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Needless 
hospitalization. 

These days, the hospital bill can 
be more of a shock than the opera­
tion. Surgical fees alone have 
doubled in the last five years. 

That's a problem for you_ 
And us. 

Through healthy competition, 
private health insurance right now 
covers 177,000,000 Americans. 
147,000,000 of these are protected 
against even catastrophic expenses. 

But, though the system is basi­
cally sound, no one, including us, 
has done enough about containing 
health care costs. So we'd like to rec­
ommend something that could be 
done today: reduce in-hospital time 
for surgery. 

In many cases, minor surgery 
and pre-surgery testing could be 
handled on an ambulatory basis_ We 
also support-and an increasing 
number of insurance companies pay 
for-second, and even third, opin­
ions for elective surgery. 

We have a booklet called 
Reducing Surgical Costs _ You can 
have a free copy if you'll write us at 
the Health Insurance Institute, 
Dept. 13, 1850 K Street, NW., 
Washington, D_C. 20006. 

Exercising your rights as an 
involved consumer could do a lot to 
get health costs in trim_ 

THE HEALTH 
INSURANCE 

COMPANIES IN 
AMERICA 

Let's keep health care healthy 
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. The new Saab 900 series. Advanced 
technology fused to stirring design 
creates new and superior performance 
automobiles. 

The totally new Saab 900 series. The 
longest, sleekest Saab cars ever. But 
increasing length wasn't for looks 
alone. Their longer wheelbase is inte­
grated with a new steering system and 
new suspension geometry for out­
standing roadability. 

The totally new Saab 900 series. In­
troduc::es a new and innovative asym­
metrical instrument panel. Controls are 
practically equidistant from the driver's 
hands. Gone forever is searching and 
fumbling. 

The totally new Saab 900 series. 
Even the air inside the car hasn't been 
overlooked. Saab engineers have de­
signed a unique fresh air filter that 
eliminates all airborne pollen. You won't 

find it on any other car in the worl.d: 
To these striking new automotive ad­

vances the new 900 series adds fuel 
,injection, front wheel drive, and rack 
and pinion steering. The result? Truly 
astonishing performance. Even for the 
world acclaimed Saab. 

The 900 Turbos 
The high point of the thrilling, new 

900 series. Probably the most exciting 
cars you can buy. The remarkable Saab 
turbo engine delivers the kind of energy 
formerly reserved for racing. but puts it 
at your command in everyday driving 
situations. With the Turbo you can have 
your exhilarating performance in either 
3-door or for the very first time. 5-door 
configuration. 

. 

The 900 EMS 
This is the Saab for the sports­

minded. An extraordinary sports se­
dan. It's fast. responsive and well-

senese 
equipped. Automatic transmission 
with power-assisted steering is now 
available for the first time. Bilstein gas 
shock absorbers and sports steering 
wheel are standard. Sliding steel sun 
roof (as shown) is optional. 

The 900 GLE 
One of the. few cars in the world that 

can truly be called a high-performance 
luxury sports sedan. The interior is 
sheer elegance. Plush. soft velour, color 

. coordinated door panels, seamless 
deep-pile carpeting, electrically heated 
front seats, and stereo speakers are 
standard. Automatic transmission, 
power steering and sun roof are avail­
able as options. 

These are just a few of the examples 
of how the 900 series has become the 
new look of performance. To appreciate 

. the complete excitement test drive one 
of the new 900's at your Saab dealer. 
The new look of performance will be a 
driving revelation. 

THE SAAB 900 SERIES 
THE COMMAND PERFORMANCE CARS 
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THE COVER 

The design on the cover shows the front end of a large stone-throwing catapult, 
drawn according to specifications laid down by the Roman military engineer 
Vitruvius in about 25 B.C. This particular weapon was based on the torsion 
principle: tightly stretched bundles of elastic fibers, consisting of animal sinew, 
horsehair or human hair, were further strained by a rigid bow limb as the cata­
pult was brought to a full draw (see "Ancient Catapults," by Werner Soedel and 
Vernard Foley, page 150). The H-shaped structure seen in cross section at low­
er center is the stock, a compound wood beam that formed the main axis of 
the device. The view here is straight back along the trajectory of the stone, 
which with the weapon cocked rested at the rear end of a long, shallow trough 
cut into the top surface of the slider, a movable beam that in tum fit into a dove­
tail groove in the top of the stock. The stone was loaded in a pouch at the mid­
point of the bowstring, which was grasped and released by a cIaw-and-trigger 
arrangement attached to the top rear surface of the slider (out of sight in this 
view). A winch with a ratchet wheel was used to force the slider to the rear, 
taking the bowstring with it. Catapults of this type, which were capable of 
throwing stones weighing as much as 78 kilograms, could also be adapted 
to fire large arrows. A side view of a similar machine appears on page 152. 
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Offprints 
Each article in each issue of 

SCIENTIFIC AMERICAN is 

available in a separate Offprint 

starting January, 1977 

Offprints will be ready for delivery by 

the end of the month following the 

month of issue. In addition, over 1,000 
selected articles from earlier issues 

are available in Offprints and are listed 

in catalogue (see form below). 

Individual and Corporate Orders 

Offprints may be ordered in any quan­

tity and combination. Price: $.40 
each; $5.00 minimum; payment with 

order. Coupon below suggests form 

of order. 

School and College Orders 

Offprints adopted for classroom use 
may be ordered direct or through 
campus bookstore. Price: $.40 each. 

Student sets of 10 or more Offprints 
are collated by publisher and deliv­
ered as sets to bookstore. Offprint 

Readers, pre-selected course-oriented 
sets of Offprints, are accompanied by 

selector's commentary relating the ar­

ticles to one another and to formal 
course work. Write for catalogue. 

W. H. Freeman and Company 
660 Market Street, San Francisco, Cal 94104 

Please send me Offprints: 

Title of Article Quantity 

Total 

Multiply by $ .40 

Payment Enclosed $ 
=-----'-

Minimum order $5.00, payment with order 
California residents add sales tax 

o Please send free Offprint catalogue 

Name 

Address 

City and Slale Zip 

. . . ..... . . . . . ....... ... ......... .... 
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HP measurement and computer advances 

The HP 300. An innovation that puts 
high-powered, flexible computing 
into a small, compact console. 

No larger than a free-standing terminal, the 
UP 300 is a new, low-cost business system 
that achieves a new level of computing 
concentration. Once programmed, it is 
friendly enough for people with no com­
puter experience to use, yet packs a breadth 
of capabilities that will surpass normal 
expectations of a sophisticated 
applications designer. 

The HP 300 computer is designed to simplifY the de­
velopment and control of dedicated on-line business 
applications. It incorporates HP's proprietary silicon­
on-sapphire (50S) integrated circuit technology: 
Exhaustively tested and refined, 50S semiconductor 
chips give the HP 300 the related benefits of smaller 
size, greater performance, and lower cost than com­
puters using traditional technologies. The HP 300 is 
designed for office environments and plugs into a 

standard electrical outlet. 

The HP 300 can handle up to 16 terminals in transac­
tion processing environments, and its "virtual mem­
ory" allows the use of extremely large programs and 
data sets without being confined to physical memory 
size. A powerful new operating system, Amigo/3DO, in 
conjunction with an integrated display system (IDS), 
greatly simplifies user interface, and enables the HP 
300 to perform both as a multiprogramming and multi 
tasking system. For example, the HP 300 can print 
reports at the same time that higher-priority data entry 

8 

or data base management inquiry operations are tak­
ing place at the system's terminals. 

Eight programmable soft keys on the side of the video 
display screen can be captioned to give the operator a 

series of choices in performing a job. The display itself 
can be divided into multiple "windows" to view and 
control different parts of an application. These win­
dows can even be scrolled individually, both vertically 
and horizontally, to a width of 160 columns and a 
length of several thousand lines. 

Two widely used business languages, RPG II and Busi­
ness BASIC, are available, as are IMAGE/300 data base 
management with an English-like inquiry capability 
and 1YPIST/300 text editing. There's even a HELP key 
that gives the user direct access to an on -line reference 
manual for the system. Full control of all job priorities 
and applications is maintained at the HP 300's central 
console. 

The price of the system is $36,500 with 256k bytes of 
main memory, 1 megabyte of mass storage on one 
flexible disc drive, and one 12-megabyte fixed disc. 
This can be expanded to 1 megabyte of main memory 
and 240 megabytes of disc storage. In brief, the HP 300 
offers the capabilities, flexibility, and growth potential 

of computers costing two or three times its price. 

A working partnership with HP. 
This informative management booklet outlines HP's 
approach to doing business. It summarizes the 
expertise, resources, support, and computer 
products we bring to customers. For a 

free copy write to A.P. Oliverio, Vice 
President, Marketing, Hewlett­
Packard Co., 1501 Page Mill Rd., 
Palo Alto, CA 94304. 
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extend your possibilities. 

HP's new fiber optic link: 
signal advantages in digital data transmission. 

Hewlett-Packard's HFBR series fiber optic 
system can simplify error-free data com­
munications between computers or within 
systems, especially in environments where 
electromagnetic interference is generated. 

In environments where high-voltage equipment, heary 
electrical machinery, transformers, or other devices 
generate electromagnetic interference, reliable data 
transmission between computers or within 
computer-instrument systems can be a problem. The 
usual data links of twisted wire or coaxial cable may 
necessitate the use of expensive shielding, conduit, 
isolation transformers, or data error checking and re­
transmission circuitry. 

However, by converting the electrical signals to light 
pulses with no electrical charge, data can be transmit­
ted over a single, hair-thin optical fiber without error or 
disruption. It is precisely such a system that HP has 
developed. Using standard TTL electrical interfaces 
and requiring only a single 5-volt power supply, small 
optical transmitters and receivers translate the coded 
electrical transmission into light pulses at one end of 
the fiber, and back to electrical signals at the other. The 
fiber, reinforced and jacketed in polyurethane, can 
span distances of up to 100 metres. 

. 

The system offers other advantages compared to elec­
trical connections: broad bandwidth over long dis­
tances; light-weight, small-diameter, flexible cables; 
electrical isolation between connected units; and no 
externally radiated signal. 

TYPical applications include distributed system net­
works, process control systems, secure communica­
tions, aircraft or shipboard data links, high-voltage or 
electromagnetic field research, remote instrumenta­
tion systems, and factory data collection. 

Prices start at $570* for a 10-metre system. The HFBR-
1001 Transmitter and HFBR-2001 Receiver are available 
separately at $225* each, and various fixed-length 
connector-cable assemblies are available. 

HEWLETT i:fi PACKARD 

1503 Page Mill Road. Palo Allo. California 94304 

For assistance call: Washington (301) 948-6370. Chicago (3 t 2) 255-9800. 

Atlanta (404) 955-1500. Los Angeles (213) 970-7500 

Fiber optic transmitter and receiver are connected to 
modulation/demodulation circuitry on a PC board for insertion 
in a computer. 

Mail to: Hewlett-Packard. 1503 Page Mill Road. Palo Alto. CA 94304 
Please send me further information on 

( I HP 300 computer 

( I HFBR series fiber optic system 

Name ________________________________ __ 

Company ______________________________ _ 

Address _____________________________ _ 

City _______________ Siale _____ Zip _______ _ 

-Domestic l!.5 pr-iC'es only 00940 
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LETTERS 
Sirs: 

In Charles F. Westoff's article "Mar­
riage and Fertility in the Developed 
Countries" [SCIENTIFIC AMERICAN, De­
cember, 1978] he notes that the birthrate 
in the U.S. has been declining over the 
past two centuries except for the brief 
"baby boom" after World War II. He 
states that "the real question. and the 
more perplexing one. is what caused 
that exception." I submit that the real 
question is what caused the protracted 
slow decline. Insight into why the birth­
rate of the U.S. and that of most of the 
developed nations have reached such 
low levels that their population growth 
is approaching zero would be of great­
er significance in dealing with the cur­
rent population crisis in the developing 
world than would causation of the baby 
boom. It is much easier to make plausi­
ble assumptions about what caused the 
baby boom than to account for the his­
toric decline in our birthrate. 

After hedgingly pointing out that the 
record of population projections is not a 
happy one and that it is foolhardy even 
to speculate about future trends in fertil­
ity and population growth Westoff takes 
a long look ahead and sees the strong 
possibility that declining fertility in the 
developed nations may continue beyond 
zero population growth even to the 
point of threatening them with seJf-ex-

Scientific American, March, 1979; Vol. 240, No. 3. 
Published monthly by Scientific American. Jne., 415 
Madison Avenue, New York, N.Y. 10017; Gerard Piel, 
president; Dennis Flanagan, vice-president; Donald H. 
Miller, Jr., vice-president and secretary; George S. 
Conn, vice-president and treasurer; C. John Kirby. vice­
president; Arlene Wright, assistant treasurer. 

Editorial correspondence should be addressed to The 
Editors, SCIENTIFIC AMERICAN, 415 Madison A venue, 
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, SCIENTIFIC AMERI­
CAN, 415 Madison Avenue, New York, N.Y. 10011. 

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 pJeas.e enclose 40 cents. 

Subscription correspondence should be addressed to 
Subscription Manager, SCIENTIFIC AMERICAN, 415 
Madison Avenue, New York, N.Y. 10011. 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 Addres� 
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tinction. With that startling outlook the 
news media had a field day. One leading 
newspaper warned that several Europe­
an countries are "struggling to cope with 
population declines." Struggling with 
what-the good life? With world popu­
lation continuing to expand rapidly it 
seems premature to be stirring appre­
hension over low birthrates in a small 
segment of the global population, re­
gardless of stage of development. 

In prognosticating that the U.S. popu­
lation (220 million) may reach only 253 
million by the year 2015 Westoff disre­
gards the census undercount and the an­
nual influx of illegal immigrants, now at 
flood stage. Most estimates of their 
numbers approximate or exceed our 
current net gain from births over deaths. 
These immigrants should not be dis­
counted simply because they cannot be 
counted. I expect on the basis of less 
rose-tinted spectacles and the fickleness 
of futurology that the U.S. will have 253 
million inhabitants by the year 2000. 
The producers are already at hand, 
modern contraceptive technology is in 
serious need of improvement and the 
urge to reproduce remains a deep-seated 
attribute of human biology. Moreover, 
life expectancy keeps increasing and the 
administrative stance on illegal immi­
grants is leniency. All the same, for the 
welfare of oncoming generations, I sin­
cerely hope that Dr. Westoff is right. 

ROyO.GREEP 

Harvard Medical School 
Boston, Mass. 

Sirs: 
Dr. Greep asserts that the more im­

portant question for the developing 
world today is why the birthrate de­
clined historically in the developed 
countries rather than why the baby 
boom occurred. I completely agree with 
that observation. The serious popula­
tion problems of the developing coun­
tries was not, however, the point of my 
article, which was addressed exclusively 
to the emerging reactions to zero or neg­
ative population growth in the devel­
oped countries. Although world popula­
tion growth is still much higher than is 

. desirable, governments, including the 
United Nations, do not react to the 
world as a whole. Different nations have 
different population problems and will 
react accordingly. For example, the 
government of East Germany is already 
trying to stimulate fertility in response 
to negative population growth, and this 
domestic concern is not altered by the 
fact that Bangladesh and two-thirds of 
the rest of the world have a different 
kind of population problem. 

Dr. Greep also complains in effect 
that my population prognosis for the 
U.S. ignores the "influx of illegal immi­
grants" (the other factors of the census 

undercount and increasing life expect­
ancy that he points to are not really im­
portant in terms of the magnitude of 
future population growth) and that I 
should not have discounted its impact 
simply because the volume of illegal mi­
grants cannot be estimated accurately, 
His characterization of this volume as 
now "at flood stage" suggests that he is 
susceptible to the earlier Department of 
Justice concern& and to the probable ex­
aggerations of the press (which. he right­
ly deplores. sensationalized my article). 
Serious students of the subject of un­
documented aliens are not at all con­
vinced that the numbers have really in­
creased much from earlier times or that 
much of the movement is not of a back­
and-forth nature. 

I share Dr. Greep's concern with the 
problems of rapid popUlation growth 
and with the need for improvement 
of contraceptive technology. There are, 
however, many well-meaning advocates 
of zero population growth who evident­
ly find it difficult to tolerate any discus­
sion of situations where the perceived 
need is to arrest declining populations. 
There are countries that might be quite 
satisfied to stay at zero population 
growth or even to return to it. 

CHARLES F. WESTOFF 

Princeton University 
Princeton, N.J. 

Sirs: 
Over the years it has been mentioned 

a number of times in the pages of Scien­
tific American that the supernova of July 
4, 1054, was not observed in Europe. 
The matter is dealt with most recently in 
your note "A Star Is Reborn" ["Science 
and the Citizen," SCIENTIFIC AMERICAN, 
October. 1978]. 

There is probably good reason why a 
report of this extraordinary celestial 
event cannot be found in Christian 
chronicles: it was highly embarrassing 
to the clergy of both the East and the 
West. In July. 1054. the papal legate laid 
on the altar of Hagia Sophia a bull ex­
communicating the patriarch of Con­
stantinople. thereby rending asunder the 
Christian world for the next 900 years in 
the Great Eastern Schism. The belief 
prevailing at the time. that significant 
events on the earth are attended by por­
tents in the sky, made it appear that the 
supernova was lending unwanted pub­
licity to the internal squabble. Then, as 
now, people celebrate their marriages 
and are glad to have them broadcast, 
but they tend to hush up their divorces. 
It was churchmen who wrote the chroni­
cles, and they could hardly have been 
eager to highlight the breach. 

C. L. THOMAS 

Andelfingen, Switzerland 
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sh Sweepstakes 

IRISH WHISKEY 
fit. BLEND 

DISTILLED IN IRELAND BY 

fuh"J1 (2 u«� &'1 t" L.M'"N;D 
S REET DISTILLERY 

DUBLIN 
750 MI. {2:5." Fl.OZ,) • so PROOf 

IMPORTED 
This could be your ticket to Ireland 

Win one of 15 round trips for 2 to Ireland on Aer Lingus 
Jameson Irish Whiskey will be giving 15 lucky win­

ners two round trip tickets to Ireland on Aer Lingus, 
Irelands quality International Airline ... Plus, $1,000 
expense money to help you enjoy your stay. 

Plus 300 other prizes 
300 lucky runners-up will win an elegant Irish lead 

crystal heart-shaped pendant with a sterling silver 
chain. 

Simply answer the 
questions on the coupon 

correctly. The answers to 
all the questions appear on 

the Jameson label. 
Not the one in this ad, 

however. That would be 
too easy. 

Just take a short trip to your 
liquor store, favorite bar or restaurant, 

and look at a bottle ofJameson. Its one short 
trip that could tum into one beautiful trip to 

Ireland. You'll also find the answer to "Why Jameson 
instead of Scotch?" (Because it's lighter and more 
delicate tasting than fine Scotch. ) 

Jameson ... Worlds largest selling Irish Whiskey. 

OFFICIAL RULES 

1. On entry form, or a 3* x 5" piece of paper, print your name, address and zip code. Then, 
answer the 3 questions with information found on the front label of any bottle of Jameson 
IrisH Whiskey. If you don't own a bottle visit your favorite restaurant or tavern, or go to 
any participating liquor store and look at a bottle of Jameson. 

2. E�ter as often as you wish, but each emry must he properly completed, addressed and 
mailed in a separate envelope and received by June 30,1979, to be eligible. Prize winners 
will be determined in a witnessed random drawing of correct entries by Frederick Siebel 
Associates, an independent judging organization whose decisions are final. No pur­
chase required. 

3. Each grand prize winner will receive 2 round trip economy tickets to Ireland on Aer 
lingus plus $1,000 cash. Irs incumbent upon winners to make their own arrangements 
for trip. Winners shall depart from the normal Aer lingus departure points within the 
Continental U.S.A. Any additional t!xpenses incurred on the trip will be borne by 
the winners. Trips must be taken by Dec. 31, 1980. Any necessary taxes must be paid 
by winners. The 300 second prize winners will receive an elegant Irish cut glass lead 
crystal heart-shaped pendant with a sterling silver chain. Prizes are non-transferrable 
and non-redeemable. 

4. Only one prize per family or household. The odds of winning will be determined by the 
number of correct entries received. All prizes will be awarded. 

5. Sweepstakes open to residents of the Continental U.S.A., Alaska and Hawaii. 
Employees and their families of Calvert Distillers Company and Aer lingus, their 
affiliated and subsidiary companies, liquor wholesalers and retailers, their advertising 
agencies and judging organization, are not eligible. Sweepstakes void where prohibited 
or restricted by law. All federal, state and local laws apply. 

6. Entrants must he of legal drinking age under the laws of their home state. 

7. A list of all major winners can be acquired at the conclusion of the sweepstakes by 
sending a stamped, self-addressed envelope to Jameson Irish Sweepstakes, P.O. Box 
8260, St. Paul, Minnesota 55182. NO PURCHASE REQUIRED. 

--------------------, JAMESON IRISH SWEEPSTAKES 
I have read the contest rules listed on this page, and would 
like to enter the Jameson Irish Sweepstakes. My answers are 
written below {correct answers appear on the front label of 
each Jameson bottle}. 
1. What year appears on the Jameson label? 

r�lIl1l'li)1j� 2. What Dublin street name appears on the Jameson label? 

3. What is the motto under the Jameson coat of anns? 

Name ______________________________________ __ 

Address ______ -::-_______ -=:-__ _ 

City State Zip __ _ 

Mail entries to: Jameson Irish Sweepstakes, 
P.O. Box 8209, 
St. Paul, Minnesota 55182 

more infonnation on travel to Ireland, call Aer Lingus toll 

�������� � -----------� 
James on. World's largest .. selling Irish Whiskey. 80 PROOF· CALVERT DIST CO. NYC 
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DC power amplifier 
with pulse power supply and 
high - speed power indicators 
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There is now 
a Mercedes-Benz station wagon 

The new 300 TD. Before it could be a 
Mercedes-Benz station wagon, it had to behave like a Mercedes-Benz car. 

M ercedes-Benz has engineered 
a station wagon that handles 

like - and is as solidly built as - a 
Mercedes-Benz car. 

It does not wallow about on the 
road like a hippopotamus. 

And it has been designed to spare 
its owner the aggravation of a chorus 
of rattles and creaks. 

"First and foremost;' reports Car 
and Driver magazine, "is that when 
you drive it empty, you very quickly 
forget you're driving a wagon. It han­
dles very much like a sedan, with 
none of the ponderous, tail-happy 
lethargy we've come to expect . .  �' 

But what happens to the handling 
when the 300TD is heavily loaded? 

There is a sensor buried deep 
within every Mercedes-Benz station 
wagon. Should a passenger step 
aboard, or luggage be added, this 
sensor orders a special pump to send 
an extra supply of hydraulic fluid to 
the rear shock absorbers. 

This raises the rear of the vehicle 
to its normal, most effective level. 

And this, in turn, maintains the 
correct front-wheel geometry so that 
the station wagon can be steered 
precisely even under heavy load, in­
stead of wallowing clumsily from 
side to side. 

It sounds like a 
Mercedes-Benz car 

Creaks, rattles, thrumming noises­
are they the inescapable bugaboos. 
of a station wagon? 

Not so, said the Mercedes-Benz 
engineers. 

Car and Driver agrees: "The back 

The new Mercedes-Benz 300 TD. 
Only 2,500 will be available in the U.S. this year. 

end doesn't sound like a crate of 
empty muffin tins whenever you hit a 
bump, which is something you can't 
say for your average wagon. Mercedes­
Benz designers have found ways of 
securely buttoning down all the 
movable panels that usually cause 
station-wagon rattles . . �' 

Good brakes are not enough 

The handling ability of a car is con­
sidered of paramount importance at 
Mercedes-Benz. The reason is sim­
ple: if at all possible, it is always pref­
erable to avoid an accident. 
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Good 4-wheel disc brakes alone 
are often not enough. The car must. 
also be capable of violent evasive ac­
tion without loss of control. 

And so the new Mercedes-Benz 
300 TD station wagon has been fitted 
with the sophisticated steering and 
suspension systems of a Mercedes­
Benz car. 

Steering that "talks" to you 

There is zero-offset steering built into 
the front suspension of the 300TD to 
provide more precise steering control 
in emergency situations. 

The power steering itself has 
"feeI:' It tells your hands exactly what 
the front wheels are doing at every 
moment. 

And the suspension is indepen­
dent on all four wheels. Should one 
wheel hit a bump in the middle of a 
corner, that wheel alone is affected, 
leaving the other wheels indepen­
dent to maintain their grip on the 
road. There is none of that alarming, 
sideways hop-skip-and-lurch that one 
expects from a less-expensive sol id 
rear axle; the Mercedes-Benz will 
simply shift a few inches to one side, 
then smoothly resume its course. 

It uses Diesel fuel. Sparingly. 

The Mercedes-Benz station wagon is 
no gas-guzzling leviathan. For one 
thing, it measures a trim and nimble 
15 feet 11 inches from stem to stern; it 
is the length of a Mercedes-Benz car. 
For another, it doesn't use gas at all. 

The powerplant is the re­
markable 5-c\'linder Mercedes­
BenzDiesel. This 3-liter engine 
is coupled to a 4-speed auto­
matic transmission to achieve 
a balance of performance and 
economy. It delivers an esti -
mated 23 mpg. 

Load Ibis space, or 

add passengers, and 

a sensor orders the 

sllspension 10 raise Ibe 

rear of Ibe slation wagon 

10 ils normal. mosl effec· 

lil'e leI lei. 

This estimate is from the U.S. En­
vironmental Protection Agency. 
Remember: Compare this estimate [0 
the "estimated mpg"of other station 
wagons. You may get different mile­
age, depending on how fast you 
drive, weather conditions, and trip 
length. 

A lesson in the use of space 

The interior design of the 300 TD sta­
tion wagon is an object lesson in the 
ingenious use of space. 

Raise the tailgate and look for its 
hinges and damper units. You' II find 
them tucked discreetly into the roof. 
It costs more to do it this way, but the 
Mercedes-Benz engineers wanted an 
absolutely smooth inner-roof surface 
so that bulky packages wouldn't snag 
on out jutting hinges. 

There are seats for five adults. All 
of the passenger seats can be folded 
out of the way (see illustration, right) 
in a multitude of sizes and shapes of 
carrying space. 

"If the object is really long," noted 
Car and Dril'er, "say a canon of 
record-length spaghetti or a p�1hon 
with rigor mortis, that's no problem 
either. Just unlatch and remove the 
right-side cushion of the second seat. 
Fold that side of the seat back for­
ward. Then fully recline the passen­
ger-Side front bucket. That leaves an 
uninterrupted stretch from the tail-. 
gate in back to the glove-box door in 
front. What more could you ask?" 

All of tbe passenger seals can be folded 

ou t I5f tbe way to provide different 

sbapes and sizes of carrying space. 

More standard equipment 

In typical Mercedes-Benz fashion, the 
list of standard equipment is quite 
staggering in its length. 

To name a few items: Climate con­
trol air-conditioning. Cruise control. 
A 4-speed automatic transmission. 

Power-assisted steering and 
brakes. Electric window lifts. 

Also, an AM/FM stereo receiver 
_----;;;;;;;;;;;; .. iI�,..ii._----.. 

,..... 
with electric antenna. A quartz­
crystal chronometer. Wiper, 

washer, and defroster for the tail­
gate window. Halogen fog lamps. A 
pair of outside mirrors, both adjustable 
from inside the car. 

There is even central locking: a 
turn of the key in the driver's door 
locks all four doors, the tailgate, and 
the fuel filler port. Simultaneously. 

Engineered like no other car 
in the world 

The Mercedes-Benz aim is doggedly 
Single-minded. It is to build safe, 

comfortable, practical cars with 
as few imperfections as possible. 

This philosophy puts 
engineering ahead of petty 
economies and precludes 

the mass production of inex­
pensive cars. 
A Mercedes-Benz is � 

engineered like no 
other car in the world. 

The alloy wheels shown are at extra cost. 
©1979 Mercedes-Benz of North America. Inc .. 
One Mcrccd<.:s Drivl', f\.'1ontvale. New Jersey W"64S 
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50 AND 100 
YEARS AGO 

MARCH, 1929: "An event unique in 
the annals of the United States takes 
place on the fourth of March: the first 
engineer to hold the office of Chief Ex­
ecutive of the nation will be inaugurat­
ed. Other presidents have had some en­
gineering experience, but none has had 
such complete, worldwide and success­
ful experience as Mr. Hoover. He takes 
office with such a well-rounded knowl­
edge of human, national and interna­
tional affairs that it is believed the Unit­
ed States will assume a higher place as a 
world power under his leadership." 

"Dr. F. A. Vening Meinesz, the great 
geodesist of Holland, who is the only 
man in the world to design an apparatus 
for determining gravity at sea with a sat­
isfactory accuracy, has just completed 
an expedition into the Atlantic, the Car­
ibbean and the Gulf of Mexico on an 
American submarine, the S-21, assigned 
by the Secretary of the Navy. Gravity 
observations were made over the Nares 
Deep to the north of the island of Porto 
Rico, the Bartlett Deep, lying to the 
south of Cuba, and the Sigsbee Deep in 
the Gulf of Mexico. There are many 
deeps, or troughs, under the ocean wa­
ters, but what caused them and wheth­
er they are permanent features of the 
ocean bottom are problems unsolved. In 
or near them some of the greatest earth­
quakes occur-why, we do not know. 
The values of gravity obtained by Dr. 
Meinesz and his colleagues may throw 
much light on these strange depressions 
in the earth's surface." 

"A quarter of a century ago the 
Wright brothers, Wilbur and Orville, 
made the first successful flight in an air­
plane at Kitty Hawk, N.C. At the dedi­
cation of Wright Field in Dayton, Ohio, 
several months ago, Orville watched 
many airplanes roar by in a terrific race. 
A direct question put by someone near­
by seemed to carry his thoughts back to 
the days of the early experiments made 
by his brother and himself, and he is said 
to have sighed and answered slowly: 
'No, neither of us thought it would ever 
come to this.' In its 25 years aviation has 
made undreamed-of strides in spite of 
the fact that the first five of those years 
were req uired to convince the world that 
man could fly. After little more than an­
other five years a war showed the great 
military value of airplanes and, because 
of the extensive use of them under trying 
circumstances, gave a hint of their po-
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tentialities during peace time. Following 
that conflict the field of their usefulness 
was greatly expanded: mail and passen­
ger air lines were started, oceans were 
crossed and the North Pole was reached, 
and just the other day five Army men 
stayed aloft in a three-motored airplane 
for more than 150 hours." 

"The tangible objects with which we 
are familiar are constituted of mole­
cules. These in turn are composed of 
atoms, and these of the positively 
charged and massive protons and the 
negatively charged and mobile. elec­
trons. The light that makes plants grow 
and that gives us warmth has the double 
characteristics of waves and particles 
and is found to consist ultimately of 
photons. Having carried the analysis of 
the universe as far as we are able, there 
thus remain the proton, the electron and 
the photon-only these three. We some­
times think of standardization as being 
the distinctive keynote of modern indus­
try. But even a Ford car has hundreds of 
parts that differ from one another. What 
then shall we say of the Workman who 
by using only three different parts, pro­
tons, electrons and photons, has made a 
universe with its infinite variety of beau­
ty and life?" 

"Dr. Tuve, Dr. Gaviola and Mr. 
Hafstad, scientists at the Department of 
Terrestrial Magnetism of the Carnegie 
Institution of Washington, have devel­
oped 5,OOO,OOO-volt equipment for the 
study of atomic structure. With it they 
have produced the highest voltage ever 
obtained: 5,200,000." 

MARCH, 1879: "The Engineer has 
published accurate copies of the three 
principal drawings of Edison's electric­
light apparatus lodged with the French 
specification, and we have no doubt that 
they are in all respects identical with 
those that accompany the applications 
Mr. Edison has made in other countries 
for a patent. In all of this it can be seen 
that we have not one word concerning 
any new or extraordinary contrivances 
for the electric light. Mr. Edison has 
many other patents in progress, but the 
one with which we have just dealt is, no 
doubt, the patent, the one that has at­
tracted more attention, and the publica­
tion of the contents of which has been 
looked for with more avidity than per­
haps any other patent ever applied for. 
It may not be improper to say that Mr. 
Edison's complete specification has not 
yet been filed in this country and cannot 
be seen at the Great Seal Patent Office, 
or anywhere else save Paris." 

"In Kant's exposition of the theory 
of the development of the solar system 

he supposes the comets to be formed 
from the matter of the condensing so­
lar nebula. Laplace, on the other hand, 
in his exposition of the nebula hypoth­
esis, took the ground that comets were 
formed from the matter scattered 
through the stellar spaces, and that in 
their origin they have no relation to the 
solar nebula. Have we, in the accumula­
tion of facts since the days of Kant and 
Laplace, learned anything that may help 
us to decide between these theories? 
Such is the inquiry proposed by Prof. 
Hubert A. Newton, who considers first 
what peculiarities each of the theories 
requires in the shape and distribution of 
the come tic orbits, and second com­
pares with the theories the facts that 
have been observed with regard to the 
paths of 247 comets. The cometic paths 
are represented by Prof. Newton in two 
graphic curves, and he arrives at the 
conclusion that the curve corresponding 
to the actual come tic paths is in good 
agreement with the theoretical curve 
deduced from Laplace's hypothesis, 
whereas it does not agree so well with 
that deduced from Kant's. It would 
seem, then, that the origin of comets 
must be placed in interstellar space." 

"After an interruption of five and a 
half years, not idly spent, Dr. Schlie­
mann has resumed his search for the 
buried Troy. The work of opening 
trenches on Mount Hissarlik began on 
September 30 of last year. Dr. Schlie­
mann attacked the western and northern 
front of the circuit wall, the construc­
tion of which Homer ascribes to Posei­
don and Apollo, as well as all that re­
mains of the prehistoric mansion imme­
diately to the northwest and west of the 
great gate, which he attributes to the an­
cient town's chief or king, because it is 
the largest and best-built house in the 
city. The walls of this mansion are at a 
depth of 26 to 28 feet below the surface 
of the hill and are precisely like the Cy­
clopean walls of the Royal Palace at 
Mycenae and the Cyclopean houses at 
Tiryns." 

"In spite of midwinter cold, cases of 
yellow fever are reported at New Or­
leans and Vicksburg. In some cases re­
turned refugees entering houses that 
have been closed since summer are said 
to have taken the disease; in other in­
stances the disease is attributed to the 
active disinterment of victims hastily 
buried when the plague was at its height. 
In Mississippi and Tennessee physicians 
insist that if this dangerous work is not 
stopped, a return of the epidemic may 
be expected in the spring, and in some 
cases the health commissioners have 
been compelled to forbid the removal of 
last summer's victims. Wealthy families 
no doubt find it painful to leave their 
dead in potter's fields, but personal feel­
ings should not be suffered to endanger 
the entire community." 
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Meet someone who can give you 
years of time!' 
years of time. 
years of time. 
years of time. 
years of time. 
years of time. 
years of time. 

Ordinarily, it might take you years to 
build the kind of financial security your 
family needs. In fact, it might even take 
more years than you'll have. But a 
New York Life Agent can give you that 
security right now. This very day. 

How? Through life insurance, your 
New York Life Agent can create the dol­
lars to assure your family sound financial 
protection. Dollars that you might never 
be able to accumulate on your own. 
Should you run out of time, those dollars 
are available to your family immediately. 

New York Life Agents devote their en­
tire careers to helping people achieve fi­
nancial security. They have the depth of 
experience and knowledge needed to 
design a life insurance program 
to fit your family's financial needs-
and give you the equivalent 
of years of time. Call today. 

New York Life. 
For all of your life. 

New York Life Insurance Company, 51 Madison Aven�e, New York, 

• 
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THE AUTHORS 
ELI GINZBERG ("The Profession­

alization of the. U.S. Labor Force") is A. 
Barton Hepburn Professor of Econom­
ics at the Columbia University Gradu­
ate School of Business. A native New 
Yorker, he received his bachelor's, mas­
ter's and doctor's degrees from Colum­
bia, the last in 1934. He has served for 
many years as an adviser on manpower 
to the White House and is the author or 
coauthor of more than 50 books on a 
variety of economic and labor issues. 
Ginzberg wishes to express his apprecia­
tion to Anna B. Dutka for her help in 
preparing the data used in his article. 

GEORGE W. WETHERILL ("Apol­
lo Objects") is director of the Depart­
ment of Terrestrial Magnetism of the 
Carnegie Institution of Washington. He 
was educated at the University of Chica­
go, from which he obtained his Ph.D. in 
physics in 1953. He then joined the tech­
nical staff of the Department of Terres­
trial Magnetism. In' 1960 he was ap­
pointed professor of geophysics and ge­
ology at the University of California at 
Los Angeles, and he served from 1968 
to 1972 as chairman of the U.C.L.A. 
department of planetary and space sci­
ence. He returned to the Department of 
Terrestrial Magnetism in 1975. 

GARTH L. NICOLSON ("Cancer 
Metastasis") is professor of cell biology 
and associate director of the oncology 
program at the University of California 
at Irvine. A graduate of the University 
of California at Los Angeles, he ob­
tained his master's degree in biophysics 
at the University of Hawaii and his 
Ph.D. in cell biology from the Univer­
sity of California at San Diego. As a 
graduate student in the laboratory of 
S. J. Singer at San Diego, he helped to 
formulate the fluid-mosaic model of 
biological-membrane structure. After 
working for several years at the Salk In­
stitute for Biological Studies he moved 
to Irvine in 1976. His current research is 
on the structure of the cell surface in 
normal and tumor cells. Nicolson has 
also worked as a professional diver and 
diving instructor. 

THEODOR W. HANSCH, AR­
THUR L. S C H A  W L OW and 
GEORGE W. SERIES ("The Spectrum 
of Atomic Hydrogen") have utilized la­
sers for high-resolution optical studies 
of simple atoms. Hansch is professor of 
physics at Stanford University. A native 
of West Germany, he was educated 
at the University of Heidelberg, which 
gave him his Ph.D. in physics summa 
cum laude in 1969. The following year 
he went to Stanford as a NATO Fellow, 
and in 1972 he joined the faculty. From 
1973 to 1975 Hansch was an Alfred 
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P. Sloan Research Fellow. Schawlow is 
J. G. Jackson-C. J. Wood Professor of 
Physics at Stanford. Born in upstate 
New York, he received his Ph.D. from 
the University of Toronto in 1949. After 
two years as a postdoctoral fellow and 
research associate at Columbia Univer­
sity he became a research physicist at 
Bell Laboratories. He has been on the 
Stanford faculty since 1961. He was co­
author with Charles H. Townes of the 
first paper describing the laser. In 1977 
Schawlow was awarded the third Mar­
coni International Fellowship, which 
was presented in Stockholm by the king 
of Sweden. Series is professor of physics 

I at the University of Reading. He studied 
at the University of Oxford, where he 
obtained his Ph.D. in atomic spectros­
copy. He then became lecturer in phys­
ics at Oxford, moving to Reading in 
1969. Series is a Fellow of the Royal 
Society. 

ALAN L. GILCHRIST ("The Per­
ception of Surface Blacks and Whites") 
is assistant professor of, psychology at 
the State University of New York at 
Stony Brook. He grew up in the Pacific 
Northwest and received his bachelor's 
degree from Portland State College. He 
then came east to do graduate work at 
the Institute for Cognitive Studies at 
Rutgers University, obtaining his Ph.D. 
there in 1975. He writes: "My real inter­
est lies in problems concerning the na­
ture of the thinking process; I chose to 
study perception because I believe it 
currently represents the area of research 
closest to consciousness in which sub­
stantial progress can be made." Gil­
christ wishes to acknowledge the Na­
tional Science 'Foundation's support of 
his work. 

RICHARD D. KEYNES ("Ion Chan­
nels in the Nerve-Cell Membrane") is 
professor of physiology at the Universi­
ty of Cambridge. He was born in Lon­
don in 1919 and was educated at Trinity 
College, Cambridge. After spending 
World War II as a -civilian scientist 
working on sonar and radar for the Roy­
al Navy he returned to Cambridge in 
October, 1945, and took his B.A. in 
physiology the following June. Four 
years later he received his Ph.D.; the 
subject of his dissertation was the mea­
surement of ion movements during 
nerve activity. Until 1960 he remained 
at Cambridge, first as a research fellow 
of Trinity College and later as a teach­
ing fellow of Peterhouse. He then 
moved to the Agricultural Research 
Council Institute of Animal Physiology 
in Babraham, serving as its director 
from 1965 until 1973, when he was ap­
pointed professor of physiology at Cam­
bridge. Keynes writes: "Since 1968 I 

have devoted a good deal of time to a 
book titled The Beagle Record, soon to be 
published by the Cambridge University 
Press. It contains a selection from the 
original pictorial and written records of 
the voyage of the Beagle, the aim being 
to produce something as close to an eye­
witness account as is possible. As a per­
son as well as a scientist, Darwin was 
quite outstanding, and his letters are su­
perb. I have enjoyed getting to know 
my great-grandfather in this way." 

BERND WORSIG ("'Dolphins") is a 
postdoctoral fellow at the Center for 
Coastal Marine Studies of the Universi­
ty of California at Santa Cruz. He 
writes: "I am one of three sons of par­
ents who are refugees from East Germa­
ny. We settled in Ohio in 1956, and al­
though I did not get to touch seawater 
until 1969 (in Livorno, Italy, of all 
places), long before that time I devel­
oped a lively interest in marine biology 
and particularly in the whales, great and 
small. Later, at Ohio State University, I 
gave up a promising start in develop­
mental biology simply because I knew I 
would never be quite happy in the labo­
ratory." Wlirsig did his graduate work in 
cetacean behavior at the State Universi­
ty of New York at Stony Brook, obtain­
ing his Ph.D. in 1978. 

WERNER SOEDEL and VER­
NARD FOLEY ("Ancient Catapults") 
are on the faculty of Purdue University. 
Soedel is professor of mechanical engi­
neering. He was born in Prague and be­
longed to the Sudeten German minority 
that was evicted to Germany in 1945. 
After attending school in a small village 
in southwestern Bavaria, he studied me­
chanical engineering at the State Engi­
neering School in Frankfurt and re­
ceived his first degree in 1957. He then 
worked as an automotive and develop­
ment engineer with Opel, a General Mo­
tors subsidiary, until 1963. During this 
time he spent two years in the U.S. at the 
General Motors Technical Center. In 
1963 he immigrated to the U.S. and at­
tended Purdue, from which he obtained 
his Ph.D. degree in 1967 and where he 
subsequently joined the faculty. He 
teaches and does research in the area of 
theoretical and experimental mechan­
ics. Soedel has been interested in the 
physics of catapults since his undergrad­
uate days, when he saw shooting demon­
strations of some of the reconstructed 
catapults at the Saalburg, a Roman for­
tification converted into a museum in 
the Taunus hills north of Frankfurt. Fo­
ley is associate professor of history at 
Purdue. He received his bachelor's de­
gree at McPherson College, his master's 
degree at the University of Kansas and 
his Ph.D. from the University of Cali­
fornia at Berkeley, finishing. in 1970. 
Both graduate degrees were in Europe­
an history with emphasis on the history 
of science and technology. 
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Jee� Wagoneer �� Only one vehicle can boast that it has 
both the ultimate in 4-wheel drive perform­
ance and the ultimate in comfort and luxury. Th It- t - The Jeep Wagoneer limited. e U I rna e I n Not only does it handle magnificently 

4 h I d - off-road, the limited travels on pavement 
_ effortlessly in all kinds of weather. And it does W ee fIVe so beautifully, with such luxurious, standard 

features as real leather 
seats and extra thick car­
peting for a quieter 

Fleet and leasing plans available. See your Jeep dealer for details . •  Jeep Corporation, a subsidiary of American Motors Corp. 
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MATHEMATICAL 
GAMES 

On altering the past, deJaying the future 
and other ways of tampering with time 

by Martin Gardner 

"It is impossible to meditate on time 
and the mystery of the creative passage 
of nature without an overwhelming 
emotion at the limitations of human in­
telligence .. , 

-ALFRED NORTH WHITEHEAD, 
The Concept 0/ Nature 

T
here has been a great deal of inter­

. est among physicists of late in 
whether or not there are events on 

the elementary-particle level that can­
not be time-reversed. that is, events for 
which imagining a reversal in the direc­
tion of motion of all the particles in­
volved is imagining an event that can­
not happen in nature. Richard Feynman 
has suggested an approach to quantum 
mechanics in which antiparticles are 
viewed as particles momentarily trav­
eling backward in time. Cosmologists 
have speculated about two universes for 
which all the events in one are reversed 
relative to the direction of time in the 
other: in each universe intelligent organ­
isms would live normally from past to 
future. but if the organisms in one uni­
verse could in some way observe events 
in the other (which many physicists con­
sider an impossibility), they would find 
those events going in the opposite direc­
tion. It has even been conjectured that if 
our universe stops expanding and starts 
to contract, there will be a time reversal. 
l:>lIt it is far from clear what that would 
mean. Most of the speculations of this 
kind are quite recent, and interested 
readers will find many of them exam­
ined in four chapters added to my Ambi­
dextrous Universe, which is now back in 
print in a revised edition published by 
Charles Scribner's Sons. 

Neither question should be confused 
with the familiar subject of time's rela­
tivity. Newton believed the universe was 
pervaded by a single absolute time that 
could be symbolized by an imaginary 
clock off somewhere in space (perhaps 
outside the cosmos). By means of this 
clock the rates of all the events in the 
universe could be measured. The notion 
works well within a single inertial frame 
of reference such as the surface of the 
earth, but it does not work for inertial 
systems moving in relation to each other 
at high speeds. According to the theory 
of relativity, if a spaceship were to trav­
el from our solar system to another solar 
system with a velocity close to that of 
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light, events would proceed much slow­
er on the spaceship than they would 
on the earth. In a sense, then, such a 
spaceship is traveling through time into 
the future. Passengers on the spaceship 
might experience a round-trip voyage as 
taking only a few years, but they would 
return to find that centuries of earth­
years had elapsed. 

The notion that different parts of the 
universe can change at different rates 
of time is much older than the theory of 
relativity. In the Scholastic theology of 
the Middle Ages angels were considered 
to be nonmaterial intelligences living by 
a time different from that of earthly 
creatures; God himself was thought to 
be entirely outside of time. In the first 
act of Lord Byron's play Cain, A Mys­
tery, the fallen angel Lucifer says: 

With us acts are exempt from time. 
and we 

Can crowd eternity into an hour 
Or stretch an hour into eternity' 
We breathe not by a mortal 

measurement­
But that's a mystery. 

In the 20th century hundreds of sci­
ence-fiction stories have played with the 
relativity of time in different inertial sys­
tems, but the view that time can speed 
up or slow down in different parts of our 
universe is central to many older tales. 
A popular medieval legend tells of a 
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This month I shall consider two bi­
zarre questions about time that are not 
discussed in the book. Indeed. these 
questions are of so little concern to 
scientists that only philosophers and 
writers of fantasy and science fIction 
have had much to say about them: [s it 
meaningful to speak of time stopping? 
Is it meaningful to speak of altering 
the past? Willllillg strategies Jor Ihree-by-three lumablocl< 
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monk who is entranced for a minute or 
two by the song of a magical bird. When 
the bird stops singing, the monk discov­
ers that several hundred years have 
passed. In a Moslem legend Moham­
med is carried by a mare into the sev­
enth heaven. After a long visit the 
prophet returns to the earth just in time 
to catch a jar of water the horse had 
kicked over before starting its ascent. 

Washington Irving's "Rip Van Win­
kle" is this country's best-known story 
about someone who sleeps for what 
seems to him to be a normal time while 
two decades of earth-years rush by. 
King Arthur's daughter Gyneth slept for 
500 years under a spell cast by Merlin. 
Every culture has similar sleeper leg­
ends. H. G. Wells used the device in 
When the Sleeper Wakes, and it is a com­

mon practice in science fiction to put 
astronauts into a cryogenic sleep so that 
they can survive interstellar voyages 
that are longer than their normal life 
span. In Wells's short story "The New 
Accelerator" a scientist discovers a way 
to speed up a person's biological time so 
that the world seems to come almost to 
a halt. This device too is frequently en­
countered in later science fiction. 

1 2 1 4 1 2 1 8 

2 3 2 8 2 3 2 12 

1 2 1 4 1 2 1 8 

4 8 4 6 4 8 4 11 

1 2 1 4 1 2 1 8 

2 3 2 8 2 3 2 12 

1 2 1 4 1 2 1 8 

8 12 8 11 8 12 8 13 

Strategy chart for tumablock 

PERSISTENCE NUMBER 

1 10 

2 25 

3 39 

4 77 

5 679 

6 6,788 

7 68,889 

8 2,677, 889 

9 26,888,999 

10 3,778,888,999 

11 277,777,788,888,899 

Smallest numbers with persistence 11 or less 
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The issue under consideration here, 
however, is not how time can vary but 
whether time can be said to stop entire­
ly. It is clearly meaningful to speak of all 
motion ceasing in one part of the uni­
verse, whether or not such a part exists. 
In the theory of relativity the speed of 
light is an unattainable limit for any ob­
ject with mass. If a spaceship could at­
tain the speed of light (which the theory 
of relativity rules out because the mass 
of the ship would increase to infinity), 
then time on the spaceship would stop in 
the sense that all change on it would 
cease. In earth time it might take 100 
years for the spaceship to reach a desti­
nation, but to astronauts on the space­
ship the destination would be reached 
instantaneously. One can also imagine a 
piece of matter or even a human being 
reduced to such a low temperature (by 
some as yet unknown means) that even 
all subatomic motions would be halted. 
For that piece of matter, then, one could 
say that time had stopped. Actually it is 
hard to understand why the piece of 
matter would not vanish. 

The idea of time stopping creates no 
problems for writers of fantasy, who are 
not constrained by the real world. For 
example, in L. Frank Baum's "The Cap­
ture of Father Time, " one of the stories 
in his American Fairy Tales (which is 
now back in print in a Dover facsimile 
edition), a small boy lassoes Time, and 
for a while everything except the move­
ments of the boy and Father Time stops 
completely. In Chapter 22 of James 
Branch Cabell's Jurgen: A Comedy 0/ Jus­
tice, outside time sleeps while Jurgen en­
joys a pleasurable stay in Cocaigne with 
Queen Analtis. Later in the novel J urgen 
stares into the eyes of the God of his 
grandmother and is absolutely motion­
less for 37 days. In Jorge Luis Borges' 
story 'The Secret Miracle " a writer is 
executed by a firing squad. Between the 
command to fire and the writer's death 
God stops all time outside the writer's 
brain, giving him a year to complete his 
masterpiece. 

Many similar examples from legend 
and literature show that the notion of 
time stopping in some part of the uni­
verse is not logically inconsistent. But 
what about the idea of time stopping 
throughout the universe? Does the no­
tion that everything stops moving for a 
while and then starts again have any 
meaning? 

If it is assumed that there is an outside 
observer-perhaps a god-watching the 
universe from a region of hypertime, 
then of course the notion of time stop­
ping does have meaning, just as imagin­
ing a god in hyperspace gives meaning 
to the notion of everything in the uni­
verse turning upside down. The history 
of our universe may be like a three-di­
mensional motion picture a god is en­
joying. When the god turns off the pro-

Rectangled rectangle of smallest area: 117 

jector to do something else, a few mil­
lenniums may go by before he comes 
back and turns it on again. (After all, 
what are a few millenniums to a god?) 
For all we can know a billion centuries 
of hyper time may have elapsed between 
my typing the first and the second word 
of this sentence. 

Suppose, however. all outside observ­
ers are ruled out and "universe" is taken 
to mean "everything there is." Is there 
still a way to give a meaning to the idea 
of time stopping for a while? Although 
most philosophers and scientists would 
say there is not, a few have argued for 
the other side. For example, in "Time 
without Change" (The Journal 0/ Philos­
ophy, Vol. 66, No. 12, pages 363-381; 
June 19. 1969) Sydney S. Shoemaker. 
now a philosopher at Cornell Universi­
ty, makes an unusual argument in sup­
port of the possibility of time stopping. 

Shoemaker is concerned not with the 
real world but with possible worlds de­
signed to prove that the notion of time 
stopping everywhere can be given a rea­
sonable meaning. He proposes several 
worlds of this kind, all of them based 
on the same idea. I shall describe only 
one such world here. in a slightly dram­
atized form. 

Imagine a universe divided into re­
gions A, Band C. In normal times inhab­
itants of each region can observe the in­
habitants of the other two and commu­
nicate with them. Every now and then, 
however, a mysterious purple glow per­
meates one of the regions. The glow al­
ways lasts for a week and is invariably 
followed by a year in which all change in 
the region ceases. In other words, for 
one year absolutely nothing happens 
there. Shoemaker calls the phenomenon 
a local freeze. Since no events take 
place, light cannot leave the region, and 
so the region seems to vanish for a year. 
When it returns to view, its inhabitants 
are unaware of any passage of time, but 
they learn from their neighbors that a 
year, as measured by clocks in the other 
two regions, has elapsed. To the inhabi­
tants of the region that experienced the 
local freeze it seems that instantaneous 
changes have taken place in the other 
two regions. As Shoemaker puts it: 
"People and objects will appear to have 
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TWINe" is here. Keep it to yourself. 

You don't have to share JVC'sTWINCH 
- the two-inch screen TV with FMI AM 
radio - with anyone. Unless, of course, you 
want to. 

Take "The Big Game:' You show up with 
your newTWINCH, which is about the size and 
weight of a good book. You pull up the an­
tenna, flick the instant battery power on and 
bingo- you're watching the game at the 
game. Instant replays and everything. 

T he rugged TWINCH delivers a sharp, 
steady black and white picture. At the stadium 
or a beach, out camping or in your car, 
absolutely wherever you are. 

But when you're in a 
sharing mood, turn on the 

built-in FM/AM radio. Sophisticated micro­
electronics provide the clean, crisp sound you 
expect from JVC. (After all, we're known for 
innovating in high fidelity.) 

So find your nearest JVC Home Enter­
tainment Dealer by calling TOLL-FREE 800-
221-7502. In New York State, call (212) 
476-8300. Then go for the versatileTWINCH 
and keep it to yourself. 

Or better yet, pass the word. Maybe 
it's time everybody got TWINCH, the 

take-along TV IRadio. From JVC Home 
Entertainment Division, Maspeth, 

NY 11378. TV reception simulated 
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moved in a discontinuous manner or to 
have vanished into thin air or to have 
materialized out of thip air; saplings will 
appear to have grown instantaneously 
into mature trees. and so on." 

In the history of each of the three re­
gions local freezes. invariably preceded 
by a week of purple light. have hap­
pened thousands of times. Now suppose 
that suddenly. for the first time in histo­
ry. purple light appears simultaneous­
ly in regions A, Band C and lasts for 
a week. Would it not be reasonable. 
Shoemaker asks. for scientists in the 
three regions to conclude that time 
had stopped for a year (whatever that 
means) throughout the entire universe 
even though no minds were aware of it? 

Shoemaker considers several objec­
tions to his thesis and counters all of 
them ingeniously. Interested readers can 
consult his paper and then read a techni­
cal analysis of it in the fifth chapter of G. 
Schlesinger's COllfirmalioll and Confirm­
ability (Oxford University Press, 1974). 
Schlesinger agrees with Shoemaker that 
an empirical. logically consistent mean­
ing can be found for the sentence "A 
period of time r has passed during 
which absolutely nothing happened." 
Note that similar arguments about pos­
sible worlds can provide meanings for 
such notions as everything in a universe 
turning upside down, mirror-reversing, 
doubling in size and so on. 

� 

The question of whether the past can 
be changed is even stranger than that of 
whether time can stop. Writers have of­
ten speculated about what might have 
happened if the past had taken a differ­
ent turn. J. B. Priestley's play Danger­
ous Corner dealt with this question. and 
there have been innumerable "what if" 
stories in both science fiction and other 
kinds of literature. In all time-travel sto­
ries where someone enters the past the 
past is necessarily altered. The only way 
the logical contradictions created by 
such a premise can be resolved is by 
positing a universe that splits into sepa­
rate branches the instant the past is en­
tered. In other words. while time in the 
old branch "gurgles on" (a phrase from 
Emily Dickinson) time in the new 
branch gurgles on in a different way 
toward a different future. When I speak 
of altering the past. however. I mean 
altering it throughout a single universe 
with no forking time paths. (Pseudoal­
terations of the past. such as the rewrit­
ing of history satirized by George Or­

well in 1984. obviously do not qualify.) 
Given this context. can an event. once it 
has happened. ever be made not to have 
happened? 

The question is older than Aristotle, 
who in his Ethics (Book 6) writes: "It is 
to be noted that nothing that is past is an 
object of choice. for example. no one 
chooses to have sacked Troy; for no one 

� 
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deliberales about the past. but about 
what is future and capable of being oth­
erwise. while what is past is not capable 
of not having taken place; hence Aga­
thon is right in saying: 'For this alone is 
lacking even to God , to make undone 
things that have once been done.''' 

Thomas Aquinas believed God to be 
outside of time and thus capable of see­
ing all his creation's past and future 
in one blinding instant. (Even though 
human beings have genuine power of 
choice. God knows how each one will 
choose; it is in this way that Aquinas 
sought to harmonize predestination and 
free will.) For Aquinas it was not possi­
ble for God to do absolutely impossible 
things, namely those that involve logical 
contradiction. For example, God could 
not make a creature that was both a 
human being and a horse (that is, a 
complete human being and a complete 
horse, rather than a mythical combina­
tion of parts such as a centaur), because 
that would involve the contradiction of 
assuming a creature to be simultaneous­
ly rational and nonrational. Similar­
ly. God could not alter the past. That 
would be the same as asserting that the 
sack of Troy both took place and did not 
take place. Aquinas agreed with Aristot­
le that the past must forever be what it 
was. and it was this view that became the 
official position of medieval Scholasti­
cism. It is not so much that God's om­
nipotence is limited by the law of con­
tradiction but rather that the law is part 
of God's nature. "It is best to say," Aqui­
nas wrote, "that what involves contra­
diction cannot be done rather than that 
God cannot do it." 

Edwyn Bevan, in a discussion of time 
in his book Symbolism and Belie/, finds it 
odd that Aquinas would deny God the 
ability to alter the past and at the same 
time allow God to alter the future. In the 
10th question of Summa The% gica (Ia. 
10. article 5.3), Aquinas wrote: "God 
can cause an angel not to exist in the 
future. even if he cannot cause it not to 
exist while it exists, or not to have exist­
ed when it already has." For Aquinas to 
have suggested that for God the past is 
unalterable and the future is not unal­
terable, Bevan reasons, is surely to place 
God in some kind of time, to contra­
dict the assertion that God is outside 
of time. 

r know of no scientist or secular phi­
losopher who has seriously believed the 
past could be altered, but a small minor­
ity of theologians have maintained that 
it could be. The greatest of them was 
Peter Damian, the zealous Italian re­
former of the Roman Catholic church 
in the 11 th century . In Oil Divine Onlllip­
Olellce, his most controversial treatise. 
Damian argued that God is in no way 
bound by the law of contradiction, that 
his omnipotence gives him the power to 
do all contradictory things including 
changing the past. Although Damian, 
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who started out as a hermit monk. ar­
gued his extreme views skillfully, he 
regarded all reasoning as superfluous, 
useful only for supporting revealed the­
ology. It appears that he, like Lewis 
Carroll's White Queen, would have de­
fended everyone's right to believe six 
impossible things before breakfast. (Da­
mian was also a great promoter of self­
flagellation as a form of penance. a 
practice that became such a fad during 
his lifetime that some monks flogged 
themselves to death.) 

One of my favorite Lord Dunsany 
stories is the best example I know of 
from the literature of fantasy that ill us­
trates Damian's belief in the possibility 
of altering the past. It is titled "The King 
That Was Not," and you will find it in 
Dunsany's early book of wonder tales 
Time and the Gods. It begins as follows: 
"The land of Runazar hath no King 
nor ever had one; and this is the law of 
the land of Runazar that, seeing that it 
hath never had a King, it shall not have 
one for ever. Therefore in Runazar the 
priests hold sway, who tell the people 
that never in Runazar hath there been 
a King. " 

The start of the second paragraph is 
surprising: "Althazar. King of Runa­
zar . . . .  " The story goes on to recount 
how Althazar ordered his sculptors to 
carve marble statues of the gods. His 
command was obeyed. but when the 
great statues were undraped. their faces 
were very much like the face of the king. 
Althazar was pleased and rewarded his 
sculptors handsomely with gold. but up 
in Pegana (Dunsany's Mount Olympus) 
the gods were outraged. One of them, 
Mung, leaned forward to make his sign 
against Althazar, but the other gods 
stopped him: "Slay him not, for it is not 
enough that Althazar shall die, who 
hath made the faces of the gods to be 
like the faces of men, but he must not 
even have ever been. " 

"Spake we of Althazar. a King?" 
asked one of the gods. 

"Nay. we spake not. " 
"Dreamed we of one Althazar?" 
"Nay. we dreamed not. " 
Below Pegana. in the royal palace. Al-

thazar suddenly passed out of the mem­
ory of the gods and so "became no long­
er a thing that was or had ever been. " 
When the priests and the people entered 
the throne room, they found only a robe 
and a crown. "The gods have cast away 
the fragment of a garment," said the 
priests. "and lo! from the fingers of the 
gods hath slipped one little ring." 

Here are the answers to last month's 
problems: 

1. The following five moves will suf­
fice to get all four glasses in the wells of 
the rotating table turned either all up or 
all down. 

(1) Reach into any diagonal pair of 
wells. If the glasses are not both turned 
up. adjust them so that they are. If the 
bell does not ring: 

(2) Spin the table and reach into any 
adjacent pair of wells. If both glasses are 
turned up, leave them that way; other­
wise invert the glass that is turned down. 
If the bell fails to ring, you know that 
now three glasses are turned up and one 
is turned down. 

(3) Spin the table and reach into any 
diagonal pair of wells. If one of the 
glasses is turned down. invert it and the 
bell will ring. If both are turned up, in­
vert one so that the glasses are arranged 
in the following pattern: 

Up Down 
Up Down 

(4) Spin the table and reach into any 
adjacent pair of wells. Invert both glass­
es. If they were both turned in the same 
direction, the bell will ring; otherwise 
the glasses are now arranged in the fol­
lowing pattern: 

Up 
Down 

Down 
Up 

(5) Spin the table, reach into any diag­
onal pair of wells and invert both glass­
es. The bell will ring. 

Ronald L. Graham of Bell Laborato­
ries and Persi Diaconis of Stanford Uni­
versity have together considered two 
ways of generalizing the problem. One 
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is to assume that the player has more 
than two hands. If the number of glasses 
n is greater than 4, the problem is solv­
able with n - 2 hands if and only if n is 
not a prime number. Therefore for five 
glasses (5 is a prime) the problem is not 
solvable with 5 - 2, or 3, hands. It may 
be that if n is a composite number, then 
for some values of n the problem can be 
solved with fewer than n - 2 hands. The 
problem can also be generalized by re­
placing glasses with objects that have 
more than two positions. Hence the ro­
tating table leads into deep combinatori­
al questions that as far as I know have 
not yet been explored. 

2. The first player's strategy for win­
ning John Horton Conway's order-three 
game of turnablock requires numbering 
the nine cells as is shown in the illustra­
tion on page 21. The player must only 
make moves that leave black counters 
on cells whose numbers have a "nim 
sum" of zero. The nim sum of a collec­
tion of numbers is traditionally obtained 
by writing the numbers in binary form 
and adding without carrying. If all the 
digits in the total are zero, then the nim 
sum is zero. Conway suggests a simpler 
procedure for finding a nim sum: ex­
press each of the numbers to be added as 
a sum of distinct powers of 2, and then 
cancel pairs of like powers. If no powers 
remain, then the nim sum is zero; other­
wise the nim sum is simply the sum 
of the remaining powers. For example, 
consider 1 + 5 + 12. Writing each num­
ber in this expression as the sum of 
distinct powers of 2 gives 1 + 4 + 1 + 
8 + 4. The pairs of l's and 4's cancel, 
leaving a nim sum of 8. Similarly, con­
sider 1 + 2 + 5 + 6. This expression be­
comes 1 + 2 + 4 + 1 + 4 + 2. All the 
powers cancel, and the nim sum is zero. 

