepatitis 
is usually caused by "non-A, 
non-B" viruses. 

I 
-Lidocaine fails to control ven­
tricular arrhythmias in as many as 
20 percent of acute M.1. patients. 
Procainamide, given by a bolus 
and continuous infusion method, 
is effective in most of these cases. 

-Poorly ventilated recreational 
vehicles are a new, significant car­
bon monoxide poisoning hazard. 

-Cerebral embolism, producing 
both transient ischemic attacks 
and permanent strokes, is a com­
plication of mitral valve prolapse. 

-Spectinomycin is effective 
for disseminated gonococcal 
disease caused by penicillinase­
producing organisms. 

SCIENTIFIC AMERICAN Medicine is 
the clinician's answer to the dif­
fuseness of the periodicals and 
the prepublication obsolescence 
of the textbooks. 

Because its authors update 
SCIENTIFIC AMERICAN Medicine every 
month, it is always current. 
Because the new information 
that affects patient management 
appears in a single source, there 
can be no loss through diffusion. 

This 2,000-page, innovative 
union of publishing and elec­
tronic technology is the work 
of leading scholar-practitioners 
from Harvard and Stanford. The 
editors are Edward Rubenstein, 
M.D., FA.C.P., and Daniel D. 
Federman, M.D., FA.C.P. 

Each month as authors update 
their contributions, revisions are 
entered on the magnetic tape 
on which the text and index are 
stored. The tape drives high­
speed phototypesetting equip­
ment so that subscribers receive 
about eight new chapters and a 

-Adenine arabinoside has been 
licensed for treatment of herpes 
simplex encephalitis. 
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new index every four weeks; a 
bulletin highlights the new 
developments. 

New material replaces old 
material in the living text, so 
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up-to-date, at your fingertips. 

A CME program of eight pa­
tient management problems of­
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available at no extra cost. 
Authorities from first-line institu­
tions create the problems unqer 
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of Postgraduate Medical Educa­
tion and the Educational Testing 
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for continuing medical educa­
tion, the Stanford University 
School of Medicine designates 
this continuing medical educa­
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teria for 32 credit hours in Cate­
gory 1 for Educational Materials 
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been completed according to in­
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sion by wild animals. Spotted skunks 
(Spilogale putorius) were associated with 
human rabies in Lower California dur­
ing the first quarter of the 19th centu­
ry. In recent years skunks (mostly the 
striped skunk, Mephitis mephitis) have 
come to account for more than half of 
all rabies cases reported in the U.S. A 
rabid skunk may excrete the virus in its 
saliva for as long as 18 days before dy-

ing; it is also likely to be quite aggressive 
during that period. These characteristics 
make the skunk an effective perpetuator 
and disseminator of rabies both to other 
skunks and to other wild animals. 

Fox rabies was first noted in Europe 
early in the 19th century, but it appar­
ently did not attain major importance 
until the 20th century. The reasons for 
the increased incidence are not known. 

REPRODUCTION OF VIRUS by budding from an infected cell is evident in this electron mi­
crograph. The cell membrane is the dark body running diagonally across the bottom of the mi­
crograph; one rabies-virus particle is just budding from the membrane and two are above it. 

NEGRJ BODY provides a means of diagnosing rabies. The fish-shaped structure in the center 
of this micrograph is a brain cell from a bovine victim of rabies. The dark elliptical object in 
the upper right section of the cell is the Negri body, named for the Italian physician Adelchi 
Negri, who discovered this characteristic structure in 1903. The structure appears in the cyto­
plasm of an infected cell late in the course of the disease. The Negri body is not always pres­
ent and can be missed or misdiagnosed, so that it is now only one of several diagnostic signs. 
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Today the red and the gray fox are the 
primary reservoir of rabies in continen­
tal Europe, the entire northern circum­
polar region including Greenland and 
parts of Asia and North America. Fox 
rabies is particularly serious in Europe, 
where the disease has spread steadily at 
a rate of about 30 kilometers per year 
from east to west since World War II. 
Coming by way of Poland and Germa­
ny, it has almost reached the English 
Channel in northern France and has 
penetrated most of the eastern and 
southern parts of France and the rest of 
continental Europe. 

About 50 percent of the foxes in a 
heavily infected area die from rabies. In 
West Germany fox rabies has been ob­
served to recur in cycles of three years, 
so that even a death rate of 50 percent is 
insufficient to make the disease disap­
pear spontaneously. A population den­
sity of one fox per square kilometer is 
enough to maintain an infection among 
the resident foxes. Experience in Den­
mark has shown that the disease disap­
pears only when the fox population is 
reduced to one per four or five square 
kilometers. 

Bram Stoker'S classical novel Dracula 
deals with ancient folktales of vam­

pires and vampirism. The story is set in 
Transylvania (Romania), and it centers 
on human vampirism, the sucking of hu­
man blood by an "undead" person who 
leaves his grave at night. This super­
stition spread widely in Europe in the 
18th century, particularly in Hungary 
and Serbia. In Meduenga, a village near 
Belgrade, in 1732 and again in 1737 a 
medical commission incl uding three reg­
imental surgeons decreed the disinter­
ment of many bodies, which received 
the prescribed treatment for vampires. 
Driving a stake of ash wood through the 
chests of supposed vampires, of whom 
suicides were the chief suspects, became 
such a pastime in Europe that in 1823 a 
law was enacted in England specifically 
prohibiting the mutilation of the body 
of a suicide by driving a stake through it. 

In European witchcraft tales bats and 
vampires were often interchangeable. 
(Although Stoker never names the ani­
mal Dracula resembled in his nightly 
wanderings, the description of the spec­
ter suggests a bat.) Thus Pietro Mar­
tire d'Anghiera, the first bishop in the 
New World, perhaps did not consider 
it strange to record early in the 16th cen­
tury: "In several places bats not much 
smaller than turtle doves used to fly at 
[men] in the early evening with brutal 
fury and with their venomous bites 
brought those injured to madness." Sim­
ilar observations of bat bites and deaths 
in man and animals were recorded by 
early Spanish colonists in the Mexican 
peninsula of Yucatan and in what is now 
Panama. 

Notwithstanding the long folk tradi­
tion of bat bites as a source of rabies, the 
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link was not proved until some 50 years 
ago. In Trinidad Joseph L. Pawan ob­
served that natives sleeping outside their 
dwellings because of the heat were often 
attacked and bitten during the night by 
dark, fast-moving creatures Pawan rec­
ognized as bats. The human victims, 
who never felt the bites, became sick six 
weeks later and died of rabies. About 10 
years earlier the relation of bites by rab­
id bats to paralytic rabies in cattle had 
been established in southern Brazil. 

Vampire-bat rabies kills hundreds of 
thousands of cattle annually in Latin 
America, afflicting all countries except 
Chile. Although most vampire bats that 
have been infected experimentally be­
come paralyzed and die within a few 
weeks, some of them remain without 

. visible symptoms and shed virus in their 
saliva for months and even years. The 
bats live in colonies and have been ob­
served to fight not only among them­
selves but also with fruit-eating and in­
sectivorous bats, to which they can 

transmit rabies. The first bat-transmit­
ted rabies case north of the Mexican 
border may have been an episode in the 
1940's involving a giraffe that died of 
rabies in the San Diego Zoo. The epi­
sode was associated with a large incur­
sion of insectivorous bats. The presence 
of rabies-infected bats in the U.S. was 
not believed, however, until 1953, when 
rabies virus was isolated from the brain 
tissue of an insectivorous bat that in 
broad daylight had bitten a boy in Tam­
pa, Fla. 

Many attacks on human beings by 
rabid insectivorous bats have since been 
recorded. They involve more than 50 
species of bats in almost all the states of 
the U.S. and in many Latin-American 
countries. It is not clear whether the 
thousands of naturally infected insectiv­
orous bats found in the U.S. over the 
past 25 years represent a spread of infec­
tion or merely reflect the discovery of an 
already widespread incidence of the dis­
ease among bats. 

There is some evidence that bat rabies 
can be transmitted without a bite: In 
Texas a state entomologist who spent a 
great deal of time in the Frio Cave in 
Uvalde County contracted rabies in 
1957 without having been bitten; the dis­

ease was probably transmitted from in­
fected bats by inhalation. Coyotes, foxes 
and opossums in screened animal proof 
cages exposed to the air in the cave all 
died from rabies. Eventually rabies vi­
rus was isolated from samples of the air 
in the cave. 

Before the advent of modern medical 
concepts the treatment of rabies in 

human beings included more than the 
usual quota of bizarre practices. An­
cient Chinese physicians regarded musk 
and cinnabar as infallible. Ducking 
stools had their day, and so did treat­
ments with wormwood or the ashes of 
seahorses. In 1806 the New York legis­
lature awarded $ 1,000 to John M. Crous 
for discovering a "cure" consisting of a 

PRINCIPAL ANIMAL VECTORS of rabies are indicated for the 
major regions in which the disease appears. In the U.S. skunks, main­
ly the striped skunk (Mephitis mephitis), account for more than half 

of all the rabies cases diagnosed in animals; some 50 species of insec­
tivorous bats account for almost 15 percent. In places where dogs are 
the principal source of exposure for human beings, cats are usually 
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tablet made from the pulverized jaw­
bone of a dog, the dried tongue of a 
newly foaled colt and corroded copper 
from an English penny minted during 
the reign of George I. Among Western 
frontiersmen it was not unusual to treat 
animal bites with "madstones," which 
were the gallstones of rare white deer or 
white cattle. 

Dabies was the first human disease 
l.� forwhichasystematicallydeveloped 
vaccine was successful. Pasteur and his 
colleagues, starting in 188 1, found that 
the "poison" of rabies (the virus) could 
be obtained in relatively pure form from 
the brain and spinal cord of an infected 
animal. A major advance was the dis­
covery that by the repeated passage of 
the virus in rabbits street virus, which 
has an extended and variable incubation 
period, could be converted into a fixed 
form with a short and constant incuba­
tion period of from five to seven days. 
This kind of virus was eminently suit-

0, 
, 

-. 

() 
second. Australia, the British Isles and much 
of Scandinavia are free of rabies; animals be­
ing imported are put in a lengthy quarantine. 

able for the preparation of a vaccine. 
Pasteur's success with a vaccine in 

dogs encouraged him in 1885 to try it on 
one Joseph Meister, who later became 
a janitor at the Pasteur Institute. Al­
though Meister had been severely bitten 
by a rabid animal, he survived. The test 
paved the way for wider trials in human 
SUbjects. On the whole they were suc­
cessful. 

Pasteur's success began with an exper­
iment being done by his colleague Emile 
Roux, who had put in an incubator 
flasks containing the suspended spinal 
cords of rabbits that had died of experi­
mentally induced rabies. Roux was try­
ing to determine how long the virus 
would persist at a temperature of 37 de­
grees Celsius (98.6 degrees Fahrenheit, 
or body temperature). Pasteur modified 
the technique by adding potassium hy­
droxide as a drying agent and holding 
the flasks at room temperature. 

His stroke of genius was to prepare a 
series of from 2 1  to 28 inoculations con­
sisting of spinal-cord suspensions start­
ing at the 14th day of drying, by which 
time the virus was innocuous, and pro­
gressing through suspensions dried for 
from 13 to three days. The last several 
suspensions were capable of causing ra­
bies in rabbits, but by that time the earli­
er inoculations had conferred enough 
immunity to provide protection against 
the disease. 

Since then a number of modifications 
of Pasteur's method have been intro­
duced. Most of them sought to improve 
the keeping quality of the vaccine. Nev­
ertheless, the principle of vaccine based 
on nerve-tissue suspensions has been re­
tained and is still employed in most de­
veloping countries because it is easy to 
produce and inexpensive. 

The Pasteur procedure was not with­
out complications, the worst of which 

is that the fixed virus in the vaccine re­
mains capable of causing rabies and 
sometimes does so when it is improperly 
prepared. Indeed, in 1886 Pasteur him­
self was accused of causing with his vac­
cine the death of a 10-year-old boy in 
Paris. Pasteur's opponent was Georges 
Clemenceau, who later twice became 
prime minister of France. In the 1860's 
Clemenceau briefly practiced medicine 
in New York and taught French in a 
girls' school in Stamford, Conn. He was 
a persistent advocate of spontaneous 
generation (opposed by Pasteur) and 
stuck to this viewpoint until he died in 
1929. At the hearings Pasteur was sup­
ported by Paul Brouardel, the director 
of the laboratory, and by Roux (in spite 
of Roux's resentment over Pasteur's 
having copied his drying procedure). 
Brouardel and Roux recognized that a 
defeat for Pasteur could set back French 
medical science for decades and might 
expose the laboratory to lawsuits. Pas­
teur was vindicated, and his vaccinal 
procedure came into wide use through 
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� � � � � � HYBRIDOMA 

� � � 
ANTI-ERA ANTI-CVS ANTI-STREET 

MONOCLONAL.ANTIBODY TECHNIQUE provides a highly specific means of differen. 
tiating one strain of rabies virus from another. Mice are immunized with rabies virus or with 
isolated components of the virus, such as a glycoprotein or a nucleocapsid. One injection of 
such an antigen is given intraperitoneally and is followed three or four weeks later with a boost. 
er given intravenously. After three or four days the spleen is removed and a suspension of 
mouse lymphocytes is fused in the presence of polyethylene glycol with mouse myeloma cells 
grown in culture and deficient in the enzyme hypoxanthine guanine ribosyltransferase. The 
fused cells, called heterokaryons, are placed in a culture medium that prevents the growth of 
myeloma cells. Since mouse lymphocytes too cannot grow into a permanent line in culture, 
the colonies that appear in the culture dishes consist solely of hybrid cells combining traits of 
lymphocytes and myeloma cells. These cultures, called hybridomas, are cloned for the produc. 
tion of daughter cultures originating from one hybridoma cell. The clones are examined for the 
presence of specific antibodies against such rabies·virus strains as "ERA," "CVS" and "street." 
A hybridoma that makes a particular rabies antibody can be maintained indefinitely in culture. 
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Pasteur institutes established in other 
countries. 

Notwithstanding a complete and in­
tensive course of Pasteur treatment, 
some rabies patients died. Therefore in 
1889 Victor Babes and M. Lepp devel­
oped a new approach in treating human 
beings who had been exposed to rabies. 
They immunized animals with rabies 
and obtained from them blood serum 
containing antibodies against the virus. 
They administered the serum in con­
junction with the Pasteur vaccine. At the 
time the treatment was not widely ac­
cepted because of equivocal results. 

In the 1940's Karl Habel of the Na­
tional Institutes of Health reawakened 
interest in the serum technique, and as a 
result of additional serum studies by one 
of us (Koprowski) a trial in human be­
ings of antirabies serum prepared in 
horses was recommended in 1950 by 
the committee on rabies of the World 
Health Organization (WHO). The op­
portunity came in 1954 when a rabid 
wolf bit 29 people and several domestic 
animals in a village in Iran. Under the 
plan of the experiment one group of hu­
man victims received the normal course 
of vaccine and the other received se­
rum in addition to the vaccine. Of 13 
who received the dual treatment only 
one died, whereas three of five peo­
ple with similar wounds died after the 
standard treatment with potent vaccine 
alone. Eleven people more mildly ex­
posed survived in spite of the treatment. 

Today antirabies gamma globulin 
(the concentrated fraction of the blood 
serum containing antibodies) is widely 
employed in conjunction with vaccine. 
Yet because of the poor potency of 
many current vaccines the short-term 
immunity provided by serum can inter­
fere with the lasting antibody-producing 
effect of the vaccine. It was therefore 
necessary to find a more potent vaccine 
to overcome this interference. Other 
reasons for trying to develop a more po­
tent vaccine were to reduce the schedule 
of two or three weeks of daily inocula­
tions required for the current vaccines 
and to eliminate their side effects, which 
were sometimes serious enough to cause 
paralysis and death. 

In the 1960's Wiktor, �tanley A. Plot­
kin and we therefore undertook in­

tensive laboratory studies to develop a 
vaccine prepared from virus grown in 
normal human embryonic cells. After 
almost 10 years of research a highly po­
tent vaccine was produced that protect­
ed monkeys against challenge by viru­
lent rabies virus, even when only one 
inoculation of the vaccine was given 
within a few hours after the challenge. 

The new vaccine was subjected to a 
stringent test in human beings in 1975 
and 1976 at the Pasteur Institute in Te­
heran under the direction of M. Bah­
manyar, who had participated in the 
earlier wolf-bite tests. The recent tests 
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At last! 

There must be a better way! 
Statistical analysis, the organization 
and interpretation of numerical data, 
used to mean rolls and rolls of addirig 
machine tape, hours of calculations, 
waiting for computer time, or an un­
checked error at the start birthing a 
monstrous error in the end. But 
that's all over! 

TRS-80 speeds and simplifies! 
W ith Radio Shack's best-selling 
TRS-80 microcomputer, people hav­
ing a minimum knowledge of data 
analysis techniques, and no com­
puter programming experience, can 
now perform the sophisticated com­
putations needed for accurate and 
detailed conclusions. Random sam­
ples, histograms, T-tests, linear re­
gression and more are simplified. 
The secret? TRS-80's easy-to-Iearn 

FREE TRS-80 CATALOG! 
24 fact-filled pages. \llite: 

Dept. CMA-416, BOO One Thndy 
Center, Ft. Worth, Texas 76102 

�1fJ"ltatistical Analysis (and a lot more) 
Olade easy by the 
lo�-cost TRS-80t® 

co Olputer! 

BASIC computer language and 
Radio Shack's prewritten software 
(programs on cassette tapes) for 
statistical analysis. 

If you can playa cassette tape, 
you can use TRS-80 computer. 
Over 50 other software packages are 
available, including Real Estate, 
Word Processing, Payroll, Account­
ing, Personal Finance, even fast­
paced computer games like Flying 
Saucers and Micro Chess.  A l l  
software is highly interactive, mean­
ing the computer asks you to "fill in 
the blanks" with data via the 
keyboard, then presents the answer 
on the screen ---= or prints it, if you 
add a TRS-80 printer. 

The details are nearby! 
We've covered only a small sample of 
what TRS-80 can do - and what it's 
doing now for well over 100,000 

Store, retrieve and analyze 
volumes of data. Compute 
averages. Catalog collections. 
Use graphics to dramatize or 
prove your ..,oint. Balanc e yo'!r 

-ciletl,oook. It's all possible, 
and that's only the beginning! 

TRS-80 Model I 
Level II, 16K System 

$849* 

people from all walks of life. Visit 
one of our 7300 stores or 50 new 
Computer Centers in major cities for 
a "hands on" demonstration! 

New TRS-SO Model II 
Designed especially for business 
and professional applications. 
Built-in 8" disk - expandable to 
4 disks, 2 megabytes memory. 
Priced far below competition. 
Complete Model II systems 
from $3450:" 

Designed and buUt in the USA by 

Iladlo Ihaeli 
The biggest name in little computers@) 

* Retail prices may wry at individual stores and dealers. A DIVISION OF TANDY CORPORATION. FORT WORTH, TEXAS 76102 
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I magi nation  a nd Resea rch 
on the F rontiers of Sc ience 
Books of S pec i a l  I n te rest  to Read e rs 
of Scien tific A merica n 

G RAV I TAT I O N A L  C U RVAT U R E  
An I ntroduction to E i nste i n 's Theory 

Th eodore F ra n k e l ,  U n i versity of Ca l i for n i a ,  Sa n D i ego 

This  fresh i n troducti on  to gravitati ona l  c u rvatu re captu res 

th e geometric essence of th e su bject i n a m odern mathe­

matical  sett ing.  R ep l ac i ng someti m es ted i ous analytical 

com putat i o n s  wi th geometric argu ments, th e boo k presents 

new derivations for E i nste i n 's equati ons of grav itation a l ong 

with oth er  resu l ts.  The derivati ons p resented a re at once 

clear ly  m otivated and m ath em atica l l y  clean and s imp le. 

Gravitational Curvature i n c l u des n ew and attractive deriva­

tions for th e defl ecti on of l i gh t, Schwa rzsch i l d 's exteri or 

and i n ter ior  sol u tions, and the Oppenhe im er-Vol koff equa­

t ions i m po rtant i n  the study of ste l l a r  structu re. 

The book stresses the g lobal  aspects of cosmol ogy and is  

su itab le  for i ndependent stu dy. The reade r should h ave a 

bac kgro u n d  in R iemannian  geom etry and bas ic physics, or 

some fam i l i a rity with relativity theory .  Backgrou nd chap­

ters, with derivati ons, are i nc lu ded on specia l  rel ativity, 

conti n u u m  m echan ics, and e l ectromagnetism. 

1 979, 1 72 pages, 29 i l l ustrations,  c loth $20.50 ,  paper  $9.95 

CANC E R  
Science and Society 

John Cai rns, M i l l  H i l l  Laboratory , London 

"The best book th at I have read expl a i n i ng ca ncer to the 

i n te l l i gent l ay m an . "  -B ruce N .  Ames, U n i versity of Ca l ifornia, 

Berke ley 

A com m o n  cause of death i n  the i n dustri a l i z ed Western 

worl d ,  cancer  is  one of th e m ost feared of a l l  d iseases. 

D i spe l l i ng th e m i s i nformati on su rrou n d i n g  ca ncer, Joh n 

Ca i rns rev i ews i ts n atu re, i ts causes, i ts p l ace am ong othe r  

d i seases, the cu rrent  state of research,  and t h e  prospects for 

i ts fi n a l  conquest. H e  convi nc ing ly  argues that cancer is 

l a rge l y  due to control l a b l e  var i a b l es in the h u m ,! n env i ron-

ment  and shou l d  th erefore be preventa b l e .  

Written c l ear ly b u t  n e v e r  s im p l ist ica l l y ,  Cancer: Science 

and Society is for the general  p u bl ic  as wel l as for physi­

c i ans,  m edica l  stu dents,  and stu dents of b i o l ogy.  Refere nces 

to the tec h n ical  l i te ratu re on th e su bject a re g iven th rough­

out  the book for th ose who wish to read i n  m o re . depth . 

1 978, 1 99 pages, 52 i l l ustrat i o n s ,  paper $8.25 

II 
l 3 1 A 

F RACTA LS 
Form, Chance, and Di mension 

Benoit B .  Mandel brot, IBM Fel l ow, I n ternational B usiness 

Mach ines Corporation, Thomas J. Watson Research Center 

"The new and fasc i nati n g  worl d of patte rns p resented here 

is a l l  the justification th is book n eeds. R ead i t, or better 

yet, l ook at the p ictu res. It is i nconceivable th at it  woul d  

fa i l  to give some food for th ought. "-American Scientist 
Fractals: Form, Chance, and Dimension is an i ntrigu ing  

invest igation th at c la ims  th e geom etry of fracta ls  i s  n eces­

sary to descri be geometric shapes i n  natu re. Mandel brot 

exam i nes fractal appl icati ons for descri b i n g  the su rface of 
th e earth, th e c lusteri n gs of sta rs, and th e shapes of cl ouds, 

sn owfl a kes, and oth er  forms appeari ng i n  n atu re.  

1 97 7 ,  365 pages, 68 i l l ustrat ions ,  c l oth $20.00 

w. H .  F reeman and Company 
660 Market Street, San F ranc isco, CA 941 04 
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Will there 
ever be another 
TV series 
as worthwhile as 
Sesame Street? 

Yes, thank goodness. 
It starts Monday, 
January 14. 

Joan Ganz Cooney and 
her Children's Televi­
sion Workshop saw a 
way 10 years ago to 
teach kids, using the 
medium kids love best. 
The happy result was 
Sesame Street . 
Does anyone have to be 
told Sesame Street went 
on to become one of the 
most successful TV 
shows ever? 

Now Joan Cooney and 
the Workshop are ready 
with a new series every 
bit as significant as 
Sesame Street . It's called 

3-2-1  Contact. It will be 
on PBS stations Mon­
days through Fridays. 

3-2 - 1  Contact is about 
science . If you just said 
ugh, maybe it's because 
you grew up without a 
show like this, which is 
a pity . And a national 
problem . 

Thousands of bright 
and inquisitive young­
sters start their school 
years with a natural 
interest in the sciences.  
But they get turned off 
before they ever reach 
junior high school . 
Thousands of scientists 
and engineers are lost to 
America in the process.  
3-2 - 1  Con tact will keep 
curiosity alive in 8-to 
12-year olds by bringing 

the same excitement to 
science and technology 
that Sesame Street 
brought to the child's 
first recognition of 
letters and numbers . 

The National Science 
Foundation, The U . S .  
Department o f  Edu­
ca tion, and the Cor­
poration for Public 
Broadcasting all con­
tributed sizable sums to 
help put 3 -2 - 1  Con tact 
on the air. 

So did we. 

Our motives are simple . 
We invest more than 
a million-and-a-half 
dollars a day in scientific 
research and devel-

Otis elevators, Pratt & 
Whitney Aircraft jet 
engines, Carrier air 
conditioners, Sikorsky 
helicopters and other 
high-technology prod­
ucts the best in their 

. fields-and to create 
new and still better 
products . The United 
Technologies $2 million 
grant for this show is 
part of our investment 
in the future. We're 
pleased to make it.  

And we're happy to in­
vite you and your 8-to 
12-year old friends to 
watch 3-2- 1 Contact. See 
your local TV listings for 
the broadcast schedule. 

opment to keep ou' 

C UN ITED TECH NOLOGIES 
Hartford. CT 06 1 0 1  

1 3 1B  
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An Encvclopedia of Science. For all who have an active interest in the 
work of science, the new Index transforms the collected issues of SCIENTIFIC AMERICAN 
into an encyclopedia of the substance and history of modern science. It is actually eight dif· 
ferent indexes in one : 

I ndex to Topics - a  rotated key-word index of the subject matter of all articles and Science and the 
Citizen features ( see above ) .  

I ndex to Proper Names - the names o f  all persons mentioned i n  the articles and Science and the 
Citizen and of places and institutions featured in a primary role .  

Listing of Tables of Contents- a  chronological l ist ing of the complete contents of all 362 issues that 
provides ready identification, by titles and authors, of the articles cited in the two foregoing indexes . 

I ndex to Authors- an alphabetical l isting of authors of all articles . 

I ndex to Titles of Articles - an alphabetical l isting of all articles by the first key word in each t i t le ,  
and by the other key words in the title.  

I ndex to Book Reviews - a  l isting of the longer book reviews in three parts : authors of books,  titles 
and reviewers . 

I ndex to M athematical Games - a  l isting of the puzzles, games and diversions presented in this 
department since its inception in J anuary 1957,  under the editorship of M artin Gardner. 

I ndex to The Amateur Scientist- a  l isting of all the proj ects , experiments and demonstrations pre­
sented in this department from April 1952 through February 1976 under the editorship of the late C. L. Stong 
and from J uly 1977 through J une 1978 under the editorship of J ear! Wal ker. 
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Enjoy direct entry 
to 30 years of 

SCIENTIFIC 
AMERICAN 

in the new 
Cumulative Index 

1948-1978 
"This kind of meticulous cross-referencing inspires 

confidence. Only a very persistent gremlin could lose 
something from SCIENTIFIC AMERICAN down a 
black hole . . .  " -The New Library World .  Lon d o n .  J u n e  1 979 

" You people sure know how to organize an 
index! " -Donn P. Brazier. D i rector, 

St. Lou i s  M u seum of Science and N a t u ra l  H i story 

" This index is an invaluable complement to thirty years of 
SCIENTIFIC AMERICAN. Aside from the usual author and title indexes, there is a topic 
index-a kind of permuted key-word index-which takes the reader-researcher below the 
level of title index . "  -New Technica l  Books. 

The New York P u b l i c  L i b ra ry. Ju ly  1 9 79 

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

L 

SCIENTIFIC 
AMERICAN 41 5 Mad ison Avenue .  Dept .  C I .  New York, N .Y . 1 001 7 

Yes, send me copies of the new SCIENTIFIC AMERICAN 
Cumulative Index to the 362 issues from May 1948 to June 1978, at the 
price of $45 each plus $2.50 for shipping. If I enclose payment, you 
will absorb the shipping charge. 

o My check for $ is enclosed, saving me $2.50 shipping charges. 
o Bill me for $45 each copy, plus shipping. 

Name __________________________________________ ___ 
Address ______________________________________________________ ___ 
City ______________________________________________________ ___ 
State ________________________________________ Zip ______________ _ 
( Please add sales tax for Cal i fornia.  Illinois, Massachusetts ,  Michigan. Ohio a n d  New York. ) 11801 -------------------------------------------
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included two episodes of wolf bites in­
volving nine people and six episodes of 
dog bites involving 36 people. The bit­
ing animals were shown to have rabies. 

. The exposed individuals received serum 
and a total of only six doses of the new 
vaccine rather than the 21 doses that 
were standard for the old one. The treat­
ment of some of the victims did not start 
until more than three days after expo­
sure (for one it was 14 days), a delay that 
past experience has shown will almost 
certainly result in death from rabies in 
some cases. None of the 45 people died 
of rabies. The vaccine is now employed 
routinely in many countries. 

A critically important step in the pre­
vention of rabies after exposure is to 
treat the wound itself as soon as possible 
with virus-destroying solutions such as 
soap and water, alcohol, iodine and qua­
ternary-ammonium disinfectants. If an­
tirabies serum is available, it can be infil­
trated around the wound. Suturing the 
wound should be delayed if possible. 