The dots in the illustration on page 21 
indicate the blocks that can be turned 
over for a winning first move. In other 
words, after each of these moves black 
counters are left on cells whose numbers 
have a nim sum of zero. Any second 
move by the other player will necessari­
ly leave black counters on cells with a 
nonzero nim sum. The first player will 
always be able to respond with a zero 
nim-sum move, and by continuing in 
this way he is sure to win. 

The upper illustration at the left on 
page 22, supplied by Conway, gives the 
cell numbering for all rectangular turn­
ablock boards with sides from one 
through eight. The numbering of an a­
by-b board smaller than the order-eight 
board is given by the a-by-b rectangle in 
the upper left-hand corner of the matrix. 
The numbers in the cells are obtained 
by a process called nim multiplication, 
which you will find explained in Con­
way's On Numbers and Games (Academ­
ic Press, 1976, page 52). 

3. The smallest number in base 10 of 
multiplicative persistence 5 is 679. The 
chart in the lower illustration at the left 
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The new $100 JS&A chess computer will 
make computer chess an affordable game for 
the American consumer. 

Anatoli Karpov is the undisputed World 
Chess Champion. Last month, JS&A chal­
lenged Karpov to play against our chess 
computer. We offered him $50,000 and a per­
centage of each unit we sold if he beat our 
game. 

Karpov rejected our offer and quite frankly, 
we were at a loss to explain why. 

Our concept was simple. If Karpov played 
against our computer, he would focus world­
wide attention on our product. This attention 
would increase its sales and win or lose, we 
would sell more computers. 

We had to sell more computers. We wanted 
our unit to sell for $100 even though units with 
similar capabilities were selling for up to $400. 
But we had to do two things to keep our low 
price: First, we had to manufacture our unit in 
Hong Kong where labor costs are very low. 
Secondly, we had to sell large quantities to 
keep production costs down. 

When we first announced our challenge, the 
Soviets rejected it. Could Karpov have been 
afraid to play against it? Or was the circus-like 
atmosphere that might surround the event not 
in keeping with the prestige of the coveted 
world title, even if Karpov won? 

Quite honestly, we had no idea. So we 
asked Karpov for an explanation and got one. 
Here's what he said: 

"I can appreciate your desire to sell the 
JS&A Chess Computer but you have missed 
an important point of the entire challenge. It 
took somebody to program the unit and since I 
am the world's chess champion, it is highly 
unlikely that the programmer person could 
beat me. You Americans have a saying, 
"Garbage in, garbage out." 

Karpov continued, "Your unit is definitely a 
good product. I played several games at level 
six and found it to be a challenge even for me. 
What Ilike about your unit is that it is priced low 
enough so that most Americans can afford the 
unit and this will help promote chess." 

Karpov 
Accepts 

Soviet chess champion agrees to endorse 
American chess computer in surprise 

answer to computer challenge. 

The JS&A Chess Computer indeed has six 
levels of chess. Level one is perfect for 
beginners. Level six is a real challenge for any 
Soviet Chess Champion. 

LIK E PLAYING K ARPOV 
The system is the perfect way to sharpen 

your chess skills. It not only has six different 
skill levels, but if you are playing against the 
computer at level two and you are beating it, 
you can switch the unit to level six. It's like 
having Karpov as your new opponent-right 
during mid game. 

To play against the computer, you enter 
your move on the unit's keyboard. You then 
wait until the computer examines all its options 
and selects its move. You then move the 
computer's chess piece to correspond with its 
request as shown on the display. A board 
layout is provided to show you where each 
chess piece should be moved. 

The JS&A Chess Computer is programmed 
for such complex functions as castling, pawn 
promotion and enpessant. It also allows you to 
start in midgame, setting up any situation you 
choose. This is perfect for those players who 
wish to examine particularly intricate problems 
and allows for an infinite number of game 
variations. 

SHARP EN SKILLS 
If you already play chess, the JS&A unit 

provides a new chess dimension. If you 
haven't played chess, the system is a good 
way to learn and sharpen your skills. 

The JS&A Chess Computer measures only 
2Ys"x 47/s"x 8W' and weighs just a few ounces, 
so if service is ever required you can slip it in its 
handy mailer and send it back to our prompt 
service-by-mail center. Service should never 
be required, but it is reassuring to know that 
service is an important consideration in this 
program. 

JS&A is America's largest single source of 
space-age products-further assurance that 

your modest investment is well protected. 
We suggest you order a JS&A Chess 

Computer and use it for 30 days. Play against 
it. Raise or lower the level as you play and 
watch how the computer's personality can 
change right in mid game-from a tough 
competitor to a push over. 

Test our level six and see if you'd have much 
of a chance against the Soviet Champion 
Karpov. Then, after you've really given it a 
workout, decide if you want to keep it. If not. 
you may return your unit within our 30 day trial 
period for a prompt and courteous refund, 
including your $2.50 postage and handling 
charge. There is no risk. Each JS&A Chess 
Computer comes complete with instructions 
and an AC adapter (no batteries are required). 

To order our JS&A Chess Computer, send 
your check for $99.95 plus $2.50 for postage 
and handling (Illinois residents please add 5% 
sales tax) to the address below or credit card 
buyers may call our toll-free number below. 

Karpov told us (and this is a direct quote) "I 
have played all the rest of the American chess 
computers and find that [he JS&A unit is the 
best value for the dollar. I will accept an offer to 
endorse the game, however, you can forget 
about your $50,000 offer and spend the money 
on advertising to spread the word." 

Thank you, Mr. Karpov. We appreciate your 
honesty and your generosity and we promise 
to spread the word. 

And you can help us America. Order a JS&A 
Chess Computer at no obligation, today. �PRODUCTS 

THAT o ® THIN� 
Dept. SA One JS&A Plaza 

Northbrook,lI\.60062 (312) 564-7000 
Call TOLL-FREE . . . . . . . .  800323-6400 
In Illinois Call . . . . . . . . . .  (312) 564-7000 

©JS&A Group,lnc.,1979 
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STATE OF KUWAIT 

KUWAIT UllVEBSm' 
Applications are invited for academic posts at Kuwait 

University. Contracts for two years renewable for a further 
period of four years if convenient to both applicant and 
the University. 
APPUCANT SHOULDB� 

a. Holder of Ph .D . degree or its equivalent in the 
respective specialization . 

b. Holder of an academic post at present in an 
accredited university or research center. 

I T  SHOULD BE NOTED THAT: 
Teaching in English is a must. 

Method of teaching at Kuwait University is based on the 
credit system. 
FIELD OF SPECIALIZATION: 

Botany and Microbiology Department: 
Physiological, Ecology, Virology. 
Rank and salary will be determined according to 

present position, qualifications and years of experience. 
MONTHLY TOTAL SALARIES ARE IN THE RA�GE OF: 

Lecturer (U.S. Asst. Professor) K.D. 460-K.D . 550 

Asst. Professor (U. S. Asso. Professor) 
K.D. 575-K.D. 665 

Professor K.D. 665-K.D. 755 
(One K.D. is equivalent to U.S. Dollars 3.5. There is no income tax in 

Kuwait; currency is freely transferable without any restriction.) 

CANDIDATES ARE ALSO ENTI TLED TO THE 
FOLLOWI NG PRIVILEGES: 

1. Annual return air tickets to the country of citi­
zenship would be provided to the applicant, his wife and 
three of his children not exceeding the age of twenty. 

2. Free furnished accommodation with water and 
electric supplied. 

3. Excess baggage allowance in the vicinity of 30 
(thirty only) kilogrammes for the staff member and 20 
(twenty only) kilogrammes for each member of his family 
shall be in curred by the University, provided these 
members accompany him upon his joining the service. 

4. The staff member shall be entitled to free sea 
freight allowance of 400 (four hundred only) kilogrammes, 
provided costs of the said freight for the said cargo do not 
exceed Kuwaiti Dinars 100 only. 

5. Gratuity at the end of service shall be one 
month's basic salary for each year spent in the service of 
the University. 

Application and Curriculum Vitae forms are 
obtainable from the nearest Kuwait Embassy. Com­
pleted application accompanied by three letters of 
recommendation, together with a non-returnable copy 
of the candidate's publications should be submitted 
directly to: Kuwait University 

Department of Administration Affairs 
P.O. Box 5969, Kuwait. 

Short term contracts (e.g. sabbatical, visiting, etc.) 
will also be considered. 

on page 22 gives the smallest numbers 
with multiplicative persistence of II or 
less. It is taken from N. J. A. Sloane's 
paper "The Persistence of a Number," 
which appeared in Journal 0/ Recreation­
al Mathematics (Vol. 6. No.2, pages 97-
98; Spring, 1973). 

The smallest number in base 10 of 
additive persistence 4 is 19,999,999,-
999,999,999,999,999. The sum of the 
digits in this number is 199, the small­
est number of additive persistence 3. 
The sum of the digits in 199 is 19, the 
smallest number of additive persistence 
2. The sum of the digits in 19 is 10, the 
smallest number of additive persistence 
1. More generally, the second step in the 
sequence for the smallest number of ad­
ditive persistence k gives the smallest 
number of additive persistence k - I. 
All such numbers start with 1 and are 
followed by 9's. Therefore the smallest 
number of additive persistence 5 is the 
number consisting of 1 followed by 2,-
222,222,222,222,222,222.222 9·s. For 
further discussion of the problem see 
Harvey J. Hinden's ··The Additive Per­
sistence of a Number·' (Journal 0/ Recre­
ational Mathematics, Vol. 7, No.2, pages 
134-135; Spring, 1974). 

4. The first parody of Edgar Allan 
Poe's "The Raven" is by Howard W. 
Bergerson, and it is called an auto­
mynorcagram. The first letters of each 
word in the parody, taken in the order 
they appear, spell out the first verse of 
the parody. For the complete parody see 
Word Ways (Vol. 8, No.4. pages 219-

222; November, 1975). 
The second parody of Poe's poem is 

by A. Ross Eckler, editor and publisher 
of Word Ways. It is homoliteral, that is. 
each consecutive pair of words have at 
least one letter in common. The full par­
ody appears in Word Ways (Vo\. 9, No. 
2, pages 96-98; May, 1976). 

The third parody, also by Eckler, is 
found in Word Ways (Vo\. 9, No. 4, 
pages 231-233; November, 1976). It is 
heteroliteral, that is, each pair of con­
secutive words has no letter in common. 

5. The illustration at the right on page 
22 displays the rectangle of smallest 
area (117) that can be cut into small­
er rectangles with integral sides so that 
no two sides of any pair of internal rec­
tangles are alike. The pattern is unique. 

6. (1) The solution is shown in the il­
lustration on page 24. The puzzle is 
adapted from an optical illusion in 
Charles H. Paraquin's Eye Teasers: Opti­
cal /IIusion Puzzles (Sterling Publishing 
Co., Inc., 1978). 

(2) The rule for obtaining the third 
pattern in each row is to superpose the 
first two patterns and eliminate any 
lines they have in common. Hence the 
pattern to be placed at the end of the 
third row is simply a square. 

(3) The illustration on page 27 dis­
plays the only other way the triamond 
can be cut into four identical regions. 
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As your  introduction to 

Natural Science Book Club 
Choose either 

this $67.50 Classic 
for only $2.97 
A saving of 95°fc, 
VAN NOSTRAND'S SCI ENTIF IC ENCYCLOPEDIA.  
Edited by Douglas M .  Considine. Nearly 2 00  experts have contributed to this thoroughly 
revised and greatly expanded fifth edition of the most authoritati ve single-volume source of 
scientific knowledge ever assembled. Enormous 914" x 12" volume contains 2 . 2  million 
words. 2382 pages. 2500 photographs .  drawin�s. and charts , an d  500 tables . 7200 articles 
cover everything from the earth and space sCIences to energy technology. from the life 
sciences to mathematics. from information sciences to physics and chemistry. " an 
amazing book . . for both the general and scientific reader. ' -The New York TImes 

&fthlditioo 0 _t------------l 

any other 3 books for only 99¢ each 
i f  you wil l  join now for a trial period and agree to take 3 more books-at handsome discounts -over the next 1 2  months 

45050 . THE E N DS O F  T H E  E A RT H .  Isa(/c 
A s;mo\" Every th ing about the frozen po lar w astes . 

$15.00 

58900. LOOKING AT A N I M ALS. Hugh B .  COlt 
Explores through word and pict ure the world 's ric h ·  
e s t  wi ld l ife are a -East Afric a .  S15 .OO 

55547 . INSIDE THE AN I M A L  WORLD: An En­
cyclopedia of Animal Behavior. Maurice & Robert 
Burron.  An eleg ant ly  i l l ustrate d .  comprehensive 
survey of every facet of ani mal acti v i ty. SI, . s0 

69420. PLANTC RAFT. Richard Mabe.\'. A guide to 
the many and varied uses of w i ld p lan ts . $10.00 

77000. SCIENTIFIC ELITE : Nobel Lau reates in 
the United States . Harriet Zuckerman . S14.95 

61300. M AT H E M ,u' I C A L  M A G IC SHOW. Mar· 
tin Gardner. De lightful col lection of brain teasers 
and inspired dissertations .  $8.95 

38900. A C LOSER LOO K .  Michael A. Godfrey. A 
look at the ecology of a typical backyard . S14.95 

87890 - 2 .  W O R L D  P R E H I S TO R Y  IN N E W  
PERSPECTIVE. Grahame Clark . Tou r o f  man's 
pi votal rise from the stone age to the dawn of civi l i ­
zation . Counts as 2 of rour 3 books.  S29 .95 

52850. THE H I G H  FRONTIER : Human Col­
onies in Space. Gerard K.  O · Neill . $8.95 

48485. FIELD PHOTOGRAPHY: Beginning and 
Advanced 1echniques. A lfred H. Blaker. Tricks-of­
the�trade on how to obtain publication - grade nature 
photos . $22.50 

(values to $70 .30) 
32480. A I R B O R N E .  William F. B u c k ley. Jr. 

��o�/����;ailing trip made in 1975 by B$i��'iA 
85780-2. VOLCANO. Maurice and Karia Kraft .  
Word-and-picture masterpiece o f  the many vaned 
moods of volcanoes. Counts as 2 of your 3 books. 

S35 . OO  

73939. T H E  RESTLESS UNIVERSE/WHITNEY 
STAR FINDER. A highly acclaimed 450-page tour 
of the ideas. principles, andlrocess of modern 3S­
tronomy. Plus a topnotch fiel guide to the night sky. 
The 2 count as one book. $21. 90 

827 7 1 .  T E M P L E S ,  T O M B S  A N D  H I E R O ­
GLY PH S / R E D  L A N D ,  B L A C K  L A N D .  Two 
highly acclaimed works on Egyptian hi story. The 2 
count as one book. 525 . 90  

549 8 5 .  T H E  I L L U S T R AT E D  E N C Y C LO­
PA E D I A  O F  T H E  M I N E R A L  K I N G DO M .  

$20. 00  

55000. THE ILLUSTRATED ENCYCLOPE DIA 
OF ASTRONOMY AND SPACE. Ian Roxburgh . 

$16 .95 

84870. TUTANK"HAMUN: The Last Journey. Wi/· 
liam MacQuiuv. The legendary treasures of the boy 
king . ' $10. 95 

36395. BLACK HOLES, QUASARS AND THE 
UNIVERSE. Henry L. Shipman . An absorbing ex· 
ploration of the frontiers of astronomy. SIS . SO  

61610. MAYA. Charles Gallenkamp. T h e  rise o f  
Mayan c i v i l i zation and i t s  march t o  ext inction . 

$12.95 

54995. THE I L L CSTRAT E D  E N C Y C LOPEDIA 
OF A RC H A EOLOGY. G/nl Dan iel .  1000 entries . 
More than 100 i l l u strations ' $17 .95 

44330 . T H E  E M E R G E N C E  OF SOC I ETY. John 
Pfeiffer. O ffe rs a fascinat ing account of man 's ear· 
l iest re l i g i o n s .  hierarch ie s .  and cities . $15.00 

34730 .  THE ATLAS O F  E A R LY MAN. Jacquetta 
HOlde.'! .  A panoramic overview of conc urrent  
events  in h is tory through charts . graph s .  and i l l u stra· 
l io n s .  from prehistory to the Roman Empire . $20.00 

63340-2.  , t YSTERIES OF THE PAST. Beauti ­
ful l y  i l l ustrated volume explores the ridd les of past 
c i v i l i zat ion s . Cuums as ! ofy(wr 3 books . $34. 95 

43085 . E A RT H ' S  A U R A .  Louise B. Young .  Grand 
tour of the atmosphere . Fu l l y i l l ustrated . $12.95 

55125. 1 \  THE DESE RTS O F THIS EARTH. V"'e �:::�:.' Lavish l y  i l l ustrated look at every aS�i4�9J 
74590. THE ROOTS OF C I V I LIZATION . A lex­
ander Marshack . A remarkable re ·creation of the l i fe 
of prehistoric man . I l l u strated . S17.50 

(Publ i �hers ' Pr ice� sho\.\, n)  

I f  the repi)N:��r:JsS���;:�kdtf�base write to 

Dept.  4- A5E Riverside, N .J .  08370 
to obtain membe rsh ip i nfonnation and an appl ication 
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Plant a THINK TANK anywhere 
and watch the minds grow! 

home-office-school-park-club-churches-Iaboratory 

Unique instructional games designed by university 
professors to make learning fun through brain-to­
brain action. Beginning games can be mastered by 
young children-final games will challenge intelli-

adulls. These are the famous GAMES FOR 
INKERS from WFF 'N PROOF Publishers. 

WFF 'N PROOF (logic) 13.00' 
QUERIES 'N THEORIES (sci. & lang.) 13.00' 
EQUATIONS (malhematics) 10.00' 
ON-SETS (set theory) 10.00' 
PROPAGANDA (social studies) 11.00' 
ON-WORDS (word structures) 10.00' 
CONFIGURA nONS (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 VH South Blvd. Ann Arbor, Mi. 48104 

Fully guaranteed. Dealer inquiries invited. 

GiftS that are a COMPLIMENT to receive' 

IlowCo • 

cheac: a kid. 

Thousands 

upon thousands 

of youngsters 

are being cheated out of quality physical 

education programs every year because 

too few parents and school officials 

understand the difference between 

physical education and "gym" of bygone 

days. There's a new, enlightened physical 

education in many of our schools today 

Physical education that touches and 

benefits every single boy and girl 

develops individual confidence and self­

esteem for a lifetime of sport and activity 

Don't let your child miss the opportunity! 

Write for a free folder, "What Every 

Parent Should Know About The New 

Physical Education." If it's not in your 
child's school already, we'll tell you how 

to get it there 

PhYSical Education Public Information 
American Alliance for Health, 
Physical Education, and Recreation 
1201 16th St N W Wash., D.C 20036 
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BOOKS 

Human sexuality and birth, Szilard and Einstein, 

light-water reactors, biogeography, cosmography 

by Philip Morrison 

P
ATfERNS OF SEXUALITY AND RE­
PRODUCTION, by Alan S. Parkes.  
Oxford University Press ($7 .25), 

LYING-IN: A HISTORY OF CHILDBIRTH IN 
AMERICA, by Richard W. Wertz and 
Dorothy C. Wertz. The Free Press, a 
division of the Macmillan Publishing 
Co. ,  Inc. ($ 1 0).  Primates with a differ­
ence, our species has a remarkable re­
productive biology even if we disregard 
the social phenomena that so strongly 
mold reproductive behavior . Patterns 0/ 
Sexuality and Reproduction, an easily 
read yet authoritative set of essays by a 
distinguished London specialist in the 
SUbject, gives a clear account of the re­
productive life cycle. Its focus is not on 
anatomy or even physiology but rather 
on the variations and variables revealed 
by clinical and statistical research, with 
a few less than compelling analogies 
from the study of laboratory animals. 
The nine chapters are rich with data in 
tables and graphs, a sampling of which 
will offer a fair account of the contents. 

There are the S curves that show the 
age at which the changes of puberty ap­
pear in boys and girls. Fifty percent of a 
sample of American boys acquire pubic 
hair by the age of 13 and a half (Kinsey 
data from 30 years ago); 50 percent of 
English girls have begun to menstruate 
by 13 ( 1962 data).  The graph gives data 
for English girls back to 1 845, when the 
same point was reached more than two 
years later in life, Both the spread in the 
age of menarche and its mean value are 
dropping steadily in English samples, 
generation after generation. The length 
of the menstrual cycle is plotted for a 
sample of about 500 in England not long 
ago; the mean is about 28 days, variabil­
ity is high and the peak is broad. 

A strange result, quite inexplicable at 
the moment, is shown by comparing the 
protein content of the milk of American 
and British women, The spread among 
individuals is about the same, but Brit­
ish women produce on the average a 
milk that is richer in protein by almost a 
third.  Some human females yield milk 
in great excess of a single infant's needs 
(although "these records are all more 
than 40 years old"). In spite of Dr. 
Cook's old claims. there is good evi­
dence that Eskimo women in Greenland 
do not restrict their conception to the 

daylight months; yet it is plain that in 
England, Wales and Bavaria, for exam­
ple, nowadays one can count on a 15 
percent rise in conceptions during the 
"springtime, the only pretty ringtime," 
with a secondary peak in December. 
Strangely, the U.S. shows a reversed 
trend, as does New Zealand; the birth­
rate in Puerto Rico shifted from the Eu­
ropean to the American pattern with­
in 20 years after 194 1 .  Surely this is a 
socially mediated phenomenon, not a 
response to day length or other simple 
biology . 

The story of twinning , of both the 
one- and the two-egg kind , is well pre­
sented. So is the complex enigma of the 
sex ratio, which is now about 1 .1 or 1.2 
males per female at conception and a 
somewhat smaller excess of males at 
birth. Once differential infant mortality 
brought this number down so sharply 
that there was a considerable excess of 
females by the early marriageable ages; 
now equality is reached only in the age 
group from 30 to 34. "We are heading 
for a world shortage of marriageable 
females ."  Women outnumber men by 
more than two to one among people 
over 80, The most remarkable graph is 
the record (found "buried in a book on 
the pulse-rate") showing a simultaneous 
pulse-rate recording for a man and a 
woman during an hour that included in­
tercourse. Sir Alan does not hide his 
opinions, which are a little wry; the 
strength of this book is not in its social 
interpretation. It is nonetheless full of 
interest, a real resource. 

Reproduction requires, of course, 
that a woman bear a live infant. That 
event too is much more than biological. 
Lying-In is a social chronicle of the cir­
cumstances of childbirth in the U.S .  
from the 1 7th century to the present. Its 
aim is to trace the perceptions and social 
climate of the event as a contribution to 
assaying the place of women in Ameri­
can society . It is clear that colonial ritu­
als of delivery were fully the province of 
women. A coterie of female neighbors 
and older relatives attended each birth, 
which was a social expression of female 
solidarity , given biological strength by 
the presence of an experienced birth at­
tendant, the midwife (literally the "with 
woman"), just as in old England. 
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Enclosed is my donation of: $ __ 0$10 0$25 0$50 0$100 
(Checks should be made payable to: The Metropolitan OperalPioneer Fund.) 

Namc ______________________________ ________________ ___ 

Address � ______________________________ ____________ _ 

City State Zip ____ _ 

Mail the coupon with your donation to: The Met. c/o U.S. Pioneer 
Electronics Corp .• 85 Oxford Dr .• Moonachie. N.J. 07074. 
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INSIDE MUSIC 
ByJ. Raymond Tobin 

"Simply presented but full of much 
useful information this is a 
work to be appreciated by 
listener. T he separate sections 
deal with the orchestra, the families 
instruments, special effects. the sci· 
ence of sound signs and abbreviations, 
musical forms and notations. time, 
cent and rhythm, scales and keys, 
intervals. harmony. modlJlation and se­
quences. Transposition, and 
ornaments." -American 

Associat;on Bookl;st. $7.95 plus 85c hand ling 

Triple your Reading 
Speed-Now! 
Here IS a solrd, fact­
packed, clear, conCise 
basic gUide to high-speed 
reading; by a 110led read­
Ing specialist who has 
helped thousands to read 
much, much fasler---!.yet 
understand betler, 
remember more! 
Mares tells you which 
reading habits to eliminate. 
which to cultivate and how 
to do both The benefits of the (est of your fifel $7 95 

l�� �g: _?h�n
wl\rTas�e

a'{, plus 85� handling 

to Argue and Winl 
Here Is • ...., oImpIy written basic 
guide to logical thinking, _ng how 
III IPOI lie f-"-. th. prejudices 
__ om, lie Inappropriate � .. , ..., .• In lie other fellow's 
_"*" _ how to watell for and 
_ ... irJationalln �r own judg. menta. The ........ makes plain not only /low but ..... ","y .,.apIe roll .... ng ... truth. 

c:.w,=:: :",'-::..I/tInId�r:fI w:o: 
ART OF ARGUMENT by 01 ... St Aubvn 

16.95. plus 85f handling 

fOR RIM • PROfIT! Fascln"ing new handbook by 
• master craftsman H G. Hams gives you the 

kl�R ���='nO�="t!:'�o 
Install hands. dials. crystals. marnspnngs. 

stems rehouse old movements In 
tnodern cases Speedily cure 

many troubles by dem:.inehllOg 
or n=s"C3vJ�ry ��; 

'. watch and clOCk. chimes. 
grandfathers. cucXoo, every­
day alarm and eleclr1C clocks 
Handbooll: tells you where 
to ·buy parts wt1ere to 
send overflow work lor re-�".:�oo,;"esa� Prices �.=..�:.�� :� g1&;l 

Of WArtH AH��'r� REPIIIfIS. 16.95. plus 8S, handling 
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ADVANCED CLOCK AND WATCH REPAlfI 
H. G. Harris. Precise, illustrated, practical. 

$8.95 plus 8Se handling. 

Brain Puzzler's 
Delight By Eo R. Emmet 

A treasury 01 unique _oIrOlChing 
puzzl .. \hal can be _ byltrlliglll, 
logical thinking and r •• soning. No 
opec:iIIIIzed mati!. Oller ... pleasures 
01 lI_ng IICIutiona \Iuough use 
oIlngM'lUlty, imagination, InoIghl, and 
logic. StimutaIM __ .. th. 
mind. Fucinafng. entertaining puz. 
.Ieo. amnged In order 01 IIfliculty. 
With (soma amazing!) ooIutIons and 
fuN explanations al and 01 book. IL· 
LUSTRATED. 

ORDER NOW: $7.95 plus 85c handling 

Fe< the genius. PUZZLES FOR PLEASURE offers 
the ultimate challenge in 50gicil thinking. 
$8.95 pka 8Sc ""ndlinG ., E. R. Emmet 

EMERSON BOOKS. DEPT 223-E 
BUCHANAN. NY 10511 

No postage on ord.,. of 3 or more books! 

1O-day Money-Back Guarantee 

Birth took place in the home. of 
course. Today we have not the midwife 
but the obstetrician and a medical team. 
Men are the leaders, and the entire pro­
cedure is held to be medical and risky to 
health and life. justifying powerful in· 
terventions. Indeed. in articulate reac­
tion to this very change there are now 
a number of movements for "natural " 
and "humane " delivery, often at home. 
The chronicle of change is interestingly 
and fairly told here. although a some­
what more quantitative approach would 
have added strength to the social and 
psychological analysis. 

It is clear that childbirth was indeed a 
risk, although never as serious a risk as 
the stereotyped image from a New En· 
gland cemetery: a farmer's tombstone 
surrounded by those of his several 
wives,  all apparently dead in childbirth. 
It appears that premedical childbirth 
must indeed have accounted for a good 
part of all deaths of women during their 
childbearing years, roughly one moth­
er dead in 1 00 live births. The more 
celebrated midwives whose records we 
have did somewhat better. Scientific 
medicine entered the field in gleaming 
and fearsome mechanical style, com­
ing from France in about 1750. Plenty 
of intricate clamps and forceps ap­
peared, but no great success. It was 
Boston's great Oliver Wendell Holmes 
who warned in 1 843 of the danger of 
childbed fever borne by the physician­
just before Ignaz Semmelweis, whose 
hard data proved the case. 

It was really only in about 1935. with 
teams, antibiotics. transfusions and the 
rest. that physicians began to cut mater· 
nal mortality sharply to its present U.S. 
level. down fifty- to a hundredfold 
from the old plateau. We can well afford 
now to mitigate the emotional costs of 
all that manipulative and impersonal 
doctoring. What we cannot afford is the 
shameful discrimination poverty still 
enforces. The loss of black mothers re­
mains three times that of white ones 
even though both rural and urban de­
liveries now take place in hospitals, at· 
tended by strong obstetrical teams. 
The causes lie largely outside the ward 
and before the delivery: septic abortion. 
malnutrition and lack of adequate pre­
natal care all take their toll. 

Prematurity remains the biggest cause 
of infant early mortality. In municipal 
hospitals about half of the women get 
prenatal care either too late or not at all; 
in private hospitals only 5 percent lack 
such care from the start. Class and caste 
impose at birth "a terrible fate for indio 
viduals and for the society in which they 
are born." 

T EO SZILARD: HIS VERSION OF THE 
L FACTS, SELECTED RECOLLECTIONS 
AND CORRESPONDENCE, edited by Speno 
cer R. Weart and Gertrud Weiss Szilard. 
The MIT Press ($17.50). EINSTEIN 
PORTFOLIO, photographs by Lotte Jaco· 

bi, foreword by Richard M. Bacon. 
NECCO. Box CC, Hillsboro, N.H. 
03244 ($20, postage paid). The century 
of Albert Einste in's birth is marked this 
month almost everywhere. Here we 
look a little obliquely at that luminous 
figure. It is the prescient and witty mind 
of Leo Szilard. in "all things counter. 
original. spare, strange," that is opened 
to us, from his youth to the end of 1945. 
Szilard's scientific papers were pub· 
lished some years ago. as was recorded 
in these columns. This volume contains 
about 120 items that are not scientific 
papers. Most of them are letters, a few 
are long policy documents from critical 
junctures along his (and our) road into 
the nuclear age, and there are 56 fasci­
nating pages of carefully edited taped 
recollections. 

Szilard and Einstein are forever 
linked in history. It is not surprising that 
the young Szilard, a Ph.D. student with 
Max von Laue in Berlin in 1921, was 
working on a problem in relativity that 
Laue had posed for him. What followed 
was less likely. "I forced myself to work 
on it, but it just wouldn't go at all ... for 
about six months." Then. in three weeks, 
an onrush of ideas carried Szilard to his 
novel view of the second law of thermo· 
dynamics. which was entirely unrelated. 
He was then a member of a student 
seminar under Einstein. "I told him 
what I had done. And Einstein said, 
'That's  impossible ... .' And I said, 'Well, 
yes, but I did it.'... It didn't take him 
five or ten minutes to see, and he liked 
this very much." Laue read it overnight 
and rang up "early in the morning " to 
accept it. The paper and its follow· up 
half a year later were to become corner­
stones of modern information theory. 

Between 1927 and 1930 seven Ger· 
man patents were issued to the partners 
Szilard and Einstein (the reader may 
guess whose was the enterprise) on an 
ingenious way of pumping liquid metal 
by means of moving magnetic fields. 
The German General Electric Compa­
ny (A.E.G.) wanted to use the scheme 
for refrigerators, but it turned out in 
practice to be noisier than conventional 
pumps with moving parts. Such schemes 
have since been used in nuclear reactors. 
the first of them being the Los Alamos 
mercury-cooled plutonium fast reactor 
of 1947.  

Einstein enters again as  the second·act 
hero of Szilard's tragicomedy of starting 
the U.S. uranium project. As an emigre 
in London in 1933 Szilard had been 
seized by the idea of a neutron chain 
reaction "as I was waiting for the light to 
change." The idea became an obsession. 
In January, 1939, long after Szilard's se­
cret patent on the concept of a neutron 
chain reaction and weeks after the dis­
covery of fission itself, he wrote that the 
news of that discovery "revives all the 
hopes and fears ... which I have as good 
as abandoned." Fission "might lead to 
a large·scale production of energy ... 
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unfortunately also perhaps to atomic 
bombs." Much experiment, intrigue, 
counseling and writing of urgent let­
ters ended with the two drafts of July, 
1939, of a letter for Einstein's signature 
in "Dr. Moore's cabin" at Peconic on 
the Long Island shore. (Nobody knew 
Moore ; everybody knew Einstein was 
living in his cabin.) The addressee was 
President Roosevelt; the letter was de­
livered by hand by the intermediary Al­
exander Sachs, was acknowledged and 
was acted on. (A curiously misguided 
approach Szilard made to get Charles 
Lindbergh to serve as a spokesman is 
also documented.) 

The war burned on, and in the spring 
of 1945 Szilard was again seeking to im­
pose order on events: "But now. with the 
war won, it was not clear what we were 
working for. " Again Einstein acted as a 
spokesman, this time through Eleanor 

Roosevelt and this time in an effort to 
put the genie back into the bottle the 
earlier letter had unsealed;  he spoke of 
international controls and moral oppo­
sition to dropping the bomb. The memo 
was written in late March, 1945, and on 
April 12 Franklin Roosevelt lay dead. 
Events unfolded apace ; when the news 
of Hiroshima arrived, the peaceable 
Einstein uttered, we know, a cry of de­
spair that is "not conveyed by the trans­
lation 'Alas.' '' 

The volume closes with Szilard the 
lobbyist active in Washington at the end 
of 1945. Within a month after Hiroshi­
ma more worldly fore'casts appeared. 
Jacob Viner, the University of Chicago 
economist, saw neither preventivt.; war 
nor enforceable international agree­
ment, the outcomes most visible' to Szi­
lar\i and the physicists. Instead, Viner 
said, "Russia also will have the bomb, 

IN 1937 EINSTEIN was photographed hOlding a pair of oars and other gear as he prepared 
to go sailing on Long Island Sound, The photograph is in a portfolio made by Lotte Jacobi, 
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The longest in our 
long line of laser ftrsts ... 

Bell Laboratories 

Murray Hill, New Jersey 07974 
Bell Labs scientists Roger Stolen and Chin Ion Lin work 

with a fiber Raman laser, one of a new class of light sources 

that use optical fibers-up to a kilometer long-to produce 

tunable laser light. At left, the laser's output-which contains 

multiple Raman-shifted wavelengths-is taken off a beam 

splitter and dispersed by an external grating to show the broad 

range of wavelengths that can be tuned. 
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Bell Labs has developed some of 
the world's most transparent glass 
fibers to carry light for communi­
cations. We've also devised a way to 
make these highly transparent glass 
fibers generate light. In fact, they are 
the basis for a new class of tunable 
light sources called fiber Raman lasers. 
They're among the latest, and by far 
the longest, of many lasers invented at 
Bell Labs, beginning in 1957 with the 
conception of the laser itself. 

Since the new fiber lasers work 
best at wavelengths at which they are 
most transparent, we can make them 
very long. The longest active lasing 
medium ever built, in fact, was a fiber 
Raman laser over a kilometer in 
length. Studying the ways light and 
glass interact over such distances is 
part of our research in lightwave 
communications. 

In these new light sources, a glass 
fiber with high transparency and an 
extremely thin light-guiding region, or 
core, is excited by a pump laser. The 
pump light, interacting with the glass, 
amplifies light at different wavelengths 
through a phenomenon known as 
stimulated Raman scattering. This 
light is fed back into the fiber by a 
reflecting mirror. If gain exceeds loss, 
the repetitively amplified light builds 
up and "lasing" occurs. 

Fiber Raman lasers have 
conversion efficiencies of about 50%, 
operate in pulsed and continuous wave 
modes, and are easily tunable over a 
broad wavelength range in the visible 
and near infrared regions of the 
spectrum. 

We've used these lasers to measure 
the properties of fibers and devices for 
optical communications; and studies 
of the lasers themselves have revealed 
a wealth of information on frequency 
conversion, optical gain, and other 
phenomena. Such knowledge could 
lead to a new class of optoelectronic 
devices made from fibers, and better 
fibers for communications. 

Looking back 
These long lasers come from 

a long line of Bell Labs firsts: 

1957: The basic principles of the laser, 
conceived by Charles Townes, a Bell 
Labs consultant, and Bell Labs 
scientist Arthur Schawlow. (They 
later received the basic laser patent.) 

1960: A laser capable of emitting a 
continuous beam of coherent light­
using helium-neon gas; followed in 
1962 by the basic visible light helium­
neon laser. (More than 200,000 such 
lasers are now in use worldwide.) 
Also, a proposal for a semiconductor 
laser involving injection across a p-n 
junction to generate coherent light 
emitted parallel to the junction. 

. 

1961: The continuous wave 
solid-state laser (neodymium-doped 
calcium tungstate) . 

1964: The carbon dioxide laser 
(highest continuous wave power 
output system known to date) ; the 
neodymium-doped yttrium aluminum 
garnet laser; the continuously 
operating argon ion laser; the tunable 
optical parametric oscillator; and the 
synchronous mode-locking technique, 
a basic means for generating short and 
ultrashort pulses. 

1967: The continuous wave helium­
cadmium laser (utilizing the Penning 
ionization effect for high efficiency) ; 
such lasers are now used in high-speed 
graphics, biological and medical 
applications. 

1969: The magnetically tunable spin­
flip Raman infrared laser, used in high­
resolution spectroscopy, and in 
pollution detection in both the 
atmosphere and the stratosphere. 

1970: Semiconductor heterostructure 
lasers capable of continuous operation 
at room temperature. 

1971: The distributed feedback 
laser, a mirror-free laser structure 
compatible with integrated optics. 

1973: The tunable, continuous 
wave color-center laser. 

1974: Optical pulses less than a 
trillionth of a second long. 

1977: Long-life semiconductor lasers 
for communications. (Such lasers 
have performed reliably in the Bell 
System's lightwave communications 
installation in Chicago.) 

Looking ahead 
Today, besides our work with 

tunable fiber Raman lasers, we're 
using other lasers to unlock new 
regions of the spectrum in the near 
infrared (including tunable light 
sources for communications), the 
infrared, and the ultraviolet. 

We're also looking to extend the 
tuning range of the free electron laser 
into the far infrared region-where no 
convenient sources of tunable 
radiation exist. 

We're working on integrated 
optics-combinations of lightwave 
functions on a single chip. 

Lasers are helping us understand 
ultrafast chemical and biological 
phenomena, such as the initial events 
in the process of human vision. By 
shedding new light on chemical 
reactions, atmospheric impurities, and 
microscopic defects in solids, lasers 
are helping us explore materials and 
processes useful for tomorrow's 
communications. 

Also under investigation is the 
use of intense laser irradiation in the 
fabrication of semiconductor devices. 
The laser light can be used to heat 
selective areas of the semiconductor 
and anneal out defects or produce 
epitaxial crystalline growth. Laser 
annealing coupled with ion 
implantation may provide a unique 
tool for semiconductor processing. 

We've played an important part in 
the discovery and development of the 
laser-an invention making dramatic 
improvements in the way our nation 
lives, works and communicates. 

@ Bell Laboratories 

From Science: Service 
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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 3V2, 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 3%, 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 
Entrap, who takes beautiful deep-sky 
photographs (a humber 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-limited optics nor with its me­
chanical components. They are as fine 
as the hand of man can make them. 

© Questar Corporation 1978 
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and then a new equilibrium will estab­
lish itself. " Szilard adds in the 1960's: 
"He had certainly more foresight than 
the rest of us, though it is not clear 
whether what we have now is an equilib­
rium or whether it is something else . " 
This volume is one authentic and indis­
pensable document about our leaders 
and our times,  and likely about our fate 
still to come. 

Lotte Jacobi and her sensitive , inti­
mate and loving eye and camera looked 
at Einstein the man for many years.  If 
you would see him in shirtsleeves and 
with trousers rolled up, or joyously 
windblown in a little sailboat on Long 
Island Sound (although not where the 
fateful letter was drafted), you have 
only to pick photographs out of the set 
of prints she now offers. They show the 
man in his home, content or burdened 
by the mail. smiling or grave with 
guests, in the fearful time between his 
50th and 60th years. They are enduring 
evocations, perhaps more fitting than a 
colossal bronze for this quiet, good, be­
set and penetrating man. 

TIGHT WATER: How THE NUCLEAR 
L DREAM DISSOLVED, by Irvin C. 
Bupp and Jean-Claude Derian. Basic 
Books, Inc., Publishers ($ 1 0). The Boe­
ing 707, the first American jet transport 
and an enduring worldwide commercial 
success, arose out of a single prototype 
that became both the 707 and the Air 
Force tanker KC- 135. Tankers account­
ed for most of the early production and 
still account for more than half of the 
total production run. The successful 
military investment led to a resounding 
civil achievement. 

Sharing this kind of military parent­
age are the American-designed reactors 
moderated by light water (as distinct 
from heavy water). Such reactors domi­
nate the Western world of nuclear pow­
er; counting both completed power sta­
tions and those under construction in 
late 1977, 90 percent of all power re­
actors were of this type. Their military 
legacies are the great gaseous-diffusion 
plants that provide their enriched urani­
um and the original development of the 
reactor type itself for naval service. But 
reactors at sea, most of which are sub­
merged, are an order of magnitude low­
er in power than the usual land-based 
power reactor, and the economic ques­
tions are entirely distinct. "To the sci­
entific community, light-water reac­
tors were the accidental by-product of 
early military experimentation directed 
at submarine propulsion." The reactor 
type that works well in propelling sub­
marines is not the clearly rational choice 
among alternative designs for civil use. 
In the real world technical rationality 
has taken second place to "military, po­
litical and commercial constraints. " 

This candid and well-informed book 
chronicles the rise of light-water reac­
tors worldwide to dominance of the 
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The 
Professionals 
Call It 
Incredible! 
The 
DYNAMAX® 
Multipurpose 
Telescope 

Imagine the awesome power of 
professional observatory-size optics. 

Imagine it packaged in an 
amazingly versatile and easy-to-use 
telescope. 

A telescope that you can carry in 
one hand. 

That you can use from 10 feet to 
infinity. 

Visually or photographically. 
Imagine THE DYNAMAX19 

Multipurpose Telescope. 
Better yet. See one in action. 
Write or telephone today for your 

free color catalog. 
Prices start at $610. 
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market. It assesses the nuclear debate in 
Western Europe and the U.S. not by the 
usual survey of apparent issues of tech­
nical substance-safety, waste disposal 
and the proliferation of nuclear weap­
ons-but by examining the string of de­
cisions in their contexts. The Franco­
American collaboration of the authors 
brings together two men who have had a 
long professional association with their 
national nuclear power programs, one 
of them technically trained and the oth­
er one closer to political economy. They 
write, more in sorrow than in anger, 
about the "abuse of a technology" by its 
advocates ,  so that now, although "the 
world needs nuclear power," the option 
to exploit it is in acute danger. 

The narrative is in two parts: flood 
and ebb. The tide crested during the ear­
ly 1960's. When Jersey Central Power & 
Light bought a light-water turnkey plant 
from General Electric at the end of 1963 
without Federal subsidy, economic 
analysis promised that it could deliver 
cheaper power than any other generat­
ing system. Westinghouse soon matched 
the price pretty well, and the "Great 
Bandwagon Market" for light-water re­
actors began. Nearly 50 plants were or­
dered in 1966 and 1 967 by U.S. utilities: 
four manufacturers shared the business. 
By the early 1970's there was worldwide 
intoxication with light water . Britain 
and Canada apart, American designs 
had swept the market. 

The French decisions are outlined in 
detail. The nine turnkey projects (with 
firm prices guaranteed by the manufac­
turers) had the effect of ending the ef­
forts of designers in Europe and Japan. 
Everyone wanted to be the licensee of 
an American company. Finally "some 
18 different European companies or 
consortia" were offering light-water re­
actors for sale. The low cost proved 
to be an illusion-an illusion of prom­
ise rather than performance, of partial 
achievement rather than of complete 
and tested systems all the way from 
mine to waste disposal, and of skimped 
attention to safety (or at least to instill­
ing a conviction of safety in the public 
mind). 

The Organization of Petroleum Ex­
porting Countries (OPEC) played a 
strong supporting role. Fuel costs rose 
precipitately after 1 973. Coal and urani­
um were competitive in 1 970; in 1976, 
with coal at four times its 1970 price, 
coal-generated power was still competi­
tive with nuclear power from light-wa­
ter reactors. In constant dollars the n u­
clear plants that began operating in 
1 975 were on the average three times as 
expensive as the turnkey plants had 
been. Those early plants had in fact been 
loss leaders. The "learning curve" had 
not brought the price down; the econo­
mies of scale were not easily realized. 
"By 1975 the steel and concrete needed 
per megawatt for a 1 ,200- MW plant ap­
proximately equaled the 1 960 require-

ment for a 200- to 300- MW design." 
Clearer safety meant thicker walls. 

Today the issue is deep in symbol, 
emotion and myth. Not only is there a 
general shift away from a consensus in 
favor of economic growth but also the 
circumstances of light-water commer­
cialization have made the technology 
peculiarly vulnerable . Scientists, engi­
neers, politicians, bureaucrats and busi­
nessmen in a dozen countries were 
caught up in a self-fulfilling interlock of 
hopes. Nuclear power had been a "the­
ology," light water its "sanctified tech­
nology." The U.S. Atomic Energy Com­
mission and the Congressional Joint 
G:ommittee on Atomic Energy, institu­
tionally allied with manufacturers and 
their salesmen, had done much to con­
fuse hope with reality. 

Is there a chance for fission power? 
The authors think a compromise all 
around might yet work. They are clearly 
disturbed by a public climate that ap­
pears to require "full accommodation of 
all minority objections to any positive 
action," and they believe this "reaction­
ary prospect" might be mitigated by 
concessions, thereby retaining a signifi­
cant long-term role for fission. 

The first issue for compromise might 
be waste disposal: it is an urgent prob­
lem, and yet not so acute as to demand 
instant action. Perhaps here a consensus 
might be found that is workable, unhur­
ried and impartially judged to be safe 
enough. The second issue is the econom­
ic one. Most people want cheap power, 
but no one can yet fairly assess relative 
costs because there simply is not enough 
experience. A temporary suspension of 
judgment that would allow a test of both 
nuclear and coal-fired power might be 
workable. 

The authors seem to be on firmer 
ground when they suggest there are real 
benefits in "letting sleeping breeders 
lie." Many people who balk at a "vision 
of hundreds of breeder reactors and 
a plutonium-based ·electricity system" 
might support the renewed growth of 
light-water capacity. In Europe the issue 
is even more symbolic, the authors be­
lieve. Where are the alternatives to the 
full-blown scenario of nuclear power as 
Europe's only choice? They suggest that 
critics there are concerned not so much 
with the effects of light-water reactors as 
with the proper structure of modern so­
ciety and the place of high technology 
within it. 

It was no 20,000 tons of coal that fell 
on Hiroshima. In all this strange story 
there is something deeper still, little 
faced even by these analysts. The fear of 

. an unknowing acceptance of the impure 
and the dangerous, and the suppressed 
anxieties of nuclear war, play some part 
in this curious blend of overconfidence 
and suspicion. High technology holds 
many other dreams.  Consider a future 
with a thousand big rigs afloat in warm 
tropical seas. turbines working against 
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0·' . '. ' In this fitst of a series on 
: " . : , ,J;. making wine, I want to ex-� .' YI plain how the Sebastiani s 
.: ' . . became a wine-making 

family. I have to begin in 
the mid-1800's with my great-grand­
father, Lorenzo, a peasant farmer near 
Lucca in the Tuscany region of northern 
Italy. He and my great-grandmother, 
Sabina, supported their family with a few 
chickens and a small vegetable garden. 
Their meals were simple but wine was 
always on the table. 

{���'""\ 

Tuscany was rich with vineyards and 
wine was a part of just about everyone's 
life. Lorenzo never had the opportuniry to 
learn the vintner's skills but it was not for 
lack of desire. His love of good wine and 
respect for those who made it was passed 
on to his son, Samuele, who, as a boy 
spent much of his time at a nearby 
monastery watching and helping the 
monks tend their vineyards and create 
their wines. Here he learned the tech­
niques he would later bring to America 
and eventually pass along 
to his son, Aug�st. 

Lorenzo and his love of 
good wine inspired the 
coutse our family bas fol­
lowed for three generations 
- paSsing from father to 
son a wealth of accu­
mulated knowledge. 

If you'd like to hear 
more from the wine coun-
try on a regular 

basis, "_','.t .. I ... '. ,-_I._' please write for our free 
monthly newsletter. BARBERA Sam]. Sebastiani 

�/��, 
Sebastiani 

VINEYARDS 
EST. 1825 
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cold water from the depths, their power 
used to make hydrogen, ammonia or 
even methanol. Such a scheme would 
share the very same ambience of giant 
corporate construction, but it lies far 
from the real and the perceived risks of 
uranium. Would it come closer to ac­
ceptance? This is a useful. serious and 
critical account, without evident hy­
perbole or animus. The full tale is yet 
to be told. 

BIOGEOGRAPHY AND ADAPTATION: 
PATfERNS OF MARINE LIFE, by 

Geerat J. Vermeij. Harvard University 
Press ($25). There is a sense of history 
about any acts, even trivial ones,  that 
extinguish barriers long established. 
More than one reader will have mixed 
two samples of seawater, taken perhaps 
from the Pacific and Atlantic coasts, 
with a feeling of innovation. One of Dr. 
Vermeij's experiments, carried out on 
Guam, consisted in offering to local spe­
cies of crabs some living Guamanian 
snails and some related Jamaican snail 
shells that moved because they were ani­
mated by local hermit crabs. (That is a 
lot easier than fetching the snails alive 
from the West Indies, and other tests 
had ensured the validity of the method.) 

In every case the West Indian species 
were vulnerable to crushing by the crabs 
"at much larger sizes (both absolute and 
relative) than were their ... counterparts 
in Guam." The effect was clear , a factor 
of two or three in weight for most cases. 
Indeed, it seems generally true that the 
armor of the Indo-Pacific shells of many 
kinds is better than that of their West 
Indian cousins, and so is the weaponry 
of the predators. (A sample pun out of 
an abundant supply may warn the read­
er: "Tropical predators are more fully 
endowed with specialized shell-destroy­
ing equipment than most of their coun­
terparts and may in general characterize 
themselves as, 'We shell overcome.' ") 

An enthusiastic and imaginative Uni­
versity of Maryland zoologist has pro­
duced this readable book in the style of 
Darwin himself. It is full of argument 
based on simple experiments and expert 
comparative studies, innocent of fancy 
apparatus, biochemistry or even mathe­
matics. Photographs of purposeful se­
ries of shells and tables of species found 
at different sites offer most of the techni­
cal support the author needs. 

The gradients of differences among 
related forms are perhaps stranger from 
east to west than they are from north to 
south. Here sounds one grand theme of 
the book. North-south differences arise 
from temperature and from concomi­
tant limits on living function. The little 
beach clams of southern India burrow 
into the warm sand within two seconds,  
whereas their more sluggish cousins in 
chilly Scotland take three times longer. 
Yet at both latitudes dislodging waves 
roll in every few seconds. The British 
clam therefore lives only below the low-

water line, whereas its tropical cognates 
are found intertidally. 

Quite generally the high latitudes 
channel living forms sharply by simple 
physical circumstance. Cold-blooded 
forms cannot be very mobile in the cool­
er climates; the chemistry of calcifica­
tion there makes thick and baroq ue 
shells more costly; diversity of form in­
creases in the Tropics. With diversity , of 
course, comes coevolution. The arms 
race of armor against lance becomes de­
cisive for form. Environmental condi­
tions are the less limiting ones; the more 
pervasive conditions are the forces of 
predation, at least among the shelly 
beasts that are the motif of this work. 

Periwinkles, snaily bivalves and the 
plants and animals (such as barnacles 
and algae) that live on other organisms 
each get a detailed chapter. In all these 
groups there is a general tendency for 
the development of spines, ridges, thick­
ness of shell and a general architecture 
resistant to predators to be greater at 
the lower latitudes. The predators fol­
low suit. A crayfishlike animal from 
the coast of Thailand has one pair of 
arms fitted with ends like hammers for 
pounding the shell of the prey until it 
breaks, a breathless drama of the arms 
race. On the other hand, it appears that 
soft bottom dwellers ,  which can hide 
anywhere and live in a low-oxygen envi­
ronment where motion is costlier, show 
less concern for armor. The argument is 
supported by counts of related species, 
by surveys of shells healed after partial 
failure and by sequences of species. 

One striking graph plots the percent 
(among tropical intertidal gastropods in 
five regions) of species that have an out­
er shell with a toothed lip or that have an 
inflexible operculum. The trend is clear: 
the Indo-Pacific species has the most ar­
mor, the eastern Atlantic one the least. 
Why? The final answer to this puzzle is 
not in hand, but a tentative explanation 
can be given. Advanced coevolution in 
the Indo-Pacific has yielded the greatest 
diversity , the strongest symbioses and 
the highest level of prey-predator war­
fare. It is tempting to conclude (one can­
not yet be sure) that the ancient Pacific 
world has been less disturbed since Ter­
tiary times and that a long mutual adap­
tation of the eater and the eaten has 
elaborated the game. The Atlantic thea­
ter, which was surely disturbed severely 
in recent glaciated epochs, has not pro­
vided enough time for the subtle war­
fare of the genetic plan. 

It is obvious that Dr. Vermeij is well 
prepared to examine the possible effect 
'
of the opening of barriers in the sea by 
man, at Suez and potentially with a sea­
level. saltwater Panama Canal. He fore­
sees a considerable effect at Panama, 
and he explains why. But why some spe­
cies, such as the horseshoe crab, per­
ceive their environment as being invari­
ant over hundreds of millions of years, 
whereas other species respond to change 
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at a rate that is orders of magnitude 
higher, is far from clear. This Darwinian 
book-there is hardly higher praise-is a 
step toward understanding, which will 
probably challenge our technical meth­
ods more than the broad insights of that 
clever naturalist on the Beagle did. 

THE COSMOGRAPHICAL GLASS: REN­
AISSANCE DIAGRAMS OF THP, UNI­

VERSE, by S. K. Heninger, Jr. The Hun­
tington Library ($ 1 7.50). In 1 559 the 
young William Cuningham of Norwich, 
Doctor in Physicke , brought out in Lon­
don his handsome folio under this same 
main title , "conteinyng the pleasant 
Principles of Cosmographie , Geogra­
phie , Hydrographie , or Navigation." 
Elizabeth the Queen was the patron for 
the book. In the modern volume at 
hand, also impressive although not out­
sized or lavish, a scholar at the Universi­
ty of British Columbia has reproduced 
Cuningham's elaborate title page as his 
own, with its many figures such as As­
tronomia. Strabo and Ptolomeus and 
with appropriate new letterpress ma­
terial inserted into the old woodcut. 
The volume it introduces is a delight. a 
"portfolio of diagrams which in one way 
or another depict the world as someone 
in the Renaissance viewed it." Every fig­
ure is taken from a book printed before 
1 700, a few from early books of the 1 5th 
century. Each figure is analyzed and set 
in context by the text, which is. however. 
not a series of captions but rather a con­
nected and readable exposition illustrat­
ed in detail; the book is not a history or a 
thesis but rather a display of the images 
themselves with explanation. 

There is a clear synoptic structure : the 
first three chapters (after the introduc­
tion) exhibit the figures of authors 
whose intent was to describe our uni­
verse in a way consonant with what we 
perceive through the senses ;  the second 
half of the book presents those who 
sought rather to uncover some under­
lying theoretical articulation of the 
whole. The first half shows great atten­
tion to concentric circles, enlivened by 
the creatures of the universe, whereas 
the second half emphasizes less evident 
symmetries with much play of matrix 
tables ,  densely labeled polygons and the 
human figure mapped into the cosmos. 

Professor Heninger and his librarian 
friends have given us a work delighting 
the eye, a store of images for our visu­
al time that sends a strong and refresh­
ing wind across many a dustier trea­
tise. There are some 1 50 illustrations, 
all well reproduced but without refer­
ence to the original scale. 

Here are a few of them, described to 
give a taste of the feast. A woodcut from 
a 1499 edition of Konrad von Megen­
berg's Buch der natur, a popular encyclo­
pedia first published in 1350, shows the 
universe in layers with our own place 
of earth, air and water at the bottom. 
Above us is the layer of fire , "which be-
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ing a pure element is not visible , "  above 
that in order are the seven planets and 
the fixed stars, all apparent to our eye, 
and past the stars is the Triune God 
flanked by angels, perceptible only to 
the mind. In this figure both theory and 
observation are served. 

From Sir Edward Sherburne's  critical 
translation of The Sphere of Manilius, 
published in 1675 ("a landmark in En­
glish neoclassicism"),  we see, elegantly 
engraved by the famed Wenceslaus Hol­
lar, six pages, each bearing a beautiful 
and easily read diagram of a cosmic sys­
tem, from Ptolemy to Tycho and Co per-

nicus. It would be hard to omit the dia­
gram from a 1 5 1 2 edition of a treatise 
by the Catalan mystic Ramon Lull. We 
see the high staircase rising to a noble 
building of wisdom, the steps marked as 
a scale of beings from mere stones to 
flames, plants, animals,  man, angels and 
God. The famous island observatory of 
Tycho, all circles and squares, is shown 
as he represented it in 1598; in its con­
text it is as much a symbol as an ideal 
research station. It goes without saying 
that the book is well served by a scholar­
ly apparatus (except for that little mat­
ter of scale). 
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THE UNIVERSE is seen in the medieval encyclopedia Buch der natur (1349-50) as a hier-

0 I Pell offe -t all archy of the elements, the planetary spheres and the Christian heaven. The illustration is repro- ---'1-Y- a rs I • 

duced in The Cosmological Glass: Renaissance Diagrams of the Universe, by S. K. Heninger, Jr. 
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The Professionalization 

of the U.S. Labor Force 

The increased number of college graduates in the U.s. has 

altered the composition of its work force. Professionals 

and managers now hold one out of four of the nation's jobs 

S
ince the end of World War II a stead­

ily increasing percentage of young 
Americans have been graduating 

from college. By 1976 one out of four 
members of the age cohort of 25 to 29 
years old had earned the bachelor's de­
gree, compared with one out of 20 be­
fore 1940. Now, some 30years later, may 
be a good time to assess the cumula­
tive impact of this unprecedented com­
mitment of human and material resour­
ces to higher education and career ad­
vancement. 

The wielders of power in society have 
often provided routes of upward mobili­
ty whereby young people of the requi­
site talent and ambition could make 
their way from the lower classes to the 
top, there to cement or augment tHe 
power of their forerunners. Such dispar­
ate cultures as the China of Confucius 
and the Britain of Victoria used educa­
tion as the ladder. A farmer's son could 
try the examinations set by Peking; a 
shopkeeper's son could scale the walls 
of Oxford. Compared with those prece­
dents the American establishment (a 
constantly shifting group) made educa­
tion an open gate. 

In the U.S. labor force people listed in 
two census categories now command 
one out of four jobs, and these include 
substantially all the preferred jobs, as 
jobs are reckoned by income, status and 
career prospects. The categories "Pro­
fessional, technical and kindred" and 
"Managers and administrators" also 
provide the most comprehensive count 
of the population of college graduates, 
granted that some college graduates are 
also found in lower-ranking jobs among 
sales, clerical, blue-collar and even serv­
ice workers. An economy once dominat-
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ed by entrepreneurs and self-employed 
professionals ("their own bosses") is 
now dependent on managers and profes­
sionals mainly employed on salary by 
large organizations, public and private. 

A variety of developments reflect the 
influx of educated and highly educated 
personnel into the U.S. labor force. 
Consider the shrinking percentage of 
blue-collar workers in the labor force, 
with the near-doubling (inflation dis­
counted) of the gross national product 
since World War II; the expansion of 

research and development in govern­
mental and business budgets and the 
flowering of major new industries built 
on the technologies of solid-state elec­
tronics and information processing; the 
transformation of family-owned big 
businesses into multinational conglom­
erates under multilayered middle-man­
agement administration; the substantial 
growth of the not-for-profit private and 
governmental sectors of the pluralistic 
U.S. economy; the proliferation of the 
control functions of the Federal Gov-

CHARACTER OF U.S. LABOR FORCE in the late 1940's is suggested in this drawing by 
Bernarda Bryson. Over the past 30 years the percentage of blue-collar workers in the labor 
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ernment into many aspects of the econo­
my and the environment, and the more 
active initiative of state and local gov­
ernments in the provision of services to 
the public, particularly in health and ed­
ucation. 

By no means, of course, is there room 
at the top, in the councils of the es­

tablishment, for all the able and quali­
fied people American society has been 
bringing up through its educational sys­
tem. It is probable that most managers 
and professionals never had the illusion 
of such advancement or that they put it 
aside early in their careers. On the other 
hand, government officials, professors, 
journalists, health administrators, sys­
tems analysts and the like do not see 
themselves as minions of their employ­
ers. With many of them educated and 
trained for six or seven years beyond 
high school. so that they have had time 
to learn to think critically, they do not 
automatically accept the values, goals 
and patterns of behavior of the society 
around them or of the organizations 
they join. It was the economist Joseph 
Schumpeter's perceptive insight that the 
enlistment of such people in the man­
agement of the capitalist system might 
ultimately undermine it. Clearly their 
judgment and authority narrows the dis­
cretion of top management in the public 
agencies and business organizations in 
which they are employed. To the politi­
cal life of the country they have brought 
new kinds of issues and new styles of 
promoting and advancing them. 

In the 1950's, following the rapid in­
crease in college enrollment induced by 
the stipends of the "0.1. Bill of Rights" 
to veterans of World War II, the U.S. 

higher education system entered on a 
period of sustained expansion. State leg­
islatures encouraged state universities, 
on the model of the California system, 
to proliferate into chains of campuses. 
A booming economy brought private 
universities into the market with $100-
million fund-raising campaigns. The 
Federal Oovernment, from hugely ex­
panded outlays bearing the powerful 
sanctions of "defense" and "health," 
had increasingly large sums available to 
support scientific enterprise in the uni­
versities; that flow of funds climbed to 
$1.5 billion by 1967. 

This was a far cry from the way of life 
of university science in the 1920's; in 
those days, the physicist I. I. Rabi re­
calls, he could get his work started at 
Columbia University only because an­
other prospective Nobel prizewinner, 
Harold C. Urey, generously shared his 
research funds with him. Throughout 
the nearly three decades of its expan­
sion, as the late Allan M. Cartter of New 
York University observed in the mid-
1960's, the higher education system was 
itself creating a market for its own grad­
uates, particularly those of doctoral 
rank. The teaching staffs of the univer­
sities and colleges more than doubled, 
increasing from 247,000 in 1950 to 
562,000 in 1977. 

The number of college graduates rose 
from 286,000 in 1955 to more than 
900,000 in 1977, and the vast majority 
of these went to swell the ranks of man­
agers and professionals throughout the 
economy. In 1940 college graduates 
were comparatively rare in the labor 
force, in the ratio of 1: 22. Once one 
added up those engaged in the classic 
professions (physicians and other medi-

:t:,". 

cal practitioners, lawyers and the cler­
gy), teachers and engineers there re­
mained only about 620,000 college­
trained professionals to be accounted 
for. Today, with college graduates mak­
ing up nearly a fourth of the total labor 
force, the corresponding number of ad­
ditional professionals to be accounted 
for is six million. 

The Current Population Survey for 
1977 shows the category "Profes­

sional. technical and kindred" at 13.7 
million. This compares with seven mil­
lion, shown in a comparable data 
source, for 1958-a 97 percent increase 
in a single generation. From the 13.7-
million total one can subtract 1.078 mil­
lion technicians in engineering, science 
and other fields, who by definition are 
not professionals. In the adjusted to­
tal of 12.6 million the "Learned pro­
fessions" of law (462,000), medicine 
(724,000) and the clergy (347,000) add 
up to 12 percent. Among those closely 
allied to the learned professions can be 
counted the 562,000 members of the 
professoriate and the much larger sub­
category of "Writers, artists and enter­
tainers," numbering 1.141 million. 

"Teachers, except college and uni­
versity," account for 3.042 million, to 
which can be added 208,000 librarians 
and 175,000 vocational and educational 
counselors for a combined subtotal of 
3.425 million in the teaching profes­
sions. What can be called the "helping" 
professions, more closely allied to medi­
cine, bring together 1.285 million nur­
ses, dietitians and therapists, 462,000 
health technologists and 444,000 social 
and recreational workers in a subtotal of 
2.191 million. The subtotals of the clas-

force has shrunk, and the professional and managerial segment has 
evolved from a small group of entrepreneurs and self-employed pro-

fessionals to sizable group of salaried workers, mostly employed by 
large public and private organizations (see illustration on next page). 
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sic and allied professions and the teach­
ing and helping professions yield a 
grand total of 8.852 million people who 
can be grouped together as profession­
als rendering their services to people. 