Although spontaneous recovery from 
rabies once the disease takes hold has 
been reported, it is extremely rare. In the 
past two decades only two patients have 
survived; they were treated by around­
the-clock monitoring of vital functions 
(the respiratory, cardiovascular and 
nervous systems) and prompt interven-

INACTIVATION 
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tion to restore them when the disease 
reached its critical stages of excitement 
and coma. Apart from these rare excep­
tions, Moses Maimonides' observations 
in his Treatise on Poisons (1198) are still 
valid: "Everything mentioned in the lit­
erature against the bite of a mad dog is 
useful, if at all, only when applied be­
fore the Rabies sets in. When such is the 
case, I have as yet seen nobody who es­
caped with his life." 

Another way to attack rabies is to try to 
.f\. control it in animals. Many of the 
large rabies-free islands have success­
fully invoked quarantine periods of sev­
eral months for dogs, cats and related 
carnivores being brought into the coun­
try. Effective and inexpensive vaccines 
are available to protect animals against 
rabies. One inoculation before exposure 
is sufficient to protect most animals for 
three years. Dog and cat rabies in cities 
can be easily controlled by vaccinating 
the animals and not allowing them to 
run free. Vaccines are also employed to 
protect livestock. 

The control of rabies in wildlife is ex­
tremely difficult. Efforts to curb fox 
rabies by reducing the fox population 
have usually met with only temporary 
success. A plan to vaccinate foxes orally 
by means of bait (chicken heads con-
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taining capsules of attenuated-virus vac­
cine) is being tested in Europe. It is a 
questionable procedure because little is 
known about how such a strain of virus 
will behave under natural conditions 
of multiplication and possible passage 
from fox to fox. The virus may revert to 
virulence. 

The coptrol of bat rabies presents 
even more formidable difficulties. Ef­
forts to reduce the vampire-bat popu­
lation in Latin-American areas heavily 
afflicted by rabies have been fairly suc­
cessful, but the procedures employed 
(ingestion of blood anticoagulants) 
seem to be feasible»nly on a local scale 
and are inapplicable with other species 
of bats. The commoner method of pro­
tection against bat rabies is the vaccina­
tion of cattle. 

Even though rabies is one of the old­
est recognized diseases of man, it re­
mains a puzzle in many ways. Many of 
its factors (and their interrelation) need 
elucidation: the latency and prolonged 
incubation periods of the virus and the 
respective roles of antibody, of lympho­
cyte cell-mediated immunity and of in­
terferon. The answers to such questions 
will be of importance not only for rabies 
but also for many other infections of the 
central nervous system that remain a 
medical and biological mystery. 

FOUR TO S I X  

INOCULATIONS 

VACCINE 

VACCINE PROCEDURES are depicted, beginning (bottom) witb 
the conventional technique that originated with Louis Pasteur. An 
animal such as a sheep is injected in the brain with a fixed strain of 
rabies. On becoming sick the animal is killed, and its brain tissue is re­
moved and homogenized in a blender. The virus is then inactivated 
by physical or chemical means. The treatment of a person exposed to 

rabies consists of from 14 to 21 injections of the inactivated virus 
under the skin of the abdomen. The treatment is painful and some­
times causes undesirable reactions. The new vaccine (top) is made 
from tissue cultures infected with an adapted fixed strain of rabies. 
The virus is inactivated and the resulting preparation is concentrated 
and purified. The vaccine is more potent than the Pasteur vaccine. 
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How 10 eel an honesl 30Hz 
from a 1.25 cubic fool speaker syslem. 

The story behind the new KLH Computer Controlled Loudspeakers:M 
With the introduction of acoustic 

suspension more than 20 years ago. the 
nets that are substantially smaller 
than ever before possible. 

loudspeaker indus- ,----------------, The KLH-1 is 
one example. 
From a 1 .25 cubic 
foot cabinet. it 
delivers bass to 
30 Hz ( -3dB) at 
105 dB s.p.!. with 
absolutely no pos­
sibility of overload 
distortion. 

try took an impres­
sive step forward. 
This technology 
allowed speaker 
manufacturers to 
achieve ful l-range 
frequency response 
in a cabinet sub­
stantially smaller 
than any previous 
ful l-range loudspeaker. 

Since then. breakthroughs have 
come and gone in the industry. But none 
that has significantly reduced the size of 
a true. ful l-range system. 

The reason is actually quite simple. 
Accurate bass reproduction requires a 
woofer to displace a large volume of air. 
In a small system with a small woofer. 
the woofer cone must therefore travel a 
long way to reproduce the lower fre­
quencies. 

Although a small woofer is per­
fectly adequate most of the time. occa­
sional high level. low frequency signals 
can drive the cone well  beyond its 
intended excursion. causing severe over­
load distortion. 

To avoid this. it has been necessary 
to attenuate lower frequencies in small ­
er systems. Which is why small speak ­
ers have always had compromised bass. 

The KLH 
Analoe Bass Computer. TM* 

To solve this problE;lm. we devel­
oped a completely new 
approach - computer control. 

We designed a separate compo­
nent. the KLH Analog Bass Computer. as 
an integral part of the entire speaker 
system. This component sits next to the 
receiver or amplifier and constantly 
monitors its output. The computer 
derives an electronic analog of cone 
motion. and controls the woofer at the 
precise instant at which overload distor­
tion would otherwise occur. 

With this kind of accurate. reliable 
control. our designers were free to 
extract the optimum theoretical perfor­
mance for any given cabinet size. And 
develop a line of loudspeakers that can 
deliver extended bass response in cabi-

Beyond the COmputer. 
Since the Analog Bass Computer 

and the speakers must be designed as a 
Single. integrated system. we started 
from scratch with the objective of 
optimizing our new technology. 

To achieve the widest possible 
bandwidth with 
acceptable effi­
ciency. we 
employed sixth­
order equalized 
systems. Com­
bined with the 
Analog Bass Com­
puter. these sys­
tems provide a 
-3dB point equal 
to conventional 
acoustic suspension 
systems of at least 
four tim83-their 
volume. 

In keeping 
with our objectives. 
we also refused to 
compromise other 
elements of the 
design. 

For our cones. 
we selected polypropylene. a material 
first developed for use in studio moni­
tors by BBC engineers. The movement 
of polypropylene reflects the electrical 
signal more faithful ly than either paper 
or bextrene. The result is a remarkably 
clear. transparent. uncolored midrange. 

For our speaker baskets. we used 
die-cast aluminum rather than stamped 
steel. 

And we used massive magnet 
assemblies. optimized for the sixth­
order design. 

Three Applications. 
Final ly. we applied all we had 

learned to accomplish three distinct 
objectives. 

Our first objective was to produce 
a speaker that raises the absolute level 
of low-frequency response in a cabinet 
that is sti ll practical for the home envi­
ronment. The new KLH-1 does exactly 
that. It delivers flat bass to 30 Hz 
( -3dB) from a floor standing unit just 
1 1 "  x 30V2" X 10%". At a price per pair 
of $ 1 1 00** including Analog Bass 
Computer. 

Our second objective was to pro­
vide the best possible combination of 
price and performance. Our solution is 
the KLH-2. At $660** per pair with 
computer. the KLH-2 can deliver flat 
bass to 38 Hz ( -3dB) at 102 dB s.p.1. 

from a cabinet that 
measures 10%" x 
21" x 8V2" . 

Our third and 
final objective was to 
design a moderately 
priced speaker with 
performance equal 
to or better than 
anything near the 
cost. in a cabinet one 
fourth the size. This 
is the KLH-3. It mea­
sures 8V2" x 12V2" X 
6". delivers bass to 
40 Hz ( - 3dB) at 
95 dB s.p.1. and costs 
$450 ** per pair 
including computer. 

The new line 
of KLH Computer 
Controlled Loud­
speakers. 

Listen to them. 
For more information. call 

toll-free 800-225-6042 (in Mass. 
1 -800-532-9566) . Or write KLH 
Research and Development Corp . .  
145 University Avenue. Westwood. 
MA 02090. In Canada: The Pringle 
Group. Ontario. - �- - -- - --- -

-- - ��� =. =--
=-- =­- �-- -

"Patent applied for. 
""Manufacturer's suggested retail price. 
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HP computer and measurement advances 

To help you design m ore efficient dynamic structures ­
fro m lawn mowers to a ircraft - m ore efficiently. 

Almost every structure vibrates . 
Analyzing the characteristics of its 
vibrations can tell you a great deal 
about how something-say an 
airplane wing or a power mower 
blade-will behave in use. And 
whether design changes can im­
prove its performance, lengthen 
its useful life, or let you select al­
ternative materials or avoid over­
designing with traditional ones . 
The HP 5423 structural dynamics 
analyzer is the newest, smallest, 
and least expensive of Hewlett­
Packard's family of modal 
(Fourier) analyzers . As such, it 

1 36 

puts the benefits of modal analysis 
within the grasp of small manufac­
turers who previously thought 
they couldn't afford such a tool. 
Although compact enough to be 
conveniently transportable, the 
HP 5423 has an impressive reper­
tiore, with broad computed mea­
surement capabilities in the d.c .  to 
25 kHz range that deliver answers 
upon which you can base design 
decisions . 
Vibration data from a mechanical 
structure can be easily analyzed 
after some training by your pre­
sent design staff without the ser-

vices of a specialist . The instru­
ment delivers answers in the form 
of animated displays , showing 
the deformation of the structure 
under test for each mode of vibra­
tion. The structure can be viewed 
from virtually any vantage . It can 
be rotated about any desired axis 
and viewed in perspective . 

. 

Results can also be displayed as 
tables or graphs. All data can be 
stored for further study on a built­
in digital magnetic tape cartridge. 

Price of the structural dynamics 
analyzer is $36,000* .  
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" extend your possibil ities. 

H P's new flexible capi l lary col u m n :  
a technological  a n swer t o  a 
gas chro m atog ra pher's p rayer. 

Now HP's flexible, fused silica 
capillary column can claim all 
these attributes and a few more . In 
developing this revolutionary col­
umn, HP drew on its extensive 
research in fiber optics . Close 
communiCation between this 
technical branch and our chroma­
tography pros had suggested the 
possibility of modifying fiber 
optic production techniques for 
the manufacture of silica GC 
capillaries . 
This fusion resulted in a thin­
walled glass column, inherently 
straight yet very flexible, which 
can be wound into a coil without 
heating. The column's inherent 
straightness delivers the chroma­
tographer from the tedious, deli­
cate task of straightening the 
ends, and permits direct column 
connections . 
And because there are virtually no 
metal oxides in the silica, analyses 
previously difficult or impossible 
can be performed with negligible 
sample adsorption or column 
deterioration. 
Prices range from $100 * for a 
12-metre length to $275 * for 50 
metres.  

Any chromatographer can tell 
you: the ideal GC column would 
be highly inert, thermally stable, 
mechanically strong, and easy to 

use . And the chromatographer 
will then probably point out that 
satisfying all these requirements 
at once has never been possible . 

For more information, mail the 
coupon to Hewlett-Packard, 1502 
Page Mill Road, Palo Alto, CA 
94304. Or call the HP regional of­
fice nearest you: East (301) 258-
2000, West (714) 870-1000, Mid­
west (312) 255-9800, South (404) 
955-1500, Canada (416) 678-9430. 

Flio- H EW LE T T  
a:� PAC KA R D  

Mail to: Hewlett-Packard. 1502 Page Mill Road. Palo Alto. CA 94304 
Please send me further information on 

) HP 5423 structural dynamics analyzer 
) HP flexible GC capillary column 

Name _____________ _ 
Company ____________ _ 
Address _____________ _ 
City ______ State __ Zip ___ _ 

·Domestic U.S. prices only. 00040 
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The Origins of the Water Turbine 
How did the water wheel evolve into the water turbine, 

the machine that converts a head of water into shaft 

power and provides a fourth of the world's electricity? 

T
he water turbine currently pro­
duces about a fourth of the 
world's electric power. Hydro­

electricity is and will continue to be an 
immensely important component of en­
ergy production. In Europe a century 
and a half ago, however, the role of the 
water turbine was quite different. It was 
harnessed not as a means of generating 
electricity but as an improvement over 
the conventional hydraulic prime mov­
er, the water wheel, and as an alterna­
tive to the steam engine for driving ma­
chinery. 

In the 18th century the harnessing of 
the steam engine in British mines and 
mills was a crucial factor in achieving 
increased and more profitable produc­
tion of coal, textiles, iron and other com­
modities. The view came to be accepted 
that one of the keys to growth in manu­
facture, that is, to bringing about an "in­
dustrial revolution," lay in a country's 
capacity to generate power. 

The steam engine epitomizes Britain's 
break with the traditional European 
"wood and water" technology in favor 
of one based on coal and iron. By about 
1820 this transition was, if not complete, 
advanced well beyond the point of no 
return. It was by no means, however, the 
result of shrewd planning on the part 
of British engineers and industrialists. 
They had little choice. First wood sup­
plies and then water-power resources 
became so overused, depleted and even­
tually exhausted, at least in Britain's key 
areas, that alternatives had to be found. 

At the beginning of the 19th century 
not every country with aspirations to in­
dustrialize could emulate Britain's ex­
ploitation of easily won and cheap coal. 
One such country was France, where 
the most abundant energy resource was 
water. Indeed, houille blanche (literally 
"white coal") is to this day the French 
term for water power. Harnessing its po­
tential with more and better hydraulic 
motors was seen to be vital to achieving 
industrialization. In 1826 the Societe 
d'Encouragement pour l'Ind ustrie N ati­
onale, whose formation 24 years earlier 
was a tacit recognition of the generally 
backward state of French industry, of-
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fered a prize of 6,000 francs to anyone 
who "would apply on a large scale, in a 
satisfactory manner, in factories and 
manufacturing works, the water tur­
bines or wheels with curved blades of 
Belidor." 

Belidor was an 18th-century hydrau­
lic and military engineer, Bernard For­
est de Belidor (1693-1761), who had de­
scribed water wheels with curved blades 
in a monumental work, Architecture hy­
draulique. published in four volumes be­
tween 1737 and 1753. The wheels were 
located on the Garonne River at Baza­
cleo They belonged to a class of water 
wheels known as roues a cuve. or tub 
wheels. They were horizontal wheels, as 
opposed to the more familiar vertical 
water wheel. The tub wheel was about a 
meter in diameter and was set in the base 
of a tall cylindrical chamber. A tapered 
sluice supplied large quantities of wa­
ter at a tangent to the chamber, so that 
the water entered the chamber with an 
appreciable rotational velocity. The 
weight of water above the wheel, togeth­
er with the water's fto:w through the 
curved blades, made the wheel rotate 
through a combination of pressure and 
kinetic energy. 

T
he tub wheels at Bazacle, and others 
like them elsewhere, had been de­

rived from a simpler open form of 
wheel, turned by a water jet, through a 
process of steady evolution incorporat­
ing many increments of change and re­
finement. This wheel was a horizontal 
one known as a Norse mill; it was first 
illustrated early in the 15th century but 
was alluded to in an Irish document 
of the eighth century. The Norse mill 
achieved a wide distribution on the con­
tinent of Europe and in Ireland and 
Scotland but curiously was unknown in 
England and Wales. In the evolved form 
of the tub wheel it was particularly char­
acteristic of southwestern France, the 
Pyrenees and Spain. 

Belidor's reputation was such that his 
favorable description of the tub wheel 
must have persuaded the society, even 
more than half a century after his death, 
that this machine was the most amena-

ble to improvement and was therefore a 
good basis for .developing the water 
wheel of the future. Tub wheels did, in 
fact, have much in their favor. They 
were not difficult 'to build and install, 
and they were reliable and convenient in 
operation. The tub wheel was not, how­
ever, particularly efficient; at its best it 
reached an efficiency of 20 percent, and 
15 percent was more typical. 

By the 1820's much more efficient hy­
draulic motors were already at work in 
the Western world. There was the classic 
vertical water wheel, called the Vitruvi­
an wheel after Marcus Vitruvius Pollio, 
the Roman engineer-architect of the first 
century B.C. It had evolved into three 
basic types: overshot, breast-shot and 
undershot. In the 1750's a series of 
cleverly contrived and perceptively 
observed experiments by the English 
instrument maker and engineer John 
Smeaton (1724-92) had demonstrated 
that overshot water wheels were superi­
or, being at least 60 percent efficient and 
therefore twice as good as the under­
shot type. These conclusions, skillfully 
drawn by Smeaton from tests on work­
ing models. disengaged any further Brit­
ish interest in hydraulic-motor theory. 
Overshot water wheels quickly came to 
predominate in Britain until steam pow­
er took over completely. 

French inquiries into water-power 
theory advanced on a much broader 
front, and French engineers succeeded 
in identifying two fundamental require­
ments of the ideal hydraulic motor. 
First, the water must always enter the 
motor without impact. Second, the wa­
ter should have lost its initial velocity by 
the time it flows out of the motor. Both 
criteria insist in effect that no hydraulic 
energy be wasted in the form of turbu­
lence or unused kinetic energy. Anoth­
er French military engineer, J. V. Ponce­
let (1788-1867), applied these precepts 
to the undershot vertical water wheel 
Smeaton had shown to be an inferior 
motor half a century earlier. All that 
was needed to effect a marked improve­
ment in the undershot wheel, Ponce­
let found, was an adequate number of 
correctly shaped blades. His improved 
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designs readily achieved efficiencies of 
from 60 to 70 percent, and the Poncelet 
wheel came into wide service. 

By the beginning of the 19th century a 
third type of hydraulic motor figured 
prominently in the French development 
of water power. This motor was the re­
action wheel. The origins of the machine 
are obscure, but the principle was sim­
ple enough: it was the same as that of the 
modern lawn sprinkler. Jets of water is­
sued from the tip of two or more arms, 
the pressurized water being supplied to 
the center of the motor through a water­
tight bearing. The reaction caused the 
arms to rotate. The great Swiss mathe­
matician Leonhard Euler (1707-83) in­
vestigated the theory of reaction wheels. 
With his son Albert he also experiment­
ed with working models. 

More influential, and much more sig­
nificant as a practical proP9sition, was 
the reaction _ wheel introd uced in 1807 
by the Marquis Jean Charles Alexandre 
Fran�ois de Mannoury d'Ectot (1777-
1822). It had the graphic name levier 
hydraulique (hydraulic lever), and with­
in a few years more than a dozen of 
Mannoury d'Ectot's wheels were at 
work in Normandy driving forges and 
ironworks. Mannoury d'Ectot next ex­
tended the principle of the reaction 
wheel to a multiduct version. The wheel 
took in water around the inner edge of 
a ring of flat or curved blades and dis­
charged it at the outer edge. He con­
structed the first of these wheels at a 
site in Normandy, the Montaigu mill 
near Caen, in about 1804. It was the 
subject of a report by Lazare Carnot 
(father of the famous French physicist 
Nicolas Leonard Sadi Carnot) to the 
Academy of Sciences on June 21, 1813. 
The crown of the wheel, in the shape of 
a bell, carried the blades and was fixed 
to a vertical axle that transmitted the 
motion. The motor ran submerged. 

In engineering terms Mannoury d'Ec­
tot's motor was a radial outward­

flow machine, the whole of the rotor be­
ing supplied with water all the time. 
This arrangement is termed complete 
admission. Poncelet had appreciated the 
same possibility; he viewed it as a way 
to overcome a fundamental weakness 
in his own rationally designed vertical 
water wheel. In that undershot wheel the 
water was fed to the blades at one posi­
tion only; moreover, the flow entered 
and left the wheel at the same point. 
Therefore a reversal of flow within the 
wheel was unavoidable. Such a reversal 
was also undesirable. In 1826, in a lec­
ture given in Metz, Poncelet proposed 
to deal with this difficulty simply by 
shifting his wheel from vertical to hori­
zontal, admitting the water all around 
the periphery and discharging it with­
out velocity through the interior. This 
machine was in effect a radial inward­
flow one. 

When the society offered its prize in 

FIFTY-HORSEPOWER TURBINE that provided the air hlast for a French ironworks, built 
in 1832 by Benoit Fourneyron, is seen in plan (top) and section (bottom). The rotor, a large one­
piece metal casting (color), ran submerged; the water flow, guided by a series of fixed vanes 
(gray), was from the center outward. The rotor was 2.4 meters in diameter and the head of wa­
ter was 1.3 meters bigh. The largest turbine then known, it helped to win Fourneyron a prize 
of 6,000 francs for the satisfactory application of water motors to large-scale industry. All 
of the more than 100 water motors that were built by Fourneyron were outward-flow designs 
in spite of the disadvantage of the large, heavy rotor at their circumference. The bearing at 
the bottom of the shaft was also subject to excessive wear and had to be replaced frequently. 
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1826, the challenge was framed in a. cu­
riously specific form. It was true that 
Belidor's wheels were amenable to im­
provement, but they were not the only 
type, or even the most promising type, 
on which to base future development. 
They did not represent the most ad­
vanced concepts or practices, and they 
were only one of many modes of ex­
tracting power from water. By 1826 the 
efficient all-metal overshot wheel, the 
Poncelet wheel set either vertically or 
horizontally and the levier hydraulique 
and its variants were also aVfiilable. In­
deed, these later machines constituted 
the bulk of the diverse contemporary 
repertory. One reason their efficiency 
was high was that their design had been 
guided by theoretical principles. 

In the search for the origins of the 
water turbine the ,breadth and diver­

sity of the types of water wheel in the 
early 19th century have all too often 
been overlooked. When one encounters 
a new term, in this instance the term tur­
bine, one's impulse is to search for the 
name of an inventor to go with it. Here 
there is none. No one person invented a 
fundamentally new kind of hydraulic 
motor and thereby consigned all the 
old-fashioned motots to the scrap heap 
overnight. The real picture is one of var­
ious parallel lines of development con­
verging by degrees. From this conver­
gence gradually emerged new and better 
concepts and techniques. One French 
engineer in particular, Benoit Fourney­
ron ( 1802-67), played a crucial role in 
the evolution of the water turbine. An­
other, Claude Burdin (1790-1873), in­
vented the term. 

Burdin was a military engineer (an 
officer in the Royal Corps of Mines) 
and a teacher at the School of Mines in 
Saint-Etienne. In 1822 he submitted to 
the Academy of Sciences a paper ti­
tled "Des turbines hydrauliques ou ma­
chines rotatoires a grande vitesse." This 
was the first time the word turbine was 
used. Burdin had coined it from the Lat­
in turbo: that which spins, for example a 
top. When in 1824 the academy report­
ed on Burdin's paper, interest was ex­
pressed but only qualified approval. It 

TWO THEORETICAL CRITERIA for an 
ideal hydraulic motor are diagrammed. The 
first (a, b) is that the water must enter the mo­
tor without wasting energy in turbulent im­
pact. The effect is shown for two curved pad­
dIes of an undershot water wheel developed 
by the French military engineer J. V. Ponce­
let; the water (color) speeding from the sluice 
glides uphill along the concave surface of the 
paddle with minimal turbulence. The second 
criterion is that by the time the water flows 
out of the motor (c, t!) it should have lost all 
its initial velocity. The criterion is seen to be 
met when the water begins to drain into the 
millrace, deprived of further forward motion 
and impelled only by gravity. Efficiency of 
Poncelet's water wheels reached 70 percent. 
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Patience. 
It's part of our character. 

A paper crane brings joy. 
Origami, the art of paper folding, 

cannot be rushed. It takes time, 

and to us time well spent, when it 
brings such happiness. 

Patience, Japan Air Lines style, 
means that you will never feel 

rushed or overlooked or forgotten. 
To our passengers, 

we give the gift of time. 
T ime to beguile a child with origami; 

time to tuck-in a blanket; to care. 
Nintai. Patience. Because we never 

forget how important you are. 

The way we are is 
the way we fly. 

JAP AN AIR LINES 
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What kind of man 
owns his own c omputer? 

Rather revolutionary, the whole idea of owning your on your desk -is a computer that answers only to you ... 
own computer? Not if you're a diplomat, printer, scientist, Apple Computer. It's less expensive than timesharing. 
inventor ... or a kite designer, too. Today there's Apple More dependable than distributed processing. 
Computer. It's designed to be a personal computer. To Far more flexible than centralized EDP. And, 
uncomplicate your life. And make you more effective. at less than $2500 (as shown), downrigh� 

It's a wise man who owns an Apple. affo:d�ble. 

If your time means money, Apple can help you VISit your local computer store . 
make more of it. In an age of specialists, the most You can join the personal computer 
successful specialists stay away from uncreative revolution by visiting the Apple dealer in 
drudgery. That's where Apple comes in. your neighborhood. We'll give you his name 

Apple is a real computer, right to the core. So just like when you call our toll free number 
big computers, it manages data, crunches numbers, keeps (800) 538-9696. In California, 
records, processes your information and prints reports. You (800) 662-9238. 
concentrate on what you do best. And let Apple do the rest. Apple Computer, 10260 
Apple makes that easy with three progr amming languages- Bandley Drive, 
including Pascal-that let you be your own software expert. Cupertino, 

Apple, the computer worth not waiting for. CA 95014. 

Time waiting for access to your company's big main­
frame is time wasted. W hat you need in your department-
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was remarked that although Burdin's 
theoretical analysis rightly emphasized 
the twin requirements of water entry 
without shock and exit without velocity, 
these conditions were by 1822 hardly 
original. Nor were the evaluators satis­
fied that Burdin's tests of his high-speed 
rotary machines had been "sufficiently 
numerous to give his report all the preci­
sion desirable." 

Actually the most original and po­
tentially the most promising of Bur­
din's several ideas was a design for an 
outward-flow radial turbine driven by 
the free efflux of water from a centrif­
ugal runner. According to the theoreti­
cal concepts embodied in Burdin's ap­
proach to turbine design, the stationary 
guide vanes and runner blades (six of 
each) were appropriately shaped and 
angled to ensure shockless entry and 
zero exit velocity. Evidently he was fa­
miliar with contemporary water-wheel 
theory, and his outward-flow radial de­
sign was conceptually important: it 
was the fundamental arrangement em­
ployed by Fourneyron in every turbine 
he built. For Burdin, however, practical 
proof of the validity of his design was 
another matter. It appears that he never 
demonstrated even a working model, let 
alone a prototype. 

In 1827 Burdin attempted to win the 
society's prize of 6,000 francs. To his 
earlier theoretical analyses he added 
some discussion and description of 
wprking machines that had been built 
and used. These machines were not, 
however, practical manifestations of the 
radial outward-flow concept; they were 
no more than elementary reaction 
wheels, in most cases variations on 
Eulerian machines. Burdin was none­
theless quite at ease in designating every 
one a turbine. His reaction wheels may 
have been quite practical devices in the 
forges and sawmills of Puy-de-Dome 
that they served, but they were unexcep­
tional in terms of power, speed, efficien­
cy and novelty of concept. They were 
certainly not considered a sufficient im­
provement on existing hydraulic motors 
to meet the criteria of the society. Bur­
din was, however, rewarded for his theo­
retical designs with encouraging words 
and a consolation prize of 2,000 francs. 
The big prize remained intact. 

From 18 17 to 1819 Fourneyron was a 
teenage pupil at the School of Mines; 

for a time in 1818 he studied under Bur­
din. To what degree these studies influ­
enced Fourneyron's interest in water 
power is uncertain, even though some 
confident assertions have been made on 
this point. In any event before Fourney­
ron had reached his majority he had 
built a water-powered plate-rolling mill 
on the Ognon River, which flows into 
the Saone east of Dijon. The success of 
the mill prompted him to undertake a 
more thorough study of the design and 
construction of water wheels. 

NORSE MILL, a water wbeel witb a borizontal array of paddles ratber tban tbe vertical array 
cbaracteristic of Vitruvian wbeels sucb as Poncelet's, was tbe precursor of tbe fast-turning 
borizontal water motors tbat came into use in tbe western Mediterranean and elsewbere in Eu­
rope during tbe 18tb century. Tbe wbeel illustrated bere drove tbe grindstone of a grist mill. 

Fourneyron's first experimental water 
turbine was developed and tested at the 
same location, Pont-sur-I'Ognon, be­
tween 1823 and 1827. It was a small 
machine driven by a l.4-meter head of 
water, and it could operate submerged 
or unsubmerged. At its maximum effi­
ciency, which was more than 80 percent, 
it developed about six horsepower at 60 
revolutions per minute. The water flow 
was radial and outward and admission 
was full. This was an arrangement from 
which Fourneyron never deviated. In 
1827 he had to move his flourishing 
engineering practice to Besancon, on 
the Doubs River, a stream in Franche­
Comte that runs parallel to the Ognon. 
There between 1827 and 1832 he fur­
ther developed his ideas in the construc­
tion of two more turbines. Both were 
harnessed to provide the air blast at the 
ironworks of Dampierre and Fraisans. 
The Fraisans motor was the largest tur­
bine of its day: its wheel, 2.4 meters in 
diameter, delivered 50 horsepower un­
der a 1.3-meter head of water. 

Those nine years of painstaking de­
sign and testing had enabled Four­
neyron to bring not only his ideas but 
also three working turbines to the point 

where he felt confident enough, at age 
3 1, to submit his own memoir to the 
society. In 1833 his detailed account of 
the theoretical and actual performance 
of the turbines won him the 6,000-franc 
prize. After nearly a century Belidor's 
tub wheel had been "officially" im­
proved. 

Over the remaining 30-odd years of 
his life Fourneyron designed and in­
stalled more than 100 turbines in France 
and elsewhere in Europe. A few of his 
turbines even went to the U.S., the first 
in about 1843, and their influence there 
was considerable. Fourneyron's motors 
could accommodate to widely differing 
conditions. For example, in 1837 he in­
stalled two of them in a spinning mill at 
Saint Blaisien in the Black Forest. One 
operated under a 108-meter head of wa­
ter and the other under a 114-meter 
head. These were pressures of unprece­
dented magnitude, and they brought 
Fourneyron a fair share of difficulties. 
Not the least of the difficulties was that 
the bottom bearing of the turbine shaft 
was so heavily loaded that it had to be 
renewed every 10 to 14 days. The per­
formance of the Saint Blaisien turbines, 
however, was a revelation: they ran at 
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We pay these scientists 
to make our 

production lines obsolete. 