The rest of the 3.730 million profes­
sionals can be reckoned, by contrast, 
as rendering services to organizations­
business, not-for-profit and governmen­
tal. Among the occupational groupings 
under this heading the 1.267 million en­
gineers and 868,000 accountants are the 
largest and most familiar. Here appear 
also the new professions, outgrowths 
of postwar developments in technolo­
gy, the computer specialists numbering 
371.000 and ·the operations and systems 
analysts numbering 122,000. Among 
the professionals who serve big organi­
zations, finally, should be counted a 
large percentage of the lawyers and per­
haps as many as 700,000 "Writers, art­
ists and entertainers," as well as special­
ists in personnel and labor relations, 
physical, biological and social scientists, 
architects and a variety of research 
workers. The adjusted total of 4.884 
million in this large-organization sup­
port group comprises 40 percent of all 
professionals. 

Between the category of professionals 
and the other major category of manag­
ers and administrators there is a con­
stant flow of people, principally in the 
managerial direction. Thus a lawyer, an 

accountant or an engineer is elected a 
corporate officer; a bench chemist be­
comes a plant manager or a physician 
takes on the administration of a medical 
center. The managerial category, shown 
at 9.7 million in the Current Population 
Survey for 1977, has increased about 42 
percent above the 1958 figure of 6.8 mil­
lion, or at about half the growth rate of 
the professionals. The gross figure con­
ceals, however, something of a social 
revolution in the ranks of U.S. managers 
and administrators. In this 20-year peri­
od the number of self-employed manag­
ers (principally small businessmen) de­
clined by 51 percent to a total of 1. 745 
million, while the number of salaried 
managers increased by four million, or 
more than 110 percent, to 7.548 million. 
(Farm managers are not included in 
this breakdown.) The slope of the trend 
to professional management is plainly 
steep. 

About 1.3 million of the managers and 
I\. administrators are employed in the 
public sector and the private not-for­
profit sector, carrying responsibilities 
such as the administration of bureaus of 
the Federal Government, universities, 
offices of philanthropic foundations or 
hospitals. Some two million manag­
ers are engaged in goods production 
(in manufacturing, construction, min­
ing, transportation and public utilities), 

where the principal value is added to the 
material product of the economy. Fi­
nance, insurance and real estate employ 
900,000. Selling at retail and wholesale 
accounts for four million, in a ratio of 
2: 5 to the total managerial category. 
Services (and miscellaneous ind ustry sec­
tors) account for the rest. 

Considering the entire professional 
and managerial categories together, in 
their combined total of 22.3 million [see 
top illustration on page 53], it can be seen 
that most professionals and managers 
are employed by business and govern­
mental organizations. Fewer than two 
million managers (mostly small busi­
nessmen) and probably fewer than one 
million professionals are self-employed. 
The substantial role of the governmen­
tal and the private not-for-profit sectors 
in the country's total economic activity 
is reflected in the fact that two out of five 
managers and professionals are em­
ployed in these sectors. What is more. 
the real source of the dollars that sup­
port the work of the professionals is not 
always their direct employer. The Fed­
eral Government supplied some $10 bil­
lion of the total $27.8 billion expended 
by industry for research and develop­
ment in 1977 and may therefore be re­
garded as the ultimate employer of a 

third of the research scientists and engi­
neers on the industrial payroll. 

Given the increase in the number and 

PROFESSIONALS AND MANAGERS, or those people classified 
in the U.S. census categories "Professional, technical and kindred" and 
"Managers and administrators," hold an important new place in the 
nation's labor force, as is suggested iu this illustration. N urn bering 

about 22.3 million in 1977, professionals and managers have come 
to command the large majority of what are generally considered to 
be the most desirable of the nation's jobs: those jobs that offer the 
greatest rewards in terms of income, status and career advancement. 
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importance of the jobs to which educa­
tion provides the major entry. it is ap­
propriate to ask whether women and 
members of racial minorities are now to 
be found in greater numbers in the top 
fourth of the labor force. After all. edu­
cation is supposed to be the great equal­
izer of opportunity. and education is 
largely furnished at public expense. 

For women it can be said that there 
has been some improvement. with nota­
ble percentage gains in the most prestig­
ious occupations where they had earlier 
been grossly underrepresented. To be­
gin with. women are overrepresented 
in the professions compared with their 
numbers in the labor force as a whole. 
The reason is that certain professions. 
such as schoolteaching and librarian­
ship. nursing and social work. have been 
reserved for them as "women's work." 
Hence as long ago as 1950. when wom­
en made up 29 percent of the labor 
force. they held 40 percent of the 4.5 
million professional jobs. In 1977. in 
spite of the huge expansion of the pro­
fessional labor force. the female compo­
nent increased to 43 percent. and the 
number of women professionals had 
grown from 1.8 million to 5.8 million. 
This large increase has until recently 
made scarcely a ripple in the learned 
professions. The ratio of men to women 
in engineering still exceeds 50 to one. in 
the law 20 to one. in medicine 10 to one 
and in the sciences six to one. 

That some considerable improvement 
may be realized in the future is suggest­
ed by the fact that enrollment in colleges 
is now for the first time 50 percent fe­
male. Young women are majoring in the 
sciences and engineering and going on to 
graduate study in those fields in much 
larger numbers than ever before. In 
medical and law schools the percentage 
of women enrolled is now running well 
ahead of their current representation in 
those professions. 

Progress for the U.S. black minority is 
reflected in the increase in the percent­
age of employed blacks who are in the 
professions. That indicator moved from 
4.8 to 11. 7 percent between 1960 and 
1976. compared with the increase for 
whites from 12.1 to 15.7 percent. Again. 
as in the case of women. blacks are 
grossly underrepresented in the learned 
professions. In the universe of engi­
neers. scientists and allied personnel 
numbering approximately two million 
there are only 32.000 blacks. and they 
are outnumbered by 36.000 Asians. 
Among the fewer than 250.000 scien­
tists and engineers of doctoral rank only 
1.700 are black. and they are outnum­
bered by to.OOO Asians. Against the 
cumulative disadvantages of poor prep­
aration in elementary and secondary 
schools. attendance at colleges with 
weak science departments and a historic 
lack of job and career opportunities. the 
members of the black minority will find 
their way into the scientific and engi-

PERCENT OF LABOR FORCE 
OCCUPATION GROUP 

1958 1977 

PROFESSIONAL. TECHNICAL AND KINDRED 11.0 15.1 

MANAGERS AND ADMINISTRATORS 10.8 10.7 

CLERICAL 14 5 17.8 

SALES 6.3 6.3 

SERVICE 11.9 13.7 

BLUE-COLLAR 37.0 33.4 

FARM 8.5 3.0 

TOTAL 100.0 100.0 

CHANGING COMPOSITION OF THE LABOR FORCE is due largely to increased oppor­
tunities for higher edncation provided since the end of World War II. From 1958 throngh 1977 
the total number of people in the employed segment of the labor force grew by 44 percent, from 
63 million to 90.5 million. By 1977 there were 12.6 million professionals (and 1.078 million 
technicians) and 9.7 million managers and administrators, increases of respectively 97 and 42 
percent over the figures for 1958. In this 20-year period proportion of professionals in the labor 
force increased by about 4 percent and proportion of managers actually dropped slightly, while 
proportions of blne-collar workers and farm workers each dropped by more than 3 percent. 
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WORKERS 

UNIVERSITY AND 
COLLEGE TEACHERS 

EDUCATION 

AND CULTURE 
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ClERGY 

SOCIAL AND 
RECREATIONAL 

WORKERS 

HEALTH 
TECHNOLOGISTS 

NURSES, DIETITIANS 
AND THERAPISTS 

MEDICAL 
PRACTITIONERS 

HEALTH 
AND HELPING 

OTHER WORKERS 

WRITERS, 
ARTISTS AND 

ENTERTAINERS 

LIFE AND PHYSICAL 
SCIENTISTS 

SOCIAL SCIENTISTS 

PERSONNEL AND 
LABOR RELATIONS 

I- COMPUTER AND I-
SYSTEMS ANALYSTS 

ACCOUNTANTS 

-

ENGINEERS 
r- -

LAWYERS 

BUSINESS 
AND GOVERNMENT 

ONE OUT OF EIGHT of the 12.6 million people classified as professionals in 1977 were em­
ployed in the classic professions of law, medicine and the clergy (dark colored blocks). There 
are some areas of overlap in the broad categories into which the various professional jobs have 
been organized in this chart. For example, medical practitioners (including dentists and veteri­
narians) are generally self-employed professionals, who could also be classified in the business 
and government category. The 1.441 million professionals who are writers, artists and enter­
tainers have been divided into two groups in order to differentiate between independent work­
ers and workers employed by organizations. In addition a number of the social, biological and 
physical scientists have been included in the classification of university and college teachers. 
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MANAGERS AND ADMINISTRATORS, who numbered 9.7 million in 1977, were distrib­
uted among five major areas of the U.S. economy as is shown in this chart. Some 1.3 million, or 
13 percent, were employed as administrators and officials in the public and private not-for­
profit sectors, working in fields such as school and health administration, union organization, 
postal services and so on. Most of the remaining 8.3 million managers and administrators work 
in profit-making enterprises, and about two million of them are self-employed. Farmers, many 
of whom are classified as self-employed managers, have not been included in this breakdown. 
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NUMBER OF SALARIED MANAGERS in the U.S. labor force (white) grew by four million, 
or 110 percent, from 1960 through 1977, while the number of self-employed managers (gray) 
dropped by about 1.8 million, or 51 percent. The increase in the percentage of salaried workers 
in the managerial segment of the labor force over this period reflects the continual movement 
of professionals into the management of large public and private organizations; the decrease 
in the percentage of self-employed managers reflects the thinning of the ranks of small busi­
nessmen. Managers and administrators of farms have not been included in this breakdown. 
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neering professions in increasing num­
bers only with sustained private and 
public encouragement. 

In the managerial occupations the po­
sition of women is weaker and reflects 
gains less sizable than those in the pro­
fessions. In 1950 only 15 percent of the 
then 6.4 million managers and adminis­
trators were women. about half their 
percentage in the labor force. Most of 
them were self-employed: the owners 
or co-owners of small shops. By 1977 
women managers had doubled in num­
ber and had increased their representa­
tion in the managerial category from 
15 to 22 percent. The shift from self­
employment to salaried employment 
proceeded at a higher rate. although it 
lagged far behind the rate for men. 

A sensitive indicator of the change in 
the status of both women and blacks is 
provided by figures that show their rep­
resentation among the professionals and 
managers employed by enterprises with 
more than 100 employees. These larg­
er enterprises offer better-paying and 
securer jobs with, by definition, better 
prospects for promotion. A study con­
ducted by the Conference Board shows 
striking percentage gains for both wom­
en and blacks in these jobs between 1966 
and 1975 (better than twice the rate for 
white men), but again in modest abso­
lute numbers that reflect the past history 
of discrimination against them [see bot­
tom illustration on opposite page]. 

The ultimate summary indicator of 
relative status in the U.S. economy 

is of course earnings. In 1976, compared 
with overall median male earnings of 
$13 ,500, male professionals earned just 
under $17,000. self-employed profes­
sionals about $26,000 and physicians on 
the average about $50.000. Correspond­
ing figures for male managers and ad­
ministrators were an average of $16.700 
for the entire category and $20.500 for 
salaried managers in manufacturing. Ac­
cording to a National Science Founda­
tion survey for 1974, scientists and en­
gineers earned $19,300, more than 40 
percent above the median for all male 
workers, with $22,600 going to those 
who held managerial positions. The Fed­
eral Government paid scientists and 
engineers between $2,000 and $3.000 
more per year than industry or universi­
ties. In all these positions women earned 
on the average $3,000 less than men. 

There are signs now that the growth of 
these occupations. having arrived at one 
out of four jobs in the labor force, may 
be slowing down. It is significant that the 
ranks of the professoriate appear to 
have closed, that newly minted Ph.D.'s, 
even in the sciences, have great difficul­
ty finding good academic appointments. 
The Federal Government has throttled 
down for more than a decade the in­
crease in its outlays for university sci­
ence, with a consequent reduction of 
enrollment in graduate schools of the 
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arts and the sciences. The effort to put 
brakes on the rising cost of health serv­
ices as well indicates that the steep rise 
in the number and proportion of profes­
sionals and salaried managers will mod­
erate and may even decline. 

The full significance of the profes­
sionalization of the top fourth, the com­
manding ranks, of the country's labor 
force remains to be studied and compre­
hended. It is plain that the character and 
quality of the management of business 
has changed. Consider the difference be­
tween the management structure of the 
Standard Oil Company and that of its 
successor, the Exxon Corporation of to­
day. Nehon Rockefeller once remarked 
that both of his grandfathers, John 
D. Rockefeller and Winthrop Aldrich, 
were high school dropouts. The owner­
ship and directorate of Exxon depends 
on a bureaucracy of highly educated 
managers and professionals who hold 
28 percent of the jobs on that company's 
payroll. A similar transformation in the 
character of personnel is to be seen in 
the swelling of the payroll of govern­
ment-Federal, state and local-during 
the same period. Nothing can happen in 
organizations thus staffed, whether they 
are organized for profit or not, without 
the participation or at the very least the 
acquiescence of the middle manage­
ment and its staff of professionals. As 
John F. Kennedy once said, in response 
to a proposal he found attractive: "I 
like it! But I don't know whether the 
Government of the United States will 
agree." 

In the political arena the same kind of 
educated expertise has given a new 

quality to public discourse and a new 
dimension to political action. Ralph Na­
der has successfully fought the General 
Motors Corporation and has tilted with 
substantially the entire business estab­
lishment. He and his colleagues have 
shown consumers how to use law and 
politics to compel corporate enterprises 
to respond to consumer dissatisfaction. 
Rachel Carson and the environmental­
ists who came after her have enlisted 
legislatures and the courts to halt new 
capital construction, particularly by the 
public-utilities industry, wherever a sce­
nic view might be spoiled, an endan­
gered species threatened or a beach pol­
luted. The continued vulnerability of 
the U.S. energy economy is a testimony 
to their effectiveness. 

At the same time the U.S. establish­
ment finds itself beleaguered on its other 
flank by neoconservative activists such 
as Milton Friedman, Irving Kristol and 
Alfred Laffer. Their advocacy of broad­
scale deregulation of business, "Propo­
sition·13" cuts in tax levies and reduc­
tion of income transfers to the poor 
could, if they were enacted, exacerbate 
existing tensions and conflicts)n Ameri­
can society and reduce the space for 
compromise and accommodation. Ei-

PROFIT NOT FOR PROFIT 
MANAGERS PROFESSIONALS MANAGERS PROFESSIONALS 

EDUCATION 
.441 .391 3.987 

AND CULTURE 

HEALTH 
.700 .175 2.562 

AND HELPING 

BUSINESS 
8.320 4.161 .767 .781 

AND GOVERNMENT 

TOTAL (MILLIONS 
8.320 5.302 1.333 7.330 

OF PEOPLE) 

BUSINESS AND GOVERNMENT ORGANIZATIONS employed 63 percent of the 22.3 
miUion people classified as managers and professionals in 1977. The breakdown of the three 
major areas of industry into profit and not-for-profit sectors reveals the substantial role that 
goverumeut and private not-for-profit organizations play in the total economy of the U.S.: in 
1977 they employed nearly 40 percent of the managers and professionals. Here 700,000 of the 
professionals involved in health care have been placed in profit sector under assumption that 
they arc self-employed; categories with a small number of people are marked with asterisk. 

ther way the new movers and shakers in 
American society have demonstrated 
an impressive capacity for exciting and 
molding public opinion. 

No establishment can ensure its sur­
vival without the recruitment of talent 
from outside its ranks. If it does not suc­
ceed in the full co-optation of the new­
comers, however. it may leave itself vul-

nerable to them as they proceed to ad­
vance their own interests and aims and 
succeed in usurping decision-making 
power. It remains to be seen whether the 
demands of the new American manda­
rins can be met without subversion of 
the risk-taking, profit-seeking, efficiency 
criteria on which the country's business 
system has long rested. 

PROFESSIONALS 

MANAGERS 

BLACKS o OTHER MINORITIES o WOMEN 

NUMBERS OF BLACKS, OTHER MINORITIES AND WOMEN working as professionals 
and managers in firms with at least 100 employees are given for the years 1966 and 1975. Over 
this 10-year period the total number of professionals employed in such firms increased from 
1.692 miUion to 2.440 million, while the total number of managers increased from 2.083 mil­
lion to 3.180 million. The rates of increase in the numbers of women, blacks and other minori­
ties employed as professionals and managers during this period are several times the rate re­
corded for white males. Absolute numbers for 1966 are so low, however (reflecting past history 
of discrimination against these groups), that gains seem more substantial than they really are. 
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Apollo Objects 
They are asteroidlike bodies whose orbits cross the orbit 
of the earth. Some 30 of them are now known. They may be 
nuclei of comets that have lost their volatile components 

I
n 1937 a body about a kilometer 

in diameter, later named Hermes, 
passed within 800,000 kilometers of 

the earth, no more than twice the dis­
tance of the moon. It has not been seen 
again. About once in every century a 
similar object can be expected to travel 
past the earth at less than the lunar dis­
tance. And once in every 250,000 years, 
on the average, the earth and such a 
body will collide. The impact of the col­
lision will release energy equivalent to 
10,000 lO-megaton hydrogen bombs 
and will make a crater some 20 kilome­
ters in diameter. Fortunately such catas­
trophes are so infrequent that none has 
been recorded within human history. 

Hermes, the asteroid discovered 
crossing the earth's orbit in 1937, was 
only the third object of its class to be 
identified. The first such object had been 
discovered five years earlier, in 1932, by 
Karl Reinmuth of the University of Hei­
delberg in the course of a photographic 
search for ordinary asteroids. Similar 
objects had undoubtedly been photo­
graphed still earlier, but they had nev­
er been properly identified. The rapid 
motion of an earth-approaching body 
makes a trail on a photographic plate 
that is not readily distinguishable from 
the trail of a meteor or an artifact of 
photography. Reinmuth was the first to 
show that the object he had photo­
graphed was an asteroid whose elliptical 
path crossed the earth's orbit before 
reaching its perihelion (closest approach 
to the sun). The object was given the 
provisional designation 1932 HA and 
was subsequently named Apollo for the 
Greek solar deity. The term Apollo ob­
jects was later given to the entire class of 
bodies with earth-crossing orbits. 

In the same year, by coincidence, an­
other small asteroid, Arnor, was discov­
ered with an orbit similar to Apollo's 
except that its perihelion was just out­
side the earth's orbit at a distance of 1.08 
astronomical units from the sun. (One 
astronomical unit, abbreviated A.U., is 
defined as the mean distance between 
the sun and the earth.) It was subse­
quently recognized that the orbits of ob­
jects with perihelions so close to 1 A.U. 
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will often evolve into earth-crossing or­
bits. Astronomers now designate the 
class of bodies with perihelions smaller 
than the somewhat arbitrary value of 
1.3 A.U. as Apollo-Amor objects. 

Since 1932 a total of about 28 earth­
crossing Apollo objects and a slight­
ly smaller number of Amor objects 
have been discovered. The qualification 
"about" is necessary because in a few 
cases the orbits were not determined 
well enough for it to be certain that the 
objects belonged in the Apollo-Amor 
class. Even when an orbit seemed well 
defined, the usual fate of the first Apol­
lo-Amor objects to be discovered was 
to be promptly lost. Apollo itself was 
not relocated until 1973, and Adonis, 
the second such body to be identified 
(in 1936), was not sighted again for 
40 years, during which period it had 
crossed the earth's orbit more than 30 
times. 

U
ntil recently scant attention was 
paid to Apollo-Amor objects even 

by the minority of astronomers special­
izing in planetary studies. It was only 
gradually recognized that these small 
asteroids have an importance to earth 
and planetary science all out of propor­
tion to their size and number. Bodies of 
the Apollo-Amor type have been the 
principal producers of craters larger 
than five kilometers in diameter on the 
earth, the moon, Mercury, Venus and 
Mars (with the possible exception of 
Mars). The surface density of such cra­
ters in turn is the principal means avail­
able for determining the relative age of 
different regions on these neighbors in 
space. Crater counts also make it possi­
ble to correlate the geology of one plan­
et with that of another. 

A large proportion, probably most, of 
the meteorites falling on the earth are 
fragments of Apollo objects produced 
in collisions as the eccentric orbits of the 
objects carry them through the asteroid 
belt, which lies between the orbits of 
Mars and Jupiter. Meteorites are the 
most important source of detailed data 
on the early history of the solar system. 
The interpretation of these data calls for 

information about the sources of the 
meteorites. 

One can say with some confidence 
that the Apollo-Amor objects are not 
random samples of bodies somehow 
ejected from the broad asteroid belt, 
which occupies a region roughly be­
tween 2.1 and 3.5 A.U. from the sun. 
The first asteroid, Ceres, was discovered 
in 1801 by Giuseppe Piazzi. an Italian 
monk. The largest asteroid known, Ce­
res is about 1,000 kilometers in diameter 
and travels in an orbit about 2.8 A. U. 
from the sun. More than 2,000 asteroids 
have now been catalogued, the great 
majority of which lie beyond the orbit 
of Mars (1.5 A.U.). The asteroid belt is 
estimated to include a total of some 
400,000 objects more than a kilome­
ter in diameter. As we shall see, some 
of these bodies may become Apollos. 
On the other hand, according to a re­
cent and perhaps surprising hypothesis, 
many Apollo-Arnor bodies are not actu­
ally asteroids at all but are the outgassed 
remnants of comets, the most primitive 
objects in the solar system. 

Within the past decade interest in 
Apollo-Amor objects has greatly in­
creased. When astronomers observe a 
fast-moving object on their photograph­
ic plates, they often quickly report their 
discovery to the International Astro­
nomical Uni'on Central Bureau for As­
tronomical Telegrams and to other as­
tronomers. Ephemerides indicating lo­
cation, velocity and direction of travel 
are calculated and distributed so that 
follow-up observations can be made. In 
some cases the newly discovered object 
can be recognized on old plates. Once 
an object has been identified on several 
plates its orbit can usually be calculated 
with sufficient accuracy to ensure its be­
ing found on future close approaches. 

In 1973 the first observational pro­
gram dedicated to a systematic search 
for Apollo-Amor objects was begun at 
the Palomar Observatory by Eugene 
M. Shoemaker and Eleanor F. Helin of 
the California Institute of Technology. 
Working with a wide-field Schmidt tele­
scope of medium size about four nights 
a month, they have discovered five 
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APOLLO, the first Apollo object known, was discovered in 1932. It 
was then lost. These negative prints record its rediscovery 41 years 
later, on March 28, 1973. Apollo is the faint ronnd image in the center 
of the pictnre at the left. In the picture at the right, which was made 
an hour later, it has moved to the northwest. The bright surrounding 
stars in the constellation Virgo are streaks because the telescope was 
guided at the Apollo object's predicted speed during the two 2S-min-

2100 RA-SHALOM, which made the short streak in this negative 
print, was the third of four Apollo objects discovered last year. It was 
found by Eleanor F. Helin of the California Institute of Technology 
on a plate made on September 10 with a 46-centimeter Schmidt tele­
scope on Palomar Mountain. The finding was actually a rediscovery 

ute exposures. If the star images had been held fixed, the track of the 
faint Apollo object, which was then 100 million kilometers from the 
earth, would have left no visible record. The recovery photographs 
were made with the Harvard College Observatory's ISS-centimeter 
reflector by Richard F. McCrosky and Cheng-Yuan Shao, who were 
prepared to conduct a search extending over several months. By re­
markable coincidence Apollo was found in the very first photograph. 

of all object photographed several years earlier and then lost. The 
number 2100 signifies that the object is the 2,100th to be listed in the 
official catalogue of asteroids of all kinds. "Ra," the name of the an­
cient Egyptian sun god, and "Shalom," the Hebrew word for peace, 
were bestowed on the object at the time of the Camp David meeting. 
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GIANT ERODED CRATER in northeastern Quebec was formed about 210 million years 
ago by the impact of a large body similar to the Apollos. To excavate such a crater, which is 
about 70 kilometers across, the asteroid must have had a diameter of some three kilometers. 
The photograph was made by the Earth Resources Technology Satellite (ERTS). The visibility 
of the crater is enhanced by the dark water of Lake Manicouagan, which now fills the crater's 
circular depression. In the center of the formation is a peak of shocked rock. Many craters in 
Canada were preserved under layers of sediment that were later scraped off by glacial action. 

METEOR CRATER, near Flagstaff, Ariz., is shown at the same scale as the crater at the top 
of the page. Barely visible in the center of the picture, Meteor Crater is some 1,300 meters 
across. It appears to have been formed about 25,000 years ago by an iron meteorite less than 
100 meters in diameter. The Impact released energy equivalent to an explosion of 10 megatons. 
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Apollo objects and one Amor object. to­
gether with a number of other interest­
ing bodies. including a new comet. 

Several other observing programs 
employing larger Schmidt telescopes. 
although not expressly directed toward 
Apollo-Amor searches. have also con­
tributed significantly. Working with the 
1.2-meter Schmidt telescope on Palo­
mar Mountain. Charles Kowal has dis­
covered five Apollo-Amor objects. and 
a group conducting an all-sky survey at 
the European Southern Observatory in 
Chile has discovered three. 

In contrast to the situation of a decade 
ago almost half of the Apollo-Amor ob­
jects are fully certified asteroids. desig­
nated by number. These days few are 
hopelessly lost. Most of the 40-odd ob­
jects have highly eccentric orbits that 
extend out into the main asteroid belt. 
and in half a dozen cases even beyond 
it. At least three of the objects. how­
ever. have an orbit of only moderate 
eccentricity. with an aphelion (great­
est distance from the sun) inside the or­
bit of Mars. 

Any quantitative discussion of the role 
Il. Apollo-Amor bodies play in plane­
tary cratering or as a source of meteor­
ites calls for a knowledge of their size 
and abundance. Their angular diameter 
is well below the limits of telescope res­
olution. so that their dimensions must 
be determined indirectly. That can be 
done by measuring their geometric albe­
do: the fraction they reflect of the solar 
radiation that falls on them. By combin­
ing an object's albedo and its measured 
brightness with its known distance from 
the earth and the sun one can compute 
its cross-sectional area and therefore. 
assuming it to be roughly spherical. its 
approximate size. 

The albedo can be determined in sev­
eral ways. In a steady state the incident 
energy that is not reflected from an ob­
ject must be absorbed and then reradiat­
ed. principally at infrared wavelengths. 
Hence by measuring the brightness of 
an object at infrared wavelengths and 
comparing it with the brightness at visi­
ble wavelengths one can determine the 
reflectivity of the object. Laboratory 
measurements have also demonstrated 
that the degree of polarization of light 
reflected from a surface depends jointly 
on the angle of reflection and the albedo. 
In addition the "color" of an asteroid 
can be determined by measuring its rela­
tive brightness at different wavelengths 
in the ultraviolet. visible and near-infra­
red regions of the spectrum. Such mea­
surements often allow at least a tenta­
tive identification of asteroids with plau­
sible assemblages of minerals found in 
meteorites and in terrestrial and lunar 
rocks. Laboratory measurements of the 
albedo of similar mineral assemblages 
can provide another check on an aster­
oid's albedo. 
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It is easy to find fault with any of these 
methods for inferring the albedo of as­
teroids. but the remarkable fact is that 
many of the albedos have been deter­
mined by more than one of the methods 
and almost all the results are in good 
agreement. Most of the measurements 
have been made on typical bodies in the 
asteroid belt. Only 11 Apollo and Amor 
objects have so far been subjected to al­
bedo measurements. For this small sam­
ple. however. the geometric albedos are 
similar to those of ordinary asteroids. 

VENUS 

EARTH 

ranging from about .05 to .2. (For com­
parison the geometric albedo of the 
moon is .12.) If an albedo of .16 is taken 
as being typical of Apollo-Amor ob­
jects. the majority of those discovered 
turn out to have a diameter of between 
one kilometer and two kilometers. With 
an albedo of .16 an object about a kil­
ometer in diameter will have an astro­
nomical magnitude of + 18 when it is 
located at a distance of 1 AU. from 
both the earth and the sun. The magni­
tude of an asteroid adjusted to this stan-

dard condition is termed its absolute 
magnitude. 

The total number of Apollos and Am­
ors with an absolute magnitude brighter 
than + 18 (that is. with a diameter of 
more than a kilometer) can be estimated 
by comparing the number actually dis­
covered with an estimate of how com­
plete the telescopic search has been. The 
first such attempt was made by Ernst J. 
Opik of the Armagh Observatory in Ire­
land in 1963. when 10 Apollos were 
known. Opik concluded that there must 

ICARUS ( 1 )  

T O  VERNAL 
EQUINOX 

RA-SHALOM (5) 

ORBITS OF 31 APOLLO OBJECTS are shown in relation to the or­
hits of Mercnry, Venus, the earth, Mars and Jupiter. They are num­
bered in the order of their increasing distance from the sun at peri­
helion, or closest approach to the sun, which is also the order in which 
they are listed in the table on page 64. The asteroid that comes clos­
est to the sun is Icarus. Only three of the Apollo objects (Ra-Shalom, 

No. 6 and No. 14) occupy orbits that lie entirely within the orbit of 
Mars. The majority pass through the main asteroid belt (broad band 
ill color), which is estimated to include nearly half a million objects 
upward of one kilometer in diameter. Fragments of Apollo objects 
that have collided with objects in the asteroid belt may supply a large 
proportion of the meteorites that fall on the surface of the earth. 
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be at least 43 Apollos and that "there 
may be many more." Since about 28 
Apollos have been discovered, and the 
discovery rate, now about four per year, 
is increasing, there must indeed be many 
more than 43. 

A more recent estimate on the basis of 
the completeness-of-search method has 
been made by Shoemaker, who has con­
cluded that the total number of Apollo 
objects brighter than magnitude + 18 is 
750 ± 300. In 1967 a rather different es­
timation approach was taken by Fred L. 
Whipple of Harvard University, who 
reasoned that if the total number of 
Apollos was small, it would be highly 
probable for some of them to be re­
discovered by chance. As of 1967 no 
chance rediscoveries had yet been made. 
The algebra of combinations and per­
mutations can be used to set a probable 
lower limit on the total number of Apol­
lo objects. Whipple first estimated there 
were more than 50, and a repetition of 
this calculation in 1973 gave a value of 
100. On the basis of the most recent 
data, including the chance rediscovery 

in 1978 of one Apollo (Ra-Shalom), the 
method argues strongly against there 
being as few as 200 and leads to an esti­
mate in agreement with Shoemaker's. 

I t is a matter of chance whether or not 
an Apollo object will strike the earth. 

At the present time none of the known 
Apollo objects is on a collision course 
with the earth. All the Apollo-Amors, 
however, are under the continuous grav­
itational influence of the nearby planets, 
particularly Jupiter, which causes the 
asteroidal orbits to precess. As a result 
of precession the major axis of an ellipti­
cal orbit is gradually rotated through 
360 degrees in space. This means that all 
objects with a perihelion inside the 
earth's orbit and an aphelion beyond the 
earth's orbit will sooner or later be in an 
orbit that· intersects the orbit of the 
earth,. Therefore a typical Apollo object 
will find itself in an orbit that intersects 
the earth's orbit about once in every 
5,000 years. 

In most cases the earth will be at some 
other point in its orbit when the Apollo 

object is at the point of intersection, and 
so the two bodies will not collide. There 
is, however, a calculable probability 
that both the earth and the Apollo ob­
ject will be at the point of intersection 
simultaneously. For any given Apollo 
object the collision probability is only 
about 5 X 10.9 per year, or once in 200 
million years. If we assume that there 
are between 750 and 1,000 Apollo ob­
jects larger than a kilometer in diameter, 
it works out that roughly four should 
strike the earth in every million years. 
Although such an impact rate is low on 
the 5,000-year scale of recorded human 
history, it is high on the scale of billions 
of years of geologic time. 

No catastrophe resulting from an 
Apollo impact has happened within re­
corded human history. The most recent 
known encounter with an asteroidal ob­
ject of significant size took place be­
tween 25,000 and 50,000 years ago, 
when a crater slightly more than a kil­
ometer in diameter and nearly 200 me­
ters deep, Meteor Crater in Arizona, 
was excavated by an iron asteroidal 
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ORBITS OF THE EARTH AND APOLLO OBJECTS often pass 
througb eacb other like two links in a chain. Since the orbits of the 
Apollo objects precess fairly rapidly, however, their orientation witb 
respect to the earth's orbit can change significantly in a few hundred 
years. The orbital plane of 2100 Ra-Shalom is inclined by 16 degrees 
(tbe value i) to tbe orbital plane of the earth. The relative positions 
of the two bodies are shown for the night of Ra-Shalom's discovery, 
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September 10. Tbe size and shape of an asteroid's elliptical orbit are 
given by the lengtb of the semimajor axis, a, and tbe eccentricity of the 
ellipse, e, defined as c/ a, wbere c is the distance from the sun to the 
center of the ellipse. The orientation of the asteroid's orbital plane 
with respect to the earth's is given by fl, the longitude of tbe ascend­
ing node, defined as tbe angular distance measured eastward in tbe 
plane of tbe earth's orbit, or ecliptic, from the vernal equinox to the 
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body that was probably not more than 
100 meters across. The youngest-known 
crater larger than 10 kilometers in diam­
eter provides the basin for Lake Bo­
sumtwi in Ghana. The event that creat­
ed it occurred about 1.3 million years 
ago. Craters as small as Meteor Crater 
are rapidly eroded. Only the largest cra­
ters leave any trace after 500.000 years. 
If it were not for the erosional effects 
of weathering. geological processes and 
living organisms. the earth would look 
as heavily cratered as the moon. 

When these rare but statistically inevi­
table collisions take place. the conse­
quences are dramatic. In the reference 
frame of the earth the kinetic energy of a 
one-kilometer Apollo object of typical 
density (3.5 grams per cubic centimeter) 
and moving in a typical orbit is about 
4 X 1027 ergs. That is 100.000 times the 
energy released by the detonation of a 
one-megaton nuclear warhead. All this 
energy must be dissipated in one way or 
another on impact with the earth. Only a 
small fraction of the total energy is re­
quired to vaporize the impacting body. 

so that most of the energy will be ex­
pended in pulverizing the material of 
the earth's surface and ejecting it out­
ward at high velocity. Hence the impact 
will excavate a crater similar to the cra­
ters that dominate the landscapes of the 
moon. Mars and Mercury. 

There are no direct data on the dimen­
sions of craters produced by explosions 
of 105 megatons. One can. however. ex­
trapolate empirical scaling laws based 
on much smaller explosions and carry 
out computer simulations of explosions 
of asteroidal magnitude. Such calcula­
tions indicate that an impact releasing 
4 X 1027 ergs of energy will make a cra­
ter about 22 kilometers in diameter. 

I f one accepts the estimate that the 
earth is struck roughly four times in a 

million years by objects capable of pro­
ducing craters 20 kilometers in diame­
ter. where. one may ask. is the evidence? 
One might expect the earth to be liberal­
ly peppered with craters. It turns out 
that the evidence is there. but until rath­
er recently it escaped attention. 

Close inspection of aerial photo­
graphs discloses many circular features. 
often quite faint. on the landscape all 
over the world. Detailed geological 
study has shown that a number of them 
are remnants of impact craters original­
ly larger than 20 kilometers in diame­
ter. Their origin is demonstrated by the 
discovery of geological structures one 
might expect to find in deeply eroded 
explosion craters. There is also clear evi­
dence that rocks in the region have been 
subjected to extreme shock. The evi­
dence includes the presence of igneous 
rocks that have recrystallized after hav­
ing been melted by sudden impact and 
the presence of forms of quartz. such as 
coesite and stishovite. that can be creat­
ed only by a combination of high tem­
perature and high pressure. Macroscop­
ic evidence includes "shatter cones." 
structures of quartzite that flare out­
ward and downward. away from the di­
rection of impact. In some cases the 
chemical "signature" of a non terrestrial 
impacting body can be identified in the 
crater ejecta. Only rarely. however. does 
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point where the asteroid crosses the ecliptic from south to north. The 
orientation of the asteroid's ellipse in its orbital plane is given by w, 
which is the angle between the ascending node and the perihelion 
point, measured in the asteroid's direction of motion. For Ra-Shalom 
a is .83 astronomical unit (or .83 times the mean distance from the 
earth to the sun), e is .436, n is 170.3 degrees and w is 355.9 degrees. 
Perturbations caused primarily by the gravitational attraction of the 

planet Jupiter will induce the angle w to rotate through 360 degrees 
in about 10,000 years. The cloverleaf pattern in the illustration at the 
right shows that at four values of w, separated by a few thousand 
years, the orbit of the asteroid will intersect the orbit of the earth. 
Simultaneously, and at about the same rate, the line of nodes will also 
precess through 360 degrees (not shown). Approximately once every 
250 million years a typical Apollo object and the earth will collide. 
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one find actual fragments of the impact­
ing object; it will have been vaporized 
by the temperatures reached in the ex­
plosion. 

Such telltale evidence of impact ori­
gin has now led to the identification of 
more than 50 impact structures, most of 
them, not surprisingly, in regions of the 
earth inhabited by geologists with an in­
terest in such structures. About half of 
the well-established craters have been 
found in central and southeastern Cana­
da, which constitutes only about I per­
cent of the earth's surface. Since there is 
no natural way in which extraterrestrial 
bodies can be targeted on a small region 
of the earth, the abundance of Canadian 
craters can only be attributed to the dili­
gence of the search program mounted 
by the Canadian Department of Energy, 
Mines and Resources in Ottawa. 

Most of the well-studied craters are 
geologically young, being no more than 
a few hundred million years old. Only 
two Precambrian craters are known 
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(one near Sudbury in Ontario and the 
other near Vredefort in South Africa), 
even though Precambrian time encom­
passes more than 80 percent of the 
earth's history. Unless a crater is unusu­
ally large all traces of its presence will 
be eroded away in less than 600 million 
years. Moreover, craters made by aster­
oidal bodies that fall in the oceans, 
which cover more than 70 percent of the 
earth's surface, are understandably diffi­
cult to identify. All things considered, it 
is now recognized that the rate of crater 
formation per unit area on the earth is at 
least as high as it is on the moon. 

Many of the identified terrestrial cra­
ters are no more than 100 meters in di­
ameter and so overlap the size range of 
craters that can be excavated by the 
largest meteorites known. They can 
properly be called me�eorite craters. 
About half of the known terrestrial cra­
ters, however, are more than 10 kilome­
ters in diameter and therefore must have 
been made by bodies much larger than 
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any meteorites yet found. In other 
words, they must have been created by 
the impact of bodies comparable in size 
to the telescopically visible Apollo ob­
jects. A plausible estimate, based on the 
distribution of known craters, is that 
about 1,500 Apollo-like objects have 
struck the earth since the end of the Pre­
cambrian era 600 million years ago. 
Considering the present uncertainty in 
the total number, size and velocity of 
Apollo objects, this estimate is in rea­
sonable agreement with the estimate 
given above of four collisions per mil­
lion years. 

How can one be sure it is correct to 
identify the large craters on the 

earth and the moon with the only recent­
ly recognized Apollo objects? The an­
swer is that objects that can make large 
craters must be large enough to be seen 
with telescopes. There are only two 
kinds of astronomically observable ob­
jects that cross the orbit of the earth: 

40° 
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NEARLY HALF OF THE ANCIENT CRATERS that are wen es­
tablished have been found in central and eastern Canada, a region 
that represents only about 1 percent of the earth's land area. The 
filled circles show the location and relative size of 2 3  well-established 
impact craters, numbered in the order of their recognition; the open 
circles identify possible impact structures. The youngest-known cra­
ter (No. 1) is less than five million years old; the oldest-known (No. 
1 3, near Sudbury, Ontario) is about 1.8 billion years old. The latter 
crater is one of only two craters that can be traced to the Precam brian 

era, which ended 600 million years ago. Crater No. 3 is the Manicoua­
gan formation in the top photograph on page 56. Richard Grieve of 
the Canadian Department of Energy, Mines and Resources has made 
a count of the well-established ancient craters in North America and 
Europe; on the basis of his count one can estimate that in the past 600 
million years 1,500 Apollo objects one kilometer in diameter or larg­
er have struck the earth, about 70 percent of which presumably land­
ed in the oceans. The map is based on a compilation made by Earth 
Physics Branch of the Department of Energy, Mines and Resources. 
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Apollo objects and comets. Unlike an 
asteroid, the solid nucleus of a comet 
contains ices or other substances that as 
the comet swings close to the sun vola­
tilize and produce a nebulous coma, or 
head, and often a tail as well. Comas 
often expand to a diameter of thousands 
of kilometers. The diameter of the nu­
cleus within the coma can be estimated 
by comparing the observed and the cal­
culated values of the quantity of gas ex­
pected to be emitted as a function of the 
comet's distance from the sun. A more 
direct clue to size is the brightness of a 
comet nucleus when it is so far from the 
sun that the obscuring coma is absent. 
Such estimates indicate that comet nu­
clei are in the same size range as the one 
inferred for Apollo objects: from one 
kilometer to 10 kilometers. 

Since both Apollo objects and comets 
are capable of striking the earth and 
the moon and leaving craters, how can 
one estimate the relative bombardment 
rates for the two types of objects? If one 
considers only estimates of the size and 
number of Apollo objects, it appears 
that they alone are plentiful enough to 
account for the number of large craters 
prod uced on the moon since the end of 
the flooding of the mare ("sea") regions 
by basaltic magmas some three billion 
years ago. And as we have seen, the esti­
mated Apollo abundance also agrees 
with the estimated number of large cra­
ters prod uced on the earth since Pre­
cambrian times. 

It can also be shown that if the nuclei 
of comets are no larger than Apollo ob­
jects, comets can have produced only a 
few percent of the larger craters ob­
served on the moon. The fraction could 
be much bigger, however, if observed 
comets are actually larger than the pre­
vailing estimates of their size and if as a 
result there are many unobserved com­
ets more than a kilometer in diameter. 
In that case comet impacts could ac­
count for up to 35 percent of the larger 
lunar (and terrestrial) craters. Recently 
A. H. Delsemme of the University of 
Toledo and L'ubor Kresak of the Astro­
nomical Institute at Bratislava in Czech­
oslovakia have independently presented 
evidence that the number of faint com­
ets is actually lower than might be ex­
pected, which argues that the come­
tary contribution to cratering is indeed 
small. 

Having drawn the distinction between 
Apollo objects and comets, I shall 

now blur it by mentioning a possibility 
to which I shall return in more detail. As 
was originally suggested by Opik, many 
Apollo objects may be "extinct" comets, 
that is, the nonvolatile residues of for­
merly active comet nuclei that have 
been thoroughly outgassed by repeated 
approaches to the sun. If this is the case, 
many lunar and terrestrial craters are 
cometary in the sense that the comet re­
sponsible for them had earlier metamor-

SHATTER CONES, rocks that have been fractured in a conical pattern by impact, have been 
found at most well-established crater sites. These cones were found in an outcrop on the south 
shore of Keeley Lake near the Sudbury basin, the remnant of a crater whose original diameter 
is estimated to have been 140 kilometers. The structure is No. 13 on the map on opposite page. 

phosed into an Apollo object and there­
fore is already included in the calcula­
tions of Apollo cratering rates. 

In what way, if any, are the large cra­
ter-forming Apollo objects related to 
the myriad smaller bodies, ranging from 
large meteors down to micron-size par­
ticles, that continuously bombard the 
earth's atmosphere? It appears likely 
that these smaller bodies are derived 
from sources of several kinds. One can 
say quickly, however, that a large frac­
tion of the observed meteors (as distinct 
from meteorites) are not related to ob­
jects of asteroidal appearance but are 
derived from observable comets. The 
cometary meteors are those seen in 
the periodic meteor showers, such as 
the Perseids, which follow the orbit of 
Comet Swift-Tuttle, and the Draconids, 
which are associated with the short-peri­
od Comet Giacobini-Zinner. Meteors 
are also associated with active comets 
that have been observed to disintegrate 
and disappear, for example Biela's com­
et, which gave rise to the Andromedids. 
It is therefore plausible that at least 
some of the meteor showers seemingly 
unrelated to known comets actually rep­
resent the debris of comets that disinte­
grated within the past few thousand 
years, while they were still active. 

On the other hand, a large fraction of 
the observed meteors and fireballs bear 
no obvious relation to meteor showers. 
These include the meteorites that sur­
vive passage through the earth's atmo­
sphere. It is very unlikely that any of the 
meteorites now in museum collections 

arrived as part of a shower, even though 
some could be remnants of dispersed 
cometary streams. One can determine 
how long meteoritic bodies have been in 
orbit by measuring the buildup in them 
of the products of nuclear reactions trig­
gered by galactic cosmic rays. It turns 
out that almost all meteorites have been 
close to their present size of less than a 
meter for millions of years. Even if the 
meteorites originated in streams as com­
et remnants, they would have been dis­
persed into random orbits by gravita­
tional interaction with planets over a 
few thousand years. 

I t is certain, however, that not all 
meteors are the remnants of comets. 

For example, one can show that a small 
but significant fraction of meteors, pre­
sumably consisting of a material strong 
enough to survive passage through the 
atmosphere, must represent fragments 
produced by collisions among ordinary 
asteroids in the main asteroid belt be­
tween Mars and Jupiter. As a result of 
gravitational perturbations induced pri­
marily by Jupiter, some of the frag­
ments will be "pumped up" into highly 
eccentric orbits that cross the orbit of 
the earth. Any fragments that happen to 
enter the earth's atmosphere will incan­
desce and be seen as meteors; those that 
survive and reach the ground will be me­
teorites. Obviously there is no possibili­
ty of directly identifying such objects 
with their origin in the asteroid belt by 
means of their orbits. 

A good qualitative case can be made 
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for believing that some meteors and me­
teorites are direct fragments of Apollo 
objects. At least 19 of the Apollo ob­
jects have orbits that either enter the 
main asteroid belt or extend beyond it. 
Hence they will inevitably collide with 
the large volume of debris concentrated 
in that part of the solar system. In ad­
dition to several hundred large bodies 
with diameters of between 25 and 1.000 
kilometers the region is estimated to 
contain as many as 1010 objects ranging 
in size from a kilometer down to a few 
meters. Collisions between these numer­
ous small asteroids and Apollo objects 
must be frequent. 

In a typical encounter the smaller ob­
ject will make a crater on the larger 
Apollo. The collision will impart a ve­
locity of about 50 meters per second to 
the ejected material, which will fly off 
into space because the escape velocity 
from a one-kilometer body is quite low 
(less than a meter per second). The addi­
tional velocity of 50 meters per second 
imparted to the debris will not, however, 
be sufficient to change its orbit appreci­
ably from that of the Apollo object it­
self, which moves around the sun with 
a velocity of about 20 kilometers per 
second. Hence the collision fragments, 
given a few million years, will have a 
good chance of entering the earth's at­
mosphere. 

If an Apollo object collides with an 
asteroid as large as 100 meters in diame­
ter, the probability is high that the Apol­
lo itself will be shattered. Then the 
swarm of remnants will be as likely as 
the original Apollo to hit the earth. The 
probable time scale for impact on the 
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earth, however, will be much longer 
than the time needed to disperse the 
stream of fragments into independent 
and essentially random orbits of their 
own. As a result meteors and meteorites 
produced by either the cratering or the 
shattering of an Apollo object are much 
more likely to arrive individually and 
sporadically than to arrive as members 
of a coherent stream. This, of course, 
agrees with the observations. 

I have sought to quantify the qualita­
tive argument I have just presented in 
order to see what fraction of the meteor� 
ic and meteoritic material estimated to 
bombard the earth annually might be 
accounted for by Apollo collisional 
events in the main asteroid belt. My 
estimate is that in the size range be­
tween 100 grams and 1.000 kilograms 
(one metric ton) some 400 metric tons 
of Apollo fragments should enter the 
earth's atmosphere every year. If the 
fragments have the mechanical proper­
ties of typical stony meteorites, about 
100 of the 400 tons should survive their 
passage through the atmosphere and 
be recoverable as meteorites. Although 
this calculation is uncertain by a factor 
of at least 10, the 100-ton value is quite 
close to current estimates of the rate 
of impact of meteorites as determined 
by the actual recovery of meteorites, by 
bright-meteor camera networks and by 
the impact rate recorded by seismome­
ters placed on the moon. 

Unless Apollo material is peculiarly 
fragile and susceptible to destruction in 
the earth.'s atmosphere it seems virtually 
certain that a large fraction of the 2,000 
meteorites in various collections are 
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SPECTRAL REFLECTIVITY OF APOLLO OBJECT designated 1685 Toro (.-ertical bars) 
closely matches the reflectivity of a typical chondrite, the commonest type of stony meteorite 
(solid curve). The hroad dip in the spectral curve of the meteorite in the region of .95 micro­
meter corresponds to a strong absorption band of the mineral pyroxene. Presumably pyroxene 
is a major constituent of 1685 Toro, the only Apollo studied in spectral detail. Measurements 
were made by Clark R. Chapman of the Planetary Science Institute, Thomas B. McCord and 
Michael'. Gaffey of the University of Hawaii and Carle Pieters of the lohnson Space Center. 
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Apollo fragments. and it is possible that 
nearly all of them are. The competi­
tion from other possible sources is not 
strong. I have already argued that the 
recovered meteorites do not belong to 
streams associated with active comets. 
The only alternative sources remaining 
involve mechanisms capable of perturb­
ing collisional fragments from bodies in 
the main asteroid belt into earth-cross­
ing orbits by resonant gravitational 
interactions with neighboring planets. 
mainly Jupiter. The yield of meteorites 
from such mechanisms is difficult to cal­
culate. but the most reasonable esti­
mates suggest they would supply only 
about a tenth as much earth-bombard­
ing material as the yield from Apollo 
fragmen ta tion. 

I f we accept the fact that a great many, 
and perhaps most. meteorites have 

arisen from Apollo objects. what can 
the meteorites tell us about the nature of 
the Apollo objects? About 85 percent of 
all meteorites found belong to the class 
of stony objects known as chondrites. 
Chondrites are sometimes called un­
differentiated meteorites because their 
content of the less volatile elements 
closely matches the abundance ratios 
of elements in the sun and in the solar 
system as a whole. In fact, the study 
of chondrites has provided most of the 
data on the general abundance of the 
elements and their isotopes. the age of 
the solar system and conditions in the 
early solar system. 

One piece of supporting evidence re­
lating Apollo objects to chondrites was 
provided by Clark R. Chapman of the 
Planetary Science Institute in Tucson. 
Thomas B. McCord and Michael J. 
Gaffey of the University of Hawaii and 
Carle Pieters of the Johnson Space Cen­
ter in Houston. who measured the spec­
tral reflectance of 1685 Toro. the first 
earth-crossing body to be so examined. 
The reflectivity of the Apollo object 
across the entire spectral region from a 
wavelength of .3 micrometer in the ul­
traviolet to one of 1.1 micrometers in 
the infrared closely follows the reflectiv­
ity of typical chondrites. After rising to 
a peak at about .7 micrometer both 
spectra show a dip in the vicinity of .95 
micrometer before rising again. In the 
case of the chondrite the dip corre­
sponds to a prominent absorption band 
attributable to pyroxene. a mineral con­
sisting chiefly of silicates of magnesium 
and iron. One can infer that pyroxene is 
also plentiful in 1685 Toro . 

Albedo measurements of other Apol­
los support the belief that they are chon­
dritic. Three Apollos of very low albedo 
are of particular interest, including the 
last two to be discovered: Ra-Shalom 
(whose name expresses a hope for uni­
versal peace) and 1978 SB. just discov­
ered at the Crimean Astrophysical Ob­
servatory. The albedos of these two ob­
jects seem to be low enough to resemble 
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the albedos of the carbonaceous chon­
drites. which are chemically the most 
undifferentiated_ type of meteorite. 

Now we are ready to ask: Where do 
the Apollo objects come from? The first 
thought. that they may have existed 
ever since the solar system was formed 
4.5 billion years ago. can easily be 
shown to be wrong. I have already re­
marked that the probability of an Apol­
lo object's striking the earth is roughly 
5 X 10-9 per year. and nearly the same 
probability applies to its striking Venus. 
Therefore after several hundred million 
years there would be few survivors of 
a population of earth-crossing objects. 
Nevertheless. could the present estimat­
ed family of 750 Apollos represent the 
remnant of a population that was ini­
tially huge? The answer is no. If a huge 
population had existed. the record of 
craters on the moon would reveal it. 
The flux of cratering projectiles has 
been nearly constant for the past three 
billion years. If anything. there is some 
evidence that the rate of cratering has 
actually increased slightly during the 
past 600 million years. 

I t is therefore clear that Apollos are 
being injected into the inner solar 

system from some source at a fairly 
constant rate. In round numbers about 
15 new Apollos larger than a kilometer 
must be supplied every million years to 
balance the estimated removal rate im­
plied by four earth collisions and three 
Venus collisions per million years. In 
the same period possibly one Apollo 
will be removed by collision with some 
other body (Mercury. the moon or 
Mars). and the other Apollos will be 
perturbed into hyperbolic orbits and 
thereby ejected completely from the so­
lar system. There would seem to be only 
two sources for the required 15 Apollos. 
Either they are small asteroids from the 
main asteroid belt that somehow have 
strayed into earth-crossing orbits or 
they are the outgassed residues of for­
merly active comets. It is now under­
stood. at least qualitatively. how both of 
these sources might yield a supply of 
Apollo objects. 

Small asteroids similar in size to the 
Apollo objects are continually produced 
in the main asteroid belt as the collision 
fragments of larger bodies. The small 
asteroids will themselves be destroyed 
by collisions. resulting in a steady-state 
number. The steady-state population of 
main-belt asteroids larger than a kilo­
meter is about 400.000. It is estimat­
ed that they are being created and de­
stroyed by collisions at the rate of about 
400 per million years. If there were a 
way to place about 4 percent of the new­
ly created bodies in earth-crossing or­
bits. it would suffice to maintain the 
Apollo population. 

It is quite unlikely. however. that even 
this small fraction of objects can be 
ejected from the main asteroid belt and 
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PRESSURE (KILOBARS) 

PRESENCE OF HIGH-DENSITY FORMS OF QUARTZ (coesite and stishovite) is a clear 
indication that terrestrial rocks have been subjected to high pressures by the shock of a high­
velocity impact. Silica has a number of crystalline forms that are stable in different ranges of 
temperature and pressure; the two forms of quartz are the commonest. The high-temperature 
forms tridymite and cristobalite are metastably preserved by rapid cooling in some volcanic 
rocks. Coesite and stishovite, which can be created only at pressures above 30 kilo bars (30,000 
times atmospheric pressure), have been found in vicinity of many terrestrial impact craters. 

sent directly into earth-crossing orbits 
by the collisions that created them. The 
change in velocity needed to transfer 
material from a typical asteroid orbit 
into an earth-crossing orbit is about six 
kilometers per second. The associated 
kinetic energy is more than 1011 ergs per 
gram. The energy required to fragment 
a body of Apollo size is no more than 
about 108 ergs per gram. Therefore any 
collision capable of supplying the kinet­
ic energy needed for sending an Apollo­
size object into an earth-crossing orbit 
would most likely shatter the collision 
fragment into small pieces. Further­
more, experience with terrestrial explo­
sion craters shows that only a minus­
cule proportion of the ejected material 
reaches a velocity of six kilometers per 
second; most of the material does not 
reach a velocity of 200 meters per sec­
ond. As a result even if an occasional 
large fragment could survive ejection at 
six kilometers per second, the number of 
such fragments would be very small. 

It is therefore necessary to seek gen­
tler mechanisms that accomplish the 
transfer into an earth-crossing orbit. 
Several are known, and all have the 
property that gravitational perturba­
tions accomplish almost all the required 
velocity change. Of these mechanisms 
the most important is likely to involve 
various kinds of resonant interactions 
that are capable of increasing the orbital 
eccentricity of the small body so that it 
comes under the gravitational influence 
of Mars. 

In this connection particular impor­
tance may be attached to the large group 

of asteroids near the inner edge of the 
asteroid belt, between 2.1 and 2.6 A.U. 
from the sun, that occupy orbits inter­
secting the plane of Jupiter's orbit at 
a low angle and are completely stable 
on the time scale of the age of the solar 
system. James G. Williams of the Jet 
Propulsion Laboratory. of the Califor­
nia Institute of Technology has shown 
that the orbits of these asteroids have 
semimajor axes whose values are such 
that their precession rate is nearly in res­
onance with the precession rate of the 
coupled system of the larger planets, 
dominated by Jupiter and Saturn. Un­
der the influence of their giant neighbors 
the asteroids in this particular group 
have been driven into orbits that. al­
though they are stable, oscillate consid­
erably in eccentricity. 

T
he same stability would not be guar­
anteed, however. to Apollo-sizeJrag­

ments ejected from such asteroids by 
an accidental collision. If the fragment 
were increased in velocity by as little as 
200 meters per second and were placed 
in an orbit whose semimajor axis was 
only slightly smaller than that of the 
parent body, it would enter the critical 
region where resonances with the cou­
pled Jupiter-Saturn system would begin 
to amplify the fragment's orbital eccen­
tricity, driving it eventually into occa­
sional close approaches to Mars when 
that planet was near its aphelion. 

As a result of successive close ap­
proaches gravitational perturbations in­
duced by Mars will "random walk" the 
semimajor axis of the potential Apollo 

63 

© 1979 SCIENTIFIC AMERICAN, INC



object into a position where the object's 
orbital eccentricity will be amplified by 
further resonant interactions until it fi­
nally crosses the earth's orbit and be­
comes a true Apollo. The entire process 
should take less than 100 million years, 
and doubtless some Apollos are created 
in this way. The best estimate, however, 
is that such a process might account 'for 
only about one Apollo object per mil­
lion years. The probabilities must be 
stretched quite a bit to account for 15 
Apollos. 

PERIHELION 
DISTANCE 

The alternative hypothesis, and the 
one I favor on the basis of all the present 
evidence, is that the majority of Apollo 
objects are former comets. It is known 
that comets emit large volumes of vola­
tile material, principally water vapor 
and carbon dioxide. Presumably these 
substances are originally present in the 
comet nucleus either in the form of sim­
ple ices or bound in more complex com­
pounds. Such volatiles, however, are not 
the sole constituents of the nucleus. 
When the comet approaches the sun, 

APHELION 
DISTANCE 

much fine-grained dust can be detected 
flowing out along with the gases. Typi­
cally as much dust is released as gas. 
When the larger fragments of nonvola­
tile dust are captured by the earth, they 
produce the cometary meteor showers. 

Some meteors that are almost certain­
ly of cometary origin weigh as much as 
several tons. Such massive bodies can 
hardly be swept along with the usual 
stream of volatilized gas, and so they 
must arise from more catastrophic 
events, perhaps associated with a split-

ORBITAL ESTIMATED 
INCLINATION DIAMETER YEAR OF 

(ASTRONOMICAL (ASTRONOMICAL (DEGREES) (K ILOMETERS) DISCOVERY 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

1 1  

1 2  

1 3  

1 4  

1 5  

1 6  

1 7  

1 8  

1 9  

20 

21  

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

OBJECT 

1 566 ICARUS 

1 978 SB 

1 974 MA 

2 10 1  ADONIS 

2 100 RA-SHALOM 

1 976 UA 

1 864 DAEDALUS 

1 865 CERBERUS 

HERMES 

1 981 MIDAS 

1 862 APOLLO 

2063 BACCHUS 

1 685 TORO 

2062 ATEN 

1 977 HA 

PL-6743 

1 976 WA 

1 620 GEOGRAPHOS 

1 947 XC 

1.959 LM 

1 950 DA 

1 866 SISYPHUS 

1 973 NA 

1 978 CA 

1 863 ANTINOUS 

1 9 1 5  

1 9 1 7  

1 580 

1 975 YA 

PL-6344 

1 978 DA 

QUETZALCOA TL 

CUYO 

BETULIA 

UNITS) UNITS) 

0.1 9  - 1 .97 

0.35 - 4.1 1  

0 .42 - 3.09 

0.44 - 3.30 

0.47 - 1 .20 ---

0.47 - 1 .22 ---

0.56 - 2.36 

0.58 - 1 .58 

0.62 - 2.66 

0 .62 - 2.93 

0.65 -- 2.29 

0.70 -- 1 .45 

0.77 -- 1 .96 

0.79 -- 1 . 1 4  ---

0 .79 -- 2.40 

0.82 -- 2.42 

0.82 -- 3.03 

0.83 -- 1 .66 

0.83 -- 3.67 

0.83 -- 1 .84 

0.84 -- 2.53 

0.87 -- 2.92 

0.88 -- 3.98 

0.88 -- 1 .37 ---

0.89 -- 3.63 

0 .91 -- 1 .69 

0.94 -- 4.21 

1 .02 -- 3.92 

1 .05 --- 3.99 

1 .06 --- 3.23 

1 . 1 2  --- 3.27 

TWENTY-EIGHT BODIES are now recognized as Apollos. An ad­
ditional three objects, the last three in the table, are not strictly earth 
crossing at present but will pass within the earth's orbit as a result of 
perturbatious caused by Jupiter. Sixteen of the 31 are designated by 
number, indicating that their orbital elements are known precisely 
euough to qualify them for listing in the catalogue of asteroids. Most 
of the rest are identified by the year of their discovery followed by 
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23 � 1 .0 1 949 

1 2  -=:::::::::: 8.0 • 1 978 

38 � 4.0 • 1 974 

1 -� 0.8 1 936 

1 6  � 3.0 • 1 978 

6 --== 0.2 1 976 

22 � 2.0 • 1 971 

1 6  � 1 .0 · 1 971 

6 -= 1 .0 1 937 

40 � 1 .0 1 973 

6 -= 2.0 • 1 932 

9 --== 1 .0 1 977 

9 --== 4.0 • 1 948 

1 9  � 1.0 1 976 

23 � 0.6 1 977 

7 .-== 0.4 1 960 

23 � 2.0 • 1 976 

1 3  � 2.0 • 1 951  

1 -- 2.0(?) • 1 947 

3 � 6.0(?) • 1 959 

1 2  -=:::::::::: 2.0 • 1 950 

41  � 5.0 • 1 972 

68 L.- 3.0 • 1 973 

26 � 2.0 • 1 978 

1 8  � 2.0 • 1 948 

61 � 1 .0 1 975 

5 -= 0.4 1 960 

1 6  � 2.0 • 1 978 

21 � 1 .0 1 953 

24 � 2.0 • 1 966 

52 � 6.0 • 1 950 

two letters; the first letter indicates the half month of the year (begin­
ning with A for January 1-15) in which the discovery was made aud 
the second the order of discovery in that period. Two objects are des­
ignated PL, which stands for Palomar-Leiden Survey. Ra-Shalom 
was originally designated 1978 RA, signifying that it was the first 
object (A) to be discovered in the first half of September (R), 1978. 
The discoverers of an asteroid have the privilege of giving it a name. 
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ting of the cometary nucleus, an event 25 

that is occasionally observed. In the ab-
sence of such a catastrophe the larger 
objects would simply remain with the 
comet, making the nucleus richer in 
nonvolatile material. 

C
omets that appear for the first time 

have spent much of their life travel­
ing far beyond the most distant planet. 
They become luminous for the first time 
when their orbit, perturbed by a neigh­
boring star, has been deflected to a peri­
helion close to the sun. In most cases 
subsequent perturbations induced by 
the planets will cause the comets to es­
cape from the solar system before their 
volatile ices are much depleted. A small 
fraction of such long-period comets are 
deflected, however, into smaller stable 
orbits that typically carry them near the 
sun every seven years or so. 

In the course of hundreds or thou­
sands of perihelion passages the comet 
nucleus is steadily depleted in volatile 
substances. It has been observed that 
such short-period comets are marked­
ly less active than comets in large and 
highly eccentric orbits. In a few cases 
the short-period comets have appeared 
to be entirely "asteroidal" in that during 
some perihelion passages they show no 
coma or tail. It is therefore no great ex­
trapolation to imagine that a comet can 
lose all its free volatiles and present it­
self simply as an asteroid. 

The mere depletion of volatiles, how­
ever, would not convert a comet into a 
typical Apollo. Almost all short-period 
comets have aphelions beyond the orbit 
of Jupiter, and all known Apollos have 
aphelions within that orbit. There are 
nonetheless exceptions. Several short­
period comets have aphelions slightly 
inside Jupiter's orbit. One of them, 
Comet Encke, has an aphelion far in­
side, at 4.1 A. U. from the sun. 