As soon as there's a better way 
to do something, the old way becomes 
obsolete. 

And these scientists do nothing 
but design new and better ways for 
Western Electric to manufacture 
products for the Bell System. In the 
last two years, they and their col­
leagues at Western Electric's Engi­
neering Research Center have helped 
cut costs by over $156 million. 

They are a vital part of Western 
Electric's commitment to helping the 
Bell System keep the cost of com­
munications service down, while 
keeping the quality up. 

The Factory's Laboratory 

The people at our Engineering 
Research Center work full time on 
manufacturing research. Over 50% of 
them are PhD's. 

At home in the factory as well 
as the lab, they turn theoretical 

experiments into real savings. For 
example, while exploring ways to 
improve production of telephone 
circuit boards, they invented a totally 
new material with which to make the 
boards and a whole new way to 
mass-produce them. 

Another breakthrough is already 
saving more than $2 million a year. 
It's a new soldering technique that 
makes 20,000 connections in less 
than 60 seconds. 

The list of money-saving 
developments goes on. A new com· 
puter program that makes technical 
drawings in one-fourth the time of 
manual methods. An automatic 
system for sorting telephone parts 
by color. A process that measures 
the production of optical fiber 
1000 times per second, keeping 
its diameter accurate within 
30-millionths of an inch. And there's 

200 times thinner than the thinnest 
human hair. 

These are just a few examples 
of what the Engineering Research 
Center does throughout all of Western 
Electric's manufacturing operations 
-developing new ideas in technology 
to improve telephone products and 
produce them at lower cost. 

Anticipating the Future 

Much of the work of the Engi­
neering Research Center is designed 
to keep Western Electric ahead of 
technology, by anticipating what 
new processes will be needed for 
tomorrow's products. 

It's a total and ongoing commit­
ment. A commitment to provide you 
with the highest quality telephone 
service at the lowest possible cost. 

Keeping your communications a new system that takes only 
30 seconds to help align tiny 
integrated circuits that are 

@ 
system the best in the 

world. 

Western Electric 
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ADVANCED NORSE MILL, described by Bernard Forest de Belidor, ran entirely submerged. 
The ironbound wood wheel has been cut away to reveal its curved horizontal blades. Water 
entered the wheel chamber from the deep, tap.ered sluice at the left; the pressure of the water 
above the wheel and its rotary motion through the array of blades combined to turn the wheel. 

NOVEL WATER MOTOR, the "hydraulic lever" of the Marquis Jean Charles Alexandre 
Fran�ois de Mannoury d'Ectot, was a reaction wheel identical in principle with rotary lawn 
sprinklers. Its origin is not known, but the great mathematician Leonhard Euler experimented 
with such devices. Mannoury d'Ectot's water motor was introduced in 1807 and then gained 
popularity as a prime mover for forges and ironworks. Making the connection between supply 
pipe and the twin-armed rotor watertight was a problem that was never satisfactorily solved. 
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2,300 r.p.m. and developed 60 horse­
power at an efficiency of more than 80 
percent. For a textile mill in Augsburg, 
Fourneyron built two very-low-head 
turbines, each of which developed 220 
horsepower. They were his most power­
ful turbines: between them they drove 
30,000 spindles and 800 looms. 

Just as Fourneyron's work was in­
strumental in drawing together dec­
ades of evolving ideas, so did it be­

come a starting point for future develop­
ments. Initially a number of engineers, 
most of them in France, attempted to 
develop Fourneyron's outward-flow 
concept. They were not successful. In­
herent in the design were defects that 
were soon identified. For example, it 
turned out that the performance of 
Fourneyron's turbines was impressive 
only under certain limited conditions. 
Running submerged at full flow and at 
the pressure for which they were de­
signed, they were highly efficient. If 
conditions change'd, and in particular if 
the water flow was reduced in order to 
reduce the power output, their efficiency -
dropped sharply. Operating experience 
revealed another problem that was po­
tentially even more serious. If the load 
on the turbine was suddenly removed, 
then unless the turbine was shut down 
promptly it would pick up speed and 
race, conceivably until it flew to pieces. 

Not surprisingly, then, the Fourney­
ron turbine was quickly outmoded. The 
most fundamental revision was the 
abandonment of the outward-flow con­
figuration. Three alternatives were in­
vestigated; after due time arid effort all 
of them yielded good results. In the 
1840's European engineers addressed 
themselves to the concept of axial flow, 
a category of hydraulic turbines that is 
represented today by "propeller" tur­
bines of the Kaplan type. In the U.S., 
Samuel Howd and Uriah A. Boyden 
(1804-79) laid the foundations that sup­
ported the precision work of James B. 
Francis (1815-92). Francis established 
the inward-flow motor and subsequent­
ly the mixed-flow one. These motors 
represent a second modern category of 
hydraulic turbines, a category that still 
carries, not altogether appropriately, 
Francis' name. 

A third line of development, owing 
little or nothing to Fourneyron, fol­
lowed the concept of a vertical wheel 
driven by a jet of water applied at one 
point on its circumference. The flow of 
water through the blading was inward 
and radial in the manner described by 
Ponce let in 1826. The approach led ulti­
mately to the Pelton wheel: a jet or jets 
of water impinge on an array of special­
ly shaped buckets closely spaced around 
the rim of the wheel. The Pelton wheel 
was developed at the end of the 19th 
century by a group of California engi­
neers, among them Lester A. Pelton 
(1829-1908). Pelton was by no means 
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the only one in the group with good 
technical ideas, but he appears to have 
had the best commercial acumen. 

In short, the evolution of hydraulic 
prime movers advanced by degrees, by 
increments of change and improvement 
continuously monitored and evaluated 
for their worth. The good ideas accu­
mulated; the bad ones were discarded. 
Given this perspective, who is to be 
credited with inventing the water tur­
bine? Should it be Fourneyron or can 
one make out as good a case, or a better 
one, for Francis or Pelton, or Burdin or 
Mannoury d'Ectot? Actually it is not a 
very rewarding line to follow. What 
turns out to be more profitable is to ex­
amine the transition represented by the 
introduction of the word turbine. By 
taking this approach one comes to see 
how some historians of technology have 
deluded themselves. 

Performance figures for 18th-century 

water wheels are difficult to derive. For 
the rotational speed of the wheels, how­
ever, at least some orders of magnitude 
can be given. An undershot wheel driven 
by a head of 16 feet of water would 
ideally have had at its periphery a veloc­
ity of 16 feet per second. If the wheel 
was 20 feet in diameter, its rotational 
speed would have been 15 r.p.m. De­
pending on the diameter of the wheel 
and variations in the available head 
of water, one can postulate a range of 
speeds between 10 and 20 r.p.m. Over­
shot wheels were in general decidedly 
slow-turning. Smeaton advised periph­
eral speeds of no more than two to three 
feet per second, although usually a rath­
er higher figure (four to eight feet per 
second) was favored in order to have the 
wheel act to some extent as a flywheel. 
Even so, for a 20-foot wheel such speeds 
represent no more than 8 r.p.m. 

Horizontal wheels turned faster; from 

INWARD DIRECTION OF FLOW
/
is shown in plan (top) and section (bottom). The turbine 

is of the type first proposed by Poncelet in the 1820's and patented in the U.S. in the 1830's. 
The water enters the motor through an array of fixed blades (a) and makes a runner, or central 
rotor (b), spin. The water then enters the race close to the center of the motor. This is a turbine 
of the kind first built by James B. Francis in 1849 and subsequently installed in Lowell, Mass. 
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the first a speed of 50 r.p.m. would seem 
to have been typical. Later this speed 
was considered low. Some 18th-century 
wheels, of a type called rouets yo/ants 
(flying wheels), reportedly turned at a 
rate of from 40 to 60 r.p.m. In the 
Balkans today simple horizontal water 
wheels typically turn at from 70 to 90 
r.p.m. In France tests conducted in and 
around Toulouse in the 1820's showed 
that the speeds were commonly more 
than 100 r.p.m. and occasionally as high 
as 130 r.p.m. Even one of Burdin's Eu­
lerian machines is said to have turned 
at 80 r.p.m. 

Hence it is not simply a convenience 
to classify water wheels according to 
whether they are set vertically or hori­
zontally; the two types also occupy two 
distinct ranges of speed. That is evident­
ly how water wheels were differentiated 
in the opening decades of the 19th cen­
tury. It therefore emerges that when 
Burdin titled his 1822 paper "Des tur­
bines hydrauliques ou machines rota­
toires a grande vitesse," he was using the 
word turbine not to designate any new 
category of hydraulic motor but mere­
ly to designate the category of water 
wheels whose speed of rotation was 
comparatively high. 

Beyond that Burdin did not discrimi-

nate. He had no hesitation about de­
scribing all his machines as turbines; 
they all turned rapidly. As it happens, all 
Burdin's machines were also set hori­
zontally. Soon thereafter the orientation 
of the wheel became just as much a cri­
terion as its shaft speed. For example, 
in 1847 it was stated that "horizontal 
wheels are usually called by the gener­
al name of turbines." Eleven years lat­
er the French engineer Jacques-Eugene 
Armengaud ( 1810-91), in a comprehen­
sive study of hydraulic motors, titled 
one chapter, "Des turbines ou roues 
horizontales." In the same year anoth­
er French engineer, Arthur Morin, re­
ferred to "des nouvelles roues a axe ver­
tical, appelees turbines." He went on to 
note: "The name turbine is new and was 
introduced by M. Burdin, who applied it 
to one such wheel that he had con­
structed, and since then it has been ap­
plied indifferently to all vertically axled 
wheels that derive some advantage by 
running immersed in their tail race." 

The distinction in nomenclature soon 
became unimportant. By the second half 
of the 19th century the Vitruvian verti­
cal water wheel was a thing of the past 
and all hydraulic motors were called 
turbines. Actually they might just as 
well have been called water wheels (and 

they not infrequently were, particularly 
in America), or perhaps "improved wa­
ter wheels" or "superior water wheels." 
And late in the 19th century the Pel­
ton configuration was called the Pelton 
wheel and only rarely the Pelton tur­
bine. 

N
evertheless, a certain preoccupa­
tion with definitions has persisted. 

Water wheels and turbines are often dif­
ferentiated by stating that turbines are 
smaller, run at higher speed, will work 
submerged, can utilize a wide range of 
heads of water and finally are more 
powerful and/or more efficient That, 
however, is merely compiling a list of 
the superior characteristics of later 
water wheels rather than fundamental­
ly different characteristics. Thereby a 
point is missed. For Burdin's own rea­
sons, and they were not necessarily bad 
ones, he invented a word. He did not 
invent a new machine, and no one else 
did either. Rotating hydraulic motors, 
formerly called water wheels, were im­
proved by degrees, over the years and 
through the work of many engineers. As 
part of this extended sequence of devel­
opment and improvement that kind of 
hydraulic motor became known as a 
turbine. 

VERTICAL MOTOR, the Pelton wheel, was designed in the 1880's. 
A water jet from a nozzle at the bottom struck a succession of paired 
cups fixed on the rotor. Curved design of the cups (a) served to extract 

maximum energy from the rushing water. One 220-pound Pelton 
wheel, a portable two-man load for gold miners, could provide 125 
horsepower. The configuration is used in some modern water turbines. 
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SCIENCE/SCOPE 

A ground-based radar now being developed will be so "guiet" th at anti-radiation 
missiles will be less likely to home in on its beam. The new radar will have 
two antennas, one to transmit low-energy beams continuously and the other to 
listen for returns. (Conventional radars differ by transmitting high-energy 
pulses so that one antenna can alternately transmit and receive.) A new antenna 
technique reduces the radar's side lobes the secondary patterns of energy 
that enemy missiles can home on. Hughes is building a prototype quiet radar 
antenna for evaluation by the U.S. Army. 

Using special temperature-controlled chambers, NASA scientists will create 
c louds for study aboard Space Shuttle flights in the early 1980s. To properly 
form clouds in the weightlessness of space , the chambers, which are flat-plate 
heat pipes, must be extremely level over a large area ( 2'x3'x3/4" )  and uniform 
in temperature to within .010C. Neither requirement has ever before been met 
in a heat pipe of this size. Hughes, under contract to General Electric, is 
developing eight isothermal vapor chambers to form the inner walls of the Atmos­
pheric Cloud Physics Laboratory. The project is managed by NASA's Marshall 
Space Flight Center at Huntsville, Alabama. 

A new microwave sensor will allow military weather satellites for the first time 
to "see" through clouds to monitor meteorological conditions below. The instru­
ment will scan a 1300-kilometer field of view every 1.9 seconds from an altitude 
of 450 nautical miles, sensing microwave radiation energy reflected from ice, 
land, and clouds. It will detect rainfall, ice masses, ocean wind speeds, soil 
moisture content, and other conditions, and relay compiled data within minutes 
nearly anywhere in the world. The information will help commanders of land, 
sea, and air forces in their planning of operations that depend on accurate 
weather forecasts. Hughes, under a U.S. Air Force contract, is to build one 
prototype and develop computer software for ground processing. 

The Manufacturing Division of Hughes Missile Systems Group in Tucson has immedi­
ate openings for engineers. Typical openings range from digital logic, analog, 
and IF/RF circuit design to electro-optical and IR system design. Also needed 
are industrial engineers and manufacturing production engineers to conceive and 
design production methods and tooling for the fabrication of complex hardware 
for missile systems. For immediate consideration, send your resume to Roy 
McCalla, Dept. SE, Hughes Aircraft Company, P.O. Box 11337, Tucson, AZ 85734. 
Or call (602) 746-6200. Equal opportunity M/F/HC. 

Three Intelsat IV communications satellites have exceeded their design life of 
seven years and are still operating. The eldest of the trio, positioned in 
geostationary orbit over the Atlantic Ocean, was launched in December 1971. The 
second was launched a'month later and placed over the Pacific. The third, now 
over the Indian Ocean, was launched in June 1972. Today, more than 30 Hughes 
communications satellites have combined for more than 150 years of service. 

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

: HUGHES: 
I I 
L __________________ � 
HUGHES AIRCRAFT COMPANY 
CULVER CITY. CALIFORNIA. 90230 

© 1979 SCIENTIFIC AMERICAN, INC



THE AMATEUR 
SCIENTIST 

A homemade spectrophotometer scans 
the spectrum in a thirtieth of a second 

by Jead Walker 

O
ver the past dozen years this de­
partment has presented several 
designs for spectroscopes, spec­

trophotometers and related instruments 
for spreading light into its component 
colors (wavelengths) so that it can be 
analyzed. The instruments were of two 
basic types, one for studying the Iight­
absorbing properties of a transparent 
liquid, solid or gas and the other for ana­
lyzing a source of light such as a lamp or 
a star. A new design for a special type of 
spectrophotometer was sent to me re­
cently by Dean Morelli of Rye, N.Y. Its 
primary advantage over the instruments 
described here previously is its speed in 
scanning the visible spectrum: it can ob­
tain a complete set of measurements in 
as little as a thirtieth of a second. 

I can best set the stage for describ­
ing Morelli's instrument by reviewing 
the two basic types of spectroscope and 
spectrophotometer. In the first of them 
white light from a_ lamp is directed 
through a cell containing the liquid, sol­
id or gas to be investigated. The sample 
absorbs the light at certain' wavelengths 
and so diminishes it. The transmitted 
light is dispersed (separated according 
to wavelength) by a prism or a diffrac­
tion grating before it reaches a detector. 
In this way the detector can determine 
which colors have been removed from 
the initially white light by the sample. 
With reference works on atomic and 
molecular spectroscopy the observer 
can identify the constituents of the sam­
ple and can distinguish the sample from 
others that might look similar to the 
unaided eye even though they differ in 
composition. 

The second basic type of instrument 
is the one most frequently employed in 
astronomical work. The spectroscope is 
attached to a telescope so that the ob­
server can identify the colors in the light 
from a celestial object. Sunlight has 
been analyzed in this way by many ama­
teurs. The sun radiates light throughout 
a range of wavelengths, with the peak 
intensity falling near the middle of the 
visible spectrum. When that basically 
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white light passes through the sun's at­
mosphere, the elements in the atmo­
sphere absorb the light at their char­
acteristic wavelengths. The absorbed 
wavelengths appear as thousands of 
dark lines (the Fraunhofer lines) super­
posed on the colors of the visible spec­
trum. With the appropriate reference 
works the observer can identify the lines 
with the elements in the sun's atmo­
sphere. 

A spectroscope relies on the human 
eye for examination of the spectrum. If 
a light-sensitive device such as a photo­
multiplier is substituted for the eye, the 
instrument is a spectrophotometer. The 
experimenter may still have to take 
readings of the intensity of the light 
point by point across the spectrum. A 
more convenient system is one where 
the photomultiplier is coupled to a chart 
recorder, so that as the photomultiplier 
moves across the spectrum its response 
is automatically recorded on paper as a 
curve of the intensity of the light at each 
wavelength. 

Recording the intensity of light point 
by point across the spectrum can take 
a good deal of time. Wavelengths are 
measured in angstrom units, and the vis­
ible spectrum is 3,000 angstroms wide. 
Therefore if a measurement every 100 
angstroms is needed, it will take 31 mea­
surements and at least that many min­
utes to cover the spectrum. Morelli's 
rapid-scan spectrophotometer does the 
job in a fraction of a second and so gives 
the experimenter the opportunity to 
investigate phenomena occurring much 
faster than the ones that can be investi­
gated with slower instruments. 

As an example of the potential of rap­
id scanning, Morelli told me how he 
examined the color oscillations of the 
chemical oscillator I described in this 
department for July, 1978. Although the 
period of the oscillations depends on 
the concentrations of the chemicals, it is 
usually less than a minute. With a con­
ventional spectrophotometer one would 
have to be content with following the 
oscillations at a single wavelength, since 

the instrument would never be able to 
keep pace with the reactions. 

Although the design for Morelli's in­
strument can be modified according to 
the experimenter's needs, it basically 
consists of a lamp, a curved diffraction 
grating, a photomultiplier tube and ,an 
oscilloscope. Light from the lamp is 
passed through a cell containing the 
sample that is to be investigated. The 
diffraction grating disperses the light � 

into its component wavelengths. The 
grating is oscillated horizontally to 
sweep the visible spectrum 'across the 
photomultiplier tube, and the intensity 
of the light is displayed by the oscillo­
scope. The horizontal axis of the oscillo­
scope trace represents wavelength and 
the vertical axis intensity. One therefore 
sees a graph on which the intensity of 
the light is plotted against the wave­
lengths in the visible range. When the 
sample cell is absent, the oscilloscope 
shows a straight horizontal line. When 
the cell is in place, the resulting curve 
quickly identifies the wavelengths at 
which the sample has absorbed light. 

For a lamp Morelli used an automo­
bile light bulb (such as the bulb for a 
ceiling light) with a straight filament. 
The lamp is mounted in its housing with 
the filament oriented vertically. Al­
though the lamp is rated for operation at 
12 volts, Morelli runs it at about 21 volts 
in order to obtain the necessary inten­
sity and uniformity across the visible 
spectrum. (The higher voltage does, of 
course, shorten the life of the lamp.) 

The housing for the lamp is fashioned 
out of thin-gauge- sheet steel cut and 
bent into shape. Morelli made the hous­
ing in two pieces so that he could replace 
the lamp more easily. The rear part 
of the housing is fastened to the main 
base of the spectrophotometer with a V 
bracket. The front part has attached to it 
a short tube through which the light 
passes. At the far end of the tube is a flat 
plate with two razor blades fastened to it 
by four screws. The tube and the razor 
blades serve as a baffle to keep stray 
light from entering the photomultiplier. 
More baffles are set up inside the instru­
ment for the same purpose. The entire 
instrument is also covered with a box to 
keep out room light. 

Morelli made the sample cell by cut­
ting a V-shaped piece out of quarter­
inch Plexiglas and sandwiching it be­
tween two glass plates. He glued the 
pieces together with silicone sealant. As 
a support for the cell he suggests cutting 
and bending sheet metal into a slide and 
screwing it onto a wood block. The cell 
is of course positioned in front of the 
light output from the lamp. In the nor­
mal procedure of measuring the absorp­
tion characteristics of a solution two 
cells are needed, one cell for the solvent 
alone so that the spectrophotometer can 
be standardized and one for the solution 
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TheHa ............. 
Tales 
Droughts. Wtter shortages. �serts 
encroaching on once-fertile land. 

It's aoout tirre Arrerica had sorre 
gcxxl news aoout water. It's aoout tirre 
\\e found a supply that amid take the bur­
den off the muntry's overtaxed and often 
{X)lluted lakes, rivers and resenuirs. 

Well,this'll 
be the 
best news 

you've heard aoout 
water in a long, long 
tirre. The happy truth 

is Arrerica has a 
virtually endless 
supply just waiting 
to be tapped. 

All \\ehave 
to do is look a 

little deeper. 

AMERIC�S BEST WATER 
IS ALWAYS GETTING 

UNDERFOOT. 
The earth has as rrruch water today as 
it had in prehistoric tirres. The water 
may sorretirre change form;, but the 
supply itself is mnstant. � where is all 
the water today? 

An arrnzing percentage is where 
it's always been. Underground. 

An incredible 95% of all the fresh 
water on earth is ground water. the 
United States, there's 20 or 30 tirres as 
rrruch waterundergroundasthereis inall 
the lakes, stream:; and rivers combined 

What's rmre, it's a mmpletely re­
newable supply: Al though the rate of 
replenishing varies greatly, water is 
seeping intothe ground mnstantly, 
hour of the day, every day of the year. 

WELL WATER IS A 
NA TURAL DELIGHT. 

The Arrerican public is usingrmre than 
90 billion gallons of \\ell water a day. 

Approxirrntely 700,<XX> new 
\\ells are drilled every year. 
Wells now provide alrmst 35 
percent of the water used by 
municipalities-and over f!IJ1o 
of the water used in rural 
areas for horres and livestock. 

Why is it so incredibly 
{X)pular now? Part of the 
reason is the very fact that it F::::=����� 
is so plentiful-and that once 
tapped, the water is available r�'--_....,;. 
for as long as it's sensibly used. 

But part of the reason, too, 
is that \\ell water is part of 
Arrerica's healthy drive to get 
back to its roots. After all, 
\\ells tap Arrerica's purest 
supply of natural water. 

fus that rrean this 
It's called the hydrolof{lccycle. It means that 

billions of ga llons of water are entenng underground resenxJirs every day. 
water's 100% pure? Absolutely not. 

Although it rarely suffers from the 
{X)llution that so often afflicts surface 
water, nine tirres out of ten, \\ell water 

even better than totally pure water. 
It's enriched with dissolved natural 
minerals. Those minerals give \\ell 
water in every part of the muntry its 
distinct, regional flavor. (If those 
minerals impart too strong a flavor; 

a simple filtering device can 
usually purify the water 

autorrntically.) 

1Y1any of the irrigation 
system; in the arid 

and semi-arid 

rely exclusively on huge under-
ground reservoirs that have been 001-
lecting water for centuries. Without 
those rich water supplies; rrnny of the 
rmst fertile fields in the muntry wmld 
soon beml1l= barren. In the 17 \\eStern 
states, for example, a1:xmt 70 percent of 
the water used for irrigation mrres 
from \\ells. 
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eEndless Well And Other 
From The Underground. 

As long as that water isn't p umped GROUND WATER USE AS PERCENT OF TOTAL WATER USE BY STATE. 
faster than it's naturally replaced, there 
will always be plenty for the fields-and 
for the factories, horres and entire cities 
that rely on om underground resomce. 

WHY YOU SHOULD ALWAYS 
LOOK BEWW THE SURFACE. 

Let's say you're looking for a new water 
supply. Maybe you're building a new 
horre, factory or office building. Maybe 
you're planning a multi-acre farmor a 
quarter-acre garden. Maybe you're on 
the board of a regional or municipal 
water authority. Or rmybe you'd just 
like the searre feeling that mrres with 
knowing that no one can tt.rrn off or limit 
yom water supply. 

The first place to look is yom own 
backyard. 

Ground water in sorre quantity 
tan be found under allIDSt every tract 

T 
j 
J 

o Under l(ffo .25-5(ffo 
10·25% • Over 5(ffo 

W?lls can Iwlp lessen tlw hmrible effects 0/ d rought. 

mnstruction. A system that never bemrres 
clogged with silt or �s. One that 
never loses water by evaporation. One 
that doesn't rermve productive land 
from other beneficial uses. 

The fact is, ground water is a vir­
tually untapped, unfailing resomce. A 
priceless resomce that's so vast, its 
potential has just begun to surface. 

ITS TIME YOU 
WENT ro THE PROS. 

of inhabitable land on earth The fiSt 
of getting that water is alrmst always 
ICMer than the fiSt of relying on any 
other water supply. A professional water \\ell mntractor is 
If rou have a professional, Theres UXlter ti.JUkr a hmst every a water specialist, an 

expenenced water \\ell . inhabitable traet o/land onEarth. engineer and a aaftsrrnn 
mntractor inspect: yom site all rolled into one. He knows 
to determine the feasibility the right techniques for 
of using ground water, you'll finding the best site and 
be doing yomself and yom building the best kind of \\ell. 
locality a favor, because He knows what equiprrent 
be relying on a to use. 
system that doesn't drain He's the rrnn you should 
public reservoirs. A system call to find out rmre about 
that doesn't require rmjor what's going on under-

ground on yom land. 
He's not, incidentally, the rrnn pay­

ing for this rressage. It's brought to you 
instead by Franklin Electric, the mm 
pany that makes the rmtors for lIDSt of 
the subrrersible pump rrnnufact:t.rrers. 

We're doing it because \\e think it's 
tirre you knew the good news about one 
Arrerican resomce that's not in trouble. 

The story's 
kept underground 
long enough. 

• • • • • • • • • • • 

To find out 
rmre about \\ell 
grow1d water contractors and ground 
water pumping techniques, just send 
this coupon to Frankl in Electric, 400 
E. Spring St., Bluffton, IN 46714. 
\\e'll Wlrk with the National Water 
Well Association to send you rmre 
good news from the underground. 

• Name ________________ _ 

I Adiliess ______________ _ iG� �ap __ 

i Frank�lectric • Bluffton, Indiana 46714 • . _---------------
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Many companies don't call 
AMP until they need electrical 
connectors or switches. But 
why wait till then? If you 
involve us early enough, we 
can help you save money. A 
lot of money. 

Here's an example: 
Pro gramming printed circuit 

boards used to involve ins talling 
an intricate network of jumper 
wires and plugs. 

Until a customer asked us to 
find a better way. 

We invented the DIP switch, 
which made pro gramming p-c 
boards as easy as pushing number­
coded actuators. 

As a result, our customer was 

able to produce standardized 
boards that they could easily and 
quickly customize according to 
orders. 

They saved hundreds of 
thousands of dollars in 
manufacturing and inventory costs. 
And a whole new technology 
was born. 

Can we produce the same 
kind of savings for you? 

If your company manufactures 
electrical! electronic products, the 

AIVI P 

AMP has a better way. 

answer is probably yes. But it's 
important for you to call us in early. 

That's when our experience in 
developing connectors, switches 
and application equipment for 
hundreds of industries worldwide 
can help you the most. 

Early Involvement. 
At AMP, we call this approach 

to solving our customers' problems 
"Early Involvement." It's our better 
way. And it's what makes an 80¢ 
AMP switch worth so much more 
than80¢. 
Ask for a copy of our brochure, 

"AMP Has a Better Way." Call 
(717) 564-0100, Ext. 8420. 
Or write to AMP Incorporated, 

Harrisburg, PA 17105. 

Barcelona· Brussels· Buenos Aires· Frankfun • Harrisburg· Helsinki· s-Henogenbosch • London· Lmem • Mexico City • Montreal 

Paris· San Juan· Sao Paulo· Stockholm· Sydney· Turin • Toronto • Tokyo 
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that i� to be compared with the standard. 
The diffraction grating disperses the 

light transmitted through the sample 
cell. Morelli chose a curved diffraction 
grating of the kind found in certain as­
tronomical spectroscopes. (For retailers 
of the gratings check the pages of an 
astronomy magazine.) Morelli's grating 
has a radius of curvature of 50 centime­
ters, a ruled area of 3.175 by 4.445 centi­
meters and a line density of 1,200 lines 
per millimeter. The lines are spaced so 
that light with a wavelength of 5,000 
angstroms has its maximum reflection in 
the first order of the diffraction pattern. 
(Such a grating is said to be blazed at 
5,000 angstroms.) Other curved gratings 
could be substituted, although Morelli 
warns that gratings with a higher fnum­
ber will make the instrument less sensi­
tive. If a flat grating is used, a lens will 

be needed in order to project the image 
of the slit of the lamp housing onto the 
slit of the photomultiplier (by way of re­
flection from the grating). 

Morelli's grating is mounted on an 
aluminum plate to which a hinge is riv­
eted. The idea is to have the grating 
swing horizontally around the hinge in 
order to sweep the spectrum across the 
photomultiplier. The hinge is attached 
to an aluminum angle that is fastened to 
the main base of the spectrophotometer. 
The hinge should turn smoothly with no 
free play, but it should not be so firm 
that it offers too much resistance to be­
ing swung. Morelli says he tried several 
hinges before he found a suitable one. 

For the highest possible scanning rate 
the grating should be rigged to oscillate 
around its center. This pivot point will 
not, however, provide the best focus-

Soft material High-voltage 
for liqht seal breaker switch 

ing for all the wavelengths in the vis­
ible spectrum, because the best focusing 
distance for a grating varies with wave­
length. For the optimum optical per­
formance the pivot point should be off­
set by about six centimeters from the 
center of the grating. For such a pivot 
point the scanning rate is lower (because 
the grating has a greater moment of in­
ertia than it would have with a central 
pivot point), but the improvement in fo­
cusing is worth the sacrifice. 