The activity of Comet Encke has 
declined noticeably during historical 
times, and the comet seems well on its 
way to becoming inactive. If it does be­
come totally inactive, perhaps during 
the next few centuries, it will be indis­
tinguishable from a low-albedo Apollo 
object. The most recently discovered 
Apollo, 1978 SB, is such an object, and 
it happens that its orbit is quite similar 
to Comet Encke's. Quite possibly Com­
et Encke and 1978 SB are genetically 
related. The existence of meteor streams 
in similar short-period orbits that give 
rise to meteorites with physical proper­
ties essentially identical with meteor­
ites thought to be derived from Comet 
Encke argues that the comet's orbital 
evolution is not a unique event. Physical 
models capable of explaining such or­
bital evolution have recently been pre­
sented by Whipple and his colleague 
Zdenek Sekanina. They show that in a 
comet that is rotating, orbital changes 
can arise from the dynamical reaction to 
escaping gas and dust. 
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SEMIMAJOR AXIS (ASTRONOMICAL UNITS) 

POTENTIAL SOURCE OF APOLLO OBJECTS is a group of bodies that are clustered in 
low-inclination orbits near the innermost part of the main asteroid belt between Mars and 
Jupiter. Such asteroids are designated here by their catalogue numbers; the adjacent filled cir­
cles indicate their relative size. It can be estimated that the group includes some 5,000 bodies 
(shaded area) belonging to the Flora region (named for the largest body in the region, asteroid 
No. 8). Although all the objects in the group occupy stable orbits, they lie close to the instability 
"surface" indicated by the curved black line. In 1969 James G. Williams, then a student at the 
University of California at Los Angeles, discover� that bodies whose inclination and semi­
major axis placed them on this surface would be perturbed by Jupiter into highly eccentric 
earth-crossing orbits. When asteroids in the group shown here collide, as they must from time to 
time, Apollo-size fragments could be ejected into orbits lying on or close to instability surface. 

The evidence provided by one com­
et-Comet Encke-and several come­
tary meteor streams may seem to offer 
only a tenuous basis for the belief that 
Apollo objects may be of cometary ori­
gin. Actually even if all Apollo objects 
are extinct comets, the current existence 
of one active comet such as Comet 
Encke may be more than one has a right 
to expect. It is perhaps a happy accident 
that Comet Encke did not fade away a 
few centuries ago, in which case there 
would be no compelling observational 
basis for thinking that comets can turn 
into Apollos, even if they do. A single 
Encke-like comet every 65,000 years 
would supply Apollos at the rate of 15 
per million years, the rate needed to 
maintain the current population in a 
steady state. Since the active lifetime of 
a short-period comet is only a few thou­
sand years, most of the time there 
should be no active comets in Encke­
like orbits. 

Tooking into the future, it is possible 
L that Apollo objects could be turned 
to practical use. Some of the objects are 
in orbits so similar to the earth's that 
they are as accessible as the moon. 
Moreover, they are small enough so that 

one could consider the possibility of us­
ing them as ready-made and maneuver­
able space stations. In a scheme orig­
inally proposed by Arthur C. Clarke 
and examined in some detail by Henry 
H. Kolm of the Massachusetts Institute 
of Technology the asteroids would be 
equipped with "mass drivers," engines 
that would consume the substance of the 
asteroid itself to propel it into new or­
bits. Others have suggested that the 
Apollos could be mined to supply raw 
materials for the construction of space 
vehicles. 

Before such exotic projects were un­
dertaken it might be well to reflect that 
the total amount of material in all the 
Apollos is only about 1019 grams, a 
mass equivalent to no more than the top 
two or three centimeters of the earth's 
continental surface. It is likely that the 
Apollos, together with a few comets, 
represent the only accessible source of 
nonterrestrial carbon compounds and 
water in nearby space, a source that re­
quires about 25 million years to be re­
plenished. Perhaps it would be better 
if the region of space occupied by the 
Apollo objects and their close relatives 
the Amor objects were declared an in­
violable "wilderness area." 
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Cancer Metastasis 
Metastasis, and not the primary tumor, is usually the threat in cancer. 

Apparently only certain very malignant cells possess characteristics 

that enable them to travel through the body and establish new tumors 

Most cancer patients are not killed 
by their primary tumor. They 
succumb instead to metasta­

ses: multiple, widespread tumor colo­
nies established by malignant cells that 
detach tnemselves from the original tu­
mor and travel through the body, often 
to distant sites. If a primary tumor is 
detected early enough, it can usually 
be eliminated by surgery, radiation or 
chemotherapy or some combination 
of those treatments. Unfortunately the 
metastatic colonies are harder to detect 
and eliminate. and it is often impossi­
ble to manage all of them successfully. 
From a clinical point of view. then. me­
tastasis can well be considered the con­
clusive event in the natural history of 
cancer. Moreover. the ability to metas­
tasize is the property that uniquely char­
acterizes a malignant tumor. 

A tumor is initiated by the transfor­
mation of a normal cell into one that 
escapes the host's usual controls on 
growth and differentiation. The trans­
formed cell proliferates to form a tu­
mor, which may be benign or malignant. 
A tumor is generally considered ·benign 
if it remains similar in structure to the 
tissue from which it is derived. if it 
grows slowly by simple expansion and 
remains encapsulated by a layer of con­
nective tissue. and if its cell nuclei divide 
almost normally. with few abnormal 
chromosomes. A malignant tumor. on 
the other hand. is usually atypical in tis­
sue structure. grows rapidly and does 
not remain encapsulated, displays many 
abnormal nuclear divisions and chro­
mosomes-and invades the surrounding 
normal tissue. shedding cells that have 
the ability to colonize new sites. Where­
as distinctions between the benign and 
the malignant state based on rate of 
growth and degree of "abnormality" are 
not absolute. the ability to invade sur­
rounding tissue and to colonize distant 
sites absolutely defines a malignant tu­
mor. or cancer. Understanding the biol­
ogy of cancer metastasis is therefore 
of primary importance both for un­
derstanding the nature of cancer and 
for learning how to prolong or save the 
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lives of cancer patients by destroying 
the most life-threatening metastatic tu­
mor cells. 

Cancer metastasis comprises a com­
plex series of events involving in­

teractions among malignant cells from 
the primary tumor and between those 
cells and the body's normal cells. Irving 
Zeidman of the University of Pennsyl­
vania School of Medicine has catego­
rized the sequential steps that lead to the 
colonization of a distant metastatic tu­
mor: (1) extension into surrounding tis­
sues, (2) penetration of body cavities 
and vessels, (3) release of tumor cells for 
transport to other sites. (4) reinvasion of 
tissue at the site of arrest and (5) manip­
ulation of the new environment to pro­
mote tumor-cell survival. vasculariza­
tion and tumor growth. 

First the malignant cells extend from 
the original site. invading the neighbor­
ing normal tissues. Some invading cells 
penetrate into a body cavity (such as the 
abdominal or chest cavity) or into the 
blood. lymph or spinal fluid and are re­
leased. In the blood or lymphatic vessels 
single cells or groups of cells (called tu­
mor emboli) can be transported to sites 
far away from the primary tumor. Cells 
that survive transport in the lymphatic 
system are usually arrested in regional 
lymph nodes; those that survive in the 
bloodstream are arrested in venules or 
capillaries. Once arrested, the malignant 
cells can escape the hostile environment 
of the lymph or blood by invading adja­
cent tissue. Finally the new microme­
tastases become vascularized. and their 
new network of blood vessels supplies 
the nutrients that enable the cells to pro­
liferate and form a larger tumor mass. 
Throughout the metastatic process the 
malignant cells must resist destruction 
by the host's various antitumor defense 
mechanisms. 

Several theories have been advanced 
to account for the first step in metastasis. 
the invasion of adjacent tissues. George 
Eaves of the University of Leeds School 
of Medicine has proposed that invasive 
behavior can be accounted for large-

Iy by mechanical considerations. When 
he injected a quick-setting dental plas­
tic into tissue samples. the plastic infil­
trated into zones of least resistance, a 
behavior resembling that of many ma­
lignant tumors. Yet simple mechanical 
models do not seem to account for the 
extremely rapid invasive behavior of 
some tumors. and experiments with tis­
sue cultures make it clear that highly 
invasive malignant cells will penetrate a 
sheet of normal cells even in the absence 
of any mechanical pressure. Dale R. Co­
man of the University of Pennsylvania 
School of Medicine has suggested that it 
is the motility of malignant cells that 
enables them to infiltrate surrounding 
tissue, but there are various normal cells 
that are highly motile and not invasive. 

The presence in tumor tissue of high 
concentrations of certain degradative 
enzymes has suggested that the invasive 
behavior of tumor cells may be facilitat­
ed by their enzymatic destruction of the 
normal connective matrix between cells. 
A. R. Poole and his collaborators at the 
Strangeways Research Laboratory com­
pared the protein-digesting enzymes se­
creted by cultured cells from benign 
human breast tumors. from malignant 
ones and from normal breast tissues; 
Bengt Sylven has performed similar ex­
periments at the Karolinska Institute 
in Sweden. Poole found that one pro­
teinase. cathepsin B. accumulated at a 
much higher rate in the malignant-cell 
cultures. Other studies, however. have 
demonstrated little difference in the re­
lease of such enzymes from tumor tis­
sues and from normal tissues. so that 
invasion cannot be explained by enzy­
matic action alone. It probably depends 
on various combinations of mechani­
cal. cell-motility and enzymatic mecha­
nisms. 

Having extended from the original.tu­
mor. malignant cells must become de­
tached from it before they can metasta­
size. Leonard Weiss and George H. 
Poste of the Roswell Park Memorial In­
stitute believe some tumor cells or nor­
mal cells may lyse, or burst. increasing 
the extracellular levels of degradative 
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METASTATIC MELANOMA CELLS are seen invading the wall of 
a blood vessel in this scanning electron micrograph made by the au­
thor. Mouse melanoma cells that typically metastasize by way of the 
blood were incubated with a piece of vein tissue and then maintained 
on it in a laboratory culture. The melanoma cells have attached them-

selves to endothelial cells lining the inner surface of the vein and have 
inserted their processes into fissures that open up as endothelial cells 
under the tumor cells retract. Endothelial attachment and invasion 
are two stages in the process whereby a blood-borne tumor cell estab­
lishes a new tumor colony. Magnification is about 7,000 diameters. 
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enzymes that release clumps of malig­
nant cells. There is also some evidence 
that the normal adhesive forces tending 
to bind cells together are reduced in the 
case of malignant cells. Coman found. 
for example. that shaking clumps of 
malignant breast-cancer cells separated 
more cells from the clump than similar 
agitation of clumps of normal breast-tis­
sue cells. 

The release of malignant cells into 
the blood or lymph can lead to wide­
spread tumor metastases. Zeidman and 
Bernard Fisher and Edwin R. Fisher of 
the University of Pittsburgh School of 
Medicine have shown that since the 
lymphatic and blood systems are con­
nected. tumor cells can pass from the 
lymphatic vessels to the blood vessels 
and vice versa. The Fishers labeled car­
cinoma (epithelial tumor) cells with ra­
dioactive chromium and injected them 
into the peripheral veins of rats. Within 
an hour after injection live tumor cells 
could be recovered from the lymph. and 
injection of the lymph into other ani­
mals produced carcinomas. These re­
sults showed that malignant cells in the 
blood are not always trapped in the first 
capillary bed they encounter but are 
able to escape from those capillaries 
and pass from the blood into the lym­
phatic system. presumably by way of 
the lymph nodes. 

Atumor probably releases malignant 
cells into the lymph or blood con­

tinuously as it grows. Pietro M. Gullino 
of the National Cancer Institute has 
monitored the blood leaving transplant­
ed mammary tumors in experimental 
animals and found that after a tumor 
has grown to a few grams in weight it 
releases several million malignant cells 
a day into the circulation. The presence 
of malignant cells in the blood (or 
lymph) does not always lead to the for­
mation of distant metastases. however. 
A. J. Salsbury of Brompton Hospital in 

London was one of the first to empha­
size that the presence in the blood of 
tumor cells released from a primary sol­
id tumor does not necessarily mean that 
a patient will subsequently succumb to 
multiple metastases. The fact is that the 
overwhelming majority of the malig­
nant cells released into the blood die 
very quickly. Only a few seem to be able 
to survive in the turbulent and otherwise 
hostile environment of the bloodstream. 

Isaiah J. Fidler and Zeidman investi­
gated the fate of blood-borne melanoma 
cells in mice. ( Melanoma is a malignant 
tumor that develops in the skin of ani­
mals and man; it is often highly pig­
mented by the black substance mela­
nin.) Fidler and Zeidman injected into a 
peripheral vein mouse melanoma cells 
whose DNA had been labeled with ra­
dioactive iodine. They found that within 
a few minutes most of the injected cells 
were arrested in the lung. the site of the 
first capillary system the cells encoun­
tered. Most of the tumor cells died 
there; a few live cells continued to circu­
late. Within a day. however. only 1 per­
cent of the injected cells were still alive. 
After two weeks. when black melanoma 
metastases could actually be seen in the 
lungs. only a tenth of 1 percent of the 
radioactive cells originally injected were 
still alive. The results indicated that 
blood-borne metastasis must be a highly 
selective process and that only a very 
small percentage of the malignant cells 
that are able to enter the bloodstream 
and circulate in it survive to form dis­
tant metastases. 

While the malignant cells circulate in 
the blood they undergo a variety of im­
portant cellular interactions. as has been 
demonstrated in my laboratory at the 
University of California at Irvine and in 
the laboratories of Fidler (who is now at 
the National Cancer Institute's Freder­
ick Cancer Research Center). Gabriel J. 
Gasic and Tatiana Gasic of the Univer­
sity of Pennsylvania School of Medicine 

and Lance A. Liotta of the National 
Cancer Institute. These interactions are 
likely to affect the survival of the cells 
and their arrest in the capillaries. The 
circulating malignant cells can. for ex­
ample. adhere to other tumor cells to 
form clumps. They can adhere to such 
normal blood cells as lymphocytes and 
platelets. And when they enter a capil­
lary bed. they can adhere to the endothe­
lial cells that line the vessels. The larger 
the clump is. the more likely it is to be­
come arrested in the capillaries and ulti­
mately form a new tumor colony. Hav­
ing been arrested in the capillaries. some 
blood-borne tumor cells stimulate the 
production of fibrin. the fibrous pro­
tein that is ordinarily involved in the 
formation of blood clots. B. A. Warren 
of the University of Western Ontario 
has found that the resulting mesh of fi­
brin tends to protect the malignant cells 
and enable them to proliferate. 

Once the malignant cells are arrest­
ed in small venules or capillaries. they 
must get through the blood-vessel wall 
and into the tissue outside it in order to 
survive. The escape of tumor cells from 
the circulation has been studied by Ran­
dall Kramer in my laboratory. It ap­
pears that malignant cells induce a 
dramatic change in the adhesion of 
endothelial cells (which line the inner 
surface of blood vessels) to their under­
lying extracellular matrix: the endothe­
lial cells retract. leaving cell-free spaces 
through which the tumor cells can es­
cape from the vascular system. Once the 
tumor cells have invaded the extravas­
cular tissue a new microenvironment 
must be established. The growth of the 
new tumor colony is limited until a new 
blood supply becomes available to de­
liver nutrients and carry away cellular 
waste products. The vascularization of 
the new tumor is stimulated by "tumor 
angiogenesis factors" that are released 
by the malignant cells [see "The Vas­
cularization of Tumors." by Judah 

TUMOR is a mass of tissue arising from the proliferation of a cell 
that has been transformed so that it escapes from normal controls on 
growth and differentiation. In general a benign tumor (left) appears 
almost normal in tissue structure, grows slowly and remaius eucapsu-

lated by connective tissue; it does not invade surrounding tissue and 
its cells do not detach and metastasize. A malignaut tumor (right) is 
atypical in structure, usually grows faster and is not encapsulated. It 
invades the surrounding tissue; some cells detach and metastasize. 
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Folkman; SCIENTIFIC AMERICAN. May. 
1976]. These factors seem to function by 
specifically stimulating endothelial-cell 
proliferation through cell division and 
the movement of the endothelial cells to 
form new capillaries. 

The process of metastasis. then. is de­
pendent on a number of successful inter­
actions between malignant cells and the 
normal cells of the host. Probably few 
of the malignant cells in a primary tu­
mor are capable of accomplishing these 
interactions and thus completing the 
entire sequence of steps in metastasis. 
Only a small fraction of the cells that 
extend from a primary tumor invade a 
body cavity or enter the lymphatic or 
blood system and become detached; of 
those cells only a few survive transport; 
fewer still survive to complete the met­
astatic process. at every step of which 
they are exposed to a number of the 
body's defense mechanisms. 

The fact that only a small fraction of 
a tumor's cells survive to establish 

new metastatic colonies suggests that 
the ultimately successful cells may be 
very special ones. Could it be that they 
represent a subpopulation of tumor 
cells endowed with the particular char­
acteristics making for successful metas­
tasis? Might the steady pressure of the 
host's defenses be responsible for the 
natural selection of such a subpopula­
tion of particularly malignant variant 
cells with highly metastatic properties? 

This hypothesis can be tested in ani­
mal models of metastatic cancer. one of 
the most useful of which is mouse mela­
noma. Metastatic melanoma is one of 
the cancers least susceptible to treat­
ment in man. largely because of the fre­
quency of lymphatic and blood-borne 
metastasis. and nonhuman melanomas 
have the same characteristic. Murine 
816 melanoma. which arose in a strain 
of black mice maintained at the Jackson 
Laboratory. can be transplanted from 
one mouse to another and can also be 
grown in tissue culture. When B16 mela­
noma cells are implanted in the skin of 
mice. the melanoma ordinarily metasta­
sizes at a low to moderate rate. In order 
to achieve a more precise assay of met­
astatic potential. known quantities of tu­
mor cells are usually injected directly 
into the circulatory system by way of the 
tail vein. The cells circulate. arrest. in­
vade. survive and multiply to form a 
few pigmented tumor colonies in the 
lungs and fewer still in the ovaries. body 
cavities. liver and brain. 

Fidler. while at the University of 
Pennsylvania School of Dental Medi­
cine. performed an experiment in which 
he manipulated B16 melanoma cells 
to select subpopulations with enhanced 
ability to colonize the lungs. He began 
by surgically removing the melanoma 
colonies that formed in the lungs of 
mice into which B16 cells had been in­
jected intravenously. He adapted the tu-

LUNG 
METASTASIS 

BRAIN 
METASTASIS ----,7i7ii"-f+': 

ARTERIAL ---';�'-;-"""�';-';'iiii!iii�'" 
ROUTE 

LYMPH NODE -+-lj 

LYMPHATIC -+--ff--f 
ROUTE 

OVARY 
METASTASIS 

METASTATIC SPREAD of a malignant melanoma, a pigmented skin cancer, can begin when 
malignant cells from a tumor on, say, the forearm invade a lymphatic vessel and are carried 
in the lymph to a lymph node. Momentarily arrested there, the cells can enter a blood vessel 
and then can be carried in the blood through tbe heart to other parts of the body. Malignant 
melanoma cells are most likely to metastasize to the brain, the lungs, the liver or the ovaries. 
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mor cells to growth in a tissue-culture 
environment and then harvested the cul­
tured cells. designated as variant mela­
noma cell line BI6-Fl, from tissue cul­
ture and injected them intravenously 
into another group of mice. The new 
experimental lung-tumor colonies that 
resulted from this second selection were 
cultured in turn to derive a new line. 
B16-F2. The process of injection. lung 
colonization. tissue culture and harvest­
ing for reinjection into mice was contin­
ued. and with each succeeding cycle the 
efficiency with which the variant lines 
were arrested in the lungs and then sur­
vived. invaded and grew into lung-tu­
mor colonies increased. 

After 10 cycles Fidler established a 
variant melanoma line. B 16-FI0. that 
formed significantly more lung-tumor 
colonies than either the parental B 16 
line or the once selected B 16-Fl line 
when a given number of malignant cells 
were injected into mice. This family of 
variant tumor-cell lines that have differ­
ing metastatic potentials has been an ef­
fective tool in a number of biological 
and biochemical studies of the sequence 
of tumor metastasis. Its success as a 
model for metastasis is probably due to 
the fact that the original B 16 tumor line 
did not consist of a uniform cell popu­
lation; it was probably heterogeneous 
with respect to the particular tumor-cell 
characteristics necessary for metastasis. 

Clinical observations indicate that 
there is a tendency for particular 

types of primary tumors to metasta­
size preferentially to particular organs. 
For example. breast carcinomas tend to 
spread to the brain or the lung; lung tu­
mors often metastasize to the brain and 
adrenal glands. prostate carcinomas to 
bone. Selective patterns of metastasis 
have also been noted for nonhuman tu­
mors. If the pattern of metastatic distri­
bution for a given cell type is not ran­
dom. what is the reason? 

A hypothesis to explain nonrandom 
metastasis was put forward early in 
the century by the cancer investigators 
James Ewing and Stephen Paget. It held 
that metastatic distribution was deter­
mined by anatomical and vascular con­
ditions and the microenvironment for 
tumor survival and growth at the site of 

STAGES of blood-borne metastasis are dia­
grammed. The primary tumor enlarges as the 
malignant cells proliferate, but it grows rap­
idly only after vascularization provides an ad­
equate blood supply (1). The tumor invades 
surrounding tissue (2). A few cells, singly or 
in groups, penetrate the basement membrane 
of a capillary, squeeze between the endotheli­
al cells and enter the bloodstream, wbere they 
may interact witb blood cells sucb as Iympbo­
c)ies (3). Tbe tumor cells are carried tbrough 
tbe beart to the lung, wbere tbey are arrested 
in a capillary; tumor cells penetrate tbe capil­
lary wall (4), enter tbe alveolar tissue and pro­
liferate to establisb a new tumor colony (5). 

the metastasis. The implication was that 
tumor cells thrive in a particular "soil" 
if they are able to adapt to it. and so the 
hypothesis has been called the soil hy­
pothesis. More recently it has become 
clear that the properties of the malig­
nant cells themselves largely influence 
their patterns of metastasis. As Everett 
D. Sugar baker and Alfred S. Ketchem 
of the University of Miami School of 
Medicine have stressed. the distribution 
and survival of individual malignant 
cells probably depend on a number of 
factors. including the unique properties 
of the cells themselves. the environment 
for survival and growth in specific or­
gans and the antitumor immune status 
of the host. 

In collaboration with Fidler we have 
studied the specificity with whi'ch sub­
populations of B 16 mouse melanoma 
cells home to the lung and colonize it. 
Are the tumor cells simply trapped in 
the lung because it is the first capillary 
bed they encounter? Or do they actually 
seek lung tissue? We injected the rela­
tively nonspecific BI6-FI cells and the 
highly specific BI6-FIO cells into both 
the tail vein (from where they would 
first encounter the lung capillaries) and 
the left ventricle of the heart. which is 
downstream from the lungs in the circu­
latory system. so that the cells would 
encounter other capillary beds before 
reaching the lungs. The initial distribu­
tions of the radioactively labeled tumor 
cells were dramatically different. sug­
gesting that they had indeed been initial­
ly arrested in capillaries downstream 
from their different sites of injection. 
Yet within one day after injection the 
distributions were similar. and the num­
ber of cells of each line that survived 
was the same. regardless of the point of 
entry into the circulatory system. By the 
end of two weeks almost identical num­
bers of lung tumors were found for both 
routes. with the FlO cells. as expected. 
forming significantly more tumors than 
the FI cells. The results indicated that 
tumor cells destined to form metastases 
in a particular organ can even detach 
from an initial arresting point and recir­
culate until they find the proper environ­
ment for arrest. survival and growth. 

Selection for organ specificity of colo­
nization apparently means not only that 
cells become more effective colonizers 
of a particular organ but also that they 
become less likely to colonize other or­
gans. In this experiment and many oth­
ers we found that whereas BI6-FI cells 
formed some tumors outside the mouse 
lung (mainly in the lymph nodes. the 
ovaries. the chest cavity. the liver. the 
intestines. the brain and the adrenal 
glands). the highly selected FlO cells did 
not. They colonized only the lung. 

In my laboratory Kenneth W. Brunson 
took the selection process a step fur­

ther: he began with the BI6-Fl line. 
which colonizes the lung predominantly 

© 1979 SCIENTIFIC AMERICAN, INC



but not exclusively. and from it selected 
subpopulations that preferentially colo­
nize quite different sites'- In one exper­
iment he excised brain tumors. which 
are rarely formed by the B16-F1 cells. 
adapted the cells to tissue culture and 
obtained a line he called B16-B1. Then 
he went through the procedure of injec­
tion. tumor excision and culturing that 
Fidler had developed to obtain the lung­
specific FIO line. but at each step he ex­
cised brain tumors. After 10 selections 
Brunson had developed a line. B16-
B10n. that metastasizes to a particular 
area of the mouse brain. the rhinal fis­
sure. between the cerebral cortex and 
the olfactory bulb. By a similar process 
another tumor-cell line (B16-010) was 

j FIRST LUNG 
SELECTION 

816-Fl 

816-F2 

816-Fl0 

selected that preferentially colonizes the 
ovaries. a frequent site of human mela­
noma metastasis. 

Is the preferential colonization by B-
16 lines of such organs as the brain a 
result of the random adaptation of mel­
anoma cells to the particular environ­
ment (as the soil hypothesis would have 
it) or of unique properties originally 
possessed by certain tumor cells? Brun­
son did parallel experiments in which 
B16 cells and successively selected tu­
mor-cell lines were implanted directly in 
the brain rather than being injected into 
the bloodstream. thereby eliminating 
the phases of blood-borne circulation 
and arrest. After 10 selections for adap­
tation and growth in the brain. the BI6 

816 CELLS 

melanoma cells retrieved from brain tu­
mors were no more effective in metasta­
sis to the brain (when they were injected 
into the skin or the blood) than the ini­
tial F1 line. In other words. it is not mere 
adaptability to growth within the brain 
that is selected for in the B1-to-BIOn se­
quence; it is the ability to home to the 
brain. to become arrested there and to 
colonize that site. 

Success in identifying the specific 
properties of tumor-cell lines that en­
able them to metastasize to particular 
sites would be a large first step toward 
developing a way to block metastasis 
in cancer patients. Although we are far 
from knowing precisely what cellular 
properties contribute to successful me-

FIRST BRAIN 
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816-81 

SECOND BRAIN 
SELECTION 
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10TH LUNG 
SELECTION 

10TH BRAIN 
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SELECTION OF MELANOMA-CELL LINES with enhanced abili­
ty to metastasize to the lungs (left) was accomplisbed by Isaiah 1. Fid­
ler, then at the University of Pennsylvania School of Dental Medi­
cine. Kenneth W. Brunson of the author's laboratory selected lines 
that metastasize to a particular part of the brain (right). For the lung 
selection Fidler took cultured B16 melanoma cells from a mouse tu­
mor, injected them into the tail vein of mice and harvested cells from 
the resulting lung-tumor colonies. These BI6-Fl cells were cultured 
in turn and again injected intravenously. The highly selected BI6-FI0 

cells produced by 10 such cycles form significantly more experimen­
tal lung metastases than the unselected B16 line, and they colonize 
only the lungs. Brunson injected B16 cells into the left ventricle of the 
heart and harvested the rare brain tumors that were formed. The tu­
mor cells, designated BI6-Bl, were cultured and again injected into 
the heart; this time tumors were collected only from the rhinal fissure 
near the front of the brain (rectangle). The process was repeated with 
the cells injected intravenously. After 10 selections Brunson obtained 
the BI6-BI0n line, highly metastatic only to brain's rhinal fissure. 
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tastasis, it does appear that the surface 
of the tumor cell is directly involved in 
such steps as the arrest of the cell at a 
particular site. 

George Poste and I performed an ex­
periment to demonstrate the cell-sur­
face effect after we found that B 16-F 10 

ceJ.ls in tissue culture shed bits of cell 
membrane in the form of small closed 
vesicles. We harvested the vesicles and 
then purified them by centrifugation in 
tubes containing a gradient of a dense 
sugar solution. The purified vesicles 
were added to a culture of B 16-F 1 cells 
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EXPERIMENTAL BRAIN METASTASES 

FIRST BRAIN 
INJECTION 

SECOND BRAIN 
INJECTION 

10TH BRAIN 

INJECTION 

PREFERENTIAL COLONIZATION OF THE BRAIN is not the result of adaptation to the 
brain environment. This was indicated by an experiment in which 816 cells were injected not 
into the bloodstream but directly into the brain. The melanomas that formed in the brain were 
excised and their cells were cultured and again injected into the brain. After 10 such cycles the 
harvested cells, injected into mice, formed no more brain metastases than the original 816 cells 
did when they were injected intravenously. Apparently cells that are highly metastatic to the 
brain are a subpopulation of the 816 line with properties that allow them to arrest in the brain. 
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along with the polymer polyethylene 
glycol. In the presence of polyethylene 
glycol the FlO vesicles fused with and 
became part of the F 1  cell membrane. 
When the F 1  cells enriched with FlO 
membrane vesicles were injected into 
mice, they metastasized more like the 
highly metastatic B 16-FlO line than like 
ordinary B 16-F 1 cells, indicating that 
the cell membrane is indeed involved in 
metastasis. 

In what way, then, do the cell mem­
branes differ in B 16 lines that colonize 
different sites? We compared the pro­
tein components on the surfaces of var­
ious cell lines by incorporating radio­
active molecules into the proteins, dis­
solving the cell membranes in detergent 
solutions and subjecting the soluble 
membrane proteins to electrophoresis, 
thus separating them according to their 
size and electric charge. Each of the 
three melanoma lines-those that colo­
nize the lung, the brain and the ovaries­
shows a different pattern of specific sur­
face proteins, and in general the amount 
(or the accessibility) of those specific 
surface proteins increases with the cell's 
metastatic potential. 

Most investigators believe tumors de­
velop from a single transformed 

cell. Subpopulations possessing differ­
ent properties can therefore arise only 
if various cells of a tumor evolve inde­
pendently even though they are in the 
same environment. A long period of tu­
mor growth in human patients (or the 
repeated propagation of tumors by seri­
al transplantation in experimental ani­
mals) often leads to progressive changes 
in the tumor's structure, antigenic prop­
erties, metabolic characteristics, growth 
properties and metastatic potential. Sev­
eral investigators have called attention 
to this phenomenon of tumor progres­
sion, including Peter C. Nowell of the 
University of Pennsylvania School of 
Medicine, Leslie Foulds of the Chester 
Beatty Research Institute in London, 
George and Eva Klein of the Karolinska 
Institute, Emmanuel Farber of the Uni­
versity of Toronto and H. J.-P. Ryser of 
the Boston University School of Medi­
cine. As a population of tumor cells 
slowly evolves, either the tumor as a 
whole changes or subpopulations hav­
ing divergent properties apparently 
arise and their frequency in the popula­
tion increases under selective pressure 
from the host's defenses, ultimately 
leading to the emergence of cells with 
enhanced malignancy. Do subpopula­
tions having different metastatic poten­
tials exist as such in the primary tumor, 
or does the entire population simply 
adapt to a given environment? 

One way to distinguish between these 
two possibilities follows the classic ex­
periment of 1943 whereby Salvador Lu­
ria and Max Delbrlick were first able to 
distinguish between selection and adap­
tation as the origin of mutant lines of 
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CELL MEMBRANE was shown to play a role in determining the 
metastatic ability of B16 cells. Bits of membrane that had been spon­
taneously released as vesicles (1) from the outer membrane of highly 
metastatic BI6-FlO cells (dark color) were harvested from the culture 
medium, concentrated (2) and added to a culture of much less meta-

static BI6-Fl cells (3). In the presence of polyethylene glycol the flO 
vesicles fused into the Fl cell membranes (4). The three cell lines were 
injected into mice. The Fl cells whose cell membrane contained bits 
of flO cell membrane produced significantly more lung tumors than 
untreated Fl cells, although not as many as the Fl 0 cells themselves. 

bacteria. Fidler and Margaret L. Kripke 
repeated that experiment with the unse­
lected B 16 melanoma line and with a 
fibrosarcoma (connective-tissue tumor) 
line from a tumor ind uced in a mouse by 
ultraviolet irradiation; we performed 
the experiment at Irvine with a mouse­
sarcoma line. In each case unselected 
tumor-cell suspensions were divided 
into two parts. One part was injected 
intravenously into a large group of 
mice. The other part was divided into 
separate cultures from each of which a 

single cell was isolated and grown to 
produce a large number of different 
clones. or subpopulations of cells with 
an identical genetic constitution. These 
clones were also injected intravenously 
into groups of mice. 

If the number of tumor colonies in 
the lungs of mice receiving the various 
cloned sub populations turned out to 
be similar to the number of colonies 
in mice receiving the uncloned line. 
it would indicate that the original tu­
mor line was homogeneous; if differ-

ent cloned subpopulations gave rise to 
widely different numbers of colonies 
compared to the uncloned line. it would 
suggest that the original unselected line 
was heterogeneous. with cells of low 
and of high metastatic potential preex­
isting in it. The latter result was ob­
tained in all three experiments. The im­
plication is that tumor-cell populations 
are highly heterogeneous with regard to 
properties governing malignancy. and 
that a few highly metastatic subpopula­
tions exist in a tumor before the process 
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of tumor progression and selection of 
cell populations with enhanced meta­
static properties takes place. 

When a normal cell is transformed 
into a tumor cell, the cell surface 

displays new (or at least modified) anti­
gens, molecular structures the immune 
system recognizes as being foreign [see 
"Cancer Immunology," by Lloyd J. Old; 
SCIENTIFIC AMERICAN, May, 1977]. The 
appearance of these tumor-associated 
antigens can stimulate in the host an im­
mune response that leads to the inter­
ception and destruction of the tumor 
cells. F. M. Burnet of the Walter and 
Eliza Hall Institute of Medical Research 
in Melbourne has proposed that cells 
are transformed periodically but are 
prevented from forming tumors by a 
generalized system of "immune surveil­
lance," and that the few tumors that do 
appear originate from the occasional 
transformed cells that manage to evade 
the surveillance system. The efficacy of 
the immune system in protecting against 
the appearance and progression of tu­
mors has been questioned by other 
workers. Richmond T. Prehn of the 
Jackson Laboratory and Osias Stutman 
of the Memorial Sloan-Kettering Can-

cer Center are among those who doubt 
the generality of immune surveillance as 
an effective antitumor defense. 

Certainly immune responses do affect 
the progression and metastasis of some 
human cancers and animal tumors. Sev­
eral investigators, including Robert W. 
Baldwin of the University of Notting­
ham, Luka Milas of the Rudjer Bosko­
vic Institute in Yugoslavia, Vilas V. Lik­
hite of the Harvard Medical School and 
John E. Castro of the Royal Postgradu­
ate Medical School in London, have 
shown that metastasis of certain tumors 
can be inhibited when the immune sys­
tem is stimulated by the introduction of 
such microorganisms as bacillus Cal­
mette-Guerin (BCG) and Corynebacteri­
um parvum. The mechanism of this stim­
ulation is not well understood; it may be 
effected by a nonspecific incitement of 
the immune system as well as by a spe­
cific response to antigens on the micro­
organism's surface that are similar to 
antigens on the tumor cells. 

The control of metastasis is not, how­
ever, always correlated with the strength 
of the immune system. Experiments 
have often failed to show that blood­
borne metastasis is any more prevalent 
in animals whose immune system has 

2 

UNCLONED CELLS 

TWO 
WEEKS 

EXPERIMENTAL LUNG METASTASES 

been experimentally depressed than it is 
in animals with an intact immune sys­
tem. Indeed, the augmentation of im­
mune defenses in some patients and in 
some experimental animals results in 
the enhancement of metastasis. When 
the Fishers depressed the antitumor im­
munity of mice by injecting antibodies 
that destroyed the response of lympho­
cytes (which are an important cellular 
component of the immune system) to 
tumor cells, they found that fewer­
rather than more-metastases formed. 
On the other hand, Michael Feldman of 
the Weizmann Institute of Science in Is­
rael noted that intravenous injection of 
large numbers of lymphocytes that had 
been activated to kill carcinoma cells 
could inhibit the metastasis of that car­
cinoma in experimental animals. 

Such seemingly contradictory results 
prompted Prehn to suggest that two 
competing immune systems might be in­
volved, one of them responsible for kill­
ing tumors and the other one responsi­
ble for stimulating tumors. Prehn found 
that introducing a small number of anti­
tumor lymphocytes into tumor-bearing 
mice stimulated tumor growth, whereas 
the injection of a large number of lym­
phocytes inhibited tumor growth. Simi-

3 

METASTATIC HETEROGENEITY of a tumor-cell population 
was demonstrated by experiments conducted in Fidler's and the au­
thor's laboratories. In each case an unselected tumor-cell population 

(1) was divided into two parts. One part (2) was injected into many 
groups of mice intravenously. The other part (3) was used to produce 
a large number of clones, each one descended from a single cell; each 

74 

© 1979 SCIENTIFIC AMERICAN, INC



lar experiments have been done with the 
Bl6 melanoma system. The injection 
into mice of a small number of lympho­
cytes mixed with Bl6 cells brought 
about a significant increase in lung me­
tastases. but when large numbers of 
lymphocytes were mixed with the tu­
mor cells. there were fewer metastases. 

How might lymphocytes in small 
amounts stimulate the arrest and 

survival of melanoma cells in the blood­
stream? The answer is far from clear. 
but one pertinent observation is that 
when lymphocytes and Bl6 melanoma 
cells are mixed in a suspension. they ag­
gregate into small clumps. As I have 
mentioned. the formation of clumps en­
hances the arrest and survival of tu­
mor cells. This could be simply because 
the clumps become lodged in the lung 
capillaries more readily or because a 
group of substances called lymphokines. 
which can be released by lymphocytes 
after they interact with tumor cells. have 
a favorable effect of some kind on the 
survival of malignant cells. 

Why. then. should lymphocytes in 
large amounts inhibit metastasis? A 
large amount of lymphocytes is more 
effective than a small amount in aggre-

, 

-gating Bl6 cells. and that would pre­
sumably facilitate the arrest and im­
plantation of the tumor cells. On the 
other hand. large numbers of lympho­
cytes inhibit metastasis by killing malig­
nant cells. It could be that the antimeta­
static effect of large numbers of lym­
phocytes is actually due to the presence 
among them of a small subpopulation 
of "killer" lymphocytes that have be­
come activated specifically to attack the 
tumor cells. Or perhaps the lympho­
cytes in various experiments were some­
how contaminated with a few function­
ally different immune cells that were re­
sponsible for killing the tumor cells. 

In an effort to learn whether or not 
lymphocytes were directly responsible 
for the inhibition of metastasis Fidler 
\:ultured BI6-FlO melanoma cells with 
activated lymphocytes. Most of the tu­
mor cells were killed. but a few sur­
vived; these were grown and resubjected 
to the activated lymphocytes. and again 
the survivors were isolated. grown and 
plated with activated lymphocytes. Af­
ter six such selections for resistance 
to lymphocytes the surviving BI6-FIO 
cells were completely resistant to killing 
by lymphocytes. These resistant cells 
were injected intravenously into mice. 

They formed fewer metastases than the 
untreated FlO cells-no more. in fact. 
than the low-metastasis BI6-FI cells. 
Moreover. they failed to clump when 
they were mixed in suspension with lym­
phocytes. Fidler concluded that the us­
ual effect of lymphocytes on Bl6 cells 
is to clump them in the circulation 
and thus facilitate metastasis. and that 
the inhibition of metastasis observed at 
high lymphocyte-to-tumor-cell ratios 
is probably caused by some other type 
of immune cell that is present with the 
lymphocytes. 

This conclusion is supported by ex­
periments with "nude" mice. a line of 
hairless mice that lack a mature thymus 
and therefore have impaired immunity; 
for example. they accept skin grafts 
from other species. When we injected 
labeled Bl6 cells into nude mice. the 
cells arrested and survived at a lower 
rate than they did in mice with normal 
immunity. An injection of lymphocytes 
from normal mice into the nude mice a 
day before the tumor-cell injection par­
tially restored the normal pattern of me­
tastasis. Again the indication is that at 
least in the Bl6 system lymphocytes 
stimulate experimental metastases. 

It is true that in other experiments. in-
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EXPERIMENTAL LUNG METASTASES 

single-cell clone was grown and the cloned cells were injected into 
other groups of mice. The numbers of metastases produced by the un­
cloned cells and by each of the clones were very different, indicating 

that the original population (1) must have been highly heterogeneous. 
If it had been homogeneous, the numbers of metastases produced by 
uncloned cells and by each of the clones would have been similar. 
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cluding some done in Feldman's and in 
Baldwin's laboratories and in Peter 
Alexander's laboratory at the Chester 
Beatty Research Institute, lymphocyte­
mediated immune responses have been 
effective in preventing metastatic spread 
or in eliminating established microme­
tastases. The fact that one cannot easily 
predict whether host immunity will en­
hance or inhibit tumor spread means 
that immunity and metastasis are not 
related in a simple way. The experimen­
tal findings are reinforced by several 
clinical observations: procedures de­
signed to augment a cancer patient's im­
mune status have inhibited metastasis in 
some cases and stimulated metastasis 
in others. Chemotherapy or immuno­
therapy for cancer may, in addition to 
killing some cancer cells, tend to select 
subpopulations of resistant cells that 

are highly metastatic. Whether the ther­
apeutic effect outweighs the undesirable 
selection effect is a matter of judgment 
in each case. 

Certainly the design of effective ther­
apies should take into account the 

fact that only a few highly metastatic 
cells in a tumor population may ulti­
mately do the most damage. Recent ex­
periments in my laboratory by Reuben 
Lotan show that each selected B 16 mel­
anoma line or un selected B 16 clone re­
sponds differently to drugs administered 
in chemotherapy. The heterogeneity of 
tumor populations may be responsible 
for some clinical and experimental fail­
ures of chemotherapeutic drugs if re­
sistant subpopulations survive the drug 
treatment. A drug may be chosen be­
cause it inhibits the growth of a primary 

FIRST EXPOSURE 

tumor or of its tissue-culture counter­
part and yet may fail to halt the growth 
of some tumor-cell subpopulations that 
are present in micrometastases. 

Future efforts will undoubtedly be fo­
cused on understanding the biology of 
tumor progression and the metastatic 
process. Studies of tumor-cell lines that 
metastasize preferentially to particular 
organs may elucidate the mechanisms 
controlling the homing of those cells 
and their implantation and growth in a 
chosen environment; studies of cell lines 
that are resistant to certain drugs or to 
the immune system should make it pos­
sible to learn why some tumors defeat 
attempts at therapy. Learning more 
about metastasis and tumor progression 
in animal tumor systems should lead to 
the design of more rational therapies for 
the management of cancer. 
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EXPERIMENTAL LUNG METASTASES 

EFFECT OF LYMPHOCYTES ON METASTASIS was studied by 
Fidler. He exposed B16-FlO melanoma cells to activated lympho­
cytes, that is, to lymphocytes from the spleen and lymph nodes of 
mice that were immune to B16 tumor cells. Some of the B16-FlO 
cells were killed; the survivors were again subjected to the activated 
lymphocytes. After the process had been repeated six times the re-
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maining B16-FIO cells were completely resistant to killing by these 
lymphocytes. Yet when the resistant cells were injected into mice, 
they produced many fewer lung metastases than untreated B16-FIO 
cells. Resistance to lymphocytes did not help cells metastasize. Rath. 
er it reduced their metastatic potential by eliminating lymphocyte­
tumor-cell interactions that are important for arrest and survival. 
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Food, clothing, and shelter 
are certainly important, but until less 
than a generation ago there was little 
appreciation of mankind's basic need 
for abundant, swiftly and efficiently 
produced, handsomely legible copies of 
whatever has previously been com­
mitted to paper. 

Photoconductive materials meet that 
need. They meet it so well that man­
kind-ali but a precious few of us-can 
forget that that's how it's done, just as 
they needn't comprehend the electron 
transfers that make photosynthesis 
work to fuel them at dinnertime. 

Kodak Ektaprint copier-duplicators 
have proved themselves in the market­
place by using organic photoconduc­
tors. This makes us want to know more 

about such materials. Jerome H. Perl­
stein (left above) was an inorganic 
chemist until seized with fervor for the 
notion that with organics the possibil-

ities for tailoring photoconductivity for 
other uses are limitless and easier. 

We are one of several high-technol­
ogy companies who feel a need to know 
more about the chemical physics of 
organic photoconductors before getting 
down to commercial nitty-gritty, our 
copier success notwithstanding. Organ­
ic photoconductors and organic dark 
conductors that could be linked as poly­
mers and cast from a solvent would suit 
our talents nicely. 

When he was still a professor, Dr. 
Perlstein participated in the construc­
tion of tetrathiafulvalene (TTF). As a 
cation it complexes notably with 

./5, /5,. I <±> .-. . II TTFt 
·'5/ 'S..,.....· 

anionic tetracyanoquinodimethane 
(TCNQ) to form a conductive salt. The 

NG.� /--, /.�N 
· ... ·-\O/-·�0 

NC-/ - - . eN TCNq-:-
planar radical ions, each with an un­
paired electron. stack up so that elec­
trons run up and down the TCNQ stack 
and holes up and down the TTF stack. 
So much research has been lavished by 
other labs on TTF /TCNQ that Perl­
stein and Larry Isett (joining Kodak 
Research Laboratories colleague Perl-

stein in posing symbolically with the 
photoconductive belt from a Kodak 
copier) have been seeking their thrills 
elsewhere. Dr. Isett has come up with 
bis(tetrathiotetracene)triiodide, a new 
organic metal with a conductivity in the 
good direction at room temperature no 
worse than about 1 / 1000 that of cop­
per. (Electrical and magnetic details in 
Phys. Rev. B 18:439 [ 1 July '78].) For 
a copy of Perlstein's tutorial "Organic 
Metals:'-The Intermolecular Migration 
of Aromaticity write Dept. 55-W, 
Kodak, Rochester, N.Y. 14650. If you 
would rather have a rational solution to 
the problem depicted below, use that 
same address. 

"That} the group for the stockholders'guided tour of Advanced Technology ... 
J#'re just waiting in line to use the copier." © Eastman Kodak Company, 1979 
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SCIENCE AND THE CITIZEN 
The Literate u.s. 

L
'teracy in the U.S., according to the 

current cliche, is in a bad way. It 
is generally accepted that people 

read and write less and do so less well, 
that young people are even worse and 
that perhaps it does not matter, since the 
electronic media are rapidly making the 
written word irrelevant. John R. Bor­
muth of the University of ChiGago de­
nies the truth of these popular notions. 
In an article in the journal Visible Lan­
guage he argues that there is no good 
evidence that the level of reading and 
writing skills is lower than it used to be 
and is declining, and that on the con­
trary a large and growing proportion of 
the population have attained a high lev­
el of literacy and the volume and eco­
nomic value of written communication 
have been increasing. 

Bormuth defines literacy as the ex­
change of information through the writ­
ten word. He thus views literacy "not 
solely as an aesthetic endeavor, as a 
problem of educational concern, as a 
matter of social equity or as a neces­
sity of democratic government but also 
and primarily as an economic activity," 
which he undertakes to quantify. Al­
though "tests of reading or writing 
skills . . .  measure only an intermediate 
product of a component activity of the 
literacy program rather than measuring 
the end product, literacy itself," Bor­
muth begins by disparaging recent eval­
uations of the population's ability to 
read and write. He maintains that actu­
ally "there are no reports of repeated 
observations of [students'] actual liter­
acy . . .  and often poorly designed stud­
ies reporting comparisons of achieve­
ment-test scores over time." Whereas "it 
seems fairly plausible" that a long-term 
increase in reading ability was indeed 
slowed or even reversed after 1965, the 
studies necessarily do not include the 
scores of school dropouts. The dropout 
rate declined sharply after 1965, so that 
"larger and larger numbers of low-abili­
ty students stayed in school, where their 
ability would be tested." 

Studies of adults' reading ability, ac­
cording to Bormuth, fail to justify the 
choice of the reading task presented and 
of the criterion selected to define illitera­
cy. He finds the "astonishingly large" 
percentages of college graduates and 
of professional and managerial workers 
classified as illiterate by several studies 
to be "ample grounds for impugning" 
the reliability of those studies. And he 
points out that the testing agencies and 
corporations conducting the tests had 
"vested interests in leading the public to 
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believe that the adult illiteracy rate was 
very high." As for the general complaint 
of college teachers and employers that 
young people cannot write, Bormuth 
answers that both professors and super­
visors of white-collar workers are be­
ing exposed to a broader segment of the 
population than they used to be. 

As evidence of an "increasing level of 
literacy" in "a large and growing frac­
tion of the population" in the past 25 
years or so, Bormuth cites such statistics 
as these: The number of items checked 
out of libraries rose from 2.5 per person 
to 4.4; white-collar workers (whose jobs 
depend on reading and writing) rose 
from 36 percent of the work force to 
more than 50 percent; estimated time 
spent reading on the job rose from 104 
minutes per person per day to 141 min­
utes; the number of books and pam­
phlets purchased rose from 6.8 to 8.6 
per person per year; although newspa­
per circulation increased less than the 
number of households, newspapers now 
have more pages, so that the volume 
of newspaper material purchased in­
creased from 38 to 52 pages per house­
hold per day; 235 pieces of mail (air, 
priority and third class) per person were 
mailed in 1950 as against 349 in 1975; 
in addition to the well-known increase 
in high school and college attendance, 
there has been an increase in the n um ber 
of days in the school year and therefore 
presumably in the amount of literacy 
instruction per student. 

Bormuth calculates that total annual 
U.S. expenditures for "literacy activi­
ties" (publication and distribution of 
materials, instruction in literacy skills, 
and salaries and wages for the time 
spent reading and writing at work) rose 
from $138 billion in 1947 to $407 bil­
lion in 1972 (in constant dollars), from 
$961 per person to $1,949 and from 
20.8 percent of the gross national prod­
uct to 26.4 percent. Is literacy worth the 
cost? Bormuth compares the estimated 
amounts paid to people for reading and 
writing on the job (the benefits) with the 
estimated amounts spent to produce and 
distribute instruction materials and pro­
vide instruction in literacy skills (the 
costs) and concludes that the benefits 
have consistently been between five and 
six times as large as the costs. 

Moreover, literacy " is one of our na­
tion's most important economic activi­
ties," provided it is not "trivialized" by 
"dwelling primarily and even exclusive­
ly on its aesthetic, literary and intellec­
tual uses." In 1972 total expenditures 
for literacy amounted to more than a 
fourth of the O. N.P.  The amount was 
twice the size of the defense budget and 

5.8 times as large as the amount spent 
for buying new and used cars. "Literacy 
activities" consumed about 29 percent 
of the average worker's time on the job 
and about 17 percent of the average 
adult's waking hours. "Knowledge is 
our most important resource," Bormuth 
concludes. The advance of technology 
and the increased complexity of social 
organization make the communication 
of information more crucial. "Although 
we have developed many other media 
for communicating some of this infor­
mation, the written word has borne and 
continues to bear a large fraction of the 
load. The amount, and perhaps the frac­
tion, has been growing rapidly and 
steadily." 

The Thirty-Five Steps 

Ever since Friedrich Wohler achieved 
the first synthesis of an organic sub­

stance, urea, in 1828, chemists have test­
ed their skills by trying to duplicate in 
the laboratory a succession of increas­
ingly exotic compounds obtained from 
living organisms. Once a substance has 
been extracted and its structure estab­
lished the organic chemist can call on 
the vast arsenal of techniq ues developed 
since Wohler's day to assemble the 
three-dimensional structure the living 
cell elaborates with the enormously 
complex but highly efficient molecular 
tools called enzymes. 

At any given time there are usually a 
dozen or so natural products of biologi­
cal or pharmaceutical interest that chal­
lenge the organic chemist's ingenuity be­
cause they resist duplication in the labo­
ratory by all previously known synthetic 
approaches. In the past third of a centu­
ry such challenges have been presented 
by penicillin, cortisone, morphine, chlo­
rophyll, vitamins A and B-12, reserpine 
(the snakeroot derivative and the first of 
the tranquilizers), insect juvenile hor­
mones, colchicine (the plant prod uct 
that inhibits cell division), erythronolide 
B (the precursor of the erythromycin 
family of antibiotics) and the prosta­
glandins (animal hormones with a wide 
variety of subtle effects). In each case 
laboratory synthesis was achieved, but 
only after lengthy experimental work. 

Curiously the complexity of a partic­
ular synthesis is not readily apparent to 
the uninitiated. A compound's superfi­
cial resemblance to a more familiar 
molecule can be deceptive. There is no 
test of the difficulty of a synthesis except 
to observe how many chemists consider 
the problem worth tackling and how 
long the solution takes. On the basis of 
such criteria the recent synthesis of gib-
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Physician� did you miss any of these 
significant developments in medical science? 

• The lidocaine level in the blood may fall 

below the therapeutic range when the drug is 

given as a single bolus followed by a continu­

ous infusion. To avoid a "therapeutic hiatus;' 

a second bolus should be given 20 to 30 min­

utes after the first bolus ... 

• Evidence is mounting that there is wide­

spread ovel"diagnosisof pulmonary embolism 

at a time when heparin, in therapeutic doses, 

has become an important cause of drug-relat­

ed death in the relatively well, hospitalized 

patient ... 

• The widely used street drug, phencycli­

dine, appears to cause persisting and possibly 

permanent brain dysfunction after repetitive 

use ... 

• There is alarming incidence of acute leu­

kemia which may reach five percent in 

patients who appear to have been success­

fully treated with chemotherapy or radiation 

therapy for Hodgkin's disease ... 

E
very day medical science evolves in 

ways that affect patient management 
and therefore patient well-being. But 

with more than 2,000 journals published, 
innumerable meetings held and hundreds of 
courses given, it is all too easy for develop­
ments that compel change in diagnosis and 
treatment to get by even the most conscien­
tious reader and meeting-goer. And since such 
discoveries are today's news, they will not 
appear in the standard texts for years. 

Branches of the right and left coronary arteries 
supply blood to the AV node and intraventricular 
conduction system. 

SCIENTIFIC AMERICAN Medicine is lucidly illu­
strated with drawings ,md photographs. Some 
examples are se'en here and on the facing page. 

We have a solution to this problem: [t is 
called SCIENTIFIC AMERICAN Medicine. It 
makes such developments accessible to you 
when and where you need them, month after 
month. 

Here is how SCIENTIFIC AMERICAN Medi­
cine works. W hen you subscribe, you receive 
a two-volwne, 2,000 page text, organized 
according to the familiar subspecialties so 
that you know where to find the answers to 
your questions. 

The authors of SCIENTIFIC AMERICAN Med­
icine are leading authorities from the faculties 
of the Harvard Medical School and the Stan­
ford University School of Medicine. These 
seasoned scholar-practitioners, close to the 
creation of new medical knowledge, write for 
you the practitioner, not the student. There­
fore, at the time you receive your copy of 
SCIENTIFIC AMERICAN Medicine, you will 
hold in your hands the world's most advanced 
text of medicine. As long as you continue to 
subscribe it will stay that way. 

Each month you will receive several up­
dated chapters. The new chapters which 
replace the old chapters contain reports of 
the significant advances in medical science 
that affect patient management. The index 
will also be updated each month. Further­
more, updated material will be summarized 
in a monthly bulletin accompanying the up­
dated chapters so that you can quickly scan 
the information. 

As the updated material is incorporated 
into the text, older more familiar material is 
deleted. Thus the amount of useful knowl­
edge increases but the number of pages 
does not. 

A Continuing Medical Education P rogram 

For subscribers who wish it, SCIENTIFIC 

AMERICAN Medicine offers at no extra charge 
a continuing medical education program 
sponsored by the Stanford University School 
of Medicine's Office of Postgraduate Medical 

Education and administered by the Educa­
tional Testing Service of Pr inceton, New 
Jersey. The program consists of eight patient 
management problems per year, each written 
by a member of a Panel of Examiners drawn 
from leading clinical institutions. By complet­
ing all eight PMP s in a 12-month period the 
subscriber can earn 32 Category 1 credits per 
year, from the Stanford University School of 
Medicine, toward the AMA's Physician's 
Recognition Award. 

This complete, concise medical knowledge 
service is yours for the drop of the accom-
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Histopathologic changes in psoriasis. 

Extensive psoriasis (top) cleared completely 
(bottom) after four weeks of treatment with 
anthralin. 

panying card. Please fill it out and mail it to 
us. We think you will find that SCIENTIFIC 

AMERICAN Medicine is your answer to the 
challenge of bringing all that modern medi­
cine has to offer to your patients. 

THE DISTINGUISHED AUTHORS,  

AND THE FIFfEEN SECTIONS OF 

SCIENTIFIC AMERlCAN MEDICINE. 

1. Cardiovascular Medicine 

Edgar Haber, M.D., Professor of Medicine, 
Harvard Medical School, Physician and 
Chief of Cardiology, Massachusetts General 
Hospital 

E. W illiam Hancock, M.D., EA.C.P., Pro­
fessor of Medicine, Stanford University 
School of Medicine 
Roman W. De Sanctis,  M.D., Professor of 
Medicine, Harvard Medical School, and Phy­
sician and Director, Coronary Care Unit, 
Massachusetts General Hospital 
Adolph M. Hutter, Jr., M.D., EA.G.P.. Asso­
ciate Professor of Medicine, Harvard Medical 
School, and Assistant Physician and Associ­
ate Director, Coronary Care Unit, Massachu­
setts General Hospital 
Eve Elizabeth Slater, M.D., Instructor in 
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Extensive retroperitoneal Hodgkin's disease before 
and after MOPP chemotherapy. 

Medicine, Harvard Meclical School, and Chief, 
Hypertension Unit, Massachusetts General 
Hospital 
2. Dermatology 

Eu ge ne M. Fa r ber. M.D . . Professor and 
Chairman, Department of Dermatology, 
Stanford University School of Meclicine 
3. Endocrinology 

Daniel D. Federman. M.D" EA.C.P'. Pro­
fessor of Meclicine �U1d Dean for Students 
,md AllUnni, Harvard Medical School 
4. Gastroenterology 

Gary M. Gray. M.D .. Professor of Medicine 
and Head, Division of Gastroenterology, 
Stanford University School of Medicine 
5. Hematology 

Stanley L. Schrier, M.D., Professor of Mecli­
cine and Head, Division of Hematology, 
Stanford University School of Meclicine 
6. Immunology 

John David. M.D .. Professor of Meclicine, 
Harvard Medical School, and Physician, 
Robert B. Brigham Hospital 
7. Infectious Disease 

Thomas C. Merigan, M.D . •  Professor of 
Meclicine and Head, Division of Infectious 
Diseases, S tanford University School of 
Meclicine 
Morton N. Swartz, M.D .• EA.C.P., Professor 
of Meclicine, Harvard Meclical School, and 
Chief, Infectious Disease Unit, Massachu­
setts General Hospital 
Cyrus C. Hopkins. M.D .. Assistant Professor 
of Meclicine, Harvard Meclical School, and 
Hospital Epidemiologist and Associate Phy­
sician, Massachusetts General Hospital. 
Adolf W. Kar chmer, M.D., EA.C.P., Assistant 

Professor of Medicine, Harvard Medical 
School, and Associate Physician, Massachu­
setts General Hospital 
Robert H. Rubin, M.D., Assistant Professor 
of Meclicine, Harvard Medical School, and 
Assistant Physician, Massachusetts General 
Hospital 
Harvey B. Simon, M.D., EA.C.P., Assistant 
Professor of Medicine, Harvard Medical 

School, and Assistant Physician, Massachu­
setts General Hospital 
8. I ntensive And Emer gency Care 

Edward Rubenstein, M.D., EA.C.P., Asso­
ciate Dean of Postgraduate Meclical Educa­
tion, and Professor of Clinical Medicine, 
Stanford University School of Meclicine 
9. Metabolism 

Geo rge F. Cahill, J r., M.D., Professor of 
Meclicine, Harvard Meclical School, Director 
of Research, Howard Hughes Meclical Insti­
tute, and Physician, Peter Bent Brigham 
Hospital 
10. Nephrology 

Roy H. Maffly, M.D., Professor of Meclicine, 
Stanford University School of Medicine, and 
Chief, Renal Service, Palo Alto Veterans Ad-

n. Neurology 

Rober t W.P. Cut ler, M.D., Professor of 
Neurology, Stanford University School of 
Meclicine 
12. Oncology 

Saul A. Rosenberg. M.D .• EA.C.P., Professor 
of Meclicine and Racliology, and Chief, Divi­
sion of Oncology, Stanford University School 
of Meclicine 

13. Psychiatry 

Ned H. Cassem, M.D., Associate Professor 
of Psychiatry, Harvard Meclical School, and 
Chief, Psychiatric Consultation -Liaison 
Service, Massachusetts General Hospital 
14. Respirator y Medicine 

Eugene D. Robin, M.D .• EA.C.P., Professor 
of Meclicine and Physiology, Stanford Uni­
versity School of Meclicine 
15. Rheumatology 

Stephen M. Krane. M.D .. Professor of Mecli­
cine, Harvard Medical School, and Physician 
and Chief, Arthritis Unit, Massachusetts Gen­
eral Hospi tal 
Dwight R. Robinson, M.D., Associate Pro­
fessor of Meclicine, Harvard Meclical School. 
and Associate Physician, Massachusetts 
General Hospital 
Andrei Calin, M.D., M.A .• M.RC.P., Assis­
tant Professor of Medicine, Division of 
Il1U11unulogy, Stanford University School of 
Medicine, and Chief, Arthritis Section, Palo 
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berellic acid by Elias J. Corey and his 
co-workers at Harvard University has 
been widely applauded. 

Gibberellic acid, one of the family of 
substances known as gibberellins, is a 
natural hormone that stimulates the 
growth and maturation of plants. It was 
first recognized about 40 years ago in 
Japan as the product of a fungus, Gib­
berella jujikuroi, responsible for a dis­
ease of rice plants that causes the stalks 
to grow tall and spindly. Since the 
1950's the gibberellins have been manu­
factured commercially from the fungus 
by fermentation. Today the gibberellins' 
biggest use is in increasing the size of 
grapes and stimulating the growth of 
sugarcane. 

After a false start in which the three­
dimensional position of one hydrogen 
atom was mislocated the structure of 
gibberellic acid was established in the 
early 1960's by X-ray crystallographers 
at Imperial Chemical Industries Limited 
and at Harvard. In the next 15 years the 
synthesis of gibberellic acid was the sub­
ject of about 150 papers from some 25 
different laboratories in the U.S., Brit­
ain, Japan, Israel and Australia. None 
reported success. 

The structure of gibberellic acid looks 
innocent enough (see illustration below). 
The three-ring system of the molecule, 
consisting of a five-member ring sand­
wiched between two six-member rings, 
is found in many natural products and 
was first synthesized many years ago. 
Unfortunately the chemist cannot sim­
ply tack atoms or appendages onto a 
familiar structure at will, for example 
the lactone (O-CO) bridge across the 
first (A) ring in gibberellic acid or the 
two-carbon unit that forms a fourth (D) 
ring below the third (C) ring. The lac­
tone and the highly reactive double 
bond on the D ring make the molecule so 

unstable that it comes apart rapidly 
even in neutral water. 

Corey, who has introduced a succes­
sion of ingenious procedures into organ­
ic synthesis, began work on gibberellic 
acid in 1963 with one graduate student. 
When the original plan of attack failed 
at one crucial point, Corey turned his 
attention to other problems, notably the 
syntheses of insect juvenile hormones 
and prostaglandins, both of which were 
achieved. By 1971 he had devised a new 
strategy for the synthesis of gibberellic 
acid and began work with another grad­
uate student, Rick L. Danheiser, who 
remained for the next six years as Co­
rey's chief collaborator. 