The grating is masle to sweep by 
means of a cam against which a small 
tab from the mounting plate of the grat­
ing is held. The tab is cut from right­
angle stock and firmly attached to the 
plate. One end of the tab is held against 
the cam by the tension from a spring 
attached to the plate. When the cam 
turns, the tab slides along the edge of it 

at cover =1 _________________ o_n_d __ Q_c_tu_a_t_i_n_g __ c�a,m-----------------------

Photomultiplier housing 
,-lW-----.1-

Corrector disk and drive shaft 

R.emovable mirror � /1 
/ 1 
/ / 
I 

Lamp 
housing 

"'- Opcninq 
for othe.r 

I ight sources 
The spectrophotometer desigl/ed al/d built by Deal/ Morelli 

Variable­
speed 
motor 
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The housillg for the lamp 

Wood block 
The sample cell alld its holder 
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:) 
Razor blade5 

can al50 be u<:>ed 

Plexiglas 

a 

and forces the grating to sweep horizop­
tally. The spring ensures that the tab is 
held against the cam. 

The cam is cut from 3/32-inch sheet 
brass. Its shape and size are first mapped 
out on paper. The paper mask is laid on 
the metal sheet and traced, after which 
the metal is cut and filed smooth around 
its perimeter. Ideally the cam should 
sweep the grating in a sawtooth motion, 
uniformly driving it horizontally until 
the end of the sweep is reached. This 
motion is obtained when the radius of 
the cam varies uniformly with the angle 
around its center. The center hole for 
the cam is drilled with a quarter-inch bit 
to fit on a motor shaft of the same diam­
eter. Morelli soldered onto the cam a 
brass insert he had removed from a pan­
el knob (Radio Shack Knob 274-415). 
The insert is normally inside the plastic 
covering. The screw into the insert en­
abled Morelli to attach the insert and 
the cam firmly to the motor shaft. 

The upper limit to the sweep rate of 
the spectrophotometer is set by the os­
cillation rate of the grating. If the grat­
ing is run too fast, the spring cannot hold 
the tab against the cam and the sweep 
becomes erratic. Substituting a stronger 
spring may not improve the perform­
ance if the resulting increase in friction 
between the cam and the tab distorts the 
running speed of the motor. 

Opposite the grating on the base of the 
spectrophotometer is the photomultipli­
er and its housing. The housing is made 
from thin-gauge sheet steel. A steel tube 
is fastened to the front of the housing 
with a weld or epoxy glue. Inside this 
tube is slid a smaller tube. Razor blades 
are attached to the smaller tube to make 
a narrow slit. Since the smaller tube is 
easily removed, the experimenter can 
readily install slits of different widths. 

The photomultiplier tube is mounted 
on a shelf in the housing. The resistors 
necessary to provide the proper range of 
voltage to the photomultiplier are sol­
dered directly onto the socket on the 
shelf. Like all the other exposed met­
al parts in the spectrophotometer, the 
housing should be painted a dull black 
to absorb stray light. 

Morelli has tried several types of pho­
tomultiplier tube. The one you would 
buy may depend primarily on what is to 
be had on the surplus market. Model 
931-A is often available. Morelli also 
has a IP21, which is the same type of 
tube except that it has a higher quantum 
efficiency and a lower dark current. (I 
recently saw an advertisement offering 
two of these tubes for $75.) The quan­
tum efficiency has to do with how many 
electrons the photocathode of the tube 
will emit for each photon it absorbs. If 
the ratio is fairly high, the photomulti­
plier is said to be sensitive and to have a 
high quantum efficiency. Dark current is 
the current that flows from the tube 
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when no light is falling on the photo­
cathode. It should be low so that it does 
not mask the desired signal and prevent 
the measurement of low levels of light. 
The 931-A and 1P21 tubes both have 
the type of photoelectric surface desig­
nated S-4; it is composed of cesium and 
antimony. Although the tubes have a 
relatively high quantum efficiency over 
the greater part of the visible spectrum, 
they are somewhat insensitive toward 
the red end, reaching a practical limit 
near 6,700 angstroms. 

A photomultiplier tube must be bi­
ased properly, that is, it must have a 
suitable range of voltage. Morelli em­
ploys a regulated power supply to pro­
vide about 100 volts per stage for each 
of the nine stages in his 931-A photo­
multiplier. One should consult Radio 
Amateur's Handbook for information on 
power-supply designs. 

Recently Morelli tested an RCA 4840 
photomultiplier. Its multialkali photo­
electric surface (designated S-20) had a 
spectral range larger than that of his 
1 P21 tube, being sensitive to wave­
lengths as long as 8,000 angstroms. The 
tube also has an envelope that passes 
ultraviolet wavelengths. With this tube 
Morelli was able to get full-scale verti­
cal deflections on the oscilloscope as he 
measured the intensity of the light in the 
range from 3,400 angstroms to 7,000. 

The output from the photomultiplier 
is connected to the vertical input of the 
oscilloscope, which should have a verti­
cal amplifier for direct current. The os­
cilloscope trace should move across the 
screen from left to right as the grating 
sweeps the spectrum over the entrance 
slit of the photomultiplier. How the os­
cilloscope is triggered to begin each 
sweep across the screen depends some­
what on the type of oscilloscope. If it 
has an internal provision for a triggered 
sweep, the triggering signal can be pro­
vided by a small light, a slit disk and a 
silicon photocell. The disk is mounted 
on an extension of the shaft of the mo­
tor that oscillates the grating. The light 
is on one side of the disk and the photo­
cell is on the other. When the slit in the 
disk is properly positioned, the light 
from the small bulb falls on the photo­
cell each time the grating begins another 
sweep of the spectrum across the photo­
multiplier. The signal from the photo­
cell then starts the sweep of the oscillo­
scope trace. (Morelli cautions that in­
expensive oscilloscopes do not trigger 
reliably at the low sweep frequencies of 
the spectrophotometer.) 

A better system for displaying the 
output of the photomultiplier can be set 
up if the oscilloscope has a horizontal 
amplifier for direct current. A small 
projector is mounted in a metal tube so 
that it projects an image of a slit onto a 
silicon photocell (SM4) on the other side 
of an appropriately shaped cam. The 
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cam is similar to the one that drives 
the grating. When this cam turns,· it 
causes progressively more light to fall 
on the photocell. The signal from the 
photocell is amplified at the horizontal 
input of the oscilloscope, sending the "­
trace from left to right across the screen. 
The second cam could be mounted on 
an extension of the shaft of the grat­
ing's motor to synchronize the horizon­
tal sweep of the oscilloscope with the 
movement of the grating. 

If the amplifier for the horizontal in­
put of the oscilloscope is not sensitive 
enough for this system, the projector 
and the photocell can be replaced with a 
potentiometer, which will supply a larg­
er signal to the input. In this role the 
potentiometer must turn continuously, 
so that the small indentation in its hous­
ing that keeps it from rotating fully 
must be removed. The potentiometer is 
mounted on the shaft of the motor with 
a short length of rubber tubing. A 1.5-
volt battery provides the voltage across 
the potentiometer, the output of which 
then varies continuously from zero to 
1.5 volts in a sawtooth fashion as the 
shaft causes the inner connection of the 
potentiometer to rotate. The signal will 
drive the oscilloscope trace smoothly 
across the screen. 

One may want to eliminate the return 
trace of the oscilloscope, which moves 
across the screen from right to left be­
fore each new measurement of intensity. 
To blank out the return trace Morelli 
put a switch on the drive shaft between 
the mount for the grating and the cor­
rector plate for the photomultiplier. The 
switch consists of two metal strips that 
are pushed apart by a cam on the drive 
shaft during the period when the oscillo­
scope trace is to be blanked out. The 
switch is in series with the wire supply­
ing the high voltage to the oscilloscope. 
One may, however, want to keep the re­
turn trace to serve as a reference line 
on the screen indicating the base line of 
zero light intensity. Such a base line may 
be particularly desirable if the oscillo­
scope has an unregulated power supply 
and so has a trace that tends to float. 

If the oscilloscope has low sensitiv­
ity on its vertical input, a preamplifier 
is needed to boost the signal from the 
photomultiplier. Morelli employs an in­
expensive uA 7 41 operational amplifi­
er chip in a simple feedback circuit 
powered by penlight batteries (enough 
to give ± 15 volts). 

Morelli uses his instrument as follows 
to determine the absorption characteris­
tics of a solution compared with a pure 
solvent. He first gets an oscilloscope 
trace with the pure solvent in the sample 
cell. Even if the solvent transmits per­
fectly, the trace will not be flat, because 
the intensity of the light emitted by the 
lamp is not uniform at all wavelengths 
across the visible spectrum. Moreover, 
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the response of the photomultiplier is 
not uniform across the spectrum. Hence 
the trace on the oscilloscope is approx­
imately bell-shaped, with

' 
the top of 

the bell disappearing off the top of the 
screen. 

A corrector disk is made to compen­
sate for these non uniformities (and any 
others that distort the response of the 
instrument across the spectrum). The 
disk is mounted on a shaft coupled 
through miter gears to the shaft from 
the motor that causes the grating to os­
cillate. The purpose of the disk is to se­
lectively diminish the light falling on the 
photomultiplier at the wavelengths that 
give a higher trace on the oscilloscope. 
A suitably fashioned corrector disk will 
block the light at each wavelength in the 
spectrum in such a way that the trace is 
approximately horizontal across the top 
of the screen. With a pure solvent one 
then gets a flat trace on the oscilloscope. 

Morelli cuts the corrector disk out of 
a piece of sheet brass. When the disk is 
mounted on the drive shaft, it blocks 
part of the light falling on the slit in 
front of the photomultiplier. Next Mo­
relli places pieces of black electricalt 
tape at the edge of the disk as he manu­
ally turns the shaft of the motor. For 
each position of the motor the grating 
casts a certain wavelength onto the slit, 
and the vertical deflection of the spot on 
the oscilloscope screen corresponds to 
the response of the photomultiplier at 
that wavelength. At each wavelength 
the spot is initially deflected off the top 
of the screen. Morelli adds a small piece 
of tape to the corrector disk to block 
enough light for the spot to be lowered 
to the top of the screen. Then he rotates 
the shaft on the motor slightly and re­
peats the process. He says that although 
the system is somewhat crude, the re­
sulting trace across the top of the screen 
is flat to within 5 percent. 

When the cell containing only the sol­
vent is replaced with a cell containing a 
substance dissolved in the same solvent, 
the absorption of light by the solution at 
certain wavelengths gives rise to spikes 
that extend downward on the oscillo­
scope screen. If the solution were able 
to totally absorb the light at a certain 
wavelength, the corresponding spike 
would reach the bottom of the screen. 

The resolution of the spectrophotom­
eter is governed partly by the quality of 
the grating and partly by the width of 
the slit in front of the photomultiplier. A 
narrower slit samples a narrower band 
of wavelengths in the spectrum the grat­
ing casts across the slit. At the posi­
tion of the slit the width of the full vis­
ible spectrum is 125 millimeters. Morel­
li normally uses a slit with a width of 
about four millimeters, which therefore 
admits 41125 (roughly 100 angstroms) 
of the full spectrum to the photomulti­
plier. One can increase the resolution by 

replacing the four-millimeter slit with a 
narrower one, but a price must be paid 
in a loss of light intensity. Then the pho­
tomultiplier will respond only to light at 
wavelengths in its more sensitive range 
(for Morelli's 931-A tube approximate­
ly 3,700 angstroms to 6,000) and the red 
end of the spectrum will be lost. With a 
four-millimeter slit a larger range (3,500 
angstroms to 6,300) can be monitored. 
The lower limit to the range is then set 
by the ultraviolet absorption of the glass 
in the lamp, the photomultiplier tube 
and the sample cell. Another problem 
with slits narrower than four millime­
ters is that they may call for off-center 
pivoting of the grating to prevent defo­
cusing at the ends of the spectrum. 

Morelli calibrates his spectrophotom­
eter by putting a hydrogen Geissler 
emission tube in place of the usual lamp. 
Several of the visible spectral lines emit-

ted by hydrogen (the Balmer series) can 
be identified on the oscilloscope screen. 
When the four-millimeter slit is in place, 
the lines appear as sharp spikes. Since 
the wavelengths of the lines are known 
precisely, Morelli can calibrate the hori­
zontal axis of the trace on the screen in 
angstroms. 

I have purposely not been precise 
about the dimensions of the spectropho­
tometer because Morelli emphasizes the 
need for the experimenter to modify and 
adjust the basic design to suit whatever 
equipment he has gathered for build­
ing the instrument. The housings for the 
photomultiplier and the lamp should be 
as close together as possible. Morelli 
suggests a way to determine the proper 
distances of the lamp, the photomulti­
plier and the grating. Set up on a table a 
Geissler tube, the grating and a slit. With 
the room lights off and the tube on move 
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Plant a THINK TANK anywhere 
and watch the minds grow! 

home-ollice-school-parl<·club-churches·laboratory 

instructional games designed by university 
1 0",'e"sol'S to make learning fun through brain-to­

Beginning games can be mastemd by 
children-final games will challenge intelli­

These are the lamous GAMES FOR 
ERS lrom WFF 'N PROOF Publishers. 

WFF'N PROOF (logic) 13.00' 
QUERIES'N THEORIES (sci. & lang.) 13.00' 
EQUATIONS (mathematics) 10.00' 
ON-SETS (set theory I 10.00' 
PROPAGANDA (social studies) 11.00' 
ON-WORDS (word structures) to.OO' 
CONFIGURA TlONS (geometry) 6.75' 
TRI-NIM (problem solving) 5.75' 
REAL NUMBERS (arithmetiC) 2.25' 
WFF (beginner's logic) 2.25' 
QWIK-SANE (topology puzzle) 2.25' 
TAC-TICKlE (pure strategy) 1.75' 
TEACHERS MANUAL 1.25' 
MEDITATION GAME (pure strategy) 2.25' 
THINKERS BOOKENDS 16.00' 
Complete 13-Kit THINK TANK & Teachers Manual 

with Bookends 96.50' 
without Bookends 86.50' 

'includes postage and handling charges 

Order from : WFF 'N PROOF 

1490 Z8 South Blvd, Ann Arbor, Mi. 48104 

Fully guaranteed. Dealer inquiries invited. 