In brief. the synthesis proceeds from 
right to left, as the molecule is con­
ventionally drawn. The synthesis begins 
with the familiar benzene derivative cat­
echol (whose known synthesis did not 
have to be repeated), which provides the 
C ring. To this is added the B ring, ini­
tially in the form of a six-member ring 
but later collapsed to a five-member 
structure. The D ring is constructed 
stepwise below the C ring, and the A ring 
is similarly constructed to the left of the 
B ring. A lactone bridge is then erected 
across the A ring. One of the most diffi­
cult problems, reminiscent of a similar 
key step in the synthesis of cortisone, 
was the placement of the OH group at 
the juncture of the C and the D ring. The 
entire synthesis requires about 35 steps, 
many of them involving novel catalysts 
and reaction conditions. Although the 
laboratory synthe�is does not seem to 
have commercial utility, it will make 
possible the creation of modified forms 
of gibberellin whose effect on plant cells 
may throw light on the mode of action, 
now almost completely unknown, of the 
normal substance. In addition to Dan­
heiser, Corey's co-workers included Sri-
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STRUCTURE OF GIBBERELLIC ACID, synthesized by Elias J, Corey and his co-workers, 
basically consists of fonr rings, Wedges are bonds that project up from plane of the molecule. 
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nivasan Chandrasekaran, Gary E. Keck, 
B. Gopalan, Samuel D. Larsen, Patrice 
Siret and Jean-Louis Gras .. 

Down on the Fish Farm 

Aquaculture, or fish farming, is widely 
.£\. considered to be a promising way 
of augmenting the world's supply of ani­
mal protein. Since it is not yet pursued 
on a large scale, however, much remains 
to be learned about what can be accom­
plished with it. The International De­
velopment Research Centre (IDRC), a 
public corporation established by the 
Canadian parliament to adapt science 
and technology to the needs of devel­
oping countries, has supported a num­
ber of research projects in aquaculture. 
Summarizing them in a booklet titled 
"Fish Farming," the IDRC concludes: 
"With proper management aquaculture 
has great potential for increased pro­
duction-sufficient to meet the demand 
for fish protein in many developing 
countries." Moreover, "much of the 
technology is relatively simple, inexpen­
sive and consumes a minimal amount of 
energy." 

The IDRC has given priority in its 
program to the improvement of breed­
ing stocks and the increase of yields. In 
breeding the critical problem is that 
many fishes do not reproduce well in 
captivity. The reason is hormonal. In 
several projects supported by the IDRC 
such fishes did breed successfully after 
they were injected with gonadotropic 
hormone that was extracted from the 
pituitary glands of Pacific salmon being 
processed by commercial fish packers. 
The species induced to breed in this way 
include Chinese carp in Malaysia and 
milkfish in the Philippines. Investigators 
in Asia are now looking for sources of 
gonadotropin that can be obtained more 
cheaply and are more species-specific. 

The chief approach to the increase 
of yields has been through experiments 
in polyculture, which means stocking a 
pond with several compatible fish spe­
cies of different feeding habits. When 
this approach is followed correctly, the 
yield is far greater than it is when the 
pond is stocked with an equal number of 
fish of a single species. Work in India has 
shown that a combination of three local 
carp species and three species from oth­
er regions produced yields 10 or more 
times greater than those obtained from 
monoculture systems. 

The IDRC also supports several proj­
ects aimed at increasing the production 
of mollusks, particularly oysters and 
mussels. They "are in many ways ideal 
animals for aquaculture," since they do 
not require pens (being sedentary), have 
simple nutritional requirements and can 
be stocked at remarkably high densities 
with no apparent ill effects. In Sierra 
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Notes and observations from the IBM Data Processing Division that may prove of interest to the engineering community 

Prototype model of ITT Gilfillan PAR-80 phased array radar, which gUides an aircraft 
through 20 miles of approach to a precise touchdown. Computer simulation 

played a major role in its design. 

Simulators Search Out Optimal 
Radar Designs for Gilfillan 

When a search radar finds a target in 
the sky, a "signature" is hidden in the 
reflected pulse: a characteristic mix of 
signal phases and polarities from which 
the aircraft can be identified as, for ex­
ample, a fighter, bomber, or commercial 
airliner. Systems made by ITT Gilfillan, 

a division ofInternational Telephone and 
Telegraph Corporation, include digital 
filters that extract this signature from the 
faint microwave pulses reflected b;>('k 
into the radar antenna. 

To design these systems, ITT Gilfil­
lan simulates several radar functions in 

an IBM System/370 Model 148. "Our en­
gineers wrote the simulator programs 
themselves in APL and PL/I," says Eric 
Berg, engineering group supervisor. 
"They enter parameters and run them 
from online computer terminals in the 
engineering department." 

Geometric Model 

In one computer model engineers 
can enter a geometJic representation of a 
target. The radar return signal is simu­
lated from an approximation of the en­
ergy that would be scattered by an en­
sem ble of geometric shapes. A complete 
signal is generated by rotating the 
geometric representation over the angle 
space normally flown by an aircraft. It is 
difficult to distinguish the .synthetic sig­
nal from measurements made on an ac­
tual target. 

These simulated synthetic signals 
provide the engineer with the tool 
whereby he can design the optimum r\l­
dar transmitter and receiver. Conver­
gence to the optimum design is hastened 
because only the designs proven througb 
simulation are tested in the real radar. 

Computer simulation also helped 
ITT Gilfillan find the optimal scanning 
program used in the PAR-80. The sweep­
ing motion of a radar beam in space is 
often more complex than the familiar 
side-to-side antenna movement. It may 
�can mechanically according to a stored 
program, or electronically by cycling 
phase relationships in the antenna. In 
some systems, frequency and power are 
modulated during the scan cycle. 

"By testing scan programs against 
typical targets in a computer simulation, 
we can measure coverage, tracking accu­
racy, and detectability of the target," 
Berg adds. " In a system for landing con­
trol, for example, it's important to pre­
vent momentary loss of an aircraft signal 
during its approach. Here the model 
finds holes in coverage of the glide path. 
In one recent design we simulated 66 
different scan programs within a few 
days. The computer plotted the scan pat­
tern of each and the systems engineer 
picked the one that gave the best cover­
age of the approaching aircraft. 

"In a short period of time, a designer 
can make repeated trial runs, each 
guided by the results of the previous 
one. Interactive computing is a uniquely 
powerful tool in the search for an optimal 
radar system design." 
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Probing the Mystery of Spiral Galaxies 
Galaxies are huge ag­

gregations of stars, gas and 
interstellar dust, thou­
sands of light-years in di­
ameter, and with a total 
mass tens or hundreds of 
billions of times that of the 
sun. The majority are disk 
shaped and exhibit a spiral 
structure. 

further subdivided to 
cover the whole galaxy 
with "cells" of equal area. 
The researchers then in­
s t r u c t e d  t h e  I BM 
System/370 computer to 
populate about one per­
cent of the cells, randomly 
selected, with bright new 
stars. Each was assigned a 
finite probability at suc­
cessive intervals of creat­
ing a similar star in an ad­
joining cell, simulating the 
c o n s e q u e n c e  o f  a su­
pernova explosion. 

A computer model de­
veloped by H. Gerola and 
P. E. Se iden at IBM's 
Thomas J .  Watson Re­
search Center, Yorktown 
Heights, New York, lends 
powerful support to a new 
theory of spiral structure. 
Observations indicate that 
a galaxy undergoes "dif­
feren tial rotation ," ex­
plains Dr. Gerola,  Re­
search Staff Member in 
the Center's Department 

A computer plot is superimposed on an artist's rendering of the spiral 
galaxy known as M8l. The computer model, developed at the IBM 

Thomas J. Watson Research Center, produces spiral arms similar to 
those of real galaxies. 

"vVhen we introduced 
these efiects," Seiden says, 
"the model immediately 
began to produce large­
scale spiral features. 

"Although individual 
s t a r s  a r e  c o n s t a n t l y  
being formed and disap­
pearing in explosions, of Physics. "It turns faster 

at its outer edge than nearer the center, 
so that there is shear - a pulling apart of 
adjacent points - within the disk. Fur­
thermore, new evidence provided re­
cently by radio-astronomy suggests that 
new stars are constantly being formed in 
the galaxy by chain reactions; when a 
high-mass star explodes into a su­
pernova, the shock wave compresses the 
surrounding gas, triggering the nuclea­
tion of new stars, some of which become 
supernovae." 

Gerola and Seiden connected these 

GigiPenn and Wausau Homes , Inc., 
which makes prefabricated houses, 

found each other through 
the Wisconsin Job Service. 

two facts through computer simulation of 
star formation by chain reaction in a dif­
ferentially rotating galaxy. The key was 
recognizing that the star formation pro­
cess was "stochastic." That is, new mas­
sive stars are not necessarily created 
adjacent to a supernova; rather, a proba­
bility exists for their formation. 

Gerola and Seiden constructed a two­
dimensional model of a galaxy, divided 
into rings mathematically rotated by the 
computer according to the observed dif� 
lerential motion. In turn, the rings were 

they become grouped in 'bunches' 
which are gradually stretched into spiral 
arms by the difierential rotation of the 
galaxy. 

Simulated galaxies generated by the 
Gerola-Seiden model develop spirals 
surprisingly similar to those of real galax­
ies, in density, pitch angle, and quasiri­
gidity of rotation. While individual ele­
ments do not persist, they continuously 
regenerate so that the model exhibits a 
well-defined spiral structure over the 
entire lifetime of the galaxy. 

Matching the Jobless to the Job 
in Rural Wisconsin 

Unemployment is usually thought of 
as an urban problem, but there are 
people out of work in rural areas, too. 
Now computer-assisted job matching is 
helping rural Wisconsin residents find 
work. 

This program is the first of its kind 
anywhere in the country outside of a ma­
jor city. It matches the basic characteris­
tics of a person - education and exper­
ience - with those of job openings, ex­
plains Hugh Kelly, a bureau director 
with the Wisconsin Department of In­
dustry, Labor and Human Relations. 

A state government computer in 
Madison, the capital, is online to state­
operated Job Service Offices in Wausau 
and Merrill. \Vhen an employer places a 
job order in either office, the IBM 
System/370 reviews the entire file of ap-

plicants to identify those best suited to 
the opening. It provides fast attention to 
employers when they have a vacancy and 
lets them see the most qualified appli­
cants available. The system also helps 
applicants by determining their unem­
ployment benefits. 

The program has implications for the 
nationwide systems now being im­
plemented in 25 states, with additional 
states being added as they are funded. 
Since the Wisconsin Job Service is part 
of the national network of 2,800 offices, 
the project has a huge potential in help­
ing tap the reservoir of unemployed who 
want to find work. 

And - not least in importance - it will 
help cut down on paperwork, freeing 
professional people to work directly with 
applicants and employers. 
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High-speed laser cutter slices through fabric for men's suits. The beam is directed 
into the cloth by a system of mirrors on the moving arm. 

Laser Tailors Men's Suits for Richman Brothers 
Responding to information recorded 

on a magnetic tape by a computer, the 
mechanical arm flies over the surface of 
the cloth at velocities which reach 36 
inches per second. The blue-white light 
from its end makes a fine, surgically 
clean cut as it moves. The beam, from a 
laser, is directed into the cloth by a mir­
ror system attached to the moving arm. 
The cloth is destined to become a man's 
suit. 

J. O. Burton is manager of Manufac­
turing Research and Development for 
Richman Brothers, a major men's cloth­
ing manufacturer and retailer headquar­
tered in Cleveland. "Through the use of 
the computer and a laser cutter, we are 
saving 10 to 15 percent of cloth which was 
formerly wasted by manual planning and 
cutting techniques," Burton says. "In ad­
dition, we receive consistent accuracy on 
all cut'parts which in the end means we 
produce a better tailored garment for our 
customer." 

Use of the IBM System/370 Model 
158 in manufacturing begins when cloth 
is delivered to Richman Brothers. It is 
first run through processing machines on 
which sensors - aided by an observer at 
an online terminal - note any blemishes 
or flaws. Other sensors report the posi-

tion of each flaw. This information will be 
stored in the computer to provide in­
structions for automatic cutting around 
these damaged areas. 

Another integral step in the manufac­
turing process occurs when the com­
puter "grades" the designer pattern, 
usually a size 40 regular, to produce pat­
terns for the full range of sizes. Working 
from the master pattern which has been 
entered into the computer through a dig­
itizer, each component is scaled up and 
down the entire size range. This is not a 
simple process, Burton points out; dif­
ferent elements of the pattern expand 
and contract in different, complex ways 
from size to size. 

These components are then dis­
played on an IBM graphic terminal 
where an operator using a light pen 
makes the final placement of compo­
nents in the cutting pattern in order to 
obtain maximum utilization of the mate­
rial to be cut. This is the final step that 
provides the information for the laser 
cutter. 

"We are working our way toward a 
total system concept," he continues, "us­
ing the data base to keep track of fabric, 
patterns, orders, and the progress of 
work through the plant. Very shortly the 

computer will automate the matching of 
patterns so that plaids and stripes will 
extend evenly across garment seams. 

" These jobs, which were formerly 
done manually, required countless years 
of experience and skill. As our knowl­
edgeable people retire, these skills are 
being lost. Fortunately, with the aid of 
the computer we will continue to turn 
out finely tailored suits and be able to 
reduce our manufacturing costs in the 
process." 

DP Engineering Dialogue is designed to 
provide you with useful information 
about data processing applications, 
concepts and techniques. For more 
information about IBM products or 
services, contact your local IBM branch 
office, or write Editor, DP Dialogue, IBM 
Data Processing Division, W hite Plains, 
N.¥. 10604. 
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Leone an oyster-culture project sup­
ported by the IDRC yielded in from six 
to nine months oysters of a size that 
could be attained only in three or four 
years in the cooler waters off the east 
coast of Canada and the U.S. In coast­
al waters off Singapore experiments in 
mussel culture have produced yields as 
high as 250 kilograms per square meter. 
The IDRC notes that such yields could 
theoretically produce as much as 100 
tons of protein from a one-hectare area 
of sea surface. whereas one hectare of 
land planted with soybeans will produce 
perhaps one ton of protein. 

Wheels within Wheels 

In describing a river there is no need to 
specify the state of every water mole­

cule. The movements of individual mol­
ecules can be ignored because they have 
no influence on hydrodynamic currents 
and waves. There are conditions. how­
ever. under which microscopic 'events 
can have macroscopic consequences. 
For water those conditions are a temper­
ature near 647 degrees Kelvin and a 
pressure near 217 atmospheres. That 
combination of temperature and pres­
sure defines the critical point of water. 
where the liquid and the vapor reach the 
same density and the distinction be.­
tween the two phases disappears. Near 
the critical point random fluctuations in 
density. which are always present but 
are ordinarily confined to aggregates of 
a few molecules. grow very large. The 
water turns milky because the fluctua­
tions scatter light. Precisely at the crit­
ical point the scale of the fluctuations 
becomes infinite. and disturbing a single 
molecule can change the phase of the 
entire volume. Any description of water 
under these conditions would have to 
account for its structure at all possible 
scales. from the scale of single mole­
cules to that of the bulk fluid. Formulat­
ing such a description has proved to be 
an intractable problem. 

A substantial number of the outstand­
ing problems in physics (and at least a 
few in other fields) have long resisted 
solution for the same reason. A closely 
analogous problem is the onset of spon­
taneous magnetization as a ferromag­
netic material is cooled below the crit­
ical point called the Curie temperature. 
Well above this temperature the spins of 
unpaired electrons. which are the funda­
mental magnets of the system. are ran­
domly oriented. As the Curie tempera­
ture is approached the spins begin to line 
up. first at small scales involving only 
neighboring atoms. then at larger and 
larger scales. At the Curie temperature. 
changing the orientation of a single spin 
could alter the direction of the magnet­
ization eventually assumed by the mate­
rial as a whole. 

86 

Related problems include transitions 
to superconducting and superfluid 
states. transitions between ordered and 
disordered phases in alloys. the develop­
ment of turbulence in fluids. the confor­
mation of long-chain polymers. the per­
colation of a liquid through a solid ma­
trix and the interactions of elementary 
particles in a quantum field theory. 
What makes all these phenomena diffi­
cult to explain theoretically is the need 
to deal simultaneously with many scales 
of length or energy. In the past several 
years a new approach to these problems. 
called the renormalization group. has 
begun to make a little progress. The es­
sence of the technique is to treat each 
scale of length in turn. starting with the 
smallest. 

The mathematical procedure called 
renormalization was invented in the 
1940's as a step in the formulation of 
quantum electrodynamics. the theory 
that describes the interactions of an 
electrically charged particle with an 
electromagnetic field. The difficulty in 
that case was an infinite number of ener­
gy scales encountered in calculating the 
mass or charge of an electron. In the 
1950's it became apparent that the aims 
of the renormalization procedure can be 
achieved by a large family of mathemat­
ical transformations; these make up the 
renormalization group. The more re­
cent problem-solving methods based on 
the renormalization group differ signifi­
cantly in mathematical procedure and 
in physical point of view; indeed. the 
two methods are different enough for 
them to have been facetiously labeled 
"ancient" and "modern." The modern 
method was introduced in 1971 by Ken­
neth G. Wilson of Cornell University. 
who based his work in part on earlier 
ideas of Leo P. Kadanoff of the Univer­
sity of Chicago. 

To explain how the renormalization 
group works. consider again a ferro­
magnetic material near the Curie tem­
perature. Examined at a microscopic 
scale the magnet is a lattice of atoms. 
each atom having associated with it a 
spin vector that can point in any direc­
tion. The lattice is assumed to be of infi­
nite extent. which at the atomic scale 
is not an unreasonable approximation. 
The first step in the analysis of this sys­
tem is to divide the lattice into blocks of 
a few atoms each. Next all the spins in a 
block are replaced by an average spin 
calculated for the entire block; in this 
way the number of spins per unit vol­
ume is reduced. The final step is to re­
scale each block to the dimensions of the 
original lattice and adjust the magnitude 
of the spin. Through this series of opera­
tions a new lattice of atoms is defined. 
one that reflects the distribution of spins 
on a slightly larger scale. 

If meaningful results are to be ob-

tained. these operations must be repeat­
ed many times. (Renormalization-group 
methods make prodigious demands on 
computer resources.) During the first 
several iterations the configuration of 
the spins may vary wildly from genera­
tion to generation. As the computations 
continue. however. the variations are 
damped out. and eventually the configu­
ration becomes stable; the system is said 
to have reached a fixed point. The entire 
procedure is then repeated with slightly 
different initial conditions. From the na­
ture of the fixed point and from the way 
the system approaches it. properties of 
the magnet at its critical temperature 
can be determined. 

The program for describing a lattice 
at progressively larger scales is defined 
mathematically. but it can be given an 
intuitive justification. The strategy leads 
to a correct description. Wilson has 
pointed out. because it relates events at 
adjacent length scales. which are closely 
coupled in nature. A momentary fluctu­
ation at the atomic scale of one or two 
angstrom units (one angstrom unit is 
equal to 10.8 centimeter) can strongly 
influence fluctuations with a character­
istic length of from two to four ang­
stroms. and they affect fluctuations of 
from four to eight angstroms. and so on. 

Communication through a cascade of 
length scales accounts for one of the 
most striking properties of critical phe­
nomena: extreme sensitivity to small 
perturbations. In a ferromagnet near the 
Curie point a slight change in tempera­
ture cannot directly alter the direction 
of more than a few spins. but when those 
few changes are propagated through the 
cascade of length scales. they can give 
rise to macroscopic effects. 

If some distinctions are amplified in 
this way. it is equally remarkable that 
others are strongly attenuated. For ex­
ample. two ferromagnetic materials can 
have quite different atomic structures. 
but as the length scale increases. the ef­
fects of structural differences gradually 
disappear. At the Curie temperature the 
macroscopic behavior of the two ferro­
magnets is identical. In a larger context 
the modern theory of the renormaliza­
tion group seems to confirm a somewhat 
earlier hypothesis called critical-point 
universality. which states that any sys­
tem near a critical point. no matter what 
its detailed composition. must fall into 
one of only a few possible categories of 
critical behavior. The applicable cate­
gory is determined by the number of di­
mensions needed to describe the system 
and by its symmetry properties. Systems 
that outwardly seem quite dissimilar 
can be members of the same category 
and hence should be formally identical. 
For example. a graph of the density of 
water near the critical point and a graph 
of the magnetization of nickel near the 
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The extraord inary road-hold ing ab i l ity of the BMW 320i is graphica l ly i l l ustrated , above, travel l ing at a high speed through turn # 6 at the Sea rs Point 
I nternational race cou rse . Note: as the BMW goes i nto the turn , the un ique angl ing of the MacPherson front struts red uces the lean of the inside 
front wheel , whi le the outside front wheel rema ins vertica l ;  inside and outside rear wheels rema in vertica l due to sem i-tra i l i ng a rm design in  the rear. 

Like a l l  honeymoons,  the f i rst 
few months of new ca r ownersh i p  
a re genera l ly a per iod of adj ust­
ment.  

A ti me when man a cco m m o­
dates h i m self  to the id iosyncrac ies 
of h is  mac h i n e-those l i tt le  q u i rks 
of engi neeri ng that make the a ct 
of d riv i ng someth ing  to be end u red 
rather tha n som eth ing  to be en­
joyed . 

Perha ps beca use of o u r  long 
i nvo lvement i n  m otor rac i ng-where 
such an  antagon ist ic re lat ionsh i p  
wou ld be i nto lera b le-we a t  the 
Bava r ian M otor Works i n  M u n i c h ,  
Germany, ta ke a who l ly  d iffe rent a p­
proach to b u i l d i ng auto m o b i l es .  

A n  approach that beg ins  with 
the see m i ngly u n usua l engi neeri ng 
concept that , above a l l ,  a ca r m ust 
fu nct ion as one with i ts d river .  
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YOU D R I V E  A B M W.  
IT DOES NOT D R I V E  YO U .  
When you d rive the B M W  

320i for t h e  f i rst t i m e ,  you w i l l  ex­
perience a curious sensation of bei ng 
part of the car itself-an exh i l a rat ­
i ng  feel i ng  of contro l . 

When you press the accelera­
tor, the two- l iter, K-Jetron ic ,  fue l - in­
jected eng ine responds without lag .  

I ts fou r-speed transm ission 
(a utomatic i s  ava i la b le) s l i ps pre­
c ise ly i nto each gea r. 

The suspens ion - i ndependent 
on a l l  fou r  wheels-is q u i c k  and 
c lean through the corners .  

I ts rack and p i n ion steer ing is  
sharp and acc u rate . 

Ca refu l  study has been made 
of  the c rit ica l re lat ionsh i p  between 
seat location ,  v isua l position ,  steer ing 
wheel  angle ,  peda ls  and contro ls .  

I nstru ments a re c lea r ly v i s ib le  
and i l l u m i nated at n ight by  a n  op­
tica l ly benef ic ia l  o ra nge l i g ht ;  
contro ls  a re rea d i ly access ib le .  

Peda l  d i rect ion and  peda l  p res­
sure have been ca refu l l y  ba lanced 
to red uce fatigue and fac i l itate ef­
fort less gea r cha ng ing .  

A l l  told , the o n ly major  adj ust­
ment you w i l l  have to m a ke as the 
new owner of a BMW 320i  is  
that you wi l l  have no adj u stments 
to ma ke at a l l .  

I f  the thought of own i n g  such 
a car i ntrigues you , ca l l  us anytime,  
to l l -free, at  800-243-6000 
(Conn laJO�2-6500) 

& and we' l l  a rra nge a thor-
ough test d rive for you at � 
you r conven ience.  
THE ULTIMATE DRIVING MACHINE. 
Bava rian M otor Works, M u n ich ,  Germa ny. 
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Curie temperature are interchangeable. 
Although the potential power of the 

renormalization group is widely ac­
knowledged, its accomplishments so 
far are modest. The critical behavior of 
fluids and of ferromagnets has been 
worked out, but only for model systems, 
not for real substances. Although the 
model systems are greatly simplified 
versions of the real problem, in some 
instances even they had not been solved 
by any other method. Recent experi­
mental studies of fluids near a critical 
point tend to confirm the results of the 
renormalization-group analysis. 

The greatest success of the renormali­
zation group is a precise solution of a 
problem in solid-state physics called the 
Kondo effect. The effect is observed 
when a nonmagnetic metal such as cop­
per is contaminated with traces of a 
magnetic metal such as iron; at low tem­
perature, anomalies appear in the elec­
trical properties of the impure metal. 
The problem of explaining these anom­
alies inspired considerable work during 
the 1960's, perhaps not so much because 
the problem is intrinsically important as 
because it was considered an annoy­
ance: a solution seemed tantalizingly 
close at hand. Actually the Kondo effect 
conceals a difficult problem of many en-

ergy scales. It is necessary to evaluate 
interactions of the magnetic impurities 
with the conduction electrons of the 
metal, which can take on any energy in a 
wide and essentially continuous band. A 
solution based on renormalization­
group methods was finally presented in 
1974 by Wilson. 

A problem of compelling interest, on 
which Wilson and others have expended 
substantial effort, is the description of 
interactions between quarks, which aTe 
the presumed constituents of protons, 
neutrons and many other fundamental 
particles. A provisional theory of these 
interactions has already been devised; it 
is modeled on quantum electrodynam­
ics and is called quantum chromody­
namics. The theory is a useful predictive 
tool, however, only under a limited set 
of conditions, and there are many im­
portant properties of quarks and of the 
particles they compose that cannot yet 
be described with it. The difficulty again 
is one of treating many scales of energy 
or length. When quarks are examined at 
high energy and short distances (deep 
within the proton, say), they seem to be 
only weakly bound together; at low en­
ergy and long range, however, they co­
here so strongly that it seems they can­
not be separated at all. Quantum chro-
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modynamics successfully accounts for 
the short-range behavior of the quarks, 
but no method has yet been found for 
calculating the long-range interaction. 

The renormalization group is an obvi­
ous candidate method for extending 
quantum chromo dynamics to all scales 
of length and energy. So far numerical 
results have not been obtained, but a 
hypothesis has been suggested. In quan­
tum electrodynamics the separation of 
electric charges (the process called ioni­
zation) might be regarded as a phase 
transition, governed by a fixed point in 
an abstract space. For quarks the corre­
sponding fixed point may not exist, or it 
may lie in a region accessible only with 
infinite energy. In either case the quarks 
would be confined permanently to a 
condensed phase, like water that can 
never boil no matter how much it is 
heated. 

The Acquittal of Ptolemy 

In October, 1977, this department car­
ried an account of arguments ad­

vanced to show that Claudius Ptolemy, 
the Greek astronomer who flourished in 
Alexandria in the second century, was a 
fraud. The case was made by Robert R. 
Newton of the Applied Physics Labora-
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tory of Johns Hopkins University in a 
book titled The Crime 0/ Claudius Ptole­
my (published by the Johns Hopkins 
University Press). Since that time his­
torians of astronomy have studied the 
book and several have concluded that 
the charge of fraud is groundless. 

Newton's accusation is scarcely a triv­
ial one. Ptolemy is considered the great­
est astronomer of antiquity. His ' E Ma­
thematike Syntaxis (Mathematical Trea­
tise), renamed Almagest (The Greatest) by 
ninth-century Arab scholars, presents a 
comprehensive theory of planetary mo­
tions that was universally accepted for 
1,400 years. On the basis of this theory 
Ptolemy developed an elaborate mathe­
matical system for predicting the future 
positions of the planets. In the Syntaxis 
Ptolemy also compiled the most exten­
sive star catalogue of antiquity. The 
Syntaxis contains numerous references 
to Ptolemy's astronomical forebears, 
particularly Hipparchus (who compiled 
the first star catalogue), and in many in­
stances Ptolemy's writings provide the 
only source of information historians 
currently have about early Greek as­
tronomy and Babylonian chronology. 
For example, they include the only sur­
viving list of the length of the reigns of 
Babylonian kings. 

In The Crime 0/ Claudius Ptolemy 
Newton charges the astronomer with 
the systematic fabrication of the data 
that underlay his theory of planetary 
motions. That makes Ptolemy, writes 
Newton, "the most successful fraud in 
the history of science" and the author of 
a book that "has done more damage to 
astronomy than any other work ever 
written. " The foundation of Newton's 
case is statistical analyses intended to 
demonstrate that the accuracy of certain 
astronomical observations Ptolemy 
says he made is so great that in some 
cases the odds are a billion to one 
against his having made them with the 
instruments he describes. On the other 
hand, where Ptolemy's observations are 
inaccurate according to modern theory 
Newton contends that he should have 
been able to make more accurate ones 
with the instruments he says he used. 
Here too Newton calculates the odds 
against Ptolemy's having made such er­
rors; finding odds as great as 1092 to 1, 
Newton concludes that the observations 
are fraudulent. 

In an article to appear in The American 
Scholar Noel M. Swerdlow of the Uni­
versity of Chicago maintains that New­
ton's statistical analysis is invalid. To 
calculate the probability of a given 
event's occurring a certain number of 
times, Newton often relies on what is 
called the product rule: the probability 
of a single occurrence is multiplied by 
the number of trials. For example, the 
probability of rolling a one with a die is 

CANADA 

POMP AND GLORY 
Canada is pageantry and colour, friendship, 
fun and laughter. Its easy to get to and easy to 
enjoy. Come and see! 

Canada 
so MUCH TO GO FOR, 

9 1  
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CANADA 

Laurentian Mountains, Quebec 

mE GREAT ESCAPE 
It's so easy to get away; to be wild and free ­
and so nice to know you're still close to 
some Elf the most exciting city life anywhere. 
Uniquely Canada. 

Canada 
SO MUCH TO GO FOR. 
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one in six, or  1 / 6; the probability of roll­
ing two successive ones is 1 1 6  times 116, 
or 1/36, and the probability of rolling 
three successive ones is 1 1 6  times 116 
times 116, or 11 216. 

To apply the product rule it is neces­
sary to know the probability of a single 
occurrence and the total number of tri­
als. Moreover, the rule works only when 
the occurrences are independent of one 
another. In other words, for the product 
rule to work, whether or not an event 
takes place on a certain trial cannot af­
fect the probability of the event's taking 
place on any other trial. The preceding 
condition holds for the die: if a one 
shows up on a given roll, that does not 
affect the probability of a one coming up 
on any other roll. 

According to Swerdlow, the product 
rule does not hold with ancient astro­
nomical observations such as Ptolemy's 
because none of the requisite conditions 
for applying the rule are met. Newton 
simply has no way of determining the 
probability of any one of Ptolemy's ob­
servations' having a particular value, 
and he has no way of knowing the total 
number of observations from which 
Ptolemy selected those he reported. 
Furthermore. Newton cannot know 
whether or not the observations are in­
dependent of one another, as the prod­
uct rule requires. Thus. concludes 
Swerdlow, Newton misapplies statisti­
cal methods when he first assumes an 
initial probability of one in 10. or 1/10, 
that a lunar-eclipse observation is not 
fraudulent and then multiplies it up to 
11 10 12 in order to calculate the proba­
bility that 12 lunar-eclipse observations 
could be anything but fraudulent. 

Ptolemy's observations confirm his 
theoretical calculations with such accu­
racy that from the viewpoint of modern 
science they suggest fabrication. Victor 
E. Thoren of Indiana University and 
Owen J. Gingerich of Harvard Univer­
sity have independently pointed out that 
this kind of precision is completely un­
derstandable from the viewpoint of an­
cient science. The people who did as­
tronomy in Ptolemy's time were math­
ematicians. who concerned themselves 
with proof. rigor, logic and consistency 
rather than with observational accura­
cy. It was the established ethic of an­
cient science to report only those ob­
servations that best confirmed theory 
and to disregard the rest. This custom 
accounts for the close agreement be­
tween Ptolemy's observations and his 
theoretical work. It was not until the de­
velopment of statistical and probabilis­
tic methods at the end of the 18th centu­
ry that natural philosophers started to 
report all random observations. because 
only then did they have the techniques 
for interpreting large bodies of impre­
cise data by calculating means, medians, 
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standard deviations and the like. In 
short, according to Swerdlow, Thoren 
and Gingerich, Newton's case against 
Ptolemy collapses because it is based 
on faulty statistical analysis and a disre­
gard of the methods of early astronomy. 

The Eskimo and the Indian 

The Eskimo have generally been 
viewed as the last Asiatic immi­

grants to the pre-Columbian New 
World, late coastwise voyagers rather 
than early hikers across the then dry 
Bering Strait. Two Canadian physical 
anthropologists have now presented 
genetic and morphological evidence in­
dicating that it is otherwise. They link 
the Eskimo with Indians of the Atha­
paskan-Ianguage group, such as the 
Haida and Tlingit of the Pacific North­
west and the Navajo and the Apache 
of the Southwest. 

Writing in Current Anthropology, 
Emoke J .  E. Szathmary of McMaster 
University and Nancy S. Ossenberg of 
Queen's University report their analysis 
of genetic-marker data acquired from 
12 populations, including Aleutian Is­
landers, Asiatic Eskimo, New World 
Eskimo and seven North American In­
dian tribes. When the two investigators 
constructed "tree" diagrams indicating 
the comparative genetic distance be­
tween the 12 populations, the New 
World Eskimo and Indians of the Atha­
paskan-language group were the most 
closely related. The Asiatic Eskimo and 
the Aleuts, although closely related to 
each other, were about equally remote 
from the New World Eskimo and the 
seven Indian tribes. When a similar tree 
of cranial measurements was construct­
ed, based on a sample of more than 800 
skulls, the Asiatic Eskimo again proved 
to be remote from both the New World 
Eskimo and the North American Indi­
ans. The Aleutian Islanders, however, 
showed cranial features closer to the 
Athapaskan-Ianguage group of Indians 
than to either the Asiatic or the New 
World Eskimo. 

Szathmary and Os sen berg suggest 
that the Indians and the Eskimo crossed 
to the New World together via the Ber­
ing land bridge some 10,000 years ago. 
They may then have been a single popu­
lation or have begun to differentiate to 
some degree. The major separation, 
however, would have begun with the on­
set of climatic changes some 8,000 years 
ago, when the tundra of the Alaskan in­
terior was gradually replaced by forest. 
The Eskimo withdrew to the coast; the 
Indians adapted to the forest. This geo­
graphical barrier to gene flow, together 
with evolving cultural barriers, is re­
sponsible for the modest genetic and 
language differences between today's 
Eskimo and Indian. 

CANADA 

Peggy's Cove, Nova Scotia 

CAPTURE D'  
A picture is worth a lot of memories when so 
many scenes inspire you -to paint your own or C d.·. 
appreciate someone else's. Snap a shot, take a ana a 
brush, or iust come and see. SO MUCH TO GO FOR. 
� Nova Scotia Gathering of the Clans 1979. 
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The Spectrum of Atomic Hydrogen 
For almost a century light emitted by the simplest of atoms has been 
the chief experimental basis for theories of the structure of matter. 
Exploration of the hydrogen spectrum continues, now aided by lasers 

by Theodor W. Hansch, Arthur L. Schawlow and George W. Series 

T
he spectrum of the hydrogen atom 
has proved to be the Rosetta stone 
of modern physics: once this pat­

tern of lines had been deciphered much 
else could also be understood. Most no­
tably. it was largely the effort to explain 
the spectrum of light emitted by the hy­
drogen atom that inspired the laws of 
quantum mechanics. Those laws have 
since been found to apply not only to 
the hydrogen atom but also to other 
atoms. to molecules and to matter in 
bulk. They are the ultimate foundation 
of modern chemistry. of solid-state 
physics and even of applied sciences 
such as electronics. 

The central position of the hydrogen 
atom in the history of 20th-century 
physics might seem to suggest that the 
spectrum has long been known in all its 
details. That is not so. Only in the past 
few years have some of the subtler fea­
tures of the spectrum been resolved. and 
many others have not yet been observed 
directly. Measuring the positions of the 
spectral lines remains today a significant 
test of the' predictions of the quantum 
theory. 

The most recent advances in the anal­
ysis of the spectrum can be attributed to 
a new tool of spectroscopy: the laser. 
Beca use the finest details of the spec­
trum are closely spaced they can be dis- I 
tinguished only by light that is highly 
monochromatic. or confined to a nar­
row range of wavelengths. The laser is a 
source of such light. As a result of some 
ingenious laboratory technology it has 
become a spectroscopic instrument of 
unprecedented resolution. 

The Line Spectrum 

When light from a hot filament is dis­
persed according to wavelength by a 
prism or a diffraction grating. the result 
is a continuous fan of colors. but the 
spectrum from a pure. rarefied gas of 
atoms or molecules consists of discrete 
lines. If the spectrum is recorded from 
light emitted by the gas. it appears as a 
sequence of bright lines against a dark 
background. If light is passed through 
the gas. discrete wavelengths are ab-
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sorbed. glvmg rise to dark lines on a 
bright background. 

Hydrogen is the simplest of atoms. be­
ing made up of a single electron and a 
nucleus that consists of a single proton. 
and so it can be expected to have the 
simplest spectrum. The spectrum is not. 
however. an easy one to record. The 
most prominent line was detected in 
1853 by Anders Jonas Angstrom. (The 
common unit for measuring wave­
lengths of light is named for Angstrom; 
one angstrom unit is equal to 10.8 centi­
meter.) In the next two decades three 
more lines were observed. but the first 
extended series of atomic-hydrogen 
lines was found not in the laboratory but 
in the spectra of stars. In 1881. working 
with the first photographs of stellar 
spectra. Sir William Huggins identified 
10 lines as being emissions of atomic 
hydrogen. 

It may seem surprising that lines of 
the hydrogen spectrum were seen in 
astronomical observations before they 
were seen in terrestrial experiments. The 
difficulty in measuring the spectrum in 
the laboratory is not in detecting the 
lines but in preparing pure atomic hy­
drogen. Ordinary hydrogen gas consists 
of diatomic molecules (H2). which have 
a spectrum that is much more compli­
cated than the spectrum of the isolated 
hydrogen atom. Splitting the molecules 
requires more energy than can be sup­
plied by most thermal excitations. such 
as a flame. One device that furnishes 
the energy very effectively is the gas­
discharge tube. where electrons accel­
erated by an applied voltage dissociate 
the molecules. Over the years means 
have been discovered for enhancing 
the atomic spectrum and suppressing 
the molecular one. 

The spectral lines detected by Hug­
gins range in wavelength from the red 
portion of the visible spectrum to the 
near ultraviolet. The first two lines are 
quite far apart. but the subsequent ones 
come at smoothly decreasing intervals. 
and those at the shortest wavelengths 
are bunched closely together. In 1885. 
working from the astronomical mea­
surements. Johann Jakob Balmer found 

that he could account for the positions 
of all the known lines by applying a sim­
ple empirical formula. The entire set of 
lines has since come to be known as the 
Balmer series. Another group of lines. 
the Lyman series. lies in the far ultravio­
let. and there are other series at longer 
wavelengths. Within each series the in­
dividual lines are designated by Greek 
letters. starting with the line of longest 
wavelength. Thus the bright red line first 
seen by Angstrom is the Balmer-alpha 
line. the next is the Balmer-beta line and 
so on. Because of the prominence of the 
Balmer-alpha line it is sometimes called 

BALMER-ALPHA 
6.563 

PATTERN OF DISTINCT LINES is formed 
when the light emitted by hydrogen atoms is 
dispersed according to wavelength. The lines 
are those of the Balmer series, and their ap­
proximate wavelengths are given in angstrom 
units (one angstrom is equal to 10.8 centim e­
ter). The color photograph was made by Jon 
Brenneis and one of the authors (Schawlow) 

© 1979 SCIENTIFIC AMERICAN, INC



simply the hydrogen-alpha, or H-alpha, 
line. 

In 1889 Johannes Rydberg discovered 
that the line spectra of many elements, 
most notably those of the alkali metals, 
could be fitted by a single empirical for­
mula. A later version of the formula, 
which is equivalent to Rydberg's equa­
tion but more explicit, has the form 

1 r 1 I-j 
X = R L(m + b)2 -

(n + C)2 . 

Here A (the Greek letter lambda) is the 
wavelength of a particular line in an 
atomic spectrum, m and n are numbers 
that take on successive integer values (1, 
2, 3 and so on) and R, band c are con­
stants. The values of band c depend on 
what series of lines is being measured, 
but R is the same for all lines of all the 
elements. R is now called the Rydberg 
constant; if the wavelength is expressed 
in meters, R has the value (097 X 107 
and the dimensions of reciprocal me­
ters. After Rydberg had checked his for­
mula against a number of spectra he 
wrote: "I had just finished testing vari­
ous forms of the function when I heard 
of Mr. Balmer's communication on the 
spectral lines of atomic hydrogen. I was 
delighted to find that his formula is a 
special case of mine, with the same val­
ue of R, and with c = 0." Hence for the 

hydrogen atom the equation has a sim­
pler form: 

When the appropriate values of m and n 
are substituted in this formula, it yields 
the wavelengths of all the lines in the 
hydrogen spectrum. 

Atomic Struc;:ture 

In 1912 Niels Bohr spent most of the 
year at the University of Manchester 
working in the laboratory of Ernest 
Rutherford, who had just made a vi­
tal contribution to the understanding of 
atomic structure. By then the Balmer 
and the Rydberg formulas were well 
known to spectroscopists, and they had 
been thoroughly tested, but Bohr had 
never heard of either of them. When he 
was told of Balmer's equation, he was 
able to derive it almost immediately 
from the properties of the hydrogen 
atom. Abraham Pais and T. D. Lee have 
reported that Bohr was asked late in his 
life how he could have escaped knowing 
of the Balmer formula. He explained 
that in those days most physicists re­
garded atomic spectra as being so com­
plicated they were hardly a part of fun­
damental physics. They were thought 

WAVELENGTH (ANGSTROM UNITS) 

BALMER-BE TA 
4,861 

BALMER-GAMMA 
4,340 

BALMER-DELTA 
4,102 

of. he said, as being like the notes of a 
piano, whose tones depend in a compli­
cated way on the structure of the instru­
ment as a whole. 

The reference to musical notes was 
not an idle one. In the 19th century 
many investigators had speculated that 
the light emitted by atoms might be un­
derstood by some analogy to the modes 
of vibration of a solid body. The pres­
ence of multiple lines in each series 
could then be explained by assuming 
that the first line was the fundamental 
mode and the rest were overtones, or 
harmonics. No optical spectrum could 
be resolved into a fundamental frequen­
cy and its overtones, however, and so 
more direct examination of the atom it­
self was undertaken. 

Rutherford's contribution was the 
demonstration that the atom is not a 
solid body but rather consists of a 
small, dense, positively charged nucleus 
and the requisite number of negatively 
charged electrons to form a stable and 
electrically neutral system. Bohr under­
took to explain the spectra of atoms in 
the context of this model. In doing so he 
risked the ridicule of his contemporaries 
by hypothesizing that within the atom 
the established laws of physics do not 
apply. Those laws predicted that any 
bound electron would radiate away all 
its energy and fall into the nucleus. Bohr 

in the latter's laboratory at Stanford University, The black-and­
white spectrnm was recorded in 1927 by Gerhard Herzberg, who was 
then at the Darmstadt Technical University in Germany, The inter­
vals between the lines are different in the two photographs because 
Brenneis and Schawlow dispersed the light with a diffraction grating, 
whereas Herzberg employed a prism; the prism introduces a distor­
tion because the refractive index of glass is a nonlinear function of 
wavelength. In both cases the source of the spectrum was' a gas-diso 

charge tube in which hydrogen molecules (H2) are dissociated into 
atoms by an electric potential, In the color photograph the yellow and 
green bands and the continuous blue background at the right are not 
part of the atomic-hydrogen spectrum but result from molecular con­
taminants in the discharge tube. Herzberg eliminated such contami­
nation by cooling the tube in liquid nitrogen. Lines to the right of Bal­
mer-delta, which appear white or light blue in the color photograph, 
are actually in the ultraviolet region of the electromagnetic spectrum. 
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TRANSITIONS BETWEEN STATES of the hydrogen atom give rise to the line spectrum. 
Each state is designated by an integer, called the principal quantum number of the correspond­
ing Bohr energy level. When an atom changes from one state to another, the difference in en­
ergy appears as a quantum of radiation. The energy of the quantum is directly proportional to 
the frequency of the radiation and inversely proportional to the wavelength. Absorption of ra­
diation stimulates a transition to a state of higher energy; an atom falling to a state of lower en­
ergy emits radiation. The spectrum is organized into series of lines that share a lower level. 
Wavelengths are given in angstroms; the relative intensity of the lines is indicated by thickness. 
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proposed that an atom could exist in a 
state where the energy of the electron 
was not dissipated: a stationary state. 
Light is emitted or absorbed, he suggest­
ed, only when an electron moves from 
one stationary state to another. The fre­
quency of the light is determined by the 
difference in energy between the two 
states, according to the quantum princi­
ple introduced by Max Planck. The fre­
quency is found by dividing the energy 
difference by Planck's constant, which is 
designated h. 

In Bohr's model the Balmer and the 
Rydberg formulas have an obvious 
physical interpretation. The expression 
(11m2 - lIn2) is proportional to the dif­
ference in energy between two states of 
the atom; the integers m and n label the 
states themselves. Bohr did more than 
just explain this empirical equation, 
however; he went on to evaluate the 
Rydberg constant in terms of three fun­
damental quantities, the electric charge 
of the electron, e, the mass of the elec­
tron, m, and Planck's constant, h. If for 
the sake of simplicity the nucleus of an 
atom is assumed to be infinitely massive, 
then the Rydberg constant is given by 
the equation 

Later refinements have complicated 
Rydberg's empirical formula for the 
wavelengths of spectral lines, and so the 
Rydberg constant is now defined as this 
combination of m, e and h. 

Bohr imagined that the electrons in an 
atom follow circular orbits. In calculat­
ing the energy of the stationary states he 
began with the assumption that for or­
bits of very large diameter the frequen­
cy of the emitted light should corre­
spond to the frequency of the orbit­
ing electron, which was a prediction of 
classical physics. This "correspondence 
principle" led to the intriguing conclu­
sion that for a stationary state designat­
ed by the integer n the angular momen­
tum of the orbiting electron is equal to 
nh/27T. Hence the angular momentum, 
like the energy, can change only in dis­
crete steps. This "quantization" of the 
angular momentum is of fundamental 
significance: without it the atom could 
radiate at any frequency and the state 
would no longer be stationary. 

Quantum Mechanics 

The Bohr atom was a great conceptu­
al advance over earlier theories, but it 
soon proved inadequate to explain the 
observed features of atomic spectra, 
even those of the simplest spectrum, 
that of hydrogen. Indeed, one detail of 
the hydrogen spectrum that the Bohr 
theory could not account for had been 
known for 20 years when the model was 
constructed. In 1892 A. A. Michelson 
had employed the interferometer he had 
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invented to examine the shapes of indi­
vidual spectral lines, that is, their varia­
tion in intensity as a function of wave­
length. He had found that the Balmer­
alpha line is not a single line at all but 
rather has two components, separated in 
wavelength by . 1 4  angstrom. 

5 
4 

3 

F = 1 

F=2 

Bohr suggested that the splitting of 
the Balmer-alpha line might be ex­
plained if the electron's orbit in the hy­
drogen atom is not circular but ellipti­
cal. A correction to the orbital motion 
required by the special theory of relativ­
ity would then split each stationary state 
into a group of states. A more compre­
hensive discussion of this idea was sub­
sequently presented by Arnold Som­
merfeld, who deduced the observed 
splitting from the calculated properties 
of the orbits. In his calculation he intro­
duced an important dimensionless num­
ber called the fine-structure constant, 
equal to 21Te2j he. The numerical value 
of this constant, about 1/ 1 3  7, has been a 
source of speculation for physicists ever 
since. 

, ,p, V', r: �--�----� ____ �2� __ . ______ ___ ��2 ___ � � 
F = 1 
F = 1 

A more satisfactory treatment of the 
line splitting was not possible until 
quantum mechanics was introduced in 
the 1 920's.  Two formulations of quan­
tum mechanics were devised,  one by Er­
win Schrodinger and the other by Wer­
ner Heisenberg and M ax Born; they 
were soon found to be mathematically 
equivalent. An essential idea in both for­
mulations was that the motion of an 
electron cannot be defined precisely but 
must be described in terms of probabili­
ties. Both theories predicted the Bohr 
energy levels of the hydrogen atom, and 
hence the same wavelengths of the spec­
tral lines, and the predictions could be 
extended to more complicated atomic 
systems. Again relativistic corrections 
had to be introduced in order to explain 
the splitting of the hydrogen lines. 

By the 1 920's,  however, better mea­
surements of the shape of lines in the 
hydrogen spectrum were available, and 
it soon became plain that a further ad­
j ustment to the theory was needed. The 
adjustment was made when it was rec-

SPUTI'ING OF ENERGY LEVELS results 
mainly from relativistic and magnetic interac­
tions related to angular momenta in the atom. 
The single electron of a hydrogen atom can 
have both orbital and spin angular momen­
tum, and the various possible combinations of 
these quantities generally have different ener­
gies. As a result the Bohr energy levels are 
split into components called the fine structure 
of the levels. A subtle effect called the Lamb 
shift displaces certain of the fine-structure 
components, creating additional splittings. Fi­
nally, the interaction of the electron's mag­
netic moment with that of the nucleus gives 
rise to a hyperfine structure. The fine struc­
ture and the Lamb shifts are shown here at a 
larger scale than the Bohr levels, and the hy-
perfine splittings of the second and third Bohr BOHR ENERGY 
levels are shown at still greater magnification. LEVELS 

� (2S� 2P�) --=====2",S";#�=== < 
2P, 2 

F=O 
F = 1 

F=O 

1S, 
______ �2� __ . ________ _==========F====1==== 

1S� / F=O 

DI RAC F I N E  LAMB S H I FTS 
STRUCTU R E  

HY PERFINE 
STRUCTU R E  
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NO RUM REFLECTS 
PUERTO RICO LIKE RONRICO. 

Puerto Rico is the Rum Island, the world's foremost 
rum-producing region.And Ronrico is the rum-authentic 
Puerto Rican rum since 1860. Ronrico's smooth, light taste 
has been the pride of six generations of Puerto Rican rum 
masters. One sip will tell you why. 

RONRICO:AUTHENTIC RUM OF PUERTO RICO. 
General Wine & Spirits Co., N.Y.C. 
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ognized that the electron can acquire an­
gular momentum not only by orbiting 
the nucleus but also by spinning on its 
axis. The concept of electron spin was 
introduced by George Uhlenbeck and 
Samuel A. Goudsmit to explain mea­
surements of the spectra of alkali-metal 
atoms. By including electron spin in the 
theory it was possible to predict with 
reasonable accuracy not only the wave­
lengths of the spectral lines but also 
their intensities; that had not been true 
for the Bohr-Sommerfeld theory. In 
1 92 8  the concept of spin for the elec­
tron-and also for the proton and the 
neutron-was given a more secure foun­
dation when P. A. M. Dirac found a new 
way of constructing a theory of quan­
tum mechanics that is also consistent 
with the special theory of relativity. In 
the Dirac theory electron spin appears 
as a natural consequence of the basic 
equations rather than as a special postu­
late. The magnitude of the spin angular 
momentum is 1/2  h/27/". 

Fine Structure 

The relativistic quantum mechanics 
of Dirac predicts the structure of the 
hydrogen spectrum in great detail. As in 
earlier theories each basic energy level is 
designated by an integer. n. which is 
called the principal quantum number. 
For the lowest energy level (the ground 
state of the atom) n is equal to 1. for the 
first excited state n is equal to 2 and so 
on. These integers are the same ones that 
appear in Rydberg's formula for the 
spectral lines. 

The basic lines of the spectrum-ig­
noring for the moment any splitting into 
finer components-are generated by 
transitions between states that have 
different principal quantum numbers. 
The Balmer-alpha line. for example. re­
sults from transitions between the states 
n = 2 and n = 3 .  If a hydrogen atom 
falls from n = 3 to n = 2. it emits light 
at the wavelength of the Balmer-alpha 
line; if the atom then absorbs a quantum 
of light at the same wavelength. it makes 
the opposite transition. from n = 2 to 
n = 3 .  All the lines in a series share a 
common lower state. The transitions 
that give rise to the Balmer series con· 
nect states with principal quantum num­
bers of 2 and 3. 2 and 4. 2 and 5 and so 
on. In the Lyman series all the transi­
tions begin at the state n == 1 .  

The basic lines o f  the hydrogen spec­
trum reflect the dominant interaction in 
the hydrogen atom: the electrostatic 
attraction between the nucleus and the 
electron. The splitting of each line re­
flects subsidiary interactions. relativistic 
effects and magnetic effects. The mag­
netic effects come about because the 
spinning electron. acting as a magnet. 
is subjected to a magnetic field attrib­
utable to the effective motion of the 
charged nucleus around the electron. 
This splitting is called the fine structure 

a 

b 

� 

ABSORPTION SPECTRUM 

FREQU ENCY � 

FREQUENCY � 

DOPPLER BROADENING obscures many details of the hydrogen spectrum hy smearing 
each narrow component over a hand of wavelengths. Because the atoms of a gas have random 
velocities, at any given mom ent some are moving toward a source of light and others are moving 
away from it. For an atom moving toward the source (a) the light appears to have a higher 
frequency (or shorter wavelength) than it does in the laboratory frame of reference. For an 
atom moving away (b) the frequency is shifted down. As a result of these Doppler effects the 
measured frequency of a spectral component is different for atoms that have different veloci­
ties. The absorption profile for all the atoms in the gas (c) is not a sharp peak but a broad curve. 

of the spectrum. Because the nucleus it­
self also has spin and acts as a magnet. it 
interacts with the magnetic field arising 
from the motion of the electron's charge 
and also from the proximity of the elec­
tron's magnetic field. These magnetic in­
teractions are on a still smaller scale . 
and the corresponding splittings of the 
spectral lines are called the hyper fine 
structure. 

A system of classification has been de­
veloped for the fine and hyperfine ener­
gy levels. which specifies the magnitudes 
of the various angular momenta (orbit­
al. electron-spin. nuclear-spin and total) 
in a stationary state. The principal quan­
tum number. which corresponds to the 
Bohr energy level. is given by one of the 
integers in the sequence beginning 1 . 2 .  
3 .... To this number i s  appended a let­
ter . such as S. p. D or F. which is related 
to the orbital angular momentum; the 
letters stand for integers in the series be­
ginning O. 1 .  2 .  3 .... A third symbol. 
which for the hydrogen atom is always a 
fraction such as 1/2 .  3/2  or 5/2 .  is relat­
ed to the sum of the orbital and spin 
angular momenta. If an analysis is sub­
tle enough to reveal the hyper fine struc­
ture (an interaction that depends on the 
magnetic properties of the nucleus). a 
fourth label. represented by the sym­
bol F. is also needed. It is related to the 
sum of the orbital. electron-spin and nu-

clear-spin momenta. Generally. station­
ary states that differ in any label have 
different energies. although that is not 
always the case. 

The fine structure splits the n = 2 
state of the hydrogen atom into three 
sublevels and the 11 = 3 state into five 
sublevels. A simple tabulation of the 
possible combinations of these levels 
implies that there could be 1 5  compo­
nents of the Balmer-alpha line. Actually 
several of these transitions are forbid­
den by conservation laws. and the Dirac 
theory predicts that the line should have 
seven components. At the time Di­
rac proposed his theory experimenters 
could clearly recognize only two com­
ponents . although in 1 92 5  G. Hansen 
detected a third component as a broad­
ening on the side of one of the others. 

The factor limiting the resolution of 
the lines was (and still is) Doppler 
broadening caused by the thermal mo­
tions of the atoms. Because of the 
Doppler effect the light emitted by an 
atom appears to be shifted to a higher 
freq uency if the atom is approaching the 
observer and to a lower frequency if the 
atom is receding. Atoms in an ordinary 
light source move in all directions. and 
so the emitted light is broadened in 
wavelength by the ratio vic. where v is 
the average speed of the atoms and c 
is the velocity of light. The broadening 

99 

© 1979 SCIENTIFIC AMERICAN, INC



is exceptionally troublesome for hydro­
gen. whose atoms are lighter than any 
others and therefore move faster . At 
room temperature the fractional line 
width is about 12 parts per million. The 
speed of the atoms. and hence the line 
width. is proportional to the square root 
of the absolute temperature. The line 
width can be reduced by a factor of 
three or four by cooling the hydrogen 
discharge lamp from room temperature 
(300 degrees Kelvin) to the temperature 
of liquid hydrogen (20 degrees K.) .  

The Lamb Shift 

In the 1930's  several investigators 
tried to resolve the fine structure of hy­
drogen more completely in order to test 
the predictions of the Dirac theory. By 
then it was possible to examine the spec­
trum of deuterium. the hydrogen iso­
tope with a mass twice that of ordinary 
hydrogen. The width of a spectral line 
varies inversely as the square root of the 
atomic mass. and so the width is red uced 
in a deuterium spectrum by a factor of 
about 1 .4.  Even so. no additional com­
ponents of the Balmer-alpha line were 
resolved. and the third component was 
still not completely separated from its 
stronger neighbor. 

In the course of these investigations. 
however. some observers reported small 
discrepancies between the measured 
spectra and the predictions of the Dirac 
theory . Of particular interest was the 
pair of fine-structure levels 2S 112 and 
2P1I2• These levels differ in orbital angu­
lar momentum and therefore in the av­
erage geometrical distribution of the 
electron. but they have the same total 
angular momentum and the Dirac theo­
ry predicts they should lie at the same 
energy. Thus although they are distinct 
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states.  they should not give rise to any 
splitting in the spectrum. Simon Paster­
nack interpreted experiments carried 
out by Robley C. Williams and by Wil­
liam V. Houston and his colleagues as 
showing that the 2S1/2 and 2P1I2 levels 
do not exactly coincide. Others. how­
ever. disagreed. 

The question was settled in 1947 in a 
brilliant experiment conducted by Wil­
lis E. Lamb, Jr .. and Robert C. Rether­
ford. They found that the 2S1I2 1evei was 
shifted upward with respect to the 2Pl/2 
level by about 1.060 megahertz. or mil­
lions of cycles per second. Compared 
with the frequency of the Balmer-alpha 
line. which is about 4 50.000 gigahertz 
(billions of cycles per second). that is a 
shift in the position of the 2S1I2 compo­
nent by a factor of little more than two 
parts per million. 

Lamb and Retherford did not attempt 
to resolve the two components in the 
optical spectrum. Instead they em­
ployed radio-frequency energy to stimu­
late a direct transition between the 2P1I2 
and the 2S1I2 levels. The frequency of 
the radio waves is 5 00.000 times lower 
than the frequency of the Balmer-alpha 
line; since the Doppler broadening of 
the line is reduced by the same factor. it 
could be neglected entirely. This small 
splitting of the energy levels is now 
called the Lamb shift. 

The need to supply an explanation for 
the Lamb shift inspired another funda­
mental revision of physical theory. in­
troduced by Richard P. Feynman. Jul­
ian Schwinger and Sin-itiro Tomonaga. 
Their point of departure was the novel 
idea that the electrons observed in ex­
periments may differ in certain prop­
erties. such as mass and charge. from 
the hypothetical "bare" electron that is 
imagined to exist in an empty universe. 

o 
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TELESCOPE 

This difference. which had previously 
been ignored. can alter the properties of 
an electron in a bound system. The the­
ory that results from these ideas is called 
quantum electrodynamics. 

In quantum electrodynamics the 
Lamb shift arises from an interaction 
between the electron and "zero-point 
fluctuations" of the electromagnetic 
field. Such fluctuations. which are al­
ways present. cause the electron to j itter 
about. so that it perceives the nucleus as 
being somewhat smeared out in space. 
The result is a seeming alteration of the 
force between the two particles when 
they are close together. Because the 
electron spends more time near the nu­
cleus in the S state than it does in the P 
state. the energy of the S state is slightly 
increased. 

This model of the hydrogen atom has 
a further complication. If the electron is 
regarded as a pointlike particle, it can 
respond to fluctuations of infinitely high 
frequency. which have infinite energy. 
The infinities are avoided. and so is the 
need to answer questions about the size 
and structure of the electron. by com­
paring an electron bound in an atom 
with a hypothetical bare electron. The 
small measured energy is found by sub­
traction. Such calculations are complex, 
but the predictions of the theory are 
exceedingly accurate. Indeed. quantum 
electrodynamics is the most precise the­
ory ever devised. and no discrepancies 
with experiment have been found. 

The fine-structure splitting of vari­
ous energy levels of the hydrogen atom 
has been revealed in considerable detail 
through measurements at radio freq uen­
cies. At the same time improved spec­
troscopic methods have led to precise 
determinations of the Rydberg constant 
from measurements of the wavelength 
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I "PU M P" LASER I 
DYE LASER emits light that can be confined to a narrow range of 
wavelengths but can also be tuned over a broad range. The laser m e­
dium is a ftuorescent dye that emits light with a wide and essential­
ly continuous spectrum when the dye is "pumped" by another laser. 
From this broad emission band a much narrower interval of wave­
lengths is selected for amplification by an optical cavity that is tuned 
to resonate at a particular frequency. Coarse tuning is provided by 

a diffraction grating, which disperses the light so that only selected 
wavelengths are reftected back into the dye cell. An etalon further 
narrows the bandwidth by passing only those wavelengths that inter­
fere constructively during many internal reftections. A telescope in 
the cavity spreads the beam so that many grooves of the grating are il­
luminated. The monochromatic but tunable light has been employed 
in spectroscopic measurements that eliminate Doppler broadening. 
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Sharp, which made the first solid-
state electronic desk-top calculator, 
as well as the first hand-held, has 
become the first to eliminate push 
buttons with its exclusive Sensor 
Touch™ line of calculators. Now, 
numbers are entered at the touch 
of a finger. An electronic tone assures you that each 
entry has actually taken place. 

To eliminate buttons and reduce thickness in cal­
culators, Sharp invented a new way to bond onto 
Polymid film. Our 5808 Scientific Calculator is only 
5mm, yet it does complex algebra, trigonometry, 
statistical analysis, and other advanced mathematics. 

For general calculating, credit Sharp with develop­
ing the 8145, which is literally the size of a credit card: 
3.8mm thin; Sensor Touch Entry Panel; power-saving 
8-<ligit li9uid crystal display (Sharp was the first to 
develop liquid crystal display for calculators); a 
Storage ComputefTM that holds any number, even an 
English-to-metric conversion, for later use; Safe 
Guard ™ circuitry that protects the numbers in mem­
ory even after the power goes off; Sharp's A.P.o.­
Automatic Power Off-which does just that after 7 
minutes of nonuse; and many other features. 

Our 8130 model, called the "Super Thin Man"is the 

calculator that does everything you'd want 
and makes it all easier with an independ­
ently addressable 4-key memory for 
convenient storage and retrieval of totals. 

Then there's our CT-600, a 24-func­
tion calculator with two memories, a 

world clock with an alarm, a 200-year 
calendar, and a stopwatch that counts up or down. 

What, you might ask, will we think of next? 
The world's thinnest calculator. The 8152 ... our new­

est model. 1.6mm. 8-<ligit. With Sensor Touch Entry, 
Storage Computer and Safe Guard circuitry. 

The CT-61O, a calculator with sophisticated micro­
computer technology, marries a desk-top, 8-<ligit cal­
culator with a digital synthesized tuning radio and an 
incredibly precise quartz clock. 

The Sensor Touch CT-51O. An 8-digit dual display 
calculator that offers you the time here and around the 
world, plus the date, an alarm, a stopwatch and more. 

We could go on. The point is, whether you're look­
ing for the most complex, vari-featured calculators or 
just the most basic, you've only one place 
to look: 

Sharp. Where you can touch the new era. 

SENSOR TOUCH CALCUlATORS SHARR 
Sharp Electronics Corporation, Paramus, N.J. 07652 -
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SATURATION SPECTROSCOPY suppresses Doppler broadening 
by labeling a group of atoms that happen to have no component of 
motion along the optical axis. The light from a dye laser is split into 
an intense saturating beam and a weaker probe beam, which pass 
through a specimen of atomic hydrogen in opposite directions. The 
saturating beam is strong enough to red uce significantly the popula­
tion of atoms in the state capable of absorbing the laser wavelength: 
the beam bleaches a path through the gas. The probe beam therefore 

a INTENSE 
SATURATING 

� 

b 

� 
� 
� 

c 

• 

• 

• 
� 

� 
• 

� 
� 

o 

o 

COUNTERPROPAGATING BEAMS from a tunable dye laser un­
dergo opposite Doppler shifts. When the frequency of the saturating 
beam (measured in the laboratory frame of reference) is below that 
of some selected component of the spectrum (a), only atoms moving 
to the left can absorb the light, because their motion shifts the fre­
quency into resonance with the atomic transition. The probe beam, 
with the sam e frequency, is absorbed only by atoms moving to the 
right, and so it is not affected by the saturating beam. When the laser 
frequency is above that of the spectral component (b), the saturating 
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encounters a smaller absorption and registers a higher intensity at the 
detector. The two beams can interact in this way, however, only when 
they are both absorbed by the same atoms in the gas, and that can 
happen only when they are both tuned to the wavelength of atoms 
that have no Doppler shift. In practice the saturating beam is inter­
rupted by a mechanical "chopper," and enhancement in the transmis­
sion of the probe beam is detected by tuning the laser through a range 
of wavelengths and searching for a signal at the chopping frequency. 
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beam is absorbed by atoms moving to the right and the probe beam 
by atoms moving to the left, which are again different groups of at­
oms. Only when the laser frequency matches the atomic-transition 
frequency (c) do the two beams interact with the same atoms: those 
atoms that are effectively standing still. The probe beam then finds 
that the atoms that might have absorbed it are unable to do so be­
cause they have already absorbed radiation from the saturating beam. 
Transmission of the probe beam therefore increases. Only the com­
ponent of motion that is directed along the optical axis is depicted. 
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of one component of the Balmer-alpha 
line . Bryan P. Kibble . William R. C.  
Rowley. Raymond E. Shawyer and one 
of us (Series) employed a light source 
cooled in liquid helium to determine the 
Rydberg constant to a precision of bet­
ter than one part in 10 million. Even the 
Lamb shift was observed in 1948 by one 
of us (Series). and similar shifts were 
measured in ionized helium by one of us 
(Series). by Gerhard Herzberg and by 
Frederick L. Roesler. The acc uracy of 
the optical experiments . however. does 
not approach that of the radio-frequen­
cy methods. 

Width of Spectral Lines 

Although these experiments have 
been highly successful, the hydrogen 
atom is such a fundamental testing 
ground for the laws of physics that it is 
important to probe deeper as new tech­
niques become available. For now the 
most promising approach is to improve 
the resolution of measured spectra; it is 
resolution that limits the sharpness of 
observed spectral lines and thereby lim­
its the precision with which their wave­
lengths can be determined. 

The earliest spectroscopic studies of 
atoms were limited by the resolution of 
the instrument itself. which was simply 
a prism or a diffraction grating. a glass 
plate ruled with many closely spaced 
lines .  The grating has the effect of 
dispersing light by reflecting different 
wavelengths through different angles. If 
the entire visible spectrum is dispersed 
through. say. 15 degrees. then some 
components of the Balmer-alpha line 
might be separated by less than .05 sec­
ond of arc. 

With the application of interferome­
ters to the examination of spectral lines 
the intrinsic instrumental limitation was 
removed .  The interferometer invented 
by Michelson and another type devised 
by the French opticians Charles Fabry 
and Alfred Perot are sensitive instru­
ments for comparing two wavelengths. 
They are capable of distinguishing two 
sharp peaks that differ in frequency by 
one gigahertz or less. Interferometers 
fail to fully separate the several compo­
nents of the Balmer lines not because 
the instruments are inadequate but be­
cause the components themselves are 
not sharp. Each component is distrib­
uted over a range of wavelengths that is 
often greater than the spacing between 
the components. 

A part of the broadening is the "natu­
ral" width of the spectral line. Even un­
der the best possible circumstances of 
observation no component of a spec­
trum can ever be absolutely monochro­
matic. This limitation stems from the 
fact that the "stationary states" of an 
atom are not truly stationary. Atoms do. 
in fact. radiate energy after a finite lapse 
of time. This is simply to say that excited 
states do eventually decay. 

The natural line width sets an ulti­
mate limit on spectroscopic resolution. 
but until recently the limit has seldom 
been approached.  That is because the 
lines are broadened to a much greater 
extent by another effect: the Doppler 
shifting of frequencies as a result of the 
motion of the atoms. 

One method of greatly reducing 
Doppler broadening is to measure the 
spectrum not of a gas but of a collimated 
atomic beam. Such a beam can be creat­
ed by allowing the atoms of a gas to 
escape from a vessel through a series of 
pinhole openings. All the atoms that can 
pass through the holes will be moving in 
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the same direction. and so light crossing 
the beam at right angles to the beam will 
show only small Doppler shifts. The 
number of atoms in the beam. however . 
declines as the collimation improves. 
Moreover . it is not always possible to 
prepare a beam of atoms in the neces­
sary state. To study the Balmer spec­
trum of hydrogen by absorption. for ex­
ample. the atoms must be in the 11 = 2 
state; such atoms cannot be formed into 
beams dense enough for conventional 
spectroscopic measurements. 

The techniq ues of laser spectroscopy 
introduced since about 1970 have sig­
nificantly improved resolution because 
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LASER TUNING (GIGAH ERTZ) 

BALMER-ALPHA LINE is resolved into a series of sharp peaks by saturation spectroscopy. 
Theoretical calculations indicate that the line has seven components resnlting from fine-struc­
ture splittings and the Lamb shift hut ignoring the hyperfine structure of mnch smaller scale. 
In a Doppler-broadened profile of the line only two components can be distinguished. By ex­
amining only those atoms that have no Doppler shift saturation spectroscopy clearly resolves 
four components. (A fifth peak midway between two other peaks is an artifact called a cross­
over resonance.) Frequency scale measures tuning of the laser from an arbitrary starting point. 
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L I N EARLY 
POLARIZING 
FILTER 

POLARIZATION SPECTROSCOPY exploits tbe fact tbat small 
cbanges in tbe polarization of Iigbt can be detected more easily tban 
small cbanges in intensity. Tbe output of a laser is again split into two 
beams, but tbe saturating beam is given a circnlar polarization and tbe 
probe beam a linear polarization. Because tbe probe beam encounters 
crossed polarizing filters very little of it can reacb tbe detector un-
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CHANGE IN THE POLARIZATION of a probe beam is induced 
by tbe prior passage of a saturating beam. Because tbe saturating beam 
is circularly polarized it is selectively absorbed by atoms tbat bave a 
particular orientation (a), and tbose atoms are tbereby removed from 
tbe population of atoms tbat can absorb radiation at tbe laser wave­
lengtb. Most of tbe remaining atoms bave tbe opposite orientation. 
Tbe linearly polarized probe beam can be regarded as a combination 
of two circnlarly polarized waves tbat bave tbe opposite sense of rota-
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less tbe bydrogen gas can in some way rotate tbe beam's plane of po­
larization. Sucb a rotation can be introduced by tbe circularly polar­
ized saturating beam, but only if tbe two beams interact witb tbe same 
population of atoms. In tbis way atoms tbat bappen to be stationary 
at a given moment are singled out, as in saturation spectroscopy, by 
tbe ability to interact witb Iigbt waves moving in opposite directions. 
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tion but equal intensity (b). Wben tbe probe beam passes tbrougb tbe 
specimen, one of tbe circularly polarized components is more strongly 
absorbed because tbe atoms bave a prevailing orientation. Tbe selec­
tive absorption of one circularly polarized component cbanges tbe 
polarization of tbe remaining Iigbt (e), and so a portion of tbe probe 
beam can penetrate tbe analyzing filter. Tbe cbange in polarization 
can take place, bowever, only if tbe two beams are absorbed by tbe 
same population of atoms, namely tbose tbat bave no Doppler sbift. 
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they incl ude methods for eliminating 
Doppler broadening. Three such meth­
ods will be discussed here. Two of them 
work by selecting for observation only 
those atoms in a gas whose component 
of motion along the optical axis happens 
to be zero. The third method allows all 
the atoms in a gas to contribute to a 
measurement, but it eliminates velocity 
broadening by arranging two Doppler 
shifts in opposite directions. 

The Tunable Dye Laser 

Lasers provide light of unequaled 
brightness, directionality and spectral 
purity . The early lasers, however, could 
emit light at only a few discrete wave­
lengths, determined by the spectral lines 
of the active atoms or ions. Such an in­
strument is of use in spectroscopy only 
if the transition to be observed happens 
to coincide with one of the available la­
ser lines. 

In 1 966 Peter Sorokin of the Thomas 
J. Watson Research Center of the Inter­
national Business Machines Corpora­
tion and independently Fritz Schafer of 
the University of Marburg discovered 
that liquid solutions of certain fluores­
cent organic molecules can serve as the 
medium for a laser with a broad and 
continuous band of wavelengths. The 
organic molecules are dyes, which by 
nature have intense absorption bands ;  
that is  why they are strongly colored. 
In the laser the dye molecules are 
"pumped," or driven to an excited state , 
by an intense external light source, such 
as another laser. 

Although the dye laser is capable of 
amplifying light over a wide range of 
wavelengths, it was soon learned that a 
particular wavelength could be selected 
by designing an optical resonator that 
will allow only the chosen wavelength to 
pass repeatedly through the amplifying 
dye cell. In 1 970 one of us (Hansch) de­
vised a simple pulsed dye laser of high 
spectral purity. The dye, enclosed in a 
glass cell. was pumped by pulses of ul­
traviolet radiation from a nitrogen laser. 
The resonator consisted of a partially 
reflecting glass plate at one end of the 
laser and a diffraction grating at the oth­
er. The grating disperses the light emit­
ted by the dye, with the result that only a 
narrow range of wavelengths is reflected 
back along the optical axis. A telescope 
in the laser cavity expands the beam be­
fore it strikes the grating, so that many 
grooves are illuminated with well-colli­
mated light. The line width of the laser is 
further reduced by inserting a tilted Fa­
bry-Perot interferometer into the cavity. 
The interferometer is made up of two 
partially reflecting surfaces whose spac­
ing is precisely controlled ;  the type of 
interferometer placed in the laser reso­
nator is called an etalon, and it consists 
of a single glass plate whose two parallel 
surfaces are coated with partially re­
flecting layers. Light waves with dif-

ferent wavelengths take slightly differ­
ent paths through the etalon. As a re­
sult of multiple internal reflections some 
wavelengths interfere destructively and 
are extinguished, whereas other wave­
lengths interfere constructively and are 
reinforced. 

The line width of this laser is a few 
thousandths of an angstrom, or about 
one part per million, which is compara­
ble to the resolution of the largest grat­
ing spectrographs. The width can be fur­
ther reduced by a factor of 1 00 or so by 
a second Fabry-Perot interferometer 
outside the laser cavity, which acts as a 
passive filter . Although at any given set­
ting the light is highly monochromatic, 
the laser can be tuned over the full range 
of the dye absorption profile. Gross tun­
ing can be accomplished by changing 
the angle of the diffraction grating or 
of the etalon. Finer adjustments can 
be made by enclosing the grating and 
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the etalon in an airtight chamber and 
altering the pressure, which changes the 
index of refraction of the enclosed gas. 

Saturation Spectroscopy 

There is an ultimate limitation on the 
wavelength resolution of any pulsed la­
ser. The precision with which the wave­
length can be known is determined by 
the number of cycles available for mea­
surement, and hence by the length of the 
pulse. Narrower lines require a continu­
ous-wave laser. In 1 970 Otis G. Peter­
son, Sam A. Tuccio and Benjamin B. 
Snavely of the Eastman Kodak Re­
search Laboratories demonstrated the 
first continuous-wave tunable dye laser. 
Its principles of operation were the same 
as those for the pulsed dye laser, but the 
dye solution was made to flow rapidly 
in order to avoid overheating. Highly 
refined continuous-wave dye lasers are 
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HIGHER-RESOLUTION SPECTRUM of the Balm er-alpha line was recorded by polariza­
tion spectroscopy. For comparison saturation spectrum shown on page 103 is repeated at the 
top and an improved saturation spectrum, made with a continuous-wave laser instead of a 
pulsed one, is given in the middle. In the polarization spectrum no additional components can 
be detected, but the four peaks that are resolved are much sharper. The two small peaks be­
tween the tall outer ones (excluding crossover resonances) have a measured width of about 35 
megahertz, almost 10 times narrower than corresponding lines in the pulsed saturation spec­
trum. The polarization spectrum has an unusual appearance (it makes excursions below the 
background level as well as above it) because the graph records not the intensity of transmitted 
light but the rate of change in intensity as the laser is scanned through its frequency range. 
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now available commercially.  In sever­
al laboratories line widths as small as a 
few parts in 1 0 12 have been achieved 
through electronic stabilization of the 
laser freq uency. 

Given a source of light that is mono­
chromatic but tunable. an absorption 
spectrum can be measured by passing 
the light through a sample of the gas and 
scanning continuously through the fre­
quencies surrounding a line in the spec-

L AS E R  

trum. The intensity of the transmitted 
light can be monitored by a photoelec­
tric detector . which should reveal a dip 
at the wavelength of each component of 
the line. This scheme. however. would 
merely measure the Doppler-broadened 
profile of the line. To take full advan­
tage of the potential resolution of the 
laser some means must be found for 
eliminating Doppler shifts. 

One such method has been given the 

HYDROGEN 
SPECIM EN 

M I R ROR 

TWO-PHOTON SPECTROSCOPY does not select atoms without a Doppler shift but instead 
cancels the Doppler shifts of all the atoms in a gas. The dye laser is tuned to a frequency ex­
actly half that of a selected atomic transition. The beam passes through the specimen and then 
is reflected back on itself, creating a field of standing waves. Atoms in the gas can make the 
selected transition by simultaneously absorbing two photons, or quanta of light, coming from 
opposite directions and therefore having opposite Doppler shifts. The excited states created in 
this way decay to some lower energy level, emitting photons that can be detected and counted. 

a 

b 

c 
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OPPOSITE DOPPLER SHIFTS CANCEL in two-photon spectroscopy. An atom moving to 
the left (a) sees tbe wave coming from the left sbifted to a higher frequency, but the frequency 
of the wave coming from the right is shifted down by an equal amount. For an atom moving to 
tbe right (b) tbe frequency sbifts are the opposite of these. A stationary atom perceives no 
Doppler shifts. Regardless of the atom's velocity tbe sum of the two frequencies is constant 
and equal to twice the laser frequency (measured in tbe laboratory frame of reference). All the 
atoms can tberefore absorb two photoils (c) and afterward reradiate at some bigber frequency. 
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name saturation spectroscopy. It de­
pends for its operation on two proper­
ties of laser light: small line width and 
high intensity. When an atom absorbs a 
quantum of l ight. it is excited to a higher 
energy level and is thereby temporarily 
removed from the population of absorb­
ing atoms. In an intense beam of light 
the atoms of a gas may absorb quanta 
faster than �hey can return to their origi­
nal state. As a result the population of 
absorbing atoms is substantially deplet­
ed . The light bleaches a path through the 
gas. and a second beam of the same 
wavelength would find the absorbance 
of the gas reduced. 

Lamb was the first to recognize the 
potential of this effect for high-resolu­
tion spectroscopy. He pointed out that 
the two waves traveling in opposite di­
rections inside a laser could work to­
gether to saturate the absorption of a 
particular class of atoms in the active 
medium of the laser. Assuming that the 
line width of the light is narrow enough. 
it must always interact only with those 
atoms whose motion shifts the wave­
length into resonance with a component 
of the atomic spectrum. If the frequen­
cy of the light is lower than that of the 
line component. for example. then both 
waves in the cavity will interact with at­
oms moving toward them. and these will 
be d ifferent atoms for the two opposite­
ly d irected beams. There is one tuning 
of the laser. however. for which both 
beams interact with the same atoms: the 
tuning that corresponds to the exact 
wavelength of the spectral component.  
where the atoms that can absorb the 
light are those standing still or moving 
transversely to the optical axis. When 
the laser is tuned to this wavelength. the 
popUlation of atoms in the absorbing 
state is depleted and the outp ut of the 
laser declines. This "Lamb dip" was first 
observed by Ross A. McFarlane. Wil­
liam R. Bennett. Jr . .  and Lamb. It was 
employed for high-resolution spectros­
copy by Abraham Szoke and Ali Javan 
of the Massachusetts Institute of Tech­
nology . but it has proved to be of limited 
utility. Only the laser transitions them­
selves can be studied. or molecular lines 
that happen to coincide with gas-laser 
wavelengths. and any gas to be exam­
ined must be placed inside the delicate 
resonator of a continuous-wave laser. 

In 1 970 Christian Borde of the Uni­
versity of Paris and independently one 
of us (Hansch) devised a technique for 
measuring saturation spectra outside 
the laser resonator. The light of a tun­
able laser is split into an intense saturat­
ing beam and a weaker probe beam. The 
two beams are then made to traverse the 
same path through a gas cell. but in op­
posite d irections. If the laser is detuned 
slightly from the frequency of an atomic 
transition. then the two beams interact 
with different atoms and the saturating 
beam has no effect on the absorption of 
the probe beam. When the laser is tuned 
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so that it is absorbed by stationary at­
oms, however, the saturating beam de­
pletes the population of atoms in the 
selected state and the probe beam expe­
riences a smaller absorption. In effect 
the saturating beam labels all the atoms 
that happen to have a zero component 
of motion along the optical axis and ig­
nores all others. 

In practice the change in absorption 'is 
small and is easily obscured by noise. In 
order to help distinguish the signal from 
the background, the saturating beam is 
chopped ,  or interrupted at a known fre­
quency, whereas the probe beam is al­
lowed to operate continuously . The sig­
nal can then be detected by examining 
the amplitude of the probe beam for any 
modulation at the chopping frequency . 

Two of us (Hansch and Schawlow) 
with Issa S .  Shahin, who was then a 
graduate student at Stanford University , 
examined the Balmer-alpha line by this 
method. The hydrogen atoms were ex­
cited to the absorbing n = 2 level in 
a low-pressure gas-discharge tube. The 
two light beams from a pulsed dye la­
ser were passed through a section of the 
discharge plasma about 1 5  centimeters 
long, where they showed an absorption 
of about 50 percent. 

Of the seven fine-structure compo­
nents expected theoretically, four were 
visible, the two strongest ones being 
resolved far more sharply than in any 
previous spectrum. What is more , the 
Lamb shift that splits the 2S1l2 and 
2P1l2 levels was directly observed for 
the first time in the optical absorption 
spectrum. 

The saturation spectrum also includ­
ed a fifth peak, but it was a spurious one , 
called a crossover resonance , which ap­
pears midway between any two transi­
tions that share the same upper or lower 
level .  When the laser is tuned to the fre­
quency midway between these two line 
components, atoms moving in one di­
rection can absorb the saturating beam, 
and atoms moving the other way can 
absorb the probe beam. As a result the 
absorption is saturated not by stationary 
atoms but by two classes of moving 
ones. 

The sharpness of the peaks in the satu­
ration spectrum suggested that the Ryd­
berg constant could be determined with 
improved accuracy by measuring the 
absolute wavelength of one fine-struc­
ture component. Such a measurement 
was undertaken by a group of workers 
at Stanford led by one of us (Hansch) 
and including in particular M unir Nay­
feh. The component chosen was the 
2P312-to-3 D5/2 transition, which is the 
strongest one , the one with the smallest 
unresolved hyperfine splitting and the 
one least perturbed by the electric field 
of the discharge tube. It was first neces­
sary to examine the effects on the line 
position of variations in gas pressure, in 
current and voltage in the discharge 
tube and in laser intensity , and to correct 
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GROUND, OR LOWEST, STATE OF HYDROGEN can be reached only through transi­
tions whose wavelengths are in the vacuum-ultraviolet region of the electromagnetic spectrum; 
such transitions can be observed more conveniently by two-photon spectroscopy than by any 
other technique. The Lyman-alpha line, a transition from II = 1 to II  = 2, has a wavelength of 
1,215 angstroms, and radiation at twice this wavelength, or 2,430 angstroms, is required for 
two-photon spectroscopy, Even the latter wavelength is inaccessible to dye lasers and must be 
generated by doubling the frequency (or halving the wavelength) of a laser tuned to 4,860 ang­
stroms. The frequency doubling is accomplished by a crystal that under intense illumination 
emits the second harmonic of the incident frequency. The original laser wavelength (4,860 ang­
stroms) happens to correspond closely to the wavelength of the Balm er-beta line. Absorption 
of two photons in atomic hydrogen stimulates only the 15 112-to-25 1/2 transition. The ex­
cited atom is converted by weak encounters with other atoms to a 2P1l2 state, from which it 
returns to the ground state by emitting a photon having a wavelength of 1,215 angstroms. 

for any systematic errors. In order to 
measure the absolute position of the line 
rather than the interval between two 
lines an accurate reference length was 
needed. The chosen standard was a heli­
um-neon laser whose frequency was 
electronically locked to a particular hy­
perfin'e component of an absorption line 
of molecular iodine vapor ; this line was 
also defined by saturation spectroscopy. 
The wavelength of the stabilized heli­
um-neon laser was known accurately in 
terms of the international standard of 
length, which is a spectral line of kryp­
ton emitted under defined conditions. 
The data were evaluated in 1 974.  The 
result. R = 1 0,973 ,73 1 .43 ± . 1 O  recip­
rocal meters. was more accurate than 
the best previous value by a factor of 
almost 1 0. 

A related method of Doppler-free 
spectroscopy was introduced in 1 976 
by Carl Wieman, a graduate student 
at Stanford working with one of us 

(Hansch). By exploiting the fact that 
small changes in the polarization of 
light can be detected more easily than 
changes in intensity , the technique 
achieves greatly improved sensitivity . 
Fewer atoms can be observed at lower 
laser intensity . thereby avoiding system­
atic line shifts and line broadening. 

Polarization Spectroscopy 

As in saturation spectroscopy , the la­
ser light is divided into two beams. one 
more intense than the other, which tra­
verse the sample in opposite directions. 
In this case, however , the weaker , probe 
beam sees the gas sample placed be­
tween crossed polarizing filters, so that 
little light reaches the detector as long as 
the sample does not change the polariza­
tion of the probe. The saturating beam 
acts on the sample to bring about such 
changes. It can do so because it is first 
passed through a quarter-wave plate , a 
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piece of birefringent material cut and 
polished so that it gives light a circular 
polarization. Light is said to be circular­
ly polarized when the electric field ro­
tates (either clockwise or counterclock­
wise) rather than oscillates in a plane as 
it does in linearly polarized light. 

The probability that an atom will ab­
sorb circularly polarized light depends 
on the orientation of the atom's angular 
momentum with respect to the rotating 
field. Initially the orientation of the at­
oms is random, but the saturating beam 
depletes the gas of atoms that are orient­
ed so as to absorb light of one circular 
polarization, leaving an excess of atoms 
with the opposite sense of rotation. 
When the probe beam, which is linearly 
polarized, passes through the same re­
gion of gas, the oriented atoms can alter 
its propagation. 

A linearly polarized wave can be re­
garded as a superposition of two cir­
cularly polarized waves of equal inten­
sity, one wave rotating clockwise and 
the other counterclockwise. When this 
beam passes through the gas, it encoun­
ters atoms that tend to absorb only one 
of its circularly polarized components, 
thereby attenuating it and leaving the 
other component the stronger. As a re­
sult when the probe beam emerges from 
the gas, it is elliptically polarized, and 
the axis of the ellipse is rotated from the 
plane of the original linear polarization. 
The beam has therefore acquired a com­
ponent that can pass through the crossed 
polarizing filter. All of this can happen, 
however. only if the saturating beam 
and the probe beam interact with the 
same atoms, namely those that have no 
Doppler shift. 

o 

No light comes through the crossed 

HYDROG EN 1S, - 2S , 
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polarizing filter if the two beams inter­
act with different sets of atoms, and so 
there is essentially no background sig­
nal. Hence real peaks in the spectrum 
are not easily obscured by noise or by 
intensity fluctuations of the laser. When 
the signal is very small, it is often advan­
tageous to uncross the polarizing filters 
slightly. The detector then registers a fi­
nite background signal, which can either 
increase or decrease, depending on the 
direction in which the plane of polariza­
tion is rotated. 

John Goldsmith, a graduate student 
at Stanford, Erhard Weber, who was at 
Stanford on leave from the University 
of Heidelberg, and one of us (Hansch) 
have recently obtained an improved 
spectrum of the Balmer-alpha line 
by laser polarization spectroscopy. The 
saturating and probe beams were gener­
ated by a low-power, continuous-wave 
dye laser with a bandwidth of less than 
one megahertz. 

The spectrum was recorded in the 
form of a derivative, a mathematical 
function that measures the rate of 
change in the probe-beam intensity as 
the laser is tuned through a band of fre­
quencies.  In the polarization spectrum 
the two largest peaks are sharper than 
they were in the earlier measurement 
by saturation spectroscopy, and three 
smaller components are narrower still. 
The line width for these components is 
about 3 5  megahertz, almost 10 times 
sharper than in the previous measure­
ment. These three components all repre­
sent transitions that begin in the long­
lived 2S1l2 state , and each of them is 
known to be split into two hyperfine 
components separated by some 1 7 8  meg­
ahertz. It would seem that the hyper-

DEUTERIUM 1 S ,  - 2S , 
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2" "2 

LASER TU NING (GIGAHERTZ) 
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EFFECTIVE FREQUENCY OF ABSORBED RADIATION (G IGAH ERTZ) 

HYPERFINE STRUCTURE of the 15112-to-251/2 transition was resolved by two-photon 
spectroscopy both in normal hydrogen and in deuterium. Transitions between the two hyper­
fiue levels in hydrogen are responsible for the radiation a a wavelength of 21 centimeters ob­
served by radio astronomers. The natural width of the components is probably very small, per­
haps as little as one hertz; here they are resolved to within about 1 00 megahertz. The shift be­
tween hydrogen and deuterium is caused mainly by the difference in the mass of the nuclei. 
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fine splitting should be clearly resolved. 
but only single peaks are observed. The 
explanation of this discrepancy is that in 
each case one of the hyper fine states has 
a net angular momentum of zero and 
cannot be polarized. Thus each of the 
observed peaks is not an unresolved 
mixture of two transitions but is a single 
hyper fine component. 

The 2S1I2-tO-2P1l2 component was 
chosen for a new absolute wavelength 
measurement, again calibrated against 
the iodine reference line as a standard of 
length. The new value of the Rydberg 
constant derived from this measure­
ment is R = 10 ,973 ,73 1 .476 ± .032 re­
ciprocal meters.  The measurement is 
almost three times as accurate as the 
previous one, and it places the Ryd­
berg constant among the most precisely 
known of all fundamental constants. 
Only the speed of light and the ratio of 
the magnetic moments of the electron 
and the proton have been determined 
with comparable precision. 

Two-Photon Spectroscopy 

These methods provide convenient 
access to the lines of the Balmer series, 
those generated by transitions between 
the n = 2 energy level and higher levels. 
Other states cannot be reached as readi­
ly. One of particular importance is the 
S1I2 state with n = 1 ,  which is the 
ground state of the hydrogen atom. 
Even the nearest group of states, those 
with n = 2, is so far above the ground 
state that the wavelength of the corre­
sponding line, which is designated Ly­
man-alpha, falls in the vacuum-ultra­
violet region of the electromagnetic 
spectrum. Precision spectroscopy is par­
ticularly difficult at those short wave­
lengths, which are far beyond the range 
of the dye laser. 

With intense lasers ,  however, the diffi­
culties of vacuum-ultraviolet spectros­
copy can be avoided by exciting each 
atom with two photons, which together 
provide the necessary excitation energy. 
The probability of an atom's absorbing 
two photons simultaneously is general­
ly rather small, but it grows with the 
square of the light intensity. Two-pho­
ton spectroscopy is of particular interest 
for hydrogen because Doppler broad­
ening can be avoided by an ingenious 
method first suggested in 1 970 by L. S. 
Vasilenko, V. P. Chebotayev and A. V. 
Shishaev of the Institute of Thermo­
physics at Novosibirsk in the U.S.S.R.  
The method was first demonstrated in 
1 974 by three groups of investigators 
working independently. Instead of the 
laser beam's being split into two com­
ponents the beam is reflected back on 
itself by a mirror, so that waves moving 
to the right and to the left travel along 
the same axis. The gas cell is placed in 
the standing-wave field that results from 
this superposition. The laser is then 
tuned to a frequency exactly half that 
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SIMULTANEOUS MEASUREMENT of the 15 1/2-to-25112 tran­
sition and the Balmer-beta line was employed to determine the mag­
nitude of the Lamb shift for the 151/2 state of hydrogen. The 
Balmer-beta line was measured by polarization spectroscopy at the 
fundamental waveleng1h of the laser, 4,860 angstroms. The frequen­
cy-doubled output of the same laser was simultaneously employed 
to record a two-photon spectrum of the 15 1/2-to-25 1/2 transition 

at an effective waveleng1h of 1,215 angstroms. If the Bohr energy lev­
els were exact, the two transitions would be observed at the same 
laser tuning, but the splittings of the energy levels introduce a small 
discrepancy. From the measured difference in the laser tunings for 
the two lines, the magnitude of the 15112 Lamb shift was calcu­
lated with a precision 50 times greater than that of other measure­
ments. Value for hydrogen was found to be 8,161 ± 29 megahertz. 

of a selected atomic transition. At the 
proper frequency each atom in the gas 
can simultaneously absorb two photons 
coming from opposite directions. 

Suppose an atom moving along the 
optical axis in the standing-wave field 
encounters two photons approaching 
from opposite directions. One of the 
photons is Doppler-shifted toward the 
blue. meaning higher frequencies. but 
the other photon is shifted toward the 
red by an equal amount. For a station­
ary atom both photons have the same 
energy. In all cases the total energy or 
frequency of the two absorbed photons 
is constant, regardless of the velocity of 
the atom. As long as the laser frequency 
is detuned slightly from half the transi­
tion frequency none of the atoms can 
absorb the two counterpropagating pho­
tons. (There is a small background sig­
nal. however , from moving atoms that 
absorb two photons propagating in the 
same direction.) When the laser wave­
length matches the atomic transition. a 
sharp increase is observed in the number 
of excited atoms. The Doppler-free sig­
nal is strongly enhanced because all the 
atoms in the sample can contribute to it 
rather than j ust those that happen to be 
stationary. In this respect the method 
differs fundamentally from both satura­
tion spectroscopy and polarization spec­
troscopy. in which a population of at­
oms that are free of Doppler shifts is 
selected. In Doppler-free two-photon 
spectroscopy one Doppler shift is made 
to compensate for another. 

A two-photon transition of particular 
interest is the transition from the l S1I2 
state to the 2S1/2 state . Because the latter 
state is a very long-lived one the line is 
expected to be extraordinarily narrow. 

Theoretical estimates suggest a natural 
line width of about one hertz. or less 
than one part in 1 0 15 • which would make 
the transition one of the narrowest reso­
nances known in any physical system. 
The l S1I2 state is in itself interesting be­
cause its Lamb shift is the largest one 
predicted by quantum electrodynamics. 
An atom at the energy level n = 1 can­
not have orbital angular momentum. 
and so there is no nearby P state from 
which the magnitude of the shift can be 
determined. The shift is simply a dis­
placement of the 1 S 112 energy level from 
the position it would have in the absence 
of quantum-electrodynamical effects. 
The magnitude of the shift can be deter­
mined only by an absolute measurement 
of some spectral component. such as the 
1 S II2-to-2S 112 transition. 

A two-photon excitation of this tran­
sition was first observed in 1 974 by Siu 
Au Lee. Wieman and others at Stanford.  
The Lyman-alpha line has a wavelength 
of 1 .2 1 5  angstroms; a photon with half 
this energy corresponds to a wavelength 
of 2 ,430 angstroms. which is still in the 
ultraviolet and beyond the reach of tun­
able dye lasers. The Stanford workers 
therefore employed a dye laser operat­
ing at 4 , 860 angstroms. or twice the re­
quired wavelength. The intense light 
from this source was shined on a crystal 
that served as a frequency doubler. Be­
cause of the high intensity of the applied 
electromagnetic field the crystal not 
only reradiated light at the original fre­
quency but also was driven to emit over­
tones. including the second harmonic. at 
2 ,430 angstroms. About 2 percent of the 
energy appeared at this wavelength. 

The frequency-doubled ultraviolet ra­
diation was reflected by a mirror to 

form a standing wave inside a low-pres­
sure gas-discharge tube. Hydrogen at­
oms that absorbed two photons re­
turned to the ground state by emitting a 
single. far-ultraviolet photon at a wave­
length of 1 .2 1 5  angstroms. These pho­
tons escaped through a window at the 
side of the chamber and were detected 
by a photomultiplier . 

The l S112-to-2S1I2 transitions of both 
hydrogen and deuterium were measured 
with this system. Each of these lines has 
a large hyper fine splitting. which is well 
resolved in the two-photon spectra. 
Transitions between the two hyperfine 
states in hydrogen are responsible for 
the 2 1 -centimeter radiation that is an 
important signal in radio astronomy. 
There is also a large splitting between 
the hydrogen lines and the deuterium 
lines. caused chiefly by the difference in 
nuclear mass. This isotope shift was 
determined to an accuracy 1 .000 times 
better than earlier measurements. A fur­
ther improvement by a factor of 1 0  
could provide a new value for the im-

. portant ratio of electron mass to pro­
ton mass. 

The greatest interest in the 1 S 112 state 
is in the determination of the ground­
state Lamb shift. In the 1 9 50's Herz­
berg. who was then at the Yerkes Obser­
vatory of the University of Chicago. 
was able to detect the shift. but he mea­
sured its value to a precision of only 
about 14 percent. Two-photon spectros­
copy provided an opportunity for a far 
more accurate determination. 

The most straightforward approach 
to measuring the Lamb shift would be to 
determine the absolute wavelength of 
the l S112-to-2S1I2 transition. but the val­
ue of the Lamb shift calculated from 
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that wavelength also depends on an as­
sumed value of the Rydberg constant. 
The Stanford group found a better 
method. exploiting a peculiar but not 
accidental coincidence : the fundamen­
tal wavelength of the dye laser . namely 
4. 860 angstroms. nearly coincides with 
the Balmer-beta line. If Bohr's formula 
were correct. the correspondence would 
be exact: the interval from n = 1 to 
n = 2 (Lyman-alpha) would be j ust four 
times the interval from n = 2 to n = 4 
(Balmer-beta). Actually the levels are 
split and shifted somewhat by relativis­
tic and quantum-electrodynamical cor­
rections. The corrections for the n = 2 
and n = 4 levels are known with great 
precision. however. and so a compari­
son of the two transitions can determine 
the ground-state Lamb shift. 

Three such measurements have been 
carried out by the Stanford group. the 
most recent and the most accurate one 
by Wieman. The Balmer-beta reference 
line was observed by polarization spec­
troscopy. while the same laser simulta­
neously measured the Lyman-alpha line 
by two-photon spectroscopy. The Bal­
mer-beta spectrum not only resolved the 
fine-structure components of the line 
but also revealed the splitting of these 
components in the weak axial electric 
field of the gas-discharge tube. In princi­
ple the ground-state Lamb shift could be 
determined by measuring the difference 
between the Balmer line and the I S-to-
2S line and then comparing the result 
with the predictions of the Dirac theory. 
Known corrections would be applied to 
the positions of the n = 2 and n = 4 lev­
els; any remaining difference would be 
attributed to the Lamb shift of the I S  
state . In practice it was not quite a s  easy 
as that. because allowance had to be 
made for possible systematic errors and 
imprecisions in the apparatus. The re­
sult eventually derived was 8. 1 6 1  ± 29 
megahertz. The experiment is still far 
short of the accuracy of the theoreti­
cal calculations. which give a val ue of 
8 . 1 49.43 ± .08 megahertz. but it repre­
sents a significant step beyond Herz­
berg's  earlier measurement. 

Higher Resolution 

Many formidable obstacles would 
have to be overcome in order to ap­
proach the one-hertz natural line width 
of the I S112-to-2S1I2 transition. It would 
not be enough to further reduce the 
bandwidth of the laser . because there 
are several other sources of line broad­
ening. One of them is a second-order 
Doppler shift. a consequence of the spe­
cial theory of relativity. An atom that is 
moving appears to oscillate slower than 
one at rest. so that the moving atom ef­
fectively has a lower resonant frequency 
no matter what the direction of motion 
is. The counterpropagating beams of 
two-photon spectroscopy cannot cancel 
this shift. which should amount to about 

50 kilohertz for hydrogen atoms at 
room temperature.  

Another source of line broadening is 
the finite transit time of a moving atom 
in the laser beam. Because a moving 
atom is exposed to the laser light only 
briefly . even the light from a continu­
ous-wave laser is perceived by the atom 
as a pulse . whose short duration limits 
the potential resolution of the spectrum. 
In principle both effects could be re­
duced by slowing the atoms. or in other 
words by cooling the gas. In this regard 
it is encouraging that Daniel Kleppner 
of M .LT. has recently shown that atom­
ic hydrogen can be cooled to the temper­
ature of liquid helium (4.2 degrees K.)  
without condensing. even though dia­
tomic hydrogen molecules condense at 
20 degrees K. Two of us (Schawlow and 
Hansch) have recently pointed out that 
laser light itself might cool a gas to a low 
temperature . This may seem paradoxi­
cal. since an intense light usually sup­
plies heat. but it must be recalled that 
laser light. being coherent. represents a 
state of low entropy. or low disorder. A 
state of low entropy can be made to 
yield a low temperature. 

Several laboratories are now attempt­
ing to apply the technique of two-pho­
ton spectroscopy to the I S1I2-to-2S1I2 
transition of positronium. a hydrogen­
like "atom" made up of an electron and 
its antiparticle. the positron. The prop­
erties of this exotic atom are predicted 
with great precision by quantum elec­
trodynamics. and · there is no need to 
apply corrections for the structure of 
the nucleus. The experiment is difficult. 
however. because positronium has a life­
time of only about 1 40 nanoseconds. 

The hydrogen atom has been a focus 
of attention for almost a century. but the 
information embodied in this simple 
system of particles is by no means ex­
hausted. Recent unified field theories. 
such as those of Steven Weinberg of 
Harvard University and Abdus Salam 
of the Imperial College of Science and 
Technology . predict subtle effects in hy­
drogen and other atoms that might be 
observed as small changes in the polari­
zation of emitted or absorbed light. The 
changes are so small that there is some 
question of whether they can even be 
detected. but several groups of investi­
gators are now attempting to measure 
them acc urately enough to test the theo­
ries. As the technology of coherent light 
sources evolves it seems safe to predict 
that the exploration of the hydrogen 
spectrum will continue for decades. So 
far all the recent findings tend to confirm 
the predictions of theory. It is worth re­
membering. however. that several ma­
jor upheavals in 20th-century physics. 
were instigated by the discovery of mi­
nute discrepancies between theory and 
observation in this very spectrum. The 
hydrogen atom may hold surprises yet 
to come. On the other hand. perhaps the 
greatest surprise would be none at all. 
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Taking you where you want to go ... 
Wherever you'd like t o  go, whenever 

you'd like to get there, chances are the 
world's growing fleet of DC-9 and DC-10 
jets have just what you're looking for. 
Our big DC-lOs make more flights ­
more than 700 daily - than any other 

wide cabin jet. They fly to more places, 
too - 165 cities - on every continent but 
Antarctica. And our DC-9 twinjets, on 
which more than a billion passengers 
have already flown, carry another third 
of a million people every day. 

Giving you power ... 
S o l a r  O n e ,  A m e r i c a 's f i r s t  

sun-powered generating plant, 
was designed by McDonnell Douglas 

\ I for the Depart-
/ ment of Energy. 

We're helping 
- to build it, too 

- a field of com-
A�_"--C>.� puter-driven mir-
/ rors that follow the 

sun across the sky, focus its energy 
on a tower-mounted boiler, and 
produce steam to drive the tur­
bines that produce electricity. Ex­
cess heat goes to an oil-rock "storage 
battery:' so that the plant can keep 
on working hours after the sunset . 
Energy is a problem. Solar One 
may be part of the solution. 

Keeping you free. 
McDonnell Douglas builds The Navy and Marines, and the AV-8B 

C h a m p i o n :  T h e  F -15 E a g l e, advanced vertical takeoff jet. 
America's air superiority fighter, Advanced: the right word for 
the most effect- everything McDonnell Douglas 
ive combat �, does . 

I . h ' " F-18A p ane In t e � 

w o r l d .  T h e  
' 

E agle rules the This is  j ust a sample of the 
skies, guard- things McDonnell Douglas i s  
ing the Free creating to bring tech-
World.  I t  also F-1 5  n o l o g y  t o  l i f e - y o u r  
continues the tradition of excel- life - helping t o  make i t  easier, 
lence est ablished by our F-4 better, safer. If you'd l ike to  
Phantom, introduced in  1958 and k n o w  m o r e  a b o u t  u s ,  w r i t e  
still in production. McDonnell Douglas,  P. O . B o x  

And now the F-4 and the F-15 14526, St. Louis, Mo. 63178. 
are being joined by other great 
McDonnell Douglas combat air-
craft. The F-18A Hornet for the 

EQUAL O P P O R T U N ITY IN P R O F E S S I O N A L  C A R E E R S .  S E N D  R E S U M E: BOX 1 4 5 2 6 ,  ST. L O U I S .  M O .  6 3 1 7 8  
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The Perception 
of Surface Blacks and Whites 

What shade of gray a surface appears is related to the perceived 
distribution of light and shadow, which in turn depends on the 
perceived spatial relation between the surface and its neighbors 

T
he lens of the human eye projects 
onto the retina a two-dimensional 
image of the three-dimensional 

physical world. Partly because the reti­
nal image is two-dimensional most in­
vestigators of color perception have as­
sumed that depth perception has noth­
ing to do with the process by which 
the human visual system determines the 
color of objects. The experiments I shall 
describe here invalidate that assump­
tion. I have found that a change in the 
perceived spatial orientation of a sur­
face can change its perceived color from 
black to white or from white to black. 

Traditional explanations of color per­
ception assign no special role to the cen­
tral nervous system. Because that sys­
tem governs depth perception my work 
assigns it a major role. Traditional in­
vestigations have also largely ignored 
the perception of the intensity and color 
of the light illuminating surfaces whose 
colors are under scrutiny. In my work I 
have tried to rectify this imbalance. and 
for the sake of simplicity I have dealt 
mainly with what are called neutral col­
ors: white. black and gray . 

When white light. which consists of a 
balanced mixture of all the colors in the 
spectrum. strikes a colored surface. the 
surface reflects one wavelength (one col­
or) more than it does the others.  This 
dominant wavelength corresponds to 
the physical color of the surface. In gen­
eral the light that illuminates objects in 
nature is not white but is an unbalanced 
mixture of various colors. A colored 
surface reflects some wavelengths in 
such a mixture more than others. but 
now the dominant wavelengths do not 
correspond to the physical color of the 
surface. The mixture of wavelengths in 
the light the surface reflects to the eye 
depends not only on the physical color 
of the surface but also on the mixture of 
wavelengths in the light that illuminates 
the surface.  Therefore the visual system 
should not be considered an instrument 
that measures the wavelength and the 
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by Alan 1. Gilchrist 

intensity of reflected light; such mea­
surements would reveal little about sur­
face color. The visual system has the 
remarkable ability to correctly perceive 
the physical color of a surface in spite of 
wide variations in the mixture of wave­
lengths in the illumination. This is the 
phenomenon of color constancy. 

Neutral surfaces leave unchanged the 
mixture of wavelengths that illuminates 
them. but they do alter the intensity of 
the light. The shades of gray from white 
to black are all neutral. and so they 
reflect various degrees of illumination. 
S urfaces that reflect between about 80 
and 90 percent of the illumination are 
called white. whereas those that re­
flect between about 3 and 5 percent are 
called black. In short. the lightness. or 
perceived grayness. of a neutral sur­
face corresponds to its reflectance: the 
percentage of illumination it reflects. 
Again. the visual system has the remark­
able ability to determine the lightness of 
a neutral surface in spite of wide var­
iations in the intensity of the illumina­
tion. Such is the phenomenon of light­
ness constancy. which is analogous to 
the phenomenon of color constancy for 
colored surfaces. 

Aphysicist would determine the re­
flectance of a surface by comparing 

the intensity of the reflected light with 
the intensity of the illumination. The hu­
man visual system also determines re: 
flectance. but it does so by comparing 
the intensity of the light reflected from a 
surface with the intensity of the light 
reflected from neighboring surfaces. 
For the visual system to make this com­
parison there must be constant relative 
displacement between the retinal image 
and the retina. This happens naturally 
because the eye constantly and involun­
tarily flicks back and forth in tremors 
with a frequency of between 30 and 150 
cycles per second.  It has been found that 
the visual field goes blank in one to three 
seconds if the relative displacement is 

eliminated by artificially stabilizing the 
image (using a special apparat us that 
causes the image to remain still on the 
retina even as the eye moves back and 

. forth). The eye tremors indicate that the 
receptor cells of the retina function only 
in the presence of a change of stimula­
tion. Consider what happens to an indi­
vidual receptor cell during the tremors 
(assuming that there are no large volun­
tary eye movements). A cell in the interi­
or of a patch of homogeneous st imula­
tion within the retinal image receives no 
change of stimulation. whereas a cell at 
the boundary of a patch does receive 
such a change. 

The relevance of all of this for color 
vision was elegantly demonstrated by 
John Krauskopf of Bell Laboratories. 
He built a display that consisted of a 
disk of one color. say green. surrounded 
by an annulus. or ring. of another color. 
say red. He arranged matters so that the 
green-red boundary between the disk 
and the annulus was stabilized. that is. 
moved in such a way as to follow the 
tremors. In this way all displacement be­
tween the green-red boundary and the 
receptor cells was eliminated. As a re­
sult the retinal boundary disappeared 
and the observer simply saw a single 
large red disk. 

The most straightforward interpreta­
tion of this experiment is that the eye 
sends the brain only information about 
changes in light across boundaries. with 
areas where no change is reported being 
filled in by the brain as homogeneous. In 
Krauskopf's display. and in the normal 
viewing of a large red disk. the eye ex­
tracts information from the outer edge. 
Since no change is reported within the 
boundary. the brain treats the interior 
of the disk as homogeneous. Consider 
what this implies. Krauskopf's  observ­
ers perceived red even in the center of 
the display. even though green light was 
striking the corresponding region of the 
retina. Hence if the color of the light 
(green) striking the disk region of the 
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PERCEIVED SPATIAL ORIENTATION affects color perception. 
In the top photograph it is apparent that the right side of the stairwell 
is a white surface in shadow and that the left side is an illuminated 
white surface. Because the visual system recognizes that the stairs 
turn a corner it correctly perceives that the stairwell is differentially 

illuminated. The bottom photograph is a closeup view of the stairwell 
corner. Here the two sides appear to form a plane rather than a cor­
ner. The sides are perceived to be illuminated equally, and so the visu­
al system attributes the difference in grayness to the sides themselves. 
Hence the shadowed side is not correctly perceived as being white. 
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ILLUMINATION EDGES, or iIIuminatio differences, are of two 
kinds: attacbed and cast (projected). Attacbe edges are tbe result of 
cbanges in tbe spatial orientation of surfaces; cast edges are tbe re­
sult of sbadows. In tbis pbotograpb botb kinds of edges are present in 

RETINAL RECEPTOR CELLS gatber color information by detect­
ing cbanges in Iigbt. To detect sucb cbanges tbere must be constant 
relative displacement between tbe retinal image and tbe retina, and 
so tbe eye scans a surface by constantly flicking back and fortb in 
tremors witb a frequency of between 30 and 150 cycles per second. 
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abundance. For example, tbere are attacbed edges wbere tbe walls 
turn corners to form tbe indentations tbat bold tbe windows. Tbe 
boundaries of tbe trapezoidal patcbes of ligbt projected on tbe floor 
by sunligbt streaming tbrougb windows are examples of cast edges. 

In tbe display at tbe left tbe boundary between tbe red ring and tbe 
green disk was moved in sucb a way as to follow tbe tremors. Tbat 
eliminated all displacement between tbe boundary and tbe cells. As a 
result retinal boundary disappeared and observer saw a red disk (right). 
Tbe experiment was done by Jobn Krauskopf of Bell Laboratories. 
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retina had nothing to do with the color 
(red) that was perceived there. then by 
the same token the color of the light 
(red) striking the annulus region might 
have nothing to do with the color (red) 
that was perceived there. 

Krauskopf's display suggests that 
even under natural conditions the per­
ceived color of a surface depends not on 
the light emanating from the surface but 
on the change in the light across the 
boundary of the surface. The perceived 
color of a surface cannot depend solely 
on the change in the light at the edge of 
the surface because such a change is 
str ictly relative. The change in the light 
at the edge of a surface depends as much 
on the color of the background.as it 
does on the color of the surface. 

If perceived color depended only on 
the change in the light at the edge of a 
surface. the surface would look radical­
ly different in color when seen against 
different backgrounds. Conversely. two 
surfaces of radically different color 
could look the same. For example. the 
change in the intensity of reflected light 
from a white surface to a middle-gray 
background is the same as the change in 
the intensity from a middle-gray surface 
to a black background. Of course. white 
and middle-gray surfaces would not 
look the same when they were seen 
against these respective backgrounds. 
Such changes in background color can 
result in what are called contrast effects. 
but these effects are not nearly large 
enough to make the white surface on the 
middle-gray background look the same 
as the middle-gray surface on the black 
background. It is a remarkable empiri­
cal fact that perceived surface color re­
mains largely constant in spite of chang­
es in the background.  which in turn give 
rise to changes in the edge information. 

The visual system extracts only rela­
tive information from an edge. and 

such information is a small part of what 
the visual system needs in order to per­
ceive color. a part that can be properly 
interpreted only in the context of the 
relative information from many other 
edges. There is evidence that the visual 
system integrates neural signals ema­
nating from distinct edges. Recording 
changes in light and then integrating 
them is mathematically equivalent to 
keeping a point-by-point record of the 
light. Simply recording the changes. 
however . is more efficient and requires 
less transmission capacity. Consider an 
analogous situation in the stock market. 
To draw a graph showing how the price 
of a certain stock varies from day to 
day. one could either find out the price 
of the stock each day or find out the 
price only on days when it had changed. 
The latter method requires less trans­
mission capacity. and so it might be pre­
ferred if getting the stock quotation re­
quired a transcontinental telephone call. 

Yet the information collected by this 
method could be easily integrated to 
give the stock prices for each day. I be­
lieve something similar to this process 
of information extraction and integra­
tion is going on in the visual system. 
Such a process has also been suggested 
by Edwin H. Land of the Polaroid Cor­
poration. 

It turns out. however. that the model 
of reflectance-edge extraction and inte­
gration is quite limited in its application. 
The model works well when the objects 
whose colors are under scrutiny are uni­
formly illuminated. It even works when 
the illumination is changing uniform­
ly over the entire visual field. because 
changes in the overall illumination have 
no effect  on the relative changes in 
the light at the boundary between two 
shades of gray. This is j ust a special 
case of the general phenomenon that a 
change in illumination does not change 
the ratio of the amount of light reflected 
off adjacent surfaces of differing reflec­
tance. For example. consider two sur­
faces whose reflectances are respective­
ly 25 and 50 percent. The ratio of re­
flected light will remain 1 : 2 regardless 
of the intensity of the illumination. It 
has been demonstrated that the neural 
signal generated at an edge in the retinal 
image remains the same if the intensity 
ratio at the edge remains the same. 

The model of reflectance-edge extrac­
tion and integration runs into trouble 
when the objects under scrutiny are not 
uniformly illuminated. The trouble be­
gins with spatial changes in the illumina­
tion. Such illumination edges are of two 
kinds: attached and cast (projected). At­
tached edges arise from changes in the 
planarity. or spatial orientation . of sur­
faces. If two walls of the same color 
meet at a corner and one wall receives 
more illumination than the other . then 
there is an attached illumination edge 
where they meet. Such edges would also 
appear in a white plaster-of-Paris sculp­
ture where irregularities in the sculp­
ture's shape are clearly visible because 
the intensity of the incident illumination 
varies as the angle between the light 
source and various areas of the sculp­
ture changes. On the other hand.  the 
boundary of a shadow is a cast illumina­
tion edge. So is the boundary of a spot­
light projected onto a stage and the 
boundary of a bright trapezoidal patch 
of light projected onto a floor by sun­
light streaming through a rectangular 
window. 

The presence of illumination edges in 
the retinal image makes the simple mod­
el of reflectance-edge extraction and in­
tegration unworkable. If changes in illu­
mination were extracted and integrated 
r ight along with reflectance changes. 
gross errors in perceived lightness 
would result. For example. a white sur­
face in shadow might appear as a gray 
surface. Nevertheless. the model can be 

further developed to eliminate this diffi­
culty. What is necessary is that before 
the edges are integrated into an intensi­
ty image they must be classified either 
as reflectance changes or as illumina­
tion changes. Once this classification is 
made. the visual system could separate­
ly integrate the two kinds of edge. The 
result would be two distinct images: one 
representing surface reflectance and the 
other representing surface illumination. 

My own work has centered on the 
conditions under which the visual 

system can distinguish reflectance edges 
from illumination edges and on how the 
distinction might be made. I have been 
guided by the belief that the classifica­
tion of edges cannot be carried out at the 
level of the retina. The fact is that spa­
tial changes in illumination and changes 
in reflectance generate identical edges 
on the retina. Some workers have sug­
gested that the retina could classify the 
edges based on their sharpness. with re­
flectance edges tending to be sharp and 
illumination edges tending to be gradu­
al. This simple explanation does not 
work. however . because illumination 
edges (both cast and attached) are often 
sharp whereas reflectance edges are 
sometimes gradual. And yet the visual 
system can correctly identify the two 
kinds of edge. Rather than classifying 
edges solely on the basis of their sharp­
ness on the retina the visual system must 
classify them on the basis of their rela­
tion to all, the other edges in the entire 
retinal image. This means that not only 
the eye but also the central nervous sys­
tem play a role in the classification of 
edges. 

That the central nervous system is in­
volved in color perception is suggested 
by a simple phenomenon Irvin Rock of 
Rutgers University pointed out to me. 
He noted that the shadowed side of a 
corner (for example. where two walls 
meet) usually seems to be approximate­
ly the same shade of gray as the illumi­
nated side. When the corner is artificial­
ly made to appear flat by viewing it 
through a hole . however. the shadowed 
side seems to be an extremely dark gray. 
often even black. When the corner is 
seen this way. no shadow is perceived; 
the darkness is attributed to the surface 
itself. 

Here is a situation where the edge at 
the corner can be perceived as either an 
illumination edge when it is seen cor­
rectly in depth or as a reflectance edge 
when it is made to look flat. This sug­
gests that the visual system relies on 
depth information to determine whether 
it is the illumination or the reflectance 
that is changing at an edge. Moreover. 
the situation seems to challenge the pre­
vailing view that lightness is determined 
by intensity ratios between adjacent re­
gions of the retinal image independently 
of where these regions are perceived to 
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be in three-dimensional space. To dem­
onstrate conclusively that depth percep­
tion (and hence the central nervous sys­
tem) plays a role in color perception . I 
tried to reprod uce the corner phenome­
non under strict laboratory conditions .  

I suspended in midair from a hidden 
support two white surfaces that met 

to form an outside right-angled corner . 
Behind the surfaces I put a uniform 
background of medium intensity. One 
of the white surfaces received 30 times 
more light than the other surface. Ob­
servers viewed the display and indicated 
the apparent lightness of each surface 
by selecting a matching sample from a 
chart of various shades of gray . A sec­
ond group of observers viewed the sur­
faces when they were made to seem flat 
by being looked at through a hole with 
one eye. 

When the two surfaces looked flat. the 
difference in intensity was perceived as a 
difference in reflectance. as I had expect­
ed.  In other words . the illuminated side 
(a value of 30) looked white and the 
shadowed side (a value of 1) looked 
black. To my surprise. however. the ob­
servers saw exactly the same thing when 
the surfaces appeared to be at right an­
gles to each other . This is essentially 
what earlier investigators had found in 
similar circumstances . In a few studies 
the perceived spatial pattern had been 

found to have a small effect on per­
ceived lightness . but in most other stud­
ies. including my own. there was no such 
effect. 

I was so impressed by the strength of 
the effect of spatial orientation under 
natural conditions that I felt something 
significant about the natural context of 
the corner must have been lost in my 
attempt to reproduce the situation in the 
laboratory. I tried in several ways to en­
rich the context of the laboratory dis­
play. For example. I placed objects in 
the vicinity of the suspended corner so 
as to make the lighting conditions mani­
fest to the observers. All these attempts 
failed to change the results .  

Finally I found the effect of  spatial 
orientation when I put a black surface 
next to and coplanar with each of the 
original white surfaces . As in the origi­
nal display. the 30: 1 ratio in intensity 
between the white surfaces was seen as a 
difference in reflectance when they ap­
peared to be coplanar . When the two 
surfaces were seen at right angles to 
each other . the same intensity ratio was 
perceived as an illumination difference.  
In other words. when the surfaces were 
seen as being coplanar. the illuminated 
surface looked white and the shadowed 
surface looked black. but when the sur­
faces were seen as an outside corner. the 
shadowed surface was seen correctly as 
a white surface in shadow. 

STIMULATION OF A RECEPTOR CELL (black dot) cbanges as tbe edge of tbe retinal im­
age moves across tbe cell wben tbe image sbifts from one position (solid rectangle) to another 
(broken rectangle) because of tbe eye tremors. Cells sucb as tbe colored one tbat tbe boundary 
of tbe retinal image does not move across do not receive a cbange of stimulation. Since tbe 
green-red boundary in Krauskopf's display did not cross cells, tbe display appeared to be red. 
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A reasonable interpretation of these 
results is that the visual system oper­
ates to account for the entire pattern 
of retinal intensities as generated by ei­
ther changes in illumination or changes 
in reflectance. The original two-surface 
display could be seen as being uniformly 
illuminated because the two intensity 
levels (30 and 1) could be treated as re­
sulting from different shades of gray. 
namely white (30) and black (1). The 
more complex four-surface display in­
volves a 900 : 1 range of intensities . (The 
illuminated white surface is 900 times 
more intense than the shadowed black 
surface.) Since the range in intensity of 
shades of gray that can result solely 
from reflectance is normally limited to 
30: 1, the four-surface display also re­
quires the perception of some varia­
tions in illumination . Which edges will 
be treated as representing illumination 
changes and which as representing re­
flectance changes depends on the overall 
organization of the scene . particularly 
the perceived three-dimensional layout. 

Next I modified the four-surface dis­
play to rule out the possibility that 

the results were caused by some kind of 
contrast effect operating between adja­
cent areas of the two-dimensional reti­
nal image. The horizontal plane of the 
modified display consisted of a large 
white square attached to a small black 
trapezoidal tab that extended outward 
toward the observer [see illustration 011 
page 118]. The vertical plane consisted of 
a large black square attached to a small 
white tab that extended upward.  In oth­
er words. the tabs extended out into 
midair from the corner formed by the 
two large squares . and so each tab ap­
pears on three sides against a back­
ground that is not in the same plane. As 
in the original four-surface display . the 
horizontal plane received 30 times more 
light than the vertical plane . The tabs 
are trapezoidal in order to create an ill u­
sion in depth perception. 

Seen with both eyes the tabs correctly 
appear as trapezoids lying in their actual 
planes . In this case the vertical tab ap­
pears to be almost white and the hori­
zontal tab almost black. On the other 
hand . seen through an aperture with 
only one eye each trapezoidal tab ap­
pears to be a small square lying in the 
same plane as the larger square that sur­
rounds it on three sides .  In this case the 
perceived colors are the reverse: the ver­
tical tab appears to be black and the 
horizontal tab appears to be white. 

In both cases. however . the retinal im­
age is the same: each tab is seen against a 
square background that surrounds it on 
three sides . This means that the relation 
between the target and its background in 
the retinal image is irrelevant to the tar­
get's perceived shade of gray . The shade 
of gray turns out to depend on the rela­
tion between the intensity of the target 
and the intensity of whatever surface 
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seems to lie in the same plane, even if 
that coplanar surface does not provide 
the background of the target in the reti­
nal image. Therefore when the display 
is seen with both eyes, the shadowed 
white vertical tab appears to be copla­
nar with the shadowed black vertical 
background, and so the tab appears to 
be white . In addition the illuminated 
black horizontal tab appears to be co­
planar with the illuminated white hori­
zontal background, and so the tab looks 
black. When the display is seen with 
one eye, the shadowed white vertical 
tab appears to be coplanar with the illu­
minated white horizontal background. 
and so the tab looks black. Moreover, 
the illuminated black horizontal tab ap­
pears to be coplanar with the shadowed 
black vertical background, and so the 
tab looks white . 

The model of edge extraction, classifi­
cation and integration was put to a 

more direct test in a series of experi­
ments designed to probe what observers 
would see if a reflectance edge were mis­
takenly perceived as an illumination 
edge or vice versa. The corner experi­
ments I have described showed that a 
change in the perceived type of edge re­
sults in a change in the perceived light­
ness of the region bounded by the per­
ceptually altered edge. If perceived 
lightness depends on the visual system's 
integration of a series of spatially re­
mote edges, then even stranger percep­
tual mistakes will manifest themselves. 
For example, if a single reflectance edge 
in a complex display is made to appear 
as an illumination edge, then in certain 
circumstances this ought to have as 
great an effect on the perceived lightness 
of regions that are remote from the al­
tered edge as it has on the regions that 
are bounded by the altered edge. 

At the State University of New York 
at Stony Brook, Stanley Delman and I 
designed one such edge-substitution ex­
periment. We studied a familiar display , 
known as simultaneous lightness con­
trast, that is often treated in psychology 
textbooks. Two middle-gray squares are 
placed respectively on adjacent white 
and black backgrounds. It turns out that 
for some reason the gray square on the 
white background looks slightly darker 
than the gray square on the black back­
ground. This effect, however , was not 
the subject of our experiment. We want­
ed to reproduce the same pattern of re­
flected light that the eye receives from 
this display when the boundary between 
the white and black backgrounds was 
perceived as the boundary between high 
and low levels of illumination.  

To this end we affixed to a wall a large 
rectangular piece of middle-gray paper 
that would serve as the immediate back­
ground for both target squares. The dif­
ference in immediate background in­
tensities was created by casting a beam 
of light with a sharp edge across half of 
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REFLECTANCE OF A SURFACE is the percentage of ilInmination that the surface reflects. 
The top part of the illustration indicates the reflectances of several surfaces in a visual scene. 
The eye responds only to changes in the intensity of the reflected light. The middle part of the 
illustration indicates the kind of information that is generated at edges in the retinal image. 
Each vertical line indicates the change in intensity at an edge. The visual system integrates 
information -from all the edges in order to reconstruct the original intensity pattern (bottom). 

the gray rectangle. Part of the beam 
also illuminated the background wall on 
three sides of the rectangle. The intensi­
ty of the beam was set so that the intensi­
ty ratio of the illuminated half of the 
gray rectangle to the shadowed half was 
30 : I ,  which is equal to the intensity ra­
tio of white paper to black paper, as was 
the case in the original display. Next we 
needed to add the target squares. They 
could not be the same shade of gray 
(that is, have the same reflectance), be­
cause they would then reflect different 
amounts of light to the eye owing to 
their unequal illumination. 

In the original lightness-contrast dis­
play that we were trying to reproduce 
the two squares reflected exactly the 
same amount of light. It is also true that 
in the original display the squares had 
the same reflectance. That did not con-

cern us, however, because our goal was 
to reproduce not all the facets of the 
original display but only the informa­
tion the visual system received: the pat­
tern of light intensities that reached the 
eye. To achieve this goal the target 
square on the shadowed side had to have 
a reflectance 30 times as great as the 
other target square, which would be re­
ceiving 30 times as much illumination. 
Therefore we placed a white square on 
the shadowed side and a black square on 
the illuminated side. 

In this way we thought we had repro­
duced in a logical manner the light 

intensities of the original pattern.  Now 
it was time to test our results photo­
metrically and empirically . Photometric 
measurements showed that the targets 
reflected equal amounts of light, that the 
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immediate background on one side re­
flected 30 times more light than the im­
mediate background on the other side 
and that on a logarithmic scale the tar­
get intensities were halfway between the 
intensities of the two immediate back­
grounds . All of this was true of the origi­
nal display as well. Moreover. the repro­
duction preserved the geometry of the 
original. 

Empirical considerations also indi­
cated that our reproduction was faith­
ful. Under control conditions observers 
viewed our reproduction through a rec­
tangular aperture in a cardboard screen. 
The screen limited the observers' view 
so that the only parts of the display that 
were visible were the two square targets 
and their immediate backgrounds: the 
illuminated and shadowed halves of the 
gray rectangle. Under these conditions 
the display looked j ust like the original. 
The immediate backgrounds looked re­
spectively white and black even though 
they were actually a middle gray that 
had been differentially illuminated. The 
illumination edge between the immedi­
ate backgrounds was perceived as a re­
flectance edge. and the square targets 
looked middle gray . one slightly darker 
than the other. 