G,lls Ihal are a COMPLIMENT 10 receIve' 

PROFESSIONAL 
DISCOUNTS 

HP·67 .. ..... 2 9 9.95 
HP·92 . .39 9.95 
HP·97 ....... 584.95 
HP-33C NEW . . •  99.95 
HP 34C NEW . . 124.95 

HP·38C NEW .124.95 
Hp·31E ...... 4 1.95 
HP·32E . .. . .  54.95 
Hp·33E. 73.95 
HP·37E 59.95 
Hp·38E. 94.95 

HP·41C NEW PROGRAMMABLE ... CAll 
w. are HP's <Iuthor.zed funchlse duler -
<III accessories <Ire professlonallv discounted � TEXAS INSTRUMENTS Ask for 11 

DIgital 
electronic calculators Watches I 

TI·35 NEW ...... . S24.95 TI·5100.. ... .. 39.95 
TI·50.. . .. 33.50 Programmer. 48.95 
TI·55 . ..... . . .. ... 34.95 MBA. ...... .. ... . .. 5 9.95 
TI·58C NEW ... . ... 10 9.95 Business Analyst I .  21.95 
TI·59 ............. 20 9.95 Business Analyst" .. 39.95 
TI·58/59 libraries . .. 28.95 Business Card NEW....... 39.95 
TI·30·SP .......... 11.95 language Translator NEW . • .  21Q.95 
PC·IOOC .. . 146.95 Digital Thermostat NEW .. . 104.95 
TI·1750. . 1 9.95 Home Computer 99/4 NEW .1150.00 
TI·50l!;.. . ... 64.95 Speak & Spell. . 65.00 
TI·5040. .. 8 9.95 Chrono Alarm 806·31 39.95 

ALSO: CASIO. CANON. APF, SHARP, BSR, SEIKO, CRAIG. 
SANYO. NORElCO·PHllllPS,. PEARlCOROER, 
RECORO·A·CAll, COOE·A·PHONE, APPLE, ATARI, 
BORIS and CHESS CHAllENGER 

ATARI 800 . . . .S 9 9 9.95 
APPLE 16K... . ....... . . . .. . .. 9 95.00 
SHARP 5813 NEW PROGRAMMABLE .. . 34.95 
SHARP 5100 NEW lCO Alphanumeric .. 94.95 
CASIO Ml·80........... . . .4 9.95 
BSR SYSTEM X 10 Command.. . 39.95 (14.95 Ea. module) 
Chess Challenger 7... 8 9.95 
WE WILL BEAT OR MEET ANV COMPETITOR'S PRICE 

ON MOST ITEMS IF HE HAS MERCHANDISE ON HAND. 

All units shipped in original factory cartons with 
accessories according to manufacturers' specifications. 
CALL TOll FREE . . . (8 00) 854·052 3 (outside CAlor 

(114 ) 54 9 ·7 373 (within CAl. Visa, MasterCharge; money 
order; Pers. check (2 Wkuo clearl; COD accepted. Min. $4.95 
tor shipping in USA. All merchandise subject to availabilltv. 
Prices good With this ad for limited time only. Send mail 
orders to DEPT. SA-JaD 

WRITE OR CAll FOR FREE CATALOG. 

cDmputiQue 
3211 South Harbor Blvd., Santa Ana, CA 92704 

6 Stores in California - CALL: 
(714) 549·7373 (800t 854·0523 

the three objects on the table around 
until the spectrum falls on the\ slit in 
good focus. The distances so determined 
can serve as a guide for the construc­
tion of the spectrophotometer. 

To use the spectrophotometer for ex­
amining the spectral characteristics of 
external sources of light, such as a lamp 
or a flame, a mirror is mounted in front 
of the lamp in the instrument. Light 
from the external source is admitted 
through a slit in the side of the box 
housing the spectrophotometer and is 
directed by the mirror to the grating. 
The source must be relatively bright or 
the red end of the spectrum will be lost 
because of the insensitivity of the photo­
multiplier at that end. 

The possible applications of Morelli's 
rapid-scan spectrophotometer are nu­
merous. In addition to the oscillating 
chemical reactions I have mentioned, 
there are almost countless other opti­
cal phenomena that change too rapidly 
for any spectrophotometer requiring a 
point-by-point measurement across the 
visible spectrum. Morelli himself, for 
example, wants to examine the phos­
phorescence of certain crystals. 

Some amateur astronomers may be 
interested in analyzing the spectral com­
position of sunlight. Morelli employs a 
telescope and a mirror to project an im­
age of the sun onto a pinhole that he has 
installed temporarily in place of the slit 
in the side of the box housing the spec­
trophotometer. He moves the image of 
the sun across the pinhole and there­
by gets tracings on his oscilloscope for 
spectra of different areas on the sun. 
Similar observations could be made of 
other celestial objects, but because of 
the much lower intensity of their light 
the spectrophotometer of Morelli's ba­
sic design would respond primarily to 
the wavelengths at which the photomul­
tiplier is the most sensitive. 

Morelli has not stopped tinkering 
with his instrument. His next big change 
will be to replace the mechanical scan­
ning system of the present design with 
an entirely electronic scanning system 
based on a Vidicon (an image-storage 
tube). Such a system will be more sensi­
tive because the oscilloscope trace will 
be built up through the storage of in­
formation from many scans. It would 
therefore be better for the spectral anal­
ysis of light from faint sources such as 
phosphorescing crystals. With the elec­
tronic system Morelli will also be able 
to examine ultrarapid phenomena such 
as the flash from a high-speed xenon 
flash lamp. The Vidicon is also more 
sensitive at the red end of the spectrum, 
so that the instrument will not have one 
of the shortcomings of an instrument 
based on a photomultiplier. Morelli is 
now building a rapid-scan spectropho­
tometer with a Vidicon tube that is em­
ployed in closed-circuit black-and-white 
television cameras. 
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WHAT'S BETTER 
THAN SPEED READING? 

SPEED LEARNING 
(SPEED PLUS COMPREHENSION) 

Speed learning is replacing speed reading because it's easy to learn ... lasts a lifetime ... applies to 
everything you read ... and is the only fully accredited course with the option of college credits. 

Do you have too much to read and too 
little time to read it? Do you mentally 
pronounce each word as you read? Do 
you frequently have to go back and re­
read words or whole paragraphs you just 
finished reading? Do you have trouble 
concentrating? Do you quickly forget 
most of what you read? 

If you answer "yes" to any of these 
questions - then here at last is the prac­
tical help you've been waiting for. 
Whether you read for business or plea­
sure, school or college, you will build excep­
tional skills from this major breakthrough 
in effective reading, created by Dr. Russell 
Stauffer at the University of Delaware. 

Not just "speed reading" - but speed 
reading-thinking·understanding­

remembering-and-learning 
The new Speed Learning Program 

shows you step-by-proven-step how to 
increase your readmg skill and speed, so 
you understand more, remember more 
and use more of everything you read. 
The typical remark made by the 75,000 
slow readers who completed the Speed 
Learning Program was: "Why didn't 
someone teach me this a long time ago?" 
They were no longer held back by the 
lack of skills and poor reading habits. 
They could read almost as fast as they 
could think. 

What makes Speed Learning so successful? 
The new Speed Learning Program does 

not offer you a rehash of the usual eye­
exercises, timing devices, costly gadgets 
you've probably heard about in connec­
tion with speed reading courses or even 
tried and found ineffective. 

In just a few spare minutes a day of 
easy reading and exciting listening, you 
discover an entirely new way to read and 
think - a radical departure from any-

EARN PROFESSIONAL & 
COllEGE CREDITS 

Speed Learning is approved for credit by the following 

professional and educational institutions: 

• Foundation for Accounting Education 
20 CPE Credit Hours 

• American Management Association 
1.9 Continuing Education Units 

• National Society of Public Accountants 
20 Continuing Education Hours 

• Conege Credit 
3 credits from the National College of Business 

Details and registration forms included with each 
program. 

OFFERED tNTERNATIONAll Y BY 

• Institute of Electrical &: Elec:tronics Engin .. rs 

• American .. Chemical Society 

• National Association of Life UnderwriMn 

thing you have ever seen or heard about. 
Research shows that reading is 95% 
thinking and only 5% eye movement. Yet 
most of today's speed reading programs 
spend their time teaching you rapid eye 
movement (5% of the problem) and ig­
nore the most important part (95%) think­
ing . In brief, Speed Learning gives you 
what speed reading can't. 

Imagine the new freedom you'll have 
when you learn how to dash through all 
types of reading material at least twice as 
fast as you do now, and with greater 
comprehension. Think of being able to 
get on top of the avalanche of newspa­
pers, magazines and correspondence you 
have to read ... finishing a stimulating 
book and retaining facts and details more 
clearly and with greater accuracy than 
ever before. 

Listen-and-Iearn at your own pace 
This is a practical, easy-to-learn pro­

gram that will work for you - no matter 
how slow a reader you think you are 
now. The Speed Learning Program is sci­
entifically planned to get you started 
quickly ... to help you in spare minutes 
a day. It brings you a "teacher-on­
cassettes" who guides you, instructs, en­
courages you, explain­
ing material as you 

read. Interesting items taken from Time 
Magazine, Business Week, Wall Street 
Journal, Family Circle, N. Y. Times and 
many others, make the program 
stimulating, easy and fun ... and so 
much more effective. 

Executives, students, professional 
people, men and women in all walks of 
life from 15 to 70 have benefited from this 
program. Speed Leaming is a fully accred­
ited course ... costing only 1/5 the price 
of less effective speed reading classroom 
courses. Now you can examine the same, 
easy, practical and proven methods at 
home ... in spare time ... without 
risking a penny. 

Examine Speed Learning 
FREE for 10 days 

You will be thrilled at how quickly this 
program will begin to develop new 
thinking and reading skills. After listen­
ing to just one cassette and reading the 
preface you will quickly see how you can 
achieve increases in both the speed at 
which you read and in the amount you 
understand and remember. 

You must be delighted with what you 
see or you pay nothing. Examine this 
remarkable program for 10 days. If, at 
the end of that time you are not con­
vinced that you would like to master 
Speed Learning, simply return the pro­

gram and owe nothing. 
See the coupon for low 
price and convenient 
credit terms. 

Note: Many companies and gov­
ernment agencies have tuition 
assistance plans for employees 
providing lull or partial payment 
lor college credit programs. 

In most cases, the entire cost 01 
your Speed learning Program 
Is Tax Deductible. 

Please send me the Speed Learning Program at $89.95 plus S3.00 for handling and insured delivery. 
Please check the method of payment below: 

D Check or money order enclosed for items ordered. New Jersey Residents add 5% sales tax. 
D Please charge my credit card under the regular payment terms: D Bank Americard 

D Master Charge Interbank No. D American Express D Diners Club 

Card No. _________________ _ Exp. Date ______ _ 

I understand that If after 10 days I am not delighted In every way, I may return the materials 
and obtain a full refund with no questions asked. 

Name __________________ _ 

Address _______________ _ 

City _______ State ___ Zip __ _ 

x Signature ______________ _ 

II you don't already own 
a cass.tte player, you 
may order this Deluxe 
Cassette Recorder for 
only $49.95. (Includes 
handling and delivery.) 

Check here to order 0 
L _____ _ Outside U.S.A. $99.95 + $3 surface mail - airmail extra - - - - - - oJ 
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Head for the hills or go cross-country - we've all kinds of white stuff to test your mettle 

and apres ski, some first class resorts, mulled wine and good times to help you unwind. F or more 

about our winter holidays, call us COLLECT (416) 965-4008, or write: 

Ontario Travel, Dept. M.F., Queen's Park, Toronto, M7A 2E5. 

ontario"-Canada 
We treat you royally 

© 1979 SCIENTIFIC AMERICAN, INC



MOTOROLA HAS DEVELOPED A 
It isn't as if we had invented the 
wheel, but at Motorola we 
appreciate some of the feelings 
of the person who did . Because 
we have developed a new 
microprocessor-the 16-bit 
MC68000-of such exceptional 
speed and capacity that, quite 
frankly, we don't know all the 
uses that equipment designers 
will find for it. 

Of course, we know a lot 
of its applications. And its capa­
bilities are so impressive that we 
think the MC68000 is authen­
tically a new frontier in elec­
tronic innovation. And becau se 
¥we have �pe<fthe techno!-
of!!(Qr making the MC68000 
in greafquantlties; we think it 
Mii'i indeed be the great 
prOblem-solver of the eighties. 

ELECTROIIC 
HOISEPOWIIL 

We developed the MC68000 to 

handle jobs that benefit from 
more speed and efficiency than 
even the best available micro­
processors could supply. For in­
stance, the additional electronic 
horsepower of the MC68000 
can more cost-effectively turn 
a typewriter work-station into a 
complete desktop computer, 
one with a capacity available 
only in a room-size computer 
just a few years ago. 

It can give a telephone 
. switchboard the discretion to 
direct m8ny thousands of 
phone calls simultaneously, 
each by the cheapest route. 

It can give the auto 
industry an Important increase 
in the ability to control engine 
efficiency by giving engines the 
ability to r espond to measure­
ments of such minutiae as air 
temperature, barometric pres­
sure, altitude, even changes in 
the chemical composition of 
gasoline. 

It can give the utility indus­
tries the ability to distribute 
electricity in response to sec­
ond-by-second changes in cus­
tomer demand. 

It can sleeplessly tend 
scores of patients in intensive 
care, automatically and 
instantly responding to critical 
signs (it can cope with two 
million instructions per 
second) with all the relevant 
corrections. 

Even more exciting, 
however, are the applications 
we know nothing about. 
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,...·SOLVER FOR THE'80s. 
ELECTRONIC HISTORY 

IN THE MAKING. 

What are the applications of a 
superchip that measures only 
one-quarter inch square, but 
has the ability to control a 
memory contai ning 128 million 
bits of data, and can complete 
a job in microseconds instead 
of minutes? The mind flies. 

Perhaps a worldwide 
medical diagnostic network that 
recognizes the symptoms and 

. knows the prescribed treatment 
for every identified disease on 
earth. Perhaps computerized 

machinery to disassemble 
a space 

satellite automatically the 
moment its orbit begins to 
decay. 

Perhaps an industrial com­
puter that can handle everything, 
from extraction of raw mate­
rials, to packing and shipping to 
retail outlets. Or an automated 
national allocation system for 
home heating fuel, with com­
puters in every city and town to 
regulate fuel distribution by 
local temperature fluctuations. 

PUSHING THE LIMITS OF 
MICROELECTRONICS. 

Motorola, of course, makes 
only the microprocessor. But 

the MC68000 is a tool / 
of enormous 
sophistication. 

tending possibilities, exciting 
exactly that sense of practical 
wonderment that is the real 
source of all progress. 

Motorola's MC68000 is a 
giant stride even for a rompany 
that systematically explores the 
very limits of microelectronics 
technology; that has become a 
foremost producer of semicon­
ductors; that has become one 
of the world's largest manufac­
turers d evoted exclusively to 
electronics . 

We have been making 
electronics history since 1928. 
With the MC68000, we have 
outdone ourselves. 
For fu rther information, write Public Affairs 
Office, C orporate Offices, Motorola, Inc., 
1303 E. Algonquin Road, Schaumburg 
Illinois 60196. 
Motorola and � are regis tered t rademarks 
of Motorola, Inc. I n a very legiti­

mate sense, it 
is a tool for 
expanding 
minds, ex-

® MOTOROLA 

Making electronics history 
since 1928. 
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