All of this served merely to assure us 
that we had correctly reproduced the 
pattern of light reflected by the original 
display . The real test came when we had 

STIMULUS DISPLAY 

TARGET 

RIGHT TAB 

LEFT TAB 

observers view the display without look­
ing through the confining cardboard 
screen. Under these conditions the ob­
servers could clearly see that a beam of 
light was illuminating half of the rectan­
gular piece of paper since the beam of 
light illuminated the part of the back­
ground wall that was behind this half 
of the rectangle. Now the illuminated 
target was correctly perceived as black 
whereas the shadowed target was cor­
rectly perceived as white. 

The perceived lightness of each target 
changed radically from the screened dis­
play to the unscreened one in spite of the 
fact that the amount of light each target 
reflected remained the same. that the 
amount of light each immediate back­
ground reflected remained the same and 
hence that the neural s ignal generated at 
the retinal edge of each immediate back­
ground must have remained the same. 
This clearly means that color perception 
is not simply a function of the amount of 
light a surface reflects .  of the intensity 
ratio of a surface to its immediate back­
ground or of the neural signal generated 
at the retinal edge of a surface. 

It seems that a much more relativistic 
process is going on in the visual sys­
tem. The boundary between each target 
square and its immediate background 
gives only the relation between the light 
reflected by each of these areas. If one 
target is to be compared with the oth-

RETINAL PATTERN 

(LUM INANCE) 

STIMULUS DISPLAY, consisting of an illuminated horizontal plane and a shadowed vertical 
plane, was viewed by observers who looked down at it from an angle of 45 degrees. Because the 
targets were trapezoids each seemed to lie in the same plane as one of the larger background 
squares when the display was viewed with one eye through an aperture. When the targets were 
viewed with both eyes, they were seen in their actual spatial positions. In both cases the retinal 
pattern remained the same, although the perceived lightness changed. The chart in this illustra­
tion indicates what the observers saw. The perceived shade of gray turned out to depend on the 
relation between the intensity of the target and the intensity of whatever surface appeared to lie 
in the same plane, even if that surface was not the background of the target in the retinal image. 
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er. the relation between the immedi­
ate backgrounds must be taken into ac­
count. If the immediate backgrounds 
are perceived to differ radically in re­
flectance. then this perception. together 
with the edges between the targets and 
the backgrounds.  suggests that the tar­
gets are nearly the same in lightness . If. 
on the other hand. the immediate back­
grounds are perceived to differ radical­
ly in illumination. then the targets ap­
pear to lie against the same (reflectance) 
background and hence appear to differ 
extremely in lightness . 

I t is now time to consider how the mod­
el of edge classification incorporates 

the above results .  In the screened case 
where the display looked like the origi­
nal lightness-contrast display the chang­
es at the edges could simply be extracted 
and integrated to form an intensity pro­
file of the display . In the unscreened case 
the same intensity profile would be gen­
erated if the edges were not classified 
either as illumination edges or as reflec­
tance edges . If. however. the edges are 
classified before the integration. and if 
the integration is done only within each 
class of edges . then two separate profiles 
are generated. In that case the reflec­
tance profile of the screened display 
should be different from the reflectance 
profile of the unscreened one . The dif­
ference is that the middle edge repre­
senting the relation between the imme­
diate backgrounds is present only in the 
reflectance profile of the screened dis­
play . This means that in the unscreened 
display the targets look sharply differ­
ent in reflectance (namely as white and 
as black) rather than appearing to be 
two shades of middle gray. Of course .  
the edge between the immediate back­
grounds that is missing from the reflec­
tance profile would manifest itself in the 
illumination profile . Thus the illumina­
tion profile would show a region of high 
illumination next to a region of low illu­
mination. In the screened display the il­
lumination profile would simply be uni­
form. 

Alfred Yarbus of the Academy of Sci­
ences of the U.S .S .R. did a similar ex­
periment using the technique by which 
the image on the retina is stabilized even 
as the eye moves back and forth. He 
placed a white and a black region next to 
each other on a red background [see il­
lustration on page 122]. Disk-shaped tar­
gets of the same shade of red as the 
background were placed in the center of 
both the white and the black region. Un­
der normal viewing conditions the disk 
on the white region would look slightly 
darker than the disk on the black region. 
Yarbus altered the conditions so as to 
eliminate the perceptual boundaries be­
tween the white and the black region 
and between these regions and the red 
background. This he accomplished with 
an apparatus that caused the physical 
boundaries to move along with the eye. 
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as Krauskopf had done with his green 
disk and red annulus. Since the eye reg­
isters only changes in light intensity 
when there is constant relative displace­
ment between the retinal image and the 
retina, it could not detect the presence of 
the white and black regions. As a result 
the disks appeared to stand on a homo­
geneous red background. Yarbus did 
not report his results quantitatively, but 
he indicated that one disk (the one ob­
jectively on the white region) appeared 
very dark whereas the other disk ap­
peared very light. 

Yarbus' results were essentially the 
same as mine, although there were sig­
nificant differences in our respective 
methods that are worth exploring. In 
Yarbus' experiment and in my un­
screened display the targets were made 
to look as though they had a common 
background by removing from the re­
flectance profile the edge that parti­
tioned the background. As far as per­
ceived lightness goes the effects are the 
same. What is fascinating is that Yarbus 
removed the edge at the point of extrac­
tion, whereas I removed the edge at the 
point of classification. To put it another 
way, in Yarbus' experiment the eye nev­
er detects the edge, whereas in my un­
screened display the eye detects it and 
then classifies it correctly as an illumina­
tion edge. In Yarbus' experiment there is 
no reason to believe the observers saw 
the targets as being differentially illumi­
nated . 

Yarbus' experiment gives direct evi­
dence for the validity of the concept 

of edge extraction and integration. The 
edge of each disk did not change; rather, 
boundaries that partitioned the back­
ground disappeared. As with Kraus­
kopf's green disk and red annulus, the 
region bounded by the disappearing 
edge seemed to change color. Here the 
white and black regions of the back­
ground disappeared, leaving only a sin­
gle uniformly colored background. Yar­
bus' work, however, reveals an addition­
al phenomenon: the disks appeared to 
change color even though their bound­
aries remained constantly visible. The 
obvious conclusion is that information 
at one edge (here the edge between a 
disk and its immediate background) is 
integrated in some way with the infor­
mation at a remote edge (here the edge 
between the immediate background and 
the surrounding background) before the 
color of any region is finally perceived. 

It would be helpful at this point to 
discuss why the visual system deter­
mines surface colors by comparing in­
tensities of reflected light. As I have 
mentioned, making such a comparison 
involves extracting information from 
edges. This suggests that it is more use­
ful to think of the retinal image as a 
pattern of edges than it is to think of it as 
a mosaic of color patches, as tradition­
al accounts of color perception would 

JACK NEWTON DANIEL made whiskey 
in 1866 by a method called charcoal leaching. 
We say charcoal mellowing today. 

Whatever you call it, you start with hard maple 
from the Tennessee uplands and burn it to char. 
You grind this charcoal to the size of small 
peas and tamp it tight in vats. Then you trickle 
whiskey down through the vats to mellow its 
taste. Around 1945 we 
changed the name of this 
method from leaching to 
mellowing. It seemed a 
better way of describing it. 
But that's the only part 
of Mr. Jack's process that 
needed improving. 

CHARCOAL 
MELLOWED 

6 
DROP 

6 
BY DROP 

Tennessee Whiskey' 90 Proof· Distilled and Bottled by Jack Daniel Distillery 
Lem Mallow, Prop., Inc., Lynchburg (Pop. 361), Tennessee 37352 

Placed in the National Register of Historic Places by the United States Government. 
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have it. The edges are of two kinds ,  and 
so the retinal image is actually a dual 
image. 

The retina is a light-sensitive surface 
designed to register gradients in the op­
tic array. There are basically two kinds 
of change in the physical world that re­
sult in gradients of st imulation on the 
retina: change in surface reflectance and 
change in illumination. Each kind of 
change is capable by itself of producing 
a complex pattern of stimulation on the 
retina. From a large expanse of uni­
formly illuminated wallpaper the retina 
receives a pattern arising solely from 
changes in surface reflectance. On the 
other hand, from the rumpled white 
sheets of an unmade bed or from a 
snow-covered landscape the retina re­
ceives a pattern of st imulation arising 
solely out of changes in illumination. 
Normally these two kinds of change are 
at work simultaneously. It is as if two 
separate patterns have been laid on top 
of each other on the retina. The task of 
the visual system is to disentangle the 
two patterns. 

The duality of the retinal image im­
plies that each point in the visual system 
has at least two values: a reflectance val­
ue and an illumination value. The per­
ception of transparency involves a sim­
ilar two-value phenomenon, because 
a surface of one color is seen behind 
a surface of another color. The same 
phenomenon is involved in reflections. 
For example, when an observer looks 
through a window, the observer sees two 
scenes at once: the actual scene outside 
the window and another scene reflected 
on the inside of the window. As a result 
it is possible to see two colors in the 
same place. 

Consider an experience I had recent­
ly. A book with a red cover had been 

left on top of the dashboard of my car in 
such a way that I could see a red reflec­
tion of the book as I looked out through 
the windshield. I was surprised to find 
that distant objects retained their nor­
mal colors as they were viewed through 
the red reflection. Even green objects 
seen through the red reflection looked 

LIGHTNESS-CONTRAST DISPLAY (a) 
gives rise to an intensity pattern (b) that con­
sists solely of reflectance edges. The two gray 
squares are perceived as being almost the 
same shade of middle gray. The identical in­
tensity pattern can result from an illumination 
difference and an altered display (c). When 
observers viewed the display, they could clear­
ly see that a rectangular beam of light was il­
luminating half of it (e), and so the illumi­
nated target was correctly perceived as being 
black and the shadowed target was correctly 
perceived as being white (d). Wben the display 
was seen through an aperture that allowed the 
observers to view only the gray rectangle, the 
visual system did not recognize that the dis­
play was differentially illuminated, so that 
it looked like the original reflectance display. 
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green. This interested me because I of 
course knew that when red and green 
light are mixed in isolation. they form 
yellow. Then when I held up my hand to 
block the rest of the scene and viewed 
just a patch of the red and green through 
a small opening between my fingers. I 
did see yellow. The opening in my hand 
had imposed the same boundary on the 
red and the green light. and so they 
mixed to form yellow. In the original 
situation. however. the boundary of the 
red reflection did not coincide with the 
boundary of the green object. As a res ult 
the red and the green light appeared as 
elements of separate images rather than 
as yellow. Apparently when one speaks 
of mixing colors. one should actually 
speak of mixing edges (changes in the 
light) rather than of mixing light itself. 

Such considerations indicate that the 
retina does not act as a photocell in 
measuring the intensity and color at 
each point in a scene. Man-made mea­
suring devices are designed to respond 
to only one physical quantity at a time. 
For example. if a voltmeter is sensitive 
to resistance or. even worse. to tempera­
ture. the meter is considered to be defec­
tive.  To cite such devices as models of 
the human sensory system can be ex­
tremely misleading. Unlike man-made 
measuring devices. the human visual 
system seems capable of processing 
mUltiple variables simultaneously. Ac­
counts of color perception relying on in­
appropriate measuring-device models 
maintain that the visual system gains in­
formation about surface reflectance by 
sacrificing information about illumina­
tion. Such accounts unnecessarily limit 
the visual system to simple situations. 
when in fact it can handle complex situ­
ations by extracting information about 
changes in reflectance and illumination. 

I have discussed here how the visual 
system deals with retinal images com­
posed of both reflectance edges and il­
lumination edges. It is also possible 
to study the perception of images that 
show only one kind of edge. I wondered 
how things would look if all the reflec­
tance edges were missing from a situa­
tion. Alan Jacobsen and I built two min­
iature rooms that consisted entirely of 
illumination edges. We furnished each 
room identically with the same number 
of objects of varying size and shape. We 
painted one room. including all its con­
tents. a matte (nonglossy) white. and we 
painted the other matte black. Observ­
ers viewed each room through an aper­
ture in one of its walls. which prevented 
them from seeing the light bulb that illu­
minated the room. 

It is important to keep in mind that 
each of these rooms projects a complex 
nonuniform pattern of stimulation on 
the retina of the observer. In the room 
there are sharp edges at corners and 
fuzzier ones across walls and curved 
surfaces. Some of the edges are the re­
sult of cast shadows. but all of them are 

WhalCanon, 
Nikon, Minolla, Penlax, 

and Olympus 
never told you 

when you 
boughlanew 

35mmSLR. 
There's a fantastic Vivitar automatic telephoto 

zoom lens that precisely fits their cameras ... gives 
you fabulously sharp pictures ... focuses to less than 

17 inches for terrific close ups ... and saves you money. 

Now you can't say, "Why didn't someone tell me?" 

In fact, there's a high quality Vivitar Zoom 
that fits most popular 3Smm SLRs. 

See the Vivitar Automatic 7S-20Smm Zoom at your dealer. 

" " 

Vivitar. 
7S-20Smm Zoom 

Vivitar Corporation, 1630 Stewart Street. Santa Monica. CA 90406. In Canada: Vivitar Canada Ltd./ltee ©Vj,jjtar Corporation. 1979 
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TRY THE MOST 

EXPENSI VE 
CIGAR TOBACCOS 

IN THE WORLD 
At My Risk 

We combed the imported tobacco 
ma rkets to f;nd the world's most 
expensive cigar tobaccos. We bid 
the h i ghest for the f i n est . . •  
beaut ifu l  m i l d  C a m e r o o n ,  l ight 
s i l ky N i caragua,  r ich  Mata·Fina from 
Braz i l ,  p lus  the f inest Santo Domin­
go Seco grown from Cuban seed.  
A l l  b l ended by expatri ate Cuban 
c i g a r  ma kers i nto c i ga rs sel l ing for 
up to $ 1  a p iece i n  the l u x u ry trade. 

To f ind  the 1 man i n  a thousand 
who appreci ates th e world's finest 
C igars, we off e r  a spec i a l  samp l e r  
kit  of 7 d i fferent s ize c igars f o r  
y o u  to T E S T  S M OKE • • •  

Send u s  noth i n g  for the c igars ,  
we've wr itten them off  as advertis­
ing samples. Just send $ 1  to cover 
cigar tax, postage and expense and 
we' l l  send your 7 Cigar Sam p l e r  Kit  
made from the wor ld 's  most expen­
s ive c igar tobaccos. I f  you don't 
t h i n k  they're the best c i ga rs you 
ever smoked for less than $ 1  
apiece,  return the em pty 7 p a c k  
and we' l l  refund you r d o l l a r. O n l y  1 
to a customer-good in U . S.A. only.  

WALLY FRAN K, LTD. 
1 32 C H U R C H  STREET D EPT. 
NEW YORK, N.Y. 1 0007 F 1110 

H e re ' s  my d o l lar ,  send m e  post-
paid  the Sampler  of 7 c i gars on 
you r money back guara ntee. N .Y. 
Resid ents add sa les  tax. 

(Pr int Name and Address B e l ow) 
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In British Columbia, 
you can leave the world 
behind. Or find it . 

To find out all about one 
of the world's best vacation 
values write Tourism 
British Columbia, Dept. 1 2, 
Parliament Buildings, 
Victoria, British Columbia, 
Canada V8W 2Z2 . 
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� TOURISM BRITISH COLUMBIA 
� HON. EL'MX)[) N. VEITCH, MINISTER. 

OBSERVERS viewed the display at the left under conditions where the white and black im­
mediate hackgrounds were not perceived because the boundary between them and also the 
boundaries between each of them and the surrounding red background were moved back and 
forth in such a way that they followed the eye tremors. The target disks then appeared to lie on 
a homogeneously red background (right). The boundary of the disk at the right still carried the 
information that the disk was darker than its immediate background, and so it appeared a very 
dark red. The boundary of the disk at the left stilI carried the information that the disk was 
lighter than its immediate background, so that it appeared a very light red. This experiment, 
done by Alfred Yarbus of the Academy of Sciences of the U.S.S.R., indicates that a change 
in the information at an edge affects regions that are spatially remote from the altered edge. 

illumination edges, since we eliminated 
the reflectance edges by covering every­
thing with paint of a single reflectance. 

In presenting these displays to nai've 
observers we had a number of questions 
in mind. We wondered whether the 
edges in the room would be perceived as 
changes in reflectance, as prevailing the­
ories of lightness perception would pre­
dict, or as changes in illumination , as the 
changes actually were. In other words, 
would each room be correctly perceived 
as a single shade of gray? And if it was 
so perceived, what shade of gray would 
it be ? Would the black room look black 
and the white room white ? 

It turns out that 22 of our 24 observers 
saw each room as being uniform in 
lightness. They had correctly attributed 
the variations in intensity to variations 
in illumination. All of them saw the 
white room as white. As for the black 
room, all of them saw it as consisting of 
only a single shade of gray, although the 
perceived shade varied from observer to 
observer. The shades ranged from black 
to middle gray and averaged to a dark 
gray. 

The model of edge extraction, classifi­
cation and integration suggested that the 
illumination edges in the two rooms 
would be perceived as such and hence 
that the reflectance of each room would 
seem uniform. Yet there is nothing in 
the model so far to predict that observ­
ers could identify at least roughly the 
correct shade of gray. What information 
makes this identification possible ? A 
plausible hypothesis is that the identifi­
cation is made on the basis of the inten­
sity of the light. In our experiment the 
average intensity of the light reflected 
from the white room is higher than the 
average intensity of the light reflected 
from the black room. By modifying our 
experiment, however , we invalidated 

the hypothesis. We lowered the intensity 
of the light source in the white room and 
raised the intensity of that in the black 
room until every point in the black room 
reflected more light than the corre­
sponding point in the white room. The 
results were the same: the white room 
looked white and the black room looked 
dark gray. 

We now have a promising lead to 
how the visual system determines 

the shade of gray in these rooms, al­
though we do not yet have a complete 
explanation. (John Robinson helped me 
to develop this lead.) We believe the op­
erative factor is the effect of indirect il­
lumination on the retinal pattern. Every 
point in our rooms received illumina­
tion from two sources : directly from the 
light bulb and indirectly from light re­
flected from other surfaces in the room. 
In the black room, which had a reflec­
tance of about 3 percent, there was 
scarcely any indirect illumination. Di­
rect light accounted for almost all the 
light shining on the various surfaces. Di­
rect light generates sharp edges , and so 
the intensity profile of the black room 
revealed a wild pattern of up-and-down 
swings. Although the relative pattern of 
direct illumination turned out to be the 
same in the two rooms, there was much 
more indirect illumination in the white 
room, whose reflectance was about 90 
percent. Such abundant indirect light 
had the effect of smearing out the sharp 
edges resulting from the direct illumina­
tion , so that the intensity profile of the 
white room revealed a smoother pattern 
of gradual changes. 

When we reduced the illumination in 
the white room, the shape of the intensi­
ty profile did not change. The profile 
merely showed a uniform decrease in 
intensity. If the white room were painted 
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The Working Trees: 
Class of 2020. 
By the time the seedl ings in  our tree nursery 
become productive "working  trees;' Ame rica 
will requ i re more tha n  twice the wood fiber  
i t  does today. 

S ince doub l ing  our land  resou rce is 
virtua l ly impossib le, Potlatch has  turned to 
other  means to satisfy futu re d emand.  

One  of the ways we p lan  to increase 
yields is  th rough genetica l ly- improved trees. 

M a ny seedl ings in  our nursery originate 
from "parents" s ign ifica ntly superior  in 
certain des irab le  characteristics. Such tra its 
can be combined and  enhanced th rou g h  
testing  a n d  crossbreeding .  

O u r  objective is to develop trees with 
better g rowth· rates, fiber  qua l ity and insect 
and d isease resista nce. 

A better class of working  trees wil l  
help us get the most out of the land under our 
productive control. 

Potlatch Corporation,  Publ ic  I nformation 
Office, P. O. Box 3591 , San Fra ncisco, CA 94119. 

Potli\tch 
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"My fall .. built this 
Schober Organ 

for ..,.!" 

You'd be proud to buy her an organ this 
good " .  but how would you feel if  you'd also built 
it? U's a special kind of satisfaction.  The gift of a 
l ifetime of magnifi cent music. crafted with you r  
own hands! 

And you can do it !  You need no prior el ec­
tronic or mechanical abi l i ties. Just the capacity to 
fol low i nstructions. Every step is c l early detai led, 
every component i s  suppl ied .  You' l l  f ind the as­
sembly process as enjoyable as the music which 
fol l ows! 

And what music! For this is  a truly fine i nstru­
ment you will b u i l d .  Far superior to most "ready­
made:" organs . . .  easily comparable to others at 
twice the price. Kit costs range from $650 to $2850 
for all basic components, and you can purchase it 
i n  sections to spread costs out . . .  or have 'two-year 
t ime payments. 

J ust send the cou pon for the fascinating 
Schober color catalog (or enclose $1 for a record 
that l ets you hear as wel l  as see the qual ity of 
Sc hober). 

------------------- -i Ttte 9'� Organ. Corp., Dept. S A 23 • 
I 43 We51 6151 Slreel, New Yorll, N.Y. 10023 • 
• 0 Please send me Schober Organ Catalog. • 
I 0 Enclosed please find $1.00 for 12-inch L.P. ' 
• record of Schober Organ music. • 
• I 
I NAME • I ADDRESS I 
• CITY STATE Z I P  • ------------------- -

DIRECTOR OF 
BASIC 
RESEARCH 

Gas Research I nst itute (GRI) i s  a p rofess iona l  
R & D  m a n a g e m e n t  o r g a n i z a t i o n  
a d m i n ister i ng  a $40 m i l l i o n  program to 
i ncrease the supp ly  and to i mprove the 
u t i l izat ion  of g aseous fue ls .  GRI  i s  seek i n g  an 
exper i enced program manager/sc ient ist  for 
D i rector of Basic Resea rch.  This d i rector w i l l  
deve lop  and  d i rect G R l ' s  bas ic  research 
program,  ran g i ng from s u pp ly i ng  n atura l  and 
synthet ic  g aseous fue ls to i m pro v i n g  t h e  
effi c i ency of  u t i l izat ion  through e n h a nced 
h e a t t r a n s f e r ,  c o m b u s t i o n .  e t c .  T h e  
s u c c e s s f u l  c a n d i d a t e  w i l l  h a v e  b o t h  
ex per i ence i n  research and i n  R & D  
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a darker shade of gray , the shape of its 
profile would change. Our work demon­
strates that black rooms have sharper 
gradients than white rooms. In some 
way the visual system deciphers the 
shade of gray of a room from the shape 
of the intensity pattern of the room. Our 
work in this area is only at the begin­
ning. As we learn more about the infor­
mation stored in the intensity pattern. 
we hope to understand the deciphering 
process. 

My co-workers and I have begun to 
extend our analysis of shades of gray to 
the chromatic colors.  In one experiment 
we compared the observations of sub­
jects who viewed a white room illumi­
nated with blue light with the observa­
tions of those who viewed a blue room 
illuminated with white light. All the sub­
jects were able to tell whether the blue­
ness came from the surfaces or from the 
illumination. in spite of the fact that the 
light reflected off corresponding patches 
in the two rooms might be identical. 
This result clearly indicates that the per­
ception of illumination also plays an im­
portant role in the perception of chro­
matic surface color. 
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The question of whether or not sur-

WHITE ROOM 

BLACK ROOM 

face-color perception can be explained 
without reference to the perception of 
illumination has been debated since the 
end of the 1 9th century, when Hermann 
von Helmholtz first proposed that sur­
face color could be determined only 
after illumination had been estimated.  
Helmholtz, however , was unable to spec­
ify how the illumination is estimated.  
so that most accounts of color percep­
tion have failed to refer to perceived 
illumination. The experiments I have 
described here suggest that Helmholtz 
was correct in his emphasis on perceived 
illumination but incorrect in his ideas 
about its relation to perceived surface 
color . He assumed incorrectly that the 
eye measures light. Current work shows 
that the eye compares light by extract­
ing edge information, and so the visual 
system acquires information about illu­
mination in exactly the same way that 
it acquires information about the col­
ors of the surfaces in a scene . It turns 
out that the perception of illumination 
and the perception of surface color are 
parallel processes in the visual system 
involving the decomposition of the ret­
inal image into separate patterns of illu­
mination and surface color . 

-' - - - - - - - - - - ..... ...... .,, - ..... ...... � - - ,  ,.. - ",. _ /  
DIMLY LIGHTED WHITE ROOM ........ _/r ..... '" v ', _ _ _ _ _ ... / 

POSITION 

INDIRECT ILLUMINATIONS may play a role in how the visual system determines the gray­
ness of a surface. The top curve depicts the intensity profile of a furnished room that was paint­
ed entirely white; the bottom curve, tbe same room dimly lighted; the middle curve, an identical 
room painted entirely black. In the white room abundant indirect illumination smeared out 
the sharp intensity edges resulting from the direct illumination, and so the intensity profiles (top 
and bottom) are comparatively smooth. In the black room there was very little indirect illumi­
nation, so that the profile (middle) revealed a pattern of up-and-down swings characteristic of 
edges generated by direct illumination. Perceived grayness does not depend on the intensity 
of reflected light, since the black room reflected more light than the dimly lighted white room. 
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Ion Channels 

in the Nerve-Cell Membrane 

The nerve impulse is generated by the Row of sodium and potassium 

ions through molecular channels embedded in the nerve membrane. 

The operation of these ion channels is now being intensively studied 

T
he fundamental unit of informa­
tion transmitted from one part 
of an animal's nervous system to 

another is a single action potential. 
or nerve impulse. Unlike the dots and 
dashes of the Morse code. the shape of 
each impulse is the same. with an ampli­
tude of about 100 millivolts and a fixed 
duration of about a millisecond; the in­
formation content depends simply on 
the frequency of impulses carried by a 
given nerve fiber and on the connections 
the fiber makes at each end. 

The transmission line for the action 
potential is the axon. or nerve fiber. 
the elongated cylindrical process that 
arises from each peripheral nerve cell. 
The transmission mechanism depends to 
some extent on the structural similarity 
between the axon and an insulated elec­
trical cable. but if the core and the 
sheath of a cable had the electrical re­
sistances typical of a nerve fiber. the sig­
nal would be rapidly attenuated with 
distance. The action potential. however. 
is self-sustaining and maintains a con­
stant amplitude throughout its passage 
along the fiber. This much has been 
known for some time. but the molecular 
details of how the process is achieved 
are still being worked out. 

Where invertebrate animals need to 
be capable of making a quick mechani­
cal response in a situation of danger (ex­
amples of which would be the flip of a 
lobster's tail, the withdrawal of a worm 
into its burrow and the jet-propelled es­
cape of a squid) they have evolved giant 
axons to ensure rapid conduction of the 
impulses that activate the contraction of 
their muscles. As far as electrophysiolo­
gists are concerned. the giant axon par 
excellence is that of the squid. It pro­
vides them with a readily dissected sin­
gle nerve fiber more than half a milli­
meter in diameter. into which complex 
electrode assemblies can be inserted 
for electrical measurements and with­
in which the ionic composition can be 
changed at the will of the experimenter. 

The evolution of the nervous system 
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has taken a different course in verte­
brate animals. where nerve-impulse 
conduction in many of the nerve fibers 
is speeded up considerably by the pres­
ence of an insulating sheath of the fatty 
material myelin. which enables the im­
pulse to jump quickly from one node 
of Ranvier. where the myelin is inter­
rupted for a short distance. to the l1ext. 
This myeliniziltion is a purely structural 
modification of the fibers. and the excit­
able membrane of the axon behaves in 
just the same way where it is exposed at 
the nodes of a myelinated fiber as it does 
all along a nonmyelinated fiber. 

Myelinization confers an appreciable 
'evolutionary advantage on vertebrates 
because it allows a 25-fold reduction in 
fiber diameter for the attainment of a 
given conduction velocity. As a result. 
however. myelinated fibers are harder to 
isolate by dissection and furnish a less 
favorable material than giant nonmyeli­
nated fibers for studying the properties 
of the excitable membrane. 

The basic events underlying the gener­
ation of the action potential were 

elucidated 25 years ago by Alan L. 
Hodgkin and Andrew F. Huxley. work­
ing on the squid giant axon at the Ma­
rine Biological Association of the Unit­
ed Kingdom in Plymouth (a contribu­
tion for which they shared a Nobel prize 
in 1963). They showed that the electrical 
excitability of the nerve membrane de­
pends on its possession of a voltage-sen­
sitive ionic permeability system that en­
ables it to utilize energy stored in the 
ionic concentration gradients set up by 
an energy-dependent ion pump. 

As in most living cells. the interior of 
the axon-the axoplasm-is rich in po­
tassium ions and poor in sodium ions. 
whereas in the body fluids outside the 
axon the relative concentrations of these 
ions are reversed. Because of this un­
equal distribution of ions. together with 
the fact that the membrane in its resting 
state is much more permeable to potas­
sium than to sodium. the nerve has a 

resting potential of from 60 to 70 milli­
volts. the inside being electrically nega­
tive with respect to the outside. 

The event that triggers the electrical 
activity of the nerve is a depolarization 
of the membrane. that is. a reduction of 
the potential difference across it. which 
may be brought about either by an ex­
citatory input from another nerve cell 
or by an impulse advancing from far­
ther down the fiber. This depolarization 
opens channels through the membrane 
that are highly selective for sodium. and 
sodium ions begin to flow into the fiber. 
driven by the large inwardly directed 
electrochemical gradient. The entry of 
positively charged ions further depolar­
izes the membrane and therefore opens 
even wider the gates controlling the so­
dium channels. so that once the rise in 
sodium permeability has been initiated 
the permeability builds up explosively 
until all the channels are open. As a re­
sult the membrane potential first falls to 
zero and then is reversed. The inward 
flow of sodium slows down. however. as 
its equilibrium potential is approached. 
finally ceasing altogether because of the 
onset of a process termed inactivation, 
which inexorably closes the channels. 
After a slight delay a second set of chan­
nels selective for potassium open up. 
and potassium ions flow outward down 
their electrochemical gradient until the 
original resting potential is restored. 

Because of the cable structure of 
the axon. the wave of depolarization 
spreads along it at a velocity that (in 
a 600-micrometer squid axon or a my­
elinated 12-micrometer frog axon) is 
about 20 meters per second. In a squid 
axon the rise in the internal sodium con­
centration during a single impulse is 
very small and only about a millionth 
part of the internal potassium is lost. so 
that there is no measurable change in the 
ionic pumping rate afterward. In the 
long run. however. the exchange of ions 
that provides the immediate source of 
energy for the propagation of the action 
potential has to be achieved by the sodi-
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um pump, which is fueled by cellular 
metabolism. 

In order to explain this sequence of 
events Hodgkin and Huxley postulat­

ed the existence of parallel sets of ion 
channels that were selective for sodium 
or potassium and w�re controlled by 
the electric field across the membrane. 
They then proceeded to devise a method 
for making quantitative studies of the 
properties of the sodium and potassi­
um channels. The aim of their "voltage 
clamp" system was to make it possible 
to alter the membrane potential instan­
taneously to a new level and hold it 

there. at the same time measuring the 
flow of ionic current that resulted. 

The voltage-clamp technique in­
volved inserting two electrodes into the 
axon. one electrode to monitor the inter­
nal potential and the other to allow cur­
rent to pass across the membrane to a 
large external electrode. A feedback 
amplifier was connected in the circuit in 
such a way that the monitored poten­
tial was compared with the control volt­
age set by the experimenter. and just 
enough current was caused to flow into 
the axon to reduce any discrepancy be­
tween the internal and the external elec­
trode to zero. 

The membrane potential could thus 
be clamped at a predetermined level or 
sequence of levels. and the time and 
voltage dependence of the ionic current 
could be measured under various exper­
imental conditions. Since the original 
introduction of the voltage-clamp tech­
nique it has been adapted for appli­
cation to myelinated nerve fibers and 
many other types of excitable tissue and 
is indeed the principal tool employed in 
the majority of investigations into the 
properties of excitable membranes. 

The voltage-clamp records obtained 
by Hodgkin and Huxley showed that the 
sodium and potassium systems behaved 

BUNDLES OFAXONS, or individual nerve fibers, within the ol­
factory nerve of the pike are shown in transverse section in this trans­
mission electron micrograph. Each axon is a membranous tube filled 
with a viscous Buid, the axoplasm. The axon membrane has separate 
molecular channels for sodium and potassium ions; the Bows of these 

two ions across the membrane give rise to the nerve impulse. In the 
pike axon the sodium and potassium channels are sparsely distribut­
ed, with a density of only a few channels per square micrometer of 
membrane. This micrograph, which magnifies the fibers 80,000 di­
ameters, was made by Alexander von Muralt of University of Bern. 
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in a distinctly different way when the 
membrane was depolarized. The sodi­
um permeability rose quickly to a peak 
and then declined to zero as inactivation 
set in. whereas the potassium perme­
ability rose with an appreciable time lag 
but was not inactivated regardless of 
how long the depolarization was main­
tained. The time courses of the perme­
ability changes were analyzed in detail. 
and the results were embodied in a fa­
mous set of mathematical equations de­
scribing the properties of the two types 
of ion channel in quantitative terms. 
This enabled Hodgkin and Huxley to 
attain their primary objective of testing 
the correctness of their analysis by pre­
dicting from their equations the precise 
shape of the conducted action potential 
and also such features as the conduction 
velocity and the amount of sodium and 
potassium exchanged. The calculations 
were triumphantly successful. 

This classic piece of research was a 
major step forward. but it left un­

answered two fundamental questions. 
First. how do the ion channels manage 
to discriminate so markedly between 
singly charged positive ions as alike as 
those of sodium. potassium and the oth­
er alkali metals? Lithium ions penetrate 
the sodium channel just about as well as 
sodium ions do. but potassium ions pass 
through only a twelfth as easily. and for 
rubidium and cesium ions the fraction is 
too small to be measured. Second. how 
does the opening and closing of the 
channels come to depend so strongly 
and with such appropriate timing on the 
electric field across the membrane? 

The mechanism of channel specificity 
has been examined by Bertil Hille of 
the University of Washington in an ele­
gant series of experiments on voltage-

clamped myelinated frog nerve fibers. 
Hille examined the permeability of the 
node of Ranvier to a wide variety of 
small organic positive ions. and he 
found that only molecules measuring 
less than about tqree angstrom units by 
five angstrom units in cross section 
could get through the sodium channels. 
In part. therefore. selection depends on 
a good fit between the dimensions of the 
penetrating ion and those of the chan­
nel. Even among positive ions of the ap­
propriate size. however. there were 
striking differences in permeability. For 
example. hydroxylamine (OH-NH3 + ) 
and hydrazine (NHrNH3 + ) passed 
readily through the channel. whereas 
methylamine (CH3-NH3 + ) did not. To 
explain the discrepancy Hille proposed 
that the sodium channel is lined at its 
narrowest point with oxygen atoms. one 
of which bears a negative charge. Posi­
tive ions containing hydroxyl (OH) or 
amino (NH2) groups are able to slide 
through the channel by making hydro­
gen bonds to the oxygens. but methyl 
groups (CH3). which do not form hydro­
gen bonds. are too wide to pass through. 

In measurements of the ionic current 
when the sodium outside was replaced 
by other ions either capable or incapa­
ble of passing through the channel Hille 
obtained evidence for the binding of so­
dium ions to fixed negatively charged 
sites somewhere in the channel. and for 
what is known as "single file" behavior. 
This phenomenon. in which the ions 
pass through the channel one behind the 
other. was first observed by Hodgkin 
and me some years ago in radioactive­
label experiments on the potassium 
channels of cuttlefish giant axons. Hille 
suggested that there are four energy bar­
riers in the sodium channel and that 
only one ion is allowed inside at a time. 

The highest of these energy barriers 
constitutes the selectivity filter. The rel­
ative ease with which hydrated sodium 
ions surmount it depends on their ability 
to undergo a stepwise removal of stabi­
lizing water molecules by interacting 
with an ionized carboxylic acid group 
(COO -) in the wall of the channel. The 
geometry of the situation is such that the 
somewhat larger potassium ions cannot 
shed their shell of water molecules near­
ly as easily. and so they encounter a 
much higher energy barrier. A convinc­
ing picture of the molecular architecture 
of the portion of the sodium channel 
responsible for its selectivity is hence 
beginning to emerge. 

Much of the recent progress toward 
understanding the voltage-sensi­

tive gating mechanism of the sodium 
channels has been made with the help of 
a remarkable nerve poison called tetro­
dotoxin. This molecule binds to the out­
ward-facing mouth of the sodium chan­
nel. thereby blocking the passage of so­
dium ions with an affinity that makes it 
one of the most toxic substances known. 
It is found in quite large amounts in the 
ovaries. liver. skin and intestines (and to 
a lesser extent in the muscle) of puffer 
fishes of the family Tetraodontidae. of 
which the species Spheroides porphyreus 
is known to the Japanese as fugu. Fugu 
is a popular delicacy in Japan. but be­
fore eating it one is advised to make sure 
that the chef is properly certified for his 
knowledge of the correct procedure for 
discarding the really toxic parts of the 
fish! Tetrodotoxin is also present in the 
tissues of two animals quite unrelated to 
the puffer fishes. the California newt 
Taricha torosa and the Australian blue­
ringed octopus Hapalochlaena maculosa. 
and a molecular analogue differing only 
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TWO KINDS OF ION CHANNELS traverse the axon membrane. 
An energy-dependent "pump" driven by the hydrolysis of ATP trans­
ports sodium ions (color dots) and potassium ions (black dots) "uphill" 
and establishes concentration gradients of these ions across the mem­
brane. The second type of channel enables the ions to flow "downhill" 
in response to changes in the voltage across the membrane. In this 
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diagram the separate sodium and potassium channels are shown in 
the resting state, with the charged gates held closed by the membrane 
potential. When the resting potential is reduced, the channels open 
(the sodium channels quickly and the potassium channels slowly) and 
give rise to a pulse of current that propagates down the axon. This 
article concerns the channels that allow downhill ion movements. 
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in one side group has recently been iso- a 
lated from the Central American frog 
Atelopus chiriquensis. 

+60r--------------------------------------------------------, 

SODIUM EQUILIBRIUM POTENTIAL 

Another paralytic poison of equally 
high toxicity, which acts in the same 
way as tetrodotoxin does in spite of its 
somewhat different structure, is saxitox­
in. This molecule is elaborated by a spe­
cies of the marine plankton Gonyaulax, 
which under favorable conditions can 
multiply so rapidly that it reaches a den­
sity of many millions per liter, creating a 
"red tide" that turns the surface of the 
ocean rusty brown by day and lumines­
cent by night. Shellfish feeding in red­
tide waters concentrate the toxin in their 
tissues and so become poisonous to 
man; fatal paralysis can result from the 
ingestion of as little as one milligram of 
saxitoxin. The independent creation of 
such unusual molecules as tetrodotoxin 
and saxitoxin on more than one occa­
sion by the adventitious processes of 
natural selection provides a striking ex­
ample of convergent evolution at work. 
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Tetrodotoxin is a complex organic b 
molecule built up of several interlock­ 00 

POTASSIUM EQUILIBRIUM POTENTIAL 
-80L-----------------------------------------------------� 

30.---------------------------------------------------. 

ing rings, at one end of which there is a 
positively charged guanidinium group. 
It seems probable that the guanidinium 
group mimics the similarly charged so­
dium ion and enables the molecule to 
enter the mouth of the sodium channel, 
where it sticks like a fat man caught 
halfway through a porthole, effectively 
plugging the channel. To explain why 
tetrodotoxin acts at such an extraordi­
narily low concentration, however, one 
must also suppose the rest of the mole­
cule fits very exactly on the outer sur­
face of the channel. To account for the 
equally tight binding of saxitoxin, with 
its two guanidinium groups and differ­
ent rings, one must suppose the mole­
cule occupies a neighboring but not 
identical receptor site. It is certain that 
the toxin receptor is located only at the 
outside of the channel, because even a 
strong solution of tetrodotoxin has no 
blocking effect when it is infused into 
the interior of an axon. Tetrodotoxin 
and saxitoxin are quite specific for the 
sodium channel; neither of them has the 
slightest effect on the cond uctance of the 
potassium channel. 

When an axon is exposed to tetrodo­
toxin or saxitoxin, only one mol­

ecule binds to each of its channels, so 
that the toxins are admirably suited for 
counting the number of channels in the 
membrane. This approach was first rec­
ognized by John Moore, Toshio Na­
rahashi and Trevor Shaw, working at 
Duke University, who devised an inge­
nious bioassay procedure for indirect 
measurement of the binding of tetrodo­
toxin to the small axons of the nerve in 
the leg of the lobster. They found that 
the sodium channels in this type of nerve 
were rather few and far between, there 
being only about 13 of them in each 
square micrometer of membrane. 
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NERVE IMPULSE can be represented by changes in the voltage across the axon membrane 
(a) or by changes in the conductance of the membrane to sodium and potassium ions (b), both 
on a time scale of milliseconds. During the impulse the inside of the membrane becomes brief­
ly positive with respect to the outside. After impulse has passed the resting voltage is restored. 

This observation was later confirmed 
and extended to other types of axon by 
J. Murdoch Ritchie and his colleagues 
at the Yale University School of Medi­
cine. They employed tetrodotoxin and 
saxitoxin incorporating atoms of triti­
um, the radioactive isotope of hydro­
gen, so that the amount of toxin bound 
to the membrane could be measured di­
rectly. Their results showed that the 
smallest axons, those of the olfactory 
nerves in fishes, have the fewest sodi­
um channels per square micrometer of 
membrane, only about three, whereas 
the somewhat larger fibers in the vagus 
nerve of the rabbit have about 25 chan­
nels per square micrometer. Working at 
the Marine Biological Association in 
Plymouth, Hans Meves and Rock Lev­
inson found that the squid giant axon 
has a much higher density of sodium 
channels: as many as 500 per square mi­
crometer. This higher figure fitted satis­
factorily with several other lines of evi-

dence, in particular with what would 
be expected from the magnitude of the 
sodium gating current. It is not much 
different from the number of channels 
calculated by Hodgkin to yield the max­
imum conduction velocity of the prop­
agated impulse in a 500-micrometer 
axon. 

A second respect in which tetrodotox­
in has proved to be a tool of outstand­
ing value to electrophysiologists is in 
making it possible to get a direct han­
dle on the mechanism of ionic gating. 
As Hodgkin and Huxley pointed out in 
1952. the strong dependence of the ionic 
permeability of the membrane on the 
potential difference across it means that 
the sodium and potassium channels 
must be controlled by the movements of 
ionic "gates" that behave as if they have 
a large charge. At the normal resting 
potential of about -65 millivolts the 
majority of the charged gating particles 
are in their resting. or "closed." configu-
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ration and the channels are shut. In re­
sponse to a shift of the membrane poten­
tial toward a more positive value. that is 
to say toward a depolarization. the gat­
ing particles begin to change to their 
"open" configuration. allowing ions to 
pass through the channels. 

The operation of the gating system 
must necessarily involve the movement 
of charged particles in an electric field. 
and so one would expect the change 
in the configuration of the gates prior 
to the opening of the channel to give 
rise to a small displacement of charge 
across the membrane. In other words. 
one would expect to see a transient 
flow of displacement current immedi­
ately preceding the passage of ionic cur­
rent. Hodgkin and Huxley predicted the 
existence of this gating current but were 
not able to measure it for the simple 
reason that at the time there was no 
way to prevent the large influx of ions 
through the sodium channels from ob­
scuring it completely. In the short peri­
od for which a single sodium channel 
remains open during the passage of a 
nerve impulse about 100 sodium ions 
pass through the channel; during a long 
voltage-clamp pulse up to 500 ions 
might get through. The actual opening 
of the gate. on the other hand. involves 
the transfer of no more than four elec­
tronic charges within the membrane. 

Since the gating current is much 
smaller than the ionic current. it cannot 
readily be detected without first tightly 
plugging the ion channels. With the 
availability of tetrodotoxin more favor­
able conditions for recording the gating 
current could be achieved. thanks to the 
fortunate circumstance that when the 
toxin is bound at the mouth of the sodi­
um channel. thereby blocking it. the 
opening and closing of the gate itself is 
not hindered and the gating current con­
tinues to flow. 
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If. then. the sodium current in a squid 
axon is abolished by applying a sizable 
dose of tetrodotoxin (and also replacing 
the sodium in the bathing medium with 
"Tris" buffer). and if at the same time 
the potassium channels are blocked 
from the inside by perfusing the axon 
with cesium or tetraethylammonium 
ions. the gating current constitutes a 
substantial fraction of the displacement 
C'Urrent recorded when the potential at 
which the membrane is clamped is sud­
denly altered. With this approach sodi­
um gating currents were observed for 
the first time during the 1972-73 squid 
season by Clay Armstrong and Pancho 
Bezanilla at the Marine Biological Lab­
oratory in Woods Hole. Mass .. and 
shortly afterward by Eduardo Rojas and 
me at Plymouth. As in other instances. 
once the trailblazing observations had 
been made on the squid giant axon it 
proved to be not too difficult to extend 
them to other types of nerve. and suc­
cessful studies on the gating current at 
the node of Ranvier in frog nerve have 
been carried out at. among other places. 
the University of Hamburg by Wolf­
gang Nonner. Berthold Neumcke and 
Robert Stampfli. 

Although with the aid of tetrodotox­
.f\.. in the gating current can be separat­
ed from the ionic current without too 
much trouble. the problem remains of 
distinguishing between the displace­
ment current that arises from the charg­
ing and discharging of the large stat­
ic capacity of the membrane and the 
displacement current arising from the 
movements of the gating particles. It can 
reasonably be assumed that for the true 
capacity transient the total amount of 
charge transferred across the membrane 
on the application of a voltage-clamp 
pulse varies in direct proportion to the 
size of the potential step. Hence the ca-

HYDROXYLAMINE 

SODIUM 

pacity transients for pulses equal in size 
but opposite in direction will always be 
precisely symmetrical. 

The gating particles. on the other 
hand. will initially be distributed un­
equally between their two configura­
tions. and if their total number is fixed. 
the charge transfer when they change 
states will exhibit saturation if the pul­
ses are large enough. The amplitude of 
the gating current will consequently be 
asymmetrical with respect to the poten­
tial. Starting from a negative holding 
potential at which the gating particles 
are all in the "closed" configuration. the 
record of the displacement current for a 
hyperpolarizing (negative-going) volt­
age-clamp pulse will consist of a pure 
capacity transient. since the gates can 
close no further. The displacement cur­
rent for a depolarizing (positive-going) 
pulse of the same size. however. will 
consist of an equal capacity transient of 
the opposite sign plus the gating current 
generated by the opening of the gates. 

The method of recording the gating 
current initially adopted both by Arm­
strong and Bezanilla at Woods Hole and 
by Meves and us at Plymouth was there­
fore simply to add together with a signal 
averager the current records for equal 
and opposite voltage-clamp pulses in 
axons with blocked ion channels. auto­
matically canceling the capacity tran­
sient. The technique has since been im­
proved in certain respects by employing 
an on-line computer in place of the sig­
nal averager. but the principle remains 
the same. The gating current rises to a 
peak immediately after the potential 
step is applied. and thereafter it falls ex­
ponentially to zero as the gating parti­
cles arrive at their new configuration. As 
is shown in the top illustration on page 
135. with increasing pulse size more 
charge is transferred but the relaxation 
time decreases. 

HYDRAZINE 
+ 

(HJN-NH2) 
POTASSIUM 

IONIC SELECTIVITY of tbe sodium cbannel is acbieved througb 
its dimensions and its electrostatic properties. As is sbown bere, par­
tially hydrated lithium ions or sodium ions and the small positively 
charged molecules bydroxylamine and bydrazine bave tbe appropri-

ate dimensions to pass through tbe sodium channel, which appears to 
have a cross section of three angstrom units by five angstrom units at 
its narrowest point. A hydrated potassium ion, however, is too big to 
pass through the channel. These models are of the space-filling type. 
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One conclusion from a consideration 
of the steady-state properties of the gat­
ing particles is that. as Hodgkin and 
Huxley had suggested earlier on the ba­
sis of kinetic evidence. the gating mech­
anism involves the cooperation of three 
(or possibly four) charged particles in 
each channel. The individual particles 
behave as if they carried only one elec­
tronic charge. but it could well be that 
they actually have a number of charged 
side groups that move only through a 
small fraction of the electric field. It is 
not possible to decide from the results 
how these side groups might be disposed 
within the particle. On comparing the 
rate at which the gating particles reach 
their new configuration with the rate at 
which the channels begin to allow ions 
to pass. however. it is evident that the 
gating-current kinetics cannot be recon­
ciled directly with the Hodgkin-Huxley 
equations. In order for the data to fit 
it must be supposed that an "activated" 
configuration intervenes between the 
"closed" and "open" configurations. and 
that after the particles have attained it 
there follows a finite period of coopera­
tive interaction of the particles before 
the channels open. During this period no 
'further gating current flows. 

The other main conclusion concerns 
the mechanism of inactivation of the 

sodium channels. this being the process 
that closes the channels again a millisec­
ond or so after they have first opened. 
even though the membrane remains de­
polarized. Everyone is agreed on drop­
ping the idea that in addition to the 
charged particles opening the channels 
there is a separate set of blocking parti­
cles shutting them down with an appro­
priate time delay. The reason is that the 
blocking particles would also have to be 
charged. yet no asymmetrical displace­
ment current that would correspond to 
their movement can be recorded. Arm­
strong and Bezanilla .have proposed 
that inactivation involves a further re­
arrangement of the gating particles that 
slowly closes the conducting channels. 
This final configurational change is 
thought to be accompanied by little or 
no charge movement. and so it is electri­
cally silent. It apparently leaves the gat­
ing particles in a partially immobilized 
condition. with the result that on the re­
polarization of the membrane their re­
turn to the resting state is too slow to be 
readily recorded. 

The study of the sodium gating cur­
rent had therefore led to the concept of 
the voltage-sensitive portion of the so­
dium channel as a system in which a 
multiplicity of subunits pass through a 
multiplicity of configurational states. A 
mathematical model incorporating the 
principal findings I have described can 
be constructed. but it is likely to have a 
limited appeal for experimentalists be­
cause like all such multistate models it 
embodies too many arbitrary parame-
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ters to provide a unique solution to the 
problem. Nevertheless. it cannot be 
denied that operationally the sodium 
channels may be ( 1) resting. (2) conduct­
ing or (3) inactivated or refractory. so 
that like it or not the system must exist in 
at least three distinct states. Additional 
intermediate states may also be neces­
sary if the transitions between the main 
states are to be appropriately timed. It is 
to be hoped that from further and more 
accurate measurements of the gating 
current information about one or more 
of these transitions will emerge that will 
characterize them independently of the 
data derived from the overall kinetics of 
the system. This is the type of constraint 
one needs in order to conduct a realistic 
model-building exercise. 

The construction of a plausible mo­
lecular model of the sodium channel 

is even farther from our grasp at the 
present time. It is clear that the selectivi-

ty filter is located near the outer end of 
the channel. and it seems probable that 
at this narrowest point the structure is 
a rigid one, unaffected by changes in 
membrane potential. The difficulty is to 
picture the central voltage-gated part of 
the channel. since there is no precedent 
to allow even a guess to be made as to 
how an alteration in the electric field 
across a large molecule can open up 
an aqueous crevice through it. let alone 
one whose opening and closing displays 
such complex kinetics. Any portrayal of 
the inner workings of the sodium chan­
nel must therefore be strictly fanciful. 

My story has so far dealt almost en­
tirely with the sodium channels. but this 
does not mean that the potassium chan­
nels are any less important. For two rea­
sons. however. not nearly as much is 
known about them. First. there is no 
blocking agent available for the potas­
sium channels that has anything like 
the specificity of tetrodotoxin for the 

BALL-AND-STICK MODELS of tetrodotoxin (top) and saxitoxin (bot/om), two powerful 
nerve poisons that bind tightly and specifically to sodium channels, reveal some common struc­
tural features. In both molecules a positively charged group mimics the positively charged so­
dium ion by entering the sodium channel, but the bulky multi-ring structure prevents the tox­
in from passing through. The two toxins have proved useful for studying sodium channels. 
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GATING CURRENT is associated with the movement of charged gating particles or subunits 
within the sodium channel. The subunits open or close the channel in response to shifts in mem­
brane voltage. The gating current can be detected only after blocking the sodium current with 
tetrodotoxin and the potassium current with cesium, and balancing out the symmetrical capaci­
ty transient of the membrane. Under these conditions equal and opposite voltage pulses across 
the membrane give rise to slightly different current Hows; the discrepancy constitutes the gat­
ing current. The traces in a are single-sweep records of the membrane current for voltage pulses 
of ±120 millivolts. The difference between them is plotted below on linear (b) and logarith­
mic (c) scales. A positive-going (but not negative-going) shift in membrane voltage causes a 
brief outward gating current that coincides with the opening of the sodium channels. The gat­
ing current falls exponentially to zero as the gating subunits arrive at their. new configuration. 
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sodium channels. Although positively 
charged tetraethylammonium ions can 
enter the potassium channels from the 
inside and cork them up quite effective­
ly, a relatively high concentration is 
needed to prod uce a complete block. 
Hence the trick of applying a radioac­
tive label to the blocking molecules in 
order to count the potassium channels 
cannot be employed. Second, because 
the potassium channels open with a de­
lay and about 10 times slower than the 
sodium channels, the potassium gating 
current is much harder to detect. 

In one respect, however, the slowness 
of the potassium channels can be turned 
to advantage, because it results in their 
cbntributing the greater part of the elec­
trical "noise" that arises from random 
fluctuations in the ionic current flowing 
across the membrane. Examination of 
the noise spectrum in different types 
of excitable membrane is a fairly new 
field of study, and it is one that prom­
ises to yield valuable information about 
some of the characteristics of ion chan­
nels that are inaccessible to other ap­
proaches. Already, in the hands of 
Charles F. Stevens of the Yale Universi­
ty School of Medicine, Franco Conti of 
the National Research Council of Italy 
and others, noise studies have provided 
the best estimates we have for the single­
channel conductance and for the num­
ber of potassium channels in the squid 
giant axon. It turns out that there are 
only about 50 potassium channels per 
square micrometer of axon membrane, 
or roughly one potassium channel for 
every 10 sodium channels. The relative 
paucity of the potassium channels fur­
ther reduces the probable magnitude of 
the potassium gating current. 

so much for the results of electrophysi­
ological measurements. Since it is 

now clear that the Voltage-dependent 
changes in the ionic conductances of the 
nerve membrane are brought about by 
structural rearrangements within the ion 
channels, the question arises of whether 
these changes might be detectable by 
techniques other than electrical ones. 
With this in mind, a number of investi­
gators, including myself, have looked 
for transient changes in several of the 
parameters that might be associated 
with the molecular configuration of the 
gating particles. These parameters have 
included the optical retardation of the 
membrane, the amount of light scat­
tered by the axon, the emission and ab­
sorption of light after staining the mem­
brane with a fluorescent dye, and the 
release and absorption of heat by the 
axon. Although in each case effects 
could be observed during the passage of 
nerve impulses or the application of 
voltage-clamp pulses to the membrane, 
it was regretfully concluded that they 
always arose from the response of the 
membrane as a whole and were not spe-
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FAMILY OF GATING CURREKTS was recorded in a squid giant 
axon by the author with George Malachowski and Dirk van Heiden 
at the Marine Biological Association of the vnited Kingdom in Plym-

outh. The membrane potential was held at - 100 millivolts and was 
pulsed to -120, - 80, - 40, 0 and + 40 millh'olts. When ,'ollagc was 
shifted in a positive direction, the gating current flowed outward. 

cifically related to events within the ion 
channels themselves. 

In order to arrive at a complete under­
standing of the functioning of the ion 
channels their biochemistry has to be 
studied. It may reasonably be assumed 
that, like other large molecules involved 
in the transport of ions across cell mem­
branes, the ion channels are large pro­
teins. The channel protein is likely to 
have a central hydrophobic section, 
which is at home in the oily environ­
ment provided by the hydrocarbon tails 
of the membrane phospholipids. and hy­
drophilic portions that project into the 
aqueous medium on each side of the 
membrane. As with other membrane 
proteins, this dual nature makes it diffi­
cult to isolate and purify the protein for 
methods of structural study such as x­
ray crystallography, because the very 
process of extracting it from the mem­
brane is likely to alter its shape and inac­
tivate it. Moreover. in order to apply 
purification techniques such as affinity 
chromatography a suitable molecule is 
needed to which the channel protein will 

bind selectively. Tetrodotoxin would be 
the logical choice. but until quite recent­
ly. when Michel Lazdunski of the Uni­
versity of Nice succeeded in preparing 
fluorescent derivatives of tetrodotoxin. 
the molecule has proved hard to manip­
ulate chemically. 

The key to success in work of this kind 
is often to find a starting material 

already highly enriched in the desired 
protein. as is exemplified by the exploi­
tation of the electric organ of the elec­
tric ray Torpedo as a source of acetyl­
choline-receptor protein by Jean-Pierre 
Changeux of the Pasteur Institute in 
Paris, Here another type of electric or­
gan has now come into its own: that of 
the electric eel Electrophorus. Although 
the electroplates of Electrophorus are not 
nearly as rich in sodium channels as 
those of Torpedo are in acetylcholine re­
ceptors. they do not serve too badly in 
this respect. and a large eel provides a 
kilogram or more of electric tissue. 
From studies of the loss of tetrodotoxin­
binding capacity in microsomal prepa-

RESTING ("CLOSED") ;;:. ACTIVATED ;;:. ;;:. 

rations of sodium channels that had 
been bombarded with high-voltage elec­
trons. my colleagues Clive Ellory and 
Levinson arrived at a value of 230,000 
daltons for the molecular weight of the 
channel protein. Working with Michael 
A. Raftery at the California Institute of 
Technology, Levinson and others have 
been able to extract from the electric 
organ of EleClrophorus an almost pure 
tetrodotoxin-binding protein whose mo­
lecular weight is of the same order. Al­
though there are still many formida­
ble technical obstacles to be overcome. 
electrophysiologists can hope that even­
tually they will be able to study sodium 
channels that have been incorporated 
into artificial membranes. 

A dim outline of the organization of 
the ion channels in excitable membranes 
is therefore beginning to emerge. The 
further elucidation of the channels' pre­
cise structure and mode of functioning 
will resolve what is undoubtedly one of 
the most important questions still to be 
answered about the mechanism of bio­
logical excitability. 

3A ;;:. 
R < A < < CONDUCTING ("OPEN') < 

INACTIVATED 

MULTISTATE MODEL of the sodium channel was proposed by the 
author on the basis of recent studies of sodium gating currents. Model 
shows the hypothetical sequence of configurational states through 
which the gating subunits pass during the opening and closing of the 
channel. In response to a positive-going shift in the voltage across 
the axon membrane the gating subunits undergo a configurational 
change to the activated state. Tbey are then able to interact sequen­
tially, and when all three subunits controlling a given channel ha,'e 

done so, the channel opens for the passage of sodium ions. After re­
maining open for a short time the channel is closed through a fur­
ther configurational change that takes it to the inactivated state. Tbe 
double arrows between the states indicate that each reaction can pro­
ceed in both directions. In practice, bowever, most of the cbannels 
pass through tbe fuJI cycle from tbe resting to tbe inactivated state 
and back to the resting state witb eacb impulse. A measurable gating 
current accompanies only tbe resting-to-activated step or its reversal. 
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Dolphins 
These descendants ofland mammals that took to sea have a large 

brain, learn quickly and exhibit a rich vocal repertory. Yet lack 

of evidence leaves open the question of how intelligent they are 

Because dolphins have big brains. 
are quick to learn tricks devised 
by human trainers and exhibit a 

rich repertory of vocal signals. they are 
widely reputed to have a level of intelli­
gence unmatched by any other animal 
and perhaps even the equal of man·s. On 
the basis of observations of dolphins in 
several of their natural habitats I believe 
the effort to position them firmly in the 
spectrum of animal intelligence is pre­
mature. In the present state of marine 
technology it is simply impossible for 
human observers to spend more than 
brief and isolated moments with an ani­
mal that lives in the ocean and moves 
rapidly over great distances. When a 
great deal more is known about the be­
havior of dolphins. the question of their 
intelligence will answer itself. At pres­
ent the most one can say is that dolphins 
are gregarious herding animals. compa­
rable in their individual and social be­
havior to more easily observed herding 
and flocking mammals on land. 

Dolphins evolved at least 50 million 
years ago from land mammals that may 
have resembled the even-toed ungulates 
of today such as cattle. pigs and buffa­
loes. After taking to the sea dolphins 
became progressively better adapted to 
life in the water: their ancestral fur was 
replaced by a thick coat of blubbery fat. 
they became sleek and streamlined. they 
lost all but internal remnants of their 
hind limbs and grew a powerful tail. 
their forelimbs were modified into steer­
ing paddles and apparently as a further 
aid in steering and stabilization many 
species evolved a dorsal fin. 

More than 30 species of dolphins can 
be identified. They belong to the subor­
der Odontoceti, or toothed whales. of 
the order Cetacea. (The quite similar 
porpoise. which is often confused with 
the dolphin. is also a member of the 
whale family; it is distinguished from 
the dolphin mainly by having a less 
beaklike snout and also by its laterally 
compressed. spadelike teeth. It should 
be noted. however. that many American 
students of marine mammals refer to all 
small odontocete cetaceans as porpois­
es. regardless of their physical charac-
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teristics.) A few dolphin species live in 
fresh water. but most species have an 
ocean habitat. The freshwater species 
travel in small groups or are nearly soli­
tary. whereas the ocean species (such as 
the Pacific spotted dolphin) may congre­
gate in aggregations of several thou­
sand. Such numbers are reminiscent of 
buffalo herds in North America and 
grazing animals on the Serengeti plains 
of Africa; one wonders about behavior­
al and ecological similarities between 
the dolphins and their distant terrestrial 
relatives. 

In general highly social mammals 
have complex social signals and a rich 
behavioral repertory. Hence they can 
interact with other members of their 
group in sophisticated ways. Exam­
ples include signals of aggression that 
are useful in establishing and maintain­
ing dominance hierarchies. signals for 
courtship. warning sounds or move­
ments at the approach of a potential at­
tacker and many other signals that con­
tribute to the functioning of the group 
and its individual members. 

The effort to accumulate data on the 
behavior and social systems of dol­

phins is made difficult by the fact that 
most of their communication goes on 
below the waves. It is extremely difficult 
to approach a group of dolphins in a 
boat and to stay with them long enough 
to begin to understand their social sys­
tem. All one sees is a group of dorsal fins 
as the animals surface to breathe. and 
then they are lost to view as they move 
on underwater. Even in the rare circum­
stances when the water is calm and clear 
and the dolphins can be seen for more 
than a few minutes. the proximity of a 
boat may disturb them. so that it be­
comes difficult to separate what is natu­
ral in their behavior from what is unnat­
ural. being merely a reaction to the boat. 

As a result of these problems and oth­
ers most of the early observations in­
volved dolphins in captivity. Although 
captivity must be an awkward situation 
for animals that are accustomed to a life 
with few physical boundaries. the cap­
tive dolphins nonetheless yielded useful 

data simply because observers could 
watch them for extended periods of 
time. The best-known work of this kind 
was done by Margaret C. Tavolga of 
Marineland of Florida. She observed a 
group of 12 bottlenose dolphins (Tur­
siops truncatus) in a large tank for a total 
period of about five years. 

Tavolga found that the group had a 
definite dominance hierarchy. The one 
adult male. which was the largest ani­
mal in the group. was more aggressive 
and less fearful than any of the females. 
subadult males or young dolphins. In 
general the larger animals were domi­
nant over the smaller ones. 

Similar data were obtained by Grego­
ry Bateson at the Oceanic Institute of 
Hawaii. He found a dominance hierar­
chy in a group consisting of two spotted 
dolphins (Stenella attenuata) and five 
spinner dolphins (S. longirostris). The 
largest male threatened other dolphins 
(by lunging at them or showing his teeth) 
but was never threatened himself. The 
second-ranking dolphin. also a male. 
threatened the animals below him. and 
so on down the line. Bateson's findings 
showed. as the findings of other workers 
have shown. that the hierarchy is not as 
strict as it is among some other mam­
mals. For example. the lowest-ranking 
male was still able to mate with a fe­
male without being challenged by the 
largest male. 

I f the dominance hierarchy is not nec­
essarily related to the access of the 

males to the females (as it is. for exam­
ple. in the harem of the elephant seal). 
one wonders what its function is in wild 
dolphin populations. Kenneth S. Norris 
and Thomas P. Dohl of the University 
of California at Santa Cruz have specu­
lated that the function may be to orga­
nize the members of the group to deal 
with a variety of situations. For example. 
threats and chases by the larger dolphins 
could cause the smaller females and 
young animals to be herded into the cen­
ter of the group. where they would be 
better protected from such potential 
predators as sharks and killer whales. 
Norris believes he Iolas seen such struc-
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THREE STAGES OF A LEAP are demonstrated (unintentionally) 
in the Sea of Cortes (the Gulf of California) off the coast of Mexico 

HERD OF DOLPHINS of the species Delphillus delphis was photo­
graphed leaping in the Atlantic. Dolphins are social mammals that 
sometimes congregate in quite large herds, as they are doing here, 

by three dolphins of the species Delphillus del ph is. The repertory of 
leaps, spins and somersaults executed by dolphins is richly varied. 

but more often they are found in subgroups of perhaps 20. Dolphins 
are also· air-breathing animals, so that their leaps serve in part to en­
able them to breathe. The animals also leap during play and hunting. 
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turing in spinner dolphins and spotted 
dolphins. 

For such a system to evolve it is help­
ful and perhaps necessary that the ani­
mals.possessing it be genetically related. 
W. D. Hamilton of the Imperial College 
of Science and Technology and other 
biologists have argued that closely relat­
ed animals should tend to protect one 
another more than they protect distant 
relatives. since close relatives share 
more genes. If a mother saves her off­
spring by herding it inside the group 
while putting herself in at least some 
danger. her apparent altruism will be 
adaptive for the group because a signifi­
cant proportion of her genes will be pre­
served. 

If dolphins herd group members in 
this way. it is likely that at least some of 
the animals in a group are related. Dol­
phins have also been seen to help an ail­
ing member of the gr'oup reach the sur­
face to breathe and to protect a group 
member from predators or other dan­
gers. These patterns of behavior have 
often been cited as evidence of human­
like altruism and of great intelligence. It 
appears more likely that they represent 
an outgrowth of an evolved tendency to 
help related individuals. 

Unfortunately the degrees of consan­
guinity in a wild dolphin population are 
not known. Only recently has any idea at 
all of social structure among dolphins 
been gained. and the knowledge is com-
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plicated by the existence of many differ­
ent species and many more separate 
populations within species. From terres­
trial mammals it has been learned that 
the social system represents in part an 
adaptation to the population's habitat. 
For example, wolves that live mainly 
on deer tend to travel in small packs, 
whereas wolves that hunt moose are 
found in larger and more highly orga­
nized societies. This difference is appar­
ently related to the need for a coordinat­
ed effort by several animals to success­
fully bring down the larger prey. 

A few excellent studies that make 
comparisons possible among dolphin 
species and populations have been done 
recently. Norris and Dohl studied Ha-. 
waiian spinner dolphins from sea cliffs 
and from underwater. They found that 
these highly social mammals traveled in 
schools averaging 25 members. The 
structure of the school varied during the 
day in a predictable manner. In the 
morning the dolphins moved slowly and 
in tight groups, with individuals almost 
touching. They appeared to be resting. 
Later they became increasingly active, 
swimming faster, with individuals leap­
ing clear of the water in the spins. som­
ersaults and other displays for which 
dolphins in oceanariums are famous. 

At such times the schools became 
more spread out, with animals often as 
much as 20 meters apart. Moreover. 
groups tended to join. so that 50 or more 

members might constitute the expanded 
school, with all the animals moving 
in the same direction. As night ap­
proached. the school moved several kil­
ometers away from the shore. entering 
deeper water and beginning deep dives 
in order to feed on fish several hundred 
meters below the surface. The array 
consisted of many widely spaced groups 
within an area with a diameter of several 
kilometers. Because Norris and Dohl 
were able to recognize some individuals. 
they found that a given small group of 
individuals tended to stay together but 
often shifted as a unit from one school 
to another. 

Norris and Dohl suggested that dol­
phins may form close groups while they 
are resting so that they can employ the 
combined sensory abilities of all the in­
dividuals in the school to scan the envi­
ronment and to detect potential danger. 
It is well known that dolphins can scan 
the water by echo location over much 
greater distances than would be possible 
by eyesight. (In echo location a dolphin 
projects high-frequency sounds in short 
pulses, much as bats do. The sounds 
bounce off objects. and the echoes give 
back information on the distance. size. 
shape and even texture of the object.) 
N�rris and Dohl's hypothesis about 
combined sensory abilities, particularly 
during rest. relies in part on the abili­
ty of dolphins to get information from 
echo location. Presumably each dolphin 

TURSIOPS TRUNCATUS 

STENO BREDANENSIS 

FI,\'E DOLPHI:-"; SPECIES are portrayed to indicate their differ­

ences ill shape and marking. They are the bottlenose dolphin (Tursi­

ops Irul/collls), the spinner dolphin (Stell ella 10Ilgiros/ris), the South 

Atlantic dusky dolphin (LagellorhYllchlls obscurus), the Indo-Pacific 

humpback dolphin (Sollsa pillmbea) and the cough-toothed dolphin 
(Steno bl'edonensis). All of them are drawn to the same scale. About 
2S other species of dolphins are known. Porpoises, which are quite 
similar, haye a blunter snout and are ordinarily shorter and fatter. 
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BRAIN OF DOLPHIN is depicted for tbe species Tursiops truncatus, tbe bottlenose dolpbin. 
A dolpbin brain weigbs about 3.5 pounds (1.59 kilograms); a typical buman brain weigbs about 
three pounds (1.36 kilograms) but is larger tban tbe dolpbin's in proportion to body weigbt. 

in a closely organized school can hear 
the echo-location sounds made by other 
members of the group. Therefore even 
though any given individual might not 
make many sounds. much information 
about the environment would be rapidly 
and efficiently disseminated to all. It is 
also probable that a resting group swims 
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close to shore in order to be in shallow 
water that is not frequented by large 
deepwater sharks. 

During periods of alertness the spac­
ing of the spinner dolphins increases and 
the animals do a great deal of leaping. 
This activity may in part be play. as 
many people have suggested. but it may 
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MAN DOLPHIN CHIMPANZEE 

BRAIN WEIGHT AND BODY WEIGHT are compared
'
for man, tbe dolpbin and tbe cbim­

panzee. Man's brain weigbs about 2 percent of bis body weigbt, tbe cbimpanzee's less tban 1 
percent and tbe dolpbin's sligbtly more tban 1 percent. Altbougb rougb ideas of comparable 
intelligence can often be obtained by comparing tbe ratio of brain weigbt to body weigbt, otber 
factors sucb as tbe lengtb of tbe body, tbe manner in wbicb limbs are used and tbe complexity 
of tbe brain must also be considered. It is not possible to say on tbe basis of a simple compari­
son of brain weigbt to body weigbt tbat one kind of organism is more intelligent tban anotber. 
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also represent a form of communica­
tion. A leap is usually followed by a 
loud slap or splash as the dolphin enters 
the water. Such sounds travel fairly long 
distances underwater and may signify 
the presence of the leaper to others. In­
deed. groups of some dolphin species 
sometimes converge on an active. leap­
ing school from a distance of several 
kilometers. Nighttime feeding in deep 
water is also attended by much leaping 
and loud splashing. At this time the 
members of a group are quite wide­
ly separated, and the assumption once 
again is that leaping may serve to com­
municate location and possibly infor­
mation such as the number of other dol­
phins nearby and what they are doing. 

Graham Saayman and C. K. Tayler of 
the �ort Elizabeth Museum in South 
Africa studied Indian Ocean bottlenose 
dolphins (Tursiops aduncus), and my 
wife Melany Wiirsig and I studied South 
Atlantic dusky dolphins (Lagenorhyn­
chus obscurus). Both species have habi­
tats similar to the habitat of the Hawai­
ian spinner dolphin. The habitats are 
coastal-pelagic. meaning that all three 
populations can often be seen and stud­
ied from the shore but that they also 
move far from the shore. usually to 
feed. All three populations exhibited 
similar patterns of behavior and move­
ment. It therefore seems reasonable to 
say that the habitat of these marine 
mammals is largely responsible for their 
way of life. 

This assertion can be examined by 
studying dolphins in a different envi­

ronment. Three such environments can 
be found: deep-ocean. coastal and fresh­
water. The most thoroughly examined 
populations have been coastal ones. Su­
san H. Shane of Texas A & M University 
observed Atlantic bottlenose dolphins 
off Texas; A. Blair Irvine. Randall S. 
Wells and Michael Scott of the Univer­
sity of Florida observed them off Flori­
da; Melany Wiirsig and I observed them 
off Argentina, and Saayman and Tayler 
observed Indo-Pacific humpback dol­
phins (of the genus Sousa) off South Af­
rica. Again major similarities were evi­
dent. They can be summarized by a 
description of our study of bottlenose 
dolphins off Argentina. 

The bottlenose dolphin is a coastal 
species in many parts of its worldwide 
range. Hence it can be observed readily 
from the shore. For a period of 21 
months my wife and I observed a school 
of bottlenose dolphins that passed close 
to the shore (always within a kilometer) 
in water less than 40 meters deep. We 
studied them by observations from 
coastal cliffs and from a small rubber 
boat, by underwater recordings of their 
sounds. by photographing their dorsal 
fins in order to recognize individ uals and 
by tracking their movements with a sur­
veyor's transit on the shore. (With a 
transit one can determine precisely the 

© 1979 SCIENTIFIC AMERICAN, INC



© 1979 SCIENTIFIC AMERICAN, INC



Free. The kit that has shown hundreds of companies 
new ways to control travel time and costs. 

Chances are, last year you 
travelled less but spent more. It's 
a simple fact: business travel costs 
are getting out of hand. 

But help is just around the 
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It's the Beechcraft Business 
Flying Kit. And it's already helped 
hundreds of successful compa­
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on the skyrocketing cost of busi­
ness travel. 
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one thing. Help you, step-by-step, 
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jectively evaluating a company 
airplane even easier. 
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use business airplanes, like the 

Beechcraft Bonanza shown here, 
to reduce their travel costs - while 
doing more business in more 
places. 

Get some help with the vex­
ing problems of business travel. 
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ness Flying Kit today. 
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location. movement and speed of wild 
animals. The method was developed by 
Roger Payne of the New York Zoologi­
cal Society and has proved to be useful 
in studies of the coastal movements of 
marine mammals.) 

The school ranged in size from eight 
to 22 dolphins; the average was 15. 
Some individuals stayed together con­
sistently; others were at times absent. 
Thus the population was made up of 
subunits of shifting membership. 

Eventually our sightings were all of 
animals we had identified previously. 
We concluded that we knew all or nearly 
all 60 or so dolphins that at one time or 
another were part of the group. Al­
though all the animals in the larger 
group interacted to some degree. we 
never saw the entire group together at 
one time. It is therefore likely that other 
subgroups. also composed of individu­
als known to us. traveled near other 
shores. Apparently they cover a large 
range; we once sighted a subgroup of 
known animals more than 300 kilome­
ters south of our base. It is probable that 
the size of a subgroup represents an 
optimum balance among the number 
of animals needed for defense against 
predators. the number needed for effi­
cient feeding and the number best suited 
for social interaction. reproduction and 
the survival of young. 

In the fall. winter and spring the bot­
tlenose dolphins seemed to feed on 
schools of anchovies at about midday in 
water from 15  to 3 5  meters deep. At 
such times they advanced as a spread­
out school. each animal being separated 
from the next one by as much as 25 me­
ters. After several minutes in this forma­
tion they began to dive and mill around 
in one area. From comparison with the 
behavior of dusky dolphins. which in 
this region feed almost exclusively on 
anchovies. we deduced that the bottle­
nose dolphins were herding schooling 
anchovies to the ocean surface and feed­
ing on them there. The spread forma­
tion before feeding probably serves the 
purpose of acoustically scanning as 
large an area as possible in the search 
for anchovies. 

This cooperation among members of 
a school is quite different from what 

the dolphins do in the summer. Ancho­
vies are not present in the waters off Ar­
gentina during the summer. and so the 
dolphins feed mainly on large solitary 
fishes living among rocks near the shore. 
At such times the dolphins move in wa­
ter that is from two to six meters deep. 
and they spread out in a line that is long­
er than it is wide. with every animal at 
essentially the same depth and as close 
to the shore as possible. In this forma­
tion individual dolphins nose their way 
among the rocks and poke into crevices 
as they search for their prey. 

Although the average size of sub­
groups was 15 dolphins. the average was 

lower (14) during the summer than it 
was during the winter (20). It can be ar­
gued that fewer dolphins are needed for 
successful individual feeding near the 
shore. Indeed. it is possible that the re­
source-large fishes inhabiting crevic­
es-is limited and that a group of about 
14 dolphins in one area at one time rep­
resents the upper limit of the area's car­
rying capacity. The limit is higher when 
dolphins are feeding cooperatively on 
schooling fish. 

Other reasons for the seasonal fluctu­
ation in the size of dolphin subgroups 
must also be considered. For example. 
one could argue that the size of sub­
groups increases because dolphins are 
more susceptible to killer-whale attacks 
when they feed farther from shore and 
that with more animals per subgroup 
they can protect themselves better. Per­
haps the fluctuations reflect seasonal 
peaks in mating and calving. On the ba­
sis of the information now available. 
however. food seems to be an important 
determinant of the size (and presumably 
the composition) of subgroups of bottle­
nose dolphins. 

What can be said about the internal 
structure of subgroups? The fact that 

individual dolphins shift about from 
one subgroup to another suggests that 
the animals have what is known among 
mammalogists as an open society. 
Among terrestrial mammals the Afri­
can chimpanzee (Pall troglodytes) exhib­
its a quite similar system. Certain Afri­
can ungulates (hoofed mammals) also 
have a degree of openness. with individ­
uals moving frequently from subgroup 
to subgroup within a more rigidly de­
fined herd. Among chimpanzees the var­
iations appear to be in response to the 
availability of food; the animals search 
for food in small units but aggregate 
into larger units when the food has been 
found. Melany Wlirsig and I have found 
a similar situation among dusky dol­
phins. but it is not yet clear to what ex­
tent a patchy distribution of food might 
govern variations in the size of schools 
of bottlenose dolphins. 

Notwithstanding the tendency to 
openness. groups of five or six dolphins 
were almost always observed traveling 
together. One such group included a no­
tably large animal and a second adult 
that traveled with a calf during the en­
tire 21-month study. I therefore believe 
the second adult was a female. The large 

DOMINANCE HIERARCHY in a group of captive dolphins studied by Gregory Bateson at 
the Oceanic Institute of Hawaii is depicted. The group consisted of two spotted dolphins (dark 
gray) and five spinner dolphins (light gray). In this drawing males face to the left, females to the 
right. The arrows indicate threats (threatening entails showing teeth or lunging) made by one 
animal to anotber. Tbe largest male, Kabili, and the male Limu were never threatened. Al­
thougb Akamai, the smaller male dolphin at tbe bottom of tbe bierarchy, never threatened 
any other member of tbe group, he copulated witb the female Lei on at least one occasion. 
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animal was the only one that consistent­
ly slapped its tail against the surface of 
the water when a boat approached. Ex­
perienced dolphin trainers say that tail 
slapping can signify anger, aggression or 
warning. It is tempting to say that the 
large dolphin was in some sense the 
leader of the group, but I do not have 
enough information about the social 
system and behavior of dolphins to sub­
stantiate the hypothesis. 

Two other groups of five and six dol­
phins that we always found together 
consisted of adults of approximately the 
same size. It is possible (again I conjec­
ture) that the groups were made up of 
nonbreeding members of the popula­
tion, much as bachelor herds of ele­
phants travel together. 

The most detailed findings on the 
age and sex composition of dolphin 
schools have come from the work of Ir-

vine, Wells and Scott on Florida bottle­
nose dolphins. They captured 47 dol­
phins and put tags and other identifying 
marks on them in order to recognize 
them later in their natural habitat. As 
they tagged the animals they were able 
to determine the sex and size of the in­
dividuals. 

Once the dolphins had been released 
Irvine, Wells and Scott found that the 
home range of the resident herd covered 
about 85 square kilometers. Females 
and calves often traveled in groups that 
included only a few adult males or none. 
Such males tended to associate more 
often with calfless females than with 
mothers and young, and they rarely as­
sociated with subadult males. The sub­
adult males were at times found in bach­
elor groups far from the other dolphins. 
Several females were seen with their 
calves for as long as 15 months. Hence a 

MEANS OF IDENTIFICATION of individual dolphins is provided by the pattern of nicks 
and scars on the trailing edge of the dorsal fin. These photographs represent a sampling of 12 
bottlenose dolphins from a group of about 50. All individuals in the group could be identified. 
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strong social bond exists between moth­
er and calf, probably continuing long 
after weaning. No such long-term asso­
ciation between a male and a calf has 
been observed. 

It should be emphasized that the so­
cial relations of dolphins are not clear­
cut or immutable. They are highly vari­
able. Nevertheless, a few major features 
are apparent. The bonds between moth­
er and calf are strong; the bonds be­
tween male and female and male and 
calf appear to be less so. This compari­
son suggests that mating is somewhat 
promiscuous. Subadult males may be 
excluded from the normal social routine 
but subadult females are not. which sug­
gests that adult males may copulate 
more with various females than females 
do with different males. Such a relation 
is indicative of a polygynous mating sys­
tem. which is also common among ter­
restrial mammals. 

Tess can be said about the behavior 
L of dolphins than about their social 
relations, even though a considerable 
body of accounts of behavior has been 
built up from observations of dolphins 
in nature and in captivity. I believe not 
enough is yet known to support any firm 
and broad statements. Still, a few major 
examples of behavior can be cited. Bot­
tlenose dolphins (and other species) ap­
pear to engage in courtship and copu­
lation throughout the year, as is often 
indicated in the wild by belly-to-belly 
swimming. Yet bottlenose dolphins and 
some other species have a definite yearly 
calving peak (sometimes two peaks). 
Among the dolphins we observed off 
Argentina all the calves were born in the 
summer. This finding indicates that a 
physiological change in the male or the 
female causes conception to occur in a 
limited period. Such a change has been 
documented in seasonal increases in the 
weight of the testes in the males of sever­
al dolphin species. 

Yearlong mating also implies that 
courtship may have more than a sexual 
connotation. Several investigators have 
suggested that such interactions may 
also serve to define and strengthen social 
hierarchies and bonds. The argument is 
reinforced by the frequent homosexual 
activity seen at least among captive dol­
phins. Future studies may show that 
"homosocial" might be a better term. A 
carry-over of sexual signals to domi­
nance hierarchies is seen in many other 
mammalian groups. 

A second behavior found in almost 
all dolphin species is leaping. I have 
mentioned that it tends to occur most 
often when animals are widely separated 
and so may have a communicative func­
tion. Bottlenose dolphins off Argentina 
leaped far less than dusky dolphins in 
the same vicinity did, even when both 
species were hunting fish in essentially 
the same manner. The bottlenose dol­
phins, however, moved in one school 
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shore at least once during the corresponding month; a blank space 
means the animal was not seen during tbat month. A dolphin shown 
as having been seen may have been seen more than once in the month. 
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RADIO TRACKING of four dolphins off Argentina (in the Gulf of San Jose and the adjoining 
open ocean) produced these patterns of movement. Each dolphin is represented by a different 
track, and the number beside each circle shows the animal's position that number of days after 
it was fitted with a radio. Solid circles represent known positions, obtained either by triangula· 
tion from the shore points indicated by triangles or by approaching the dolphin in a boat, and 
open circles represent estimated positions. The animals' daily locations are given as of midday. 
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and so would have little cause to com­
municate with other members of the 
school by leaping. The dusky dolphins 
moved in as many as 30 small schools in 
one vicinity. and we often saw schools 
coalesce when leaping began. Leaps un­
doubtedly have other functions. such 
as helping to herd or catch prey. but 
the function of communication among 
members of a particular species may be 
important. 

On the basis of the rather modest 
body of knowledge about dol­

phins. what can be said of their intelli­
gence? Dolphins are certainly adept at 
learning complex tasks, as they demon­
strate in their tricks in oceanariums. and 
they remember the tasks for years. They 
also have been shown to be capable of 
relatively abstract thinking, For exam­
ple. Karen Pryor. working at the Ocean­
ic Institute in Hawaii, trained rough­
toothed dolphins (Steno bredanensis) to 
perform a new trick for a reward of fish, 
After several days of training they ex­
hibited ever-different types of leaps and 
contortions, apparently' "realizing" that 
the forms of behavior they had dis­
played previously would not be reward­
ed. Still. various trainers have pointed 
out that the same thing happens among 
dogs and other mammals and possi­
bly even among pigeons, which implies 
that one does not have to invoke super­
intelligence to explain what the dolphins 
are doing, 

Edward O. Wilson of Harvard Uni­
versity has suggested that the brain of 
the dolphin may be larger in relation to 
the size and weight of the body than the 
brains of most other mammals because 
of the same reputed imitative abilities 
that have made dolphins such a favorite 
with animal trainers and the public, The 
question then is: Why should an animal 
be such a superb imitator? R. J. Andrew 
of the University of Sussex has noted 
that vocal mimicry may be important to 
animals that often travel out of sight of 
one another. Individuals of a widely 
spaced group could then recognize other 
members because of an elaborate con­
vergence of signals among the animals 
of one group or herd. This system, in the 
form of dialects, has been shown to op­
erate among some primates and birds. It 
is plausible that the system evolved to 
an even greater degree among dolphins, 
which rely heavily on sound, 

What about mimicry of movement? 
Wilson suggests that individual dolphins 
may imitate the members of the group 
that are most successful at catching fish 
and avoiding predation, Furthermore, it 
is advantageous for animals in social so­
cieties that cooperate to hunt food (as 
has been shown in at least some dolphin 
species) to know one another's move­
ments well and for individuals to be able 
to take several roles in the herding of a 
school of fish, Wilson argues that imita-
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tion alone is enough to explain the size 
of the dolphin's brain and that the so­
cial signals of dolphins are probably no 
more sophisticated than those of most 
mammals and birds. In my opinion not 
enough is known about the social signals 
of dolphins to provide a basis for such 
a statement. Norris views the imitative 
powers of dolphins as not being neces­
sarily better than those of many other 
mammals with brains that are smaller 
and physically less complex. It seems 
futile at present to compare the intelli­
gence of dolphins with that of other 
mammals simply because of the lack of 

appropriate information about dolphins 
and the great differences between their 
environments and those of terrestrial 
mammals. 

The need for better information about 
dolphins turns one's mind to better 
means of obtaining it. One possibility is 
to try to habituate dolphins to observers 
to such an extent that they will go about 
their daily activities as if the observers 
were not present. George Schaller stud­
ied mountain gorillas in this way, and 
Jane Goodall similarly opened a new 
era of work on chimpanzees. They 
moved with the animals and sat patient-

ly until the animals either accepted them 
or simply ignored them. 

How might one follow a group of dol­
phins in the ocean? Perhaps it is not nec­
essary. Jody Solow of the University 
of California at Santa Cruz recently 
learned to make a sound underwater 
that at times called individuals of a 
group of nearby Hawaiian spinner dol­
phins to her. Her achievement opens the 
possibility that an investigator could 
eventually recognize all the members of 
a group, learn their social patterns and 
interactions and gain a better idea of 
their natural behavior. 

VARIETY OF LEAPS performed by dolphins is suggested by these 
photographs of three dusky dolphins (Lagel/orhYl/chus obscurus) in 

the open ocean, Dolphins in captivity have been observed to increase 
the variation in their leaps when they are receiving rewards of food, 
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Ancient Catapults 
Surviving Greek and Roman texts reveal the remarkable 

level of mathematical and engineering skill tliat went into 

the development of these early ballistic-missile launchers 

by Werner Soedel and Vernard Foley 

In 399 B.C. Dionysius the Elder. ruler 
of the Greek colony of Syracuse in 
Sicily. prepared his city for a long 

war with Carthage by undertaking a re­
search-and-development program. Uti­
lizing such now-familiar techniques as 
the assembly of large teams of special­
ists. the division of labor to break down 
the tasks into manageable units. and the 
provision of financial and psychologi­
cal incentives. Dionysius clearly aimed 
from the outset at the production of 
novel weapons. Out of the program 
came quadriremes and possibly quin­
queremes. ships with the equivalent of 
four or five banks of oars and so with 
more potential power behind their rams 
than the standard three-bank triremes. 
Dionysius' engineers also devised the 
first catapults. 

These early machines probably fired 
arrows from a bow not much stronger 
than one a man could draw. By mecha­
nizing the drawing and releasing of the 
arrow. however. the catapult inventors 
made possible the construction of much 
more powerful bows. These devices ap­
pear to have been built of composite 
materials. with a wood core surmounted 
by a tension layer of animal sinew in the 
front and a compression layer of horn in 
the back. Eventually the flexible bow 
reached the limits of its design. and it 
was superseded by catapults based on 
the torsion principle. In this approach 
tightly stretched bundles of elastic fibers 
were further strained by a rigid bow 
limb as the weapon was brought to a full 
draw. Horsehair or human hair could be 
used for the ropes that made up these 
bundles. but for superior performance 
animal sinew was preferred. 

To mechanize the archer's motions 
the catapult engineers incorporated a 
number of important design features. 
The basic piece in the catapult was the 
stock. a compound beam that formed 
the main axis of the weapon. Along the 
top of the stock was a dovetail groove. in 
which another beam. the slider, could 
move back and forth. The slider carried 
on its top rear surface a claw-and-trigger 
arrangement for grasping and releasing 
the bowstring. In front of the claw on 
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top of the slider was a trough in which 
the arrow lay and from which it was 
launched. In operation the slider was 
run forward until the claw could seize 
the bowstring. Then the slider was 
forced to the rear, taking the string with 
it. until the bow was fully drawn. In the 
earlier versions linear ratchets alongside 
the stock engaged pawls on the slider to 
resist the force of the bow. Later a circu­
lar ratchet at the rear of the stock was 
adopted. Forcing back the slider on the 
first catapults was probably done by 
hand, but before long the size and power 
of the machines called for a winch. 

As soon as the catapult became too 
large to be fired from the shoulder it was 
placed on a pedestal. To facilitate aim­
ing a special joint was devised to con­
nect the stock with the pedestal. The so­
lution to this problem anticipated the 
invention of the universal joint, which is 
usually attributed to either Girolamo 
Cardano or Robert Hooke. and hence to 
the 16th or the 17th century. Similarly, 
the sliding dovetail surfaces of the slider 
reappear everywhere in the construction 
of modern machine tools. and the use of 
a claw to replace the action of the hu­
man hand established a tradition of 
mechanical manipulation that has led 
to the robots under development today. 

Most of this technological sophistica­
tion was passed over in silence by the 
more literary of the ancient Greeks and 
Romans. Even in more recent times 
classical scholars did not pay much at­
tention to the surviving catapult texts. 
Not until the 20th century, when schol­
ars who combined an engineering back­
ground with military experience began 
to decipher the ancient catapult trea­
tises. was their importance made clear. 
The pioneering field studies of actual 
weapons constructed according to these 
texts shortly after the turn of the century 
by the German artillery officer Erwin 
Schramm stimulated a line of inquiry 
that has culminated in recent years with 
the definitive works of the British his­
torian E. W. Marsden. This literature 
makes it plain that the Greeks were far 
from being as disdainful of close obser­
vation and exacting experiment as is 

usually supposed. Plato may have been 
contemptuous of the failure of objects 
in the real world to measure up to the 
ideal dimensions of geometry. and Aris­
totle may have based his biology in good 
measure on merely verbal descriptions 
of species. but within the community 
of ancient mechanical engineers meth­
ods of assessing nature of considerably 
more importance for the future were 
being developed. 

The replacement of the flexible bow 
by the torsion spring gave a great 

boost to catapult engineering. That ad­
vance was made roughly half a century 
after the invention of the catapult. and 
there is some evidence that Philip of 
Macedon, the father of Alexander the 
Great, was the ruler who subsidized this 
next phase of research and develop­
ment. Certainly it was with the cam­
paigns of Alexander that very powerful 
catapults first appeared. Indeed, there is 
reason to associate the rise of large em­
pires with the advent of the catapult. 

The flexible-bow catapult had been 
limited to comparatively small arrows 
or stones, the stones requiring a bow­
string with a pouch at its midpoint. The 
arrows might have been as large as a 
light javelin and the stones of a size 
small enough to be hurled overhand. 
When the torsion principle was perfect­
ed, it became possible to fire a stone 

.weighing as much as 78 kilograms. In­
deed, the Roman military engineer Vi­
truvius gives dimensions for catapults 
firing stones as heavy as 162 kilograms. 
although such giant machines may nev­
er have been actually constructed. More 
typical machines fired balls weighing 
from 13 to 26 kilograms. Arrow shoot­
ers firing shafts nearly four meters long 
now appeared. Even with catapult mis­
siles of a more human scale the archer 
or slinger found himself completely out­
ranged. The longest recorded range for 
a catapult firing an arrow of the or­
dinary size. about 70 centimeters. was 
about 640 meters. and there is some rea­
son to believe the claim was not inflated. 
The maxim um range for an archer was 
about 450 meters. 
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Catapults were able to fire such pro­
jectiles with considerable accuracy. 
Their fire could easily be concentrated 
on a single spot with repeated hits, 
knocking away the protecting battle­
ments on top of a city wall or detaching 
the armor on a mobile siege tower. It 
was possible to aim catapults during the 
day, when the fall of the missile could be 

PEDESTAL 

observed, and then terrorize the enemy 
by firing at intervals into the same spot 
at night. At the siege of Avaricum in 52 
B.C. Julius Caesar noted that his cata­
pults had no trouble shooting down 
Gaulish warriors one after another as 
they stepped into a highly exposed posi­
tion that was vital to the progress of the 
Roman attack. All these details point to 

a high degree of intrinsic accuracy. (In­
deed, when one of Schramm's recon­
structed catapults was test-fired in the 
presence of the Kaiser it reportedly split 
one of its arrows with a subsequent ar­
row, in the best Robin Hood style.) 
Clearly mechanization had far out­
stripped the capabilities of human arch­
ery. The result must have been dismay-

FLEXIBLE BOW ARM 

LINEAR 

FLEXIBLE BOW was mounted at the end of a long wood framework 
enclosing a dovetail slider in this early arrow-firing catapult, based 
on a design originally devised by technicians working for Dionysius 
the Elder of Syracuse in the fourth century B.C. The movable slider, 
carrying the bowstring with it by means of a c1aw-and-trigger arrange­
ment, was held to the rear of the stock against the force of the bow 
by a linear ratchet after being pulled back with the aid of a circular 

winch. The piece connecting the catapult to its pedestal appears to 
have been an ancient version of the universal joint. The bow itself 
probably consisted of three different materials glued together: a wood 
core, a front layer of animal sinew and a back layer of horn. Since 
sinew is strong in tension and horn in compression, such bows would 
have been much more powerful than the ordinary kind carved out 
of a single piece of wood. The arrow is roughly two meters long. 
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TORSION 
SPRI 

RIGID BOW ARM 

UNIVERSAL JOI 

TORSION SPRINGS enabled the ancient catapult engineers to de­
sign much larger weapons, such as this Roman stone-throwing ver­
sion, which launched a stone weighing one talent, or 26 kilograms. 
(A front view of a similar device appears on the cover.) A pouch wo-
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AND TRIGGER 

ven into the center of the bowstring holds the stone, and a ring at­
tached behind the pouch is grasped by the trigger claw. The washers 
at the ends of the torsion bundles in this particular model could be 
rotated and then pinned in place to adjust the tension before firing. 
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ing for those who found themselves fac­
ing such machines. 

At the siege of Jerusalem in 63 B.C.. 
Josephus, the commander of the Jewish 
forces defending the city, recorded that 
the head of a friend standing beside him 
on the wall was struck off completely by 
a Roman catapult ball. Even at ranges 
approaching 400 meters one of these 
balls could apparently smash through 
several ranks of soldiers before bounc­
ing to a stop. At the same siege, accord­
ing to Josephus, a pregnant woman was 
killed by a ball and the fetus was hurled 
100 feet. The long, heavy arrows were 
equally effective. Advancing troops 
might be literally nailed to the ground 
by their descent. In fact, the word cata­
pUlt is derived from the machine's pen­
etrating power. Lightly armed Greek 
troops carried a shield called a pelre, and 
the prefix kata denotes downward mo­
tion. Thus a catapult is a device that can 
smash downward completely through a 
shield. At the siege of Gaza in 332 B.C. 
Alexander was wounded in the neck by 
a catapult arrow that had pierced both 
his shield and his breastplate. Archime­
des' engines are known to have inspired 
terror during the siege of Syracuse by 
the Romans from 213 to 211 B.C. A typ­
ical reaction of the time was that of 
the Spartan general Archidamus, who 
watched a catapult being fired and then 
exclaimed prophetically: "Oh Hercules, 
human martial valor is of no use any 
more!" 

I n sum, catapults significantly affected 
the direction of warfare and with it 

the equilibrium of politics and society. 
Broadly speaking, they shifted the ad­
vantage in favor of the offense. Until the 
time of the catapult besiegers were al­
most always at a great disadvantage. 
The Trojan War supposedly lasted for 
10 years, and the struggle between Ath­
ens and Sparta certainly lasted for a 
quarter century, notwithstanding the 
great superiority of the Spartan army. In 
those days most cities that fell did so 
beca use of treachery. 

With the introduction of catapults, to­
gether with other war machines just 
coming into use in the West, sieges be­
came more effective. First Dionysius of 
Syracuse and then Philip and Alexan­
der of Macedon employed tall, mobile 
siege towers that could overlook a city's 
walls and pour a withering fire down on 
the battlements, while enormous rams, 
powered by as many as 1,800 men, 
pounded the wall from below. Catapults 
could not compete with such rams in 
power, but they were able to knock 
down walls that were not properly con­
structed. Philo of Byzantium, in an ar­
tillery manual written in about 200 
B.C., stated that a wall had to be at least 
4.62 meters thick to withstand catapult 
stones and that it was a good idea to 
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keep the stone throwers at least 150 me­
ters distant by means of ditches and oth­
er obstacles. 

Even with proper walls the battle­
ments projecting above them remained 
vulnerable. Because the battlements had 
to be kept thin to provide a good field of 0 -F----,--f----;'<-----\ 
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view it was easy to knock them away 

j 
with stone balls, leaving no shelter on 
the walls for the defenders. With the re-
turning fire neutralized, the rams and -

B 

the crews undermining the wall could 
work with less interference. 

The catapult played a key role in mak- A �=�:::::::= ___ �---

ing urban life in the fourth century B.C. 
significantly more precarious. During 
his first five years in power Alexander 
captured five major cities and many 
smaller ones. A passage in the Politics of 
Aristotle (Alexander's tutor) reflects the 
change. Rational town planning, with 
straight streets intersecting to form 
quadrilateral city blocks, had just been 
popularized in Greece by the architect 
Hippodamus. Aristotle objected that at 
least part of every city should preserve 
the haphazard arrangement of earlier 
times to make it more difficult for invad-

DIMENSIONS OF A BOARD forming the 
top piece of one of the torsion-spring frames 
in a large stone-throwing catapult were spec­
ified by the catapult designers in terms of the 
dimensions of the vertical sides of the frame, 
which in turn were determined by the diam­
eter of the cord buudle forming the torsion 
spring. The thickness of the top board is not 
known for certaiu, but it was probably equal 
to approximately the diameter of the cord 
bundle. The catapult builders appear to have 
proceeded by first laying out a rectangle with 
one side equal to the depth of the vertical 
frame piece and the other side equal to twice 
this length. They then drew the diagonal of the 
rectangle, from A to G, and from D they drew 
a line parallel to the diagonal. Line BG was 
next extended to intercept the parallel from 
D at E. The center point of the parallelogram 
ADEG was located and a circle was drawn 
aronnd it equal to the size of the cord bundle. 
(In the finished piece the circle actually de­
fined a hole housing the cord bundle.) The 
arcs DE and AG were then drawn, each with 
a radius equal to three times the diameter of 
the cord bundle. Finally the tenon holes were 
centered appropriately in the straight edges 
of the piece and sunk to about two-thirds 
of its thickness. Thus the catapult engineers 
had advanced their design procedures to the 
point where they incorporated automatic scal­
ing methods in their instructions for catapult 
construction. Once the site and mission of the 
weapon had been selected the size of 1he pro­
jectile could be determined, and after that was 
specified the catapult formula would give the 
size of the torsion bundle that was needed. 
With the diameter of the bundle known, the 
construction manuals, incorporating decades 
of careful testing, would finally yield the sizes 
of the major parts of the machine as multiples 
of the diameter of the cord bundle. In the ac­
tual construction critical parts of the wood 
frame would be reinforced with ironwork. 
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TWO ALTERNATIVE DESIGNS for catapults were introduced by Ctesibius of Alexandria 
in the middle of the third century B.C. to replace the standard torsion-spring device. Both 
approaches incorporated rigid bow arms pivoted close to the inner ends. When the bow was 
drawn, the inner ends of the arms bent in such a way that they pressed either on bronze springs 
(top) or on pistons sliding in airtight cylinders (bottom). Neither scheme provided a force com­
parable to that of the torsion bow, however, and the attempted improvements came to nothing. 
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ers to fight their way in. Moreover. he 
wrote. the design of walls and their care­
ful maintenance was particularly im­
portant at that time. "when . . .  catapults 
and other engines for the siege of cities 
[have) attained such a high degree of 
precision. " 

Aristotle's counsel was not enough. 
The small democratic city-state was dy­
ing at the hands of the new technology. 
As its walls became vulnerable it was 
swallowed by large absolutist empires 
such as Alexander·s. Democratic field 
warfare had stressed identically armed 
spearmen standing shoulder to shoulder 
in a line. Warriors had a standardized 
role. and one man could easily replace 
another in that role. This equality on 
the battlefield. together with the similar 
equality of the rowers in the battle fleet. 
had proved a strong prop of the demo­
cratic city system. 

With the onset of specialized military 
engines the equality of arms was lost. 
Special mathematical and technical 
skills were necessary to build and main­
tain a catapult. and the risks involved in 
operating it were less than those of the 
rank and file. As a result hierarchies of 
specialists with particular functions and 
prerogatives began to appear. In time a 
political arrangement well suited to a 
level of technological development in 
which human muscular force played a 
significant part was found wanting as in­
dividual citizen-soldiers began to yield 
their priority to machines. 

I n the new arrangements the ancient 
engineer tended to benefit. In earlier 

times his status had not been high. Of all 
the Olympian gods only Hephaestus. 
who labored at the forge and made cun­
ning works of metal (including robots). 
was portrayed as being dirty. ugly and 
lame. The sculptor Phidias. who played 
a superintending role in the construction 
of the Acropolis under Pericles. was ac­
cused of sacrilege for daring to incorpo­
rate his own portrait in his work. Later. 
however. matters improved for such ar­
tisans. The names of Dionysius' inven­
tors are not known. but from the court 
of Philip and Alexander three are re­
corded: Polydias. Diades and Charias. 
In the following century catapult de­
signers broke into print. and the later 
names and works. at least in part. of 
Hero. Philo. Bito. Vitruvius. Ctesibius 
and others survive. The tradition cul­
minates with Archimedes. whose great 
contemporary fame rested chiefly on his 
war machines. not his mathematics. Re­
cent research by A. G. Drachmann of 
the University of Copenhagen and by 
Derek J. de Solla Price of Yale Universi­
ty makes it increasingly unlikely that 
Plutarch's report of Archimedes' dis­
dain for engineering is an accurate one. 
In Roman times catapult expertise may 
even have enabled its possessor on occa­
sion to survive political purges. 

This rise in the status of the engineer 
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CAM GROOVE 

ROTATING TRAY 

MOST COMPLEX CATAPULT invented in ancient times was a re­
peating weapon designed by Dionysius of Alexandria, who worked 
in the arsenal at Rhodes. As this detail drawing shows, arrows were 
fed by gravity from a magazine into the arrow trough by means of a 
revolving drum that was slotted to accept one shaft at a time. The 
revolution of the drum was controlled by a curved cam groove on its 
surface, which engaged a metal finger mouuted on the slider. The mo­
tion of the slider was in turn produced by two flat-Iiuk chains on each 
side of the machine. According to the surviving text describing the re-

peater, the chains ran over five-sided prisms at eacb end of their loop. 
In the authors' view these prisms are assumed to bave worked as in­
verted gears; in other words, the cbain-Iink drive for the cocking and 
firing sequence relied on an engagement between lugs on tbe cbain 
links and a pentagonal gear for accepting tbe lugs. The rear prism was 
turned by a winch, and the bowstring claw was locked and unlocked 
at the appropriate times by pegs mounted in the stock of tbe weapon, 
past which the slider moved. Hence by reciprocating the winch the 
device could fire arrows automatically until the magazine was empty. 

rested on a strong demand for catapults. 
They became a part of every up-to-date 
fortress and siege train, and gradually 
they began to be deployed in the more 
mobile warfare of the battlefield. At sea 
they may have'played a role in the naval 
arms race that led from the trireme, with 
its three banks of oars, to huge vessels 
with as many as 40 banks. Evidently the 
underlying assumption was that cata­
pUlt fire could decimate the enemy 
boarding force while their ship was still 
too far away to grapple or ram. The 
larger the ship was, the more catapults it 
could carry and the stabler its firing plat­
form was. This interpretation, then, sees 
the catapult superseding hand-to-hand 
warfare at sea as the cannon did 2,000 
years later. Eventually the advent of 

new battle tactics, of armored ships 
called cataphracts and of Roman efforts 
to dominate the entire Mediterranean 
combined to reduce the size of warships 
once again. In a political parallel to land 
warfare, the influence of the citizen­
rower was diminished in the process. 

The effectiveness of the catapult led 
to efforts to improve its performance 
even beyond the introduction of the tor­
sion bow. The engineer Ctesibius, for 
example, working in Alexandria in the 
middle of the third century B.C., at­
tempted to supplant hair and sinew 
ropes, which were susceptible to break­
age, rotting and changes in tension due 
to humidity or stretching. Both of his 
two alternative designs incorporated 
rigid arms pivoted close to their inner 

ends, which were bent in such a way that 
they pressed, when the bow was drawn, 
either on hammered bronze springs or 
on pistons sliding in airtight cylinders 
[see illustrations on opposite page]. Nei­
ther the compression of the bronze 
springs (which are of course inferior to 
steel springs for most purposes) nor the 
compression of the small amount of air 
the cylinders could contain, however, 
could provide a force comparable to 
that of the torsion bow. (In the process 
of researching his ideas Ctesibius dis­
covered that "fire" would fly from the 
cylinder together with the piston he had 
forced into it with a hammer. The flame 
or smoke came perhaps from the igni­
tion of the carpenter's glue he used as a 
sealant. If the ignition was caused by the 
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ONE EFFECT of the development of catapults was to force city 
dwellers to build higher walls in order to get longer ranges from their 
machines. Doubling the height of a wall, say, would not increase the 
range in proportion, but it could give the defenders an increased ad­
vantage. This development in the history of fortifications suggests 

that catapults were more of a threat than rams, since higher walls are 
less stable when pounded from below. Defensive catapults were prob­
ably fired more or less horizontally for the sake of accuracy, as is 
shown in this schematic diagram. Doubling the height (II) would ac­
cordinglY multiply a catapult's range (L) by the square root of 2. 

compression heating of the air. he can 
be viewed as the discoverer of the diesel 
effect.) 

At about the same time Dionysius of 
Alexandria developed what was per­
haps the most remarkable machine of 
its kind: a repeating catapult [see illus­
tratioll 011 preceding page]. Arrows were 
loaded into a vertical. gravity-fed maga­
zine and then transferred one at a time 
into the firing groove by a rotating tray 
whose motion was controlled by a cam­
follower system actuated by the slider. 
In this system the follower reciprocated 
alongside the cam. which turned in re­
sponse. No earlier instance of such a 
cam is known. and none as complex is 
known until the 16th century. A single 
windlass motion controlled the tray, the 
slider. the claw and the trigger, so that 
simply winding the windlass back and 
forth would automatically fire the ma­
chine until its magazine was empty. It is 
here that the flat-link chain, often attrib­
uted to Leonardo da Vinci. actually 

a I 
I 
I 
I 

made its first appearance. The chain 
links presumably had extensions that 
meshed with an inverted gear; in other 
words, the teeth were internal. not exter­
nal. much like those of a modern chain 
saw. (This interpretation rests in part on 
details in the surviving text and in part 
on the mechanical necessities of the situ­
ation.) 

The repeating catapult failed to re­
place the standard one. It paid for its 
ease and speed of operation by having 
too short a range. Furthermore, its accu­
racy paradoxically worked against it. 
The device concentrated its shots so 
closely at its maximum range (about 
200 meters) that it did not pay to open 
fire on even a small group of troops at 
that distance. (It was a model of one of 
these repeaters that split the arrow in 
Schramm's shooting exhibition for the 
Kaiser.) Commanders also feared that it 
would waste ammunition, a complaint 
that was raised again with the invention 
of repeating rifles two millenniums later. 

b 
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SELECT a 
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Another reason for the failure of these 
interesting variations can be seen in the 
sophistication of the engineering efforts 
applied in the meantime to the com­
mon catapult. Its success made it im­
perative to achieve ranges at least as 
long as those of the enemy. This made it 
necessary to adjust the quantity of elas­
tic fiber to the weight of the missile. 
Probably the designs were pushed not to 
the point of attaining the absolute maxi­
mum range but only to the point where 
escalating costs. declining convenience 
in handling or diminished accuracy due 
to downrange ballistic factors super­
vened. 

One of the crucial steps in designing 
the torsion spring was establishing a ra­
tio between the diameter and the length 
of the cylindrical bundle of elastic 
cords. If the cords were too short. they 
would develop high internal friction and 
might not have enough allowable elastic 
elongation to avoid breaking when the 
arms were pulled all the way back. If 

CUBE-ROOT EXTRACTOR, a simple mechanical contrivance in­
vented by an unknown Greek geometer in the third or fourth century 
B.C., made it possible to design a stone-throwing catapult to scale by 
solving a formula stating in effect that the diameter of the cord bun­
dle in dactyls was equal to 1.1 times the cube root of 100 times the 
weight of the stone in minas. In order to find the cube root of some 
value n, for example, one first selected a line segment a and then 
obtained the value {3 such that {3 = n/a2• The lines a and {3 

were next plotted at right angles (left), By sliding the movable jaw of 
the device one was able to line it up so that point C would lie on the 
vertical extension of the line a and point D would lie on the horizon­
tal extension of the line {3 (right). The solution was then given by 'Y, 
a value equal to the distance OD. Suppose, for example, 'Y equaled 
the cube root of 100. U one were to select a equal to 4, then {3 would 
equal 100/16, or 6.25. The cube-root extractor, after-proper align­
ment, would yield approximately correct result for 'Y, namely 4.64. 
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they were too long. some of their elastic­
ity would remain unused as the arms 
were pulled to the limits imposed by the 
framework. All the surviving catapult 
specifications imply that an optimum 
cylindrical configuration was indeed 
reached. and it was not departed from 
except in special circumstances. such as 
the exclusively short-range machines 
Archimedes built at Syracuse. 

This optimization of the cord bundle 
was completed by roughly 270 B.C .• per­
haps by the group of Greek engineers 
working for the Ptolemaic dynasty in 
Egypt. There and at Rhodes the experi­
ments of the catapult researchers were, 
according to Philo, "heavily subsidized 
because they had ambitious kings who 
fostered craftsmanship." This phase of 
the investigations culminated in quanti­
fied results of a distinctly modern kind. 

The results were summarized in two 
formulas. For an arrow shooter the di­
ameter of the cord bundle was set sim­
ply at 1/9 the arrow length. The more 
complex stone-thrower formula stated, 
in modern terms, that the diameter of 

, the cord bundle in dactyls (about 19.8 
millimeters) is equal to 1.1 times the 
cube root of 100 times the weight of the 
ball in minas (about 437 grams). 

The stone-thrower formula has two 
remarkable features. First, it gives a 

true and accurate solution for optimal 
design. To see why, first assume (as 
is indeed reasonable) that the catapult 
engineers wanted to maximize the per­
formance of their machines. According­
ly they had to maximize the kinetic en­
ergy of their projectiles. To do this they 
had to maximize the potential energy 
stored in the torsion springs. Modern 
elasticity theory applied to the design of 
these springs tells us that the stored en­
ergy available for firing will be propor­
tional to the amount of the initial ten­
sion given the bundle in stringing it 
through the frame, the additional ten­
sion caused by the pre-twisting of the 
bundle, the square of the angle indicat­
ing the amount of additional twisting 
by the pulling back of the bow arm, and 
the cube of the bundle's diameter. The 
cubing of the bundle's diameter means 
that to express the diameter of the spring 
bundle in terms of the mass of the pro­
jectile one would have to extract a cube 
root. 

Note that to arrive at this result one 
must employ the concepts of kinetic 
and potential energy, which were not 
brought into a meaningful relation until 
the 18th century and the work of Leon­
hard Euler and Daniel Bernoulli. Also 
needed is elasticity theory. which had 
been begun by Hooke and Robert Boyle 
about half a century earlier. Finally, one 
must employ the principles of ballistics, 
which were not clarified until the work 
of Francesco Cavalieri and Galileo Ga­
lilei in about 1630. That the ancient cat­
apult engineers were able to arrive at a 
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formula that stands up in the light of 
these much later developments is truly 
impressive. 

It is the utilization of a cube root that 
constitutes the second remarkable fea­
ture of the stone-thrower formula. be­
ca'use it was written at a time when 
Greek mathematics was not yet capable 
of dealing fully with third-degree equa­
tions. In about 460 B.C. Hippocrates of 
Chios (not the famed physician) had 
stated that a cube might be accurately 
doubled in volume if two lines defining 
two mean proportionals between. two 
given lines could be found. In the fol­
lowing century only a beginning had 
been made toward solving the problem. 
Archytas of Tarentum and Eudoxus of 
Cnidus had devised elegant theoretical 
solutions. but they were three-dimen­
sional. very awkward physically and of 
almost no use in performing calcula­
tions. There the matter stood until the 
advent of the torsion bow. 

Most of the next group of solvers of 
the cube-root problem had either a di­
rect or an indirect connection with cat­
apults. Menaechmus. according to tra­
dition. was a tutor of Alexander the 
Great's. and therefore he was present at 
the time and place when the torsion bow 
first came into prominence. His solution 
involved intersecting conic sections. a 
concept he seems to have discovered. 
Unfortunately there is no evidence sur­
viving on whether he was led to consid­
er conics by the problem of extracting 
cube roots for the design of catapults. 

The next solver of the cube-root prob­
lem was Eratosthenes. a friend of Ar­
chimedes' and a native of Alexandria. 
which was then a center of catapult 
research. Eratosthenes stated explicitly 
that the catapult was the chief practical 
reason for working on cube-root prob­
lems. We can assume he was interested 
in engineering problems. since Archi­
medes dedicated his book On Method to 
him. In this work approximate solutions 
to mathematical problems are roughed 
out initially by a practical mechanical­
engineering approach. For example. 
sections of bodies are weighed to deter­
mine the ratios of their volumes. Era-. 
tosthenes' solution relied on a mechani­
cal contrivance with sliding parts. some­
what similar to the one in the bottom il­
lustration on page 156. 

All of the next group of cube-root in­
vestigators. including Philo of Byzan­
tium. Archimedes of Syracuse and Hero 
of Alexandria. were famous for their 
work on catapUlts. It is interesting to 
note that the largest stone thrower on 
record. a three-talent (78-kilogram) ma­
chine. was built by Archimedes. A ma­
chine of this caliber would have re­
quired cube-root extraction. because 
there are no natural roots in the quanti­
ties needed. Archimedes was also forced 
to depart from normal catapult propor­
tions in building his special short-range 
machines. Their effectiveness testifies to 
his skill as a mathematical engineer. 
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Taken as a group these early students 
of the cube-root problem stand apart 
from the mainstream of Greek mathe­
matics. Instead of limiting themselves to 
the straightedge and the compass. they 
devised simple mechanical contrivances 
that enabled them to generate conic sec­
tions and even curves of higher orders. 
Some aids. such as the simple "slide 
rule" shown in the bottom Illustration 
on page 156. anticipate the proportion­
al compasses and gunner's sectors of 
the late 16th century. The work of 
this group. however. was neglected until 
the Renaissance. when mathematical 
growth resumed at about the point I 
where they had left off. Descar1es's 
La geom¢trie. for instance. begins with 
procedures and devices much like theirs. 

I Ask for n Digital Watches -� 
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It -y.ould appear. therefore. that the 
catapult engineers conducted experi­
ments that forced them into a domain 
that traditional mathematical proce­
dures had not yet penetrated. It is fairly 
easy even today to fit third-degree data 
to a second-degree curve if the data are 
bad or the investigator is unscrupulous. 
Hence one must feel a good deal of re­
spect for these ancient investigators. 
They must have repeated their catapult­
firing tests many times. kept very accu­
rate records and interpreted their results 
with a high degree of precision. The in­
troductory passages of Philo's Belopoei­
ca lay great stress on the experimental 
procedures and achievements of the ear­
ly catapult engineers. and from the van­
tage of modern engineering theory the 
accuracy of his account seems to be ful­
ly borne out. 

Having arrived at an optimal volume 
and configuration for the torsion-spring 
bundle. the catapult engineers contin­
ued their experiments until they had op­
timized the dimensions for the remain­
ing major pieces of the machine. If the 
bow arms were too short. the cocking 
force required would be excessive. the 
travel of the bowstring would be limit­
ed and its energy-transfer capabilities 
would be curtailed. If the bow arms 
were too long. they would retard the ac-

. tion of the springs by their increased 
mass or make the weapon too bulky. 
Once the length of the bow arms was 
determined. the length of the slider and 
the stock could be determined from the 
travel of the bowstring. and so on for the 
rest of the machine. 

Eventually the catapult engineers 
wrote their texts in such a way that 

the dimensions of the major parts were 
given as multiples of the diameter of the 
spring. Once this diameter had been cal­
culated for the size of the projectile de­
sired the rest of the machine was auto­
matically brought to the proper scale. 
The surviving texts that contain this in­
formation testify to a level of engineer­
ing rationality that was not achieved 
again until the time of the Industrial 
Revolution. 

The last major improvement in cata-
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pult design came in later Roman times, 
when the basic material of the frame 
was changed from wood to iron. This 
innovation made possible a reduction 
in size, an increase in stress levels and 
a greater freedom of travel for the bow 
arms. The catapult could now be mount­
ed on wheels and moved easily from 
one part of a battlefield to another in 
response to the shifting fortunes of the 
fight. The new open frame also simpli­
fied aiming, which with the wood con­
struction of the earlier machines had 
been limited, particularly for close, 
moving targets. 

This advanced catapult design came 
too late for the expansive period of Ro­
man civilization, but it played a role in 
stabilizing the boundaries of the Empire 
and in helping to prevent their erosion. 
As the decline of the Empire proceeded, 
however, the technical skills necessary 
to build and maintain such sophisticated 
machines appear to have become scarc­
er. A new, simpler machine, called the 
onager, with only one spring and one 
arm, which terminated in a spoon and 
was used for throwing stones, now came 
increasingly into prominence. It would 
provide the heavy artillery of the Mid-

die Ages until the appearance of the 
trebuchet, whose even simpler construc­
tion was gravity-powered. 

The scientific design of complex ma­
chines, with deliberate experimental ad­
justment of the dimensions of the com­
ponents, did not appear again in West­
ern civilization until the 18th century. 
During the ancient period the changes in 
which the catapult played a key part 
prefigured in striking ways issues that 
would appear again in the relations be­
tween science and technology on the one 
hand and warfare and society on the 
other. 

LATE DEVELOPMENT in tbe bistory of catapult tecbnology was 
tbe Roman cbeiroballistra, a comparatively small wbeeled macbine 
dating from about tbe first century A.D. Tbe weapon's iron frame 
gave it enougb mobility for battlefield use, and its open structure 
made it easier to locate moving targets. Tbe weapon was probably 
aimed by lining up tbe tip of tbe arrow witb an appropriately elevat­
ed back sigbt mounted on tbe rear of tbe stock. Tbe matbematical 

relations between tbe force of tbe bow, tbe displacement of tbe slid­
er and tbe angle of elevation were sucb tbat by using a line of sigbt 
passing tbrougb tbe target, tbe arrow tip and tbe back sigbt, tbe sboot­
er could automatically acbieve tbe correct trajectory sim ply by es­
timating tbe distance and wincbing tbe slider backward for tbe ap­
propriate number of ratcbet clicks. Tbe cbeiroballistra was succeed­
ed in turn by a simpler, one-armed stone tbrower, called tbe onager. 

160 

© 1979 SCIENTIFIC AMERICAN, INC



How to tell original 
prints from cheap reproductions. 

Buying original prints is an excellent way 
for the novice to make a modest investment in 
beautiful works of art. 
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number of prints pulled and the number of the individual 
print in the sequence. 

For example, the figure 50/ 100 means that the edi­
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THE AMATEUR 
SCIENTIST 

Boomerangs! How to make 
them and also how they fly 

by Jear! Walker 

A boomerang is surely one of the ..n. oddest devices ever to serve as 
a weapon or a plaything. It was 

apparently invented by accident, nota­
bly in Australia by the native people 
but also independently in many other 
places. If you throw an ordinary stick, it 
falls to the ground not far away, but a 

Leading 
edge 

boomerang can travel as much as 200 
meters (round trip) and can be aimed 
so skillfully by an expert thrower that 
game or an enemy can be hit. The boo­
merang probably originated as a weap­
on designed for accurate straight flight, 
but most people find the returning boo­
merang, which was mainly just a play-

Herb Smith's "Gem" design for a boomerang 
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thing for the Australians, more interest­
ing. Ironically the straight-flying boo­
merang is probably more complicat­
ed aerodynamically than the returning 
boomerang. As ancient as both devices 
are, an amateur investigator can still do 
a great deal to advance the understand­
ing of their flight. 

Although good returning boomerangs 
are occasionally available in sporting­
goods stores, most commercial return­
ing boomerangs are mass-produced and 
fly poorly. Indeed, many of them do not 
even return. The plastic boomerang 
made by Wham-O is one of the best 
types available in toy stores. Many oth­
er types, all of them excellent, are avail­
able from Ruhe-Rangs, Box 7324, Ben­
jamin Franklin Station, Washington, 
D.C. 20044, thanks to Benjamin Ruhe, 
a boomerang enthusiast formerly with 
the Smithsonian Institution. During his 
service there Ruhe helped to organize 
the Annual Smithsonian Open Boomer­
ang Tournament. The tournament, held 
in late spring or early summer, is great 
fun for the 100 or so contestants who 
enter. This year it is scheduled for June 
9 on the mall in Washington. 

If you would like to experiment with 
boomerangs, you need to be able to con­
struct your own. Only then can you 
make the variations necessary to de­
termine what factors influence a boo­
merang's flight. The best material from 
which to cut the basic stock of a boo­
merang is Baltic birch in a marine or 
aircraft plywood between 1/4 and 3/8 
inch thick, with five or more lamina­
tions. This type of plywood is resistant 
to wear and water; it is also dense, which 
makes for a boomerang that is heavy for 
its size. 

Cut a cardboard pattern for a boo­
merang of whatever shape you want. An 
example is the returning boomerang de­
signed by Herb Smith and shown in the 
illustration at the left. (If you are left­
handed, you will have to make a left­
handed boomerang, which is the mirror 
image of the one drawn.) Place the pat­
tern on the plywood and mark off the 
outline of the boomerang in pencil. 

With a coping saw or a handsaw cut 
out the boomerang blank. The edges 
and the top must now be shaped in the 
general form shown in the illustration. 
(Little is done to the bottom other than 
putting a slope on what will be the lead­
ing edge.) The leading edge must be 
blunt, whereas the trailing edge must be 
sharper, with the top surface sloping 
down to meet the unaltered, flat bottom 
surface. The arms must have the cross­
sectional shape of a classic airfoil, be­
cause they must provide lift much as the 
classic airfoil does. 

Clamp the blank in a vise and cut and 
shape the edges and the top with a rasp 
that has a curved surface. Smooth out 
the grooves left by the rasp and finish 
shaping the wood by rubbing the sur-
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All those looking 
for a better First Class service 

can now rest assured. 
JAL's first class is first 
class service the way you 
have dreamed it should be. 

Consider our new and 
exclusive Sky Sleeper 
Service. Sky Sleeper is a 
big, comfortable bed in 

the sky. The service is available for an 
additional charge* on our specially fitted 747 
Garden Jets that fly across the Pacific. 

There's more. There are French, German 
and American wines and continental cuisine 
and Japanese delicacies that look as good as 
they taste. And a hostess in kimono whose cour· 
tesy and hospitality make you feel as if you're 
in Japan already. Welcome to JAL's first class­
first in its class. 

$90 Honolulu-Tokyo • �neverforget � 
$120 San Francisco how Important you are. 
or Los Angeles-Tokyo 
C$130Vancouver-Tokyo JAPAN AIR LINES ' 
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faces with a piece of coarse sandpaper 
wrapped around a piece of soft wood. 
Before you finish off the surface with a 
finer sandpaper you should make a test 
flight with the boomerang so that you 
can tune it by more shaping with the 
rasp or with coarse sandpaper. Tuning 
the boomerang means that you throw it. 
cut or sand it more and then throw it 
again until it flies the way you want it to. 
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Preparing to throw a boomerang 

A boomerang cannot be thrown well 
in a strong wind. If there is a light wind. 
face toward it. turn 45 degrees to the 
right and throw the boomerang in that 
direction. Hold the boomerang vertical­
ly by the tip of one of the arms (which 
one usually does not matter) with the 
flat side away from you. Reach behind 
your head with the boomerang and then 
throw it toward the horizon. snapping 

A typical flight path 

Angle of launch I " with respect f----i 
to the. vertical " 

it forward when your arm is fully 
stretched forward. Do not try to throw 
hard at first. It is the snap that counts. 
not the strength of the throw. The boo­
merang stays up in the air because of the 
spin the snap imparts to it. 

The proper orientation of the boo­
merang (the plane in which it will be 
spinning) will vary according to the 
wind conditions and the type of boomer-
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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 wai ting 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-Iearning 
The new Speed Learning Program 

shows you step-by-proven-step how to 
increase your reading 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 

• College Credit 

3 credits from the National College of Business 

Details and registration forms included with each 

program. 

OFFERED INTERNATIONALLY BY 
• Institute of Electrical & Electronics Engineers 

• American Chemical Society 

• National Association of Life Underwriters 

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 

INCORPORATED 

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 Learning 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 conveni ent 
credit terms. 

Note: Many companies and gov­
ernment agencies have tuition 
assistance plans for employees 
providing full or partial payment 
for college credit programs. 

I n most cases, the entire cost of 
your Speed learning Program 
is Tax Deductible. 

Please send me the Speed Learning Program at S89.95 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 il alter 10 days I am not delighted in every way, I may return the materials 
and obtain a lull relund with no questions asked. 

Name 
If you don't already own * 
a casseHe player, you 
may order this Deluxe 

Add ress Cassette Recorder for 

only $49.95. (Includes � ... 
City State ___ Zip ___ handling and delivery.) 

� .  

x Signature 
Check here to order 0 \ .... 

L ______ Outside U.S.A. $99.95 + $3 surface mail - airmail axtr. - - - - - - � 
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On Photographing a Monster 

It hates being photographed. It 
glares balefully at the camera. It 

sulks, fidgets, pouts. 

It is that most fearsome of crea­
tures, a perfectly normal four-year­
old child. 

The photographer, wise in the 
ways of distracting difficult subjects, 
abandons his camera. He wanders 
about the studio, talking and gestur­
ing. The monster, no longer feeling 
threatened by the evil eye of the lens, 
relaxes and becomes once more the 
sweet child its mother knows. 

From time to time, the eye of 
the camera blinks. There is a quiet 
whirring of an electric motor, and the 
camera blinks again. Yet the photog­
rapher is nowhere near it. 

An Ingenious Little Dial. 
The camera is a Hasselblad, the 
motor-drive 500ELlM. 

A dial on the camera is set at 
"SR." This prereleases the entire 
reflex system. At the end of a 20-foot 
extension cord, the photographer 
holds a release mechanism. When 
triggered, it operates the leaf shutter 
without a moment's delay, thus 
reducing the risk of "eye blink" from 

the subject and delivering a higher 
number of useable photographs. 

There are four other settings on 
this dial: Single-frame in the normal 
mode. Continuous, automatic firing 
for as long as the release is held 
down. A single frame in the prere­
leased, speeded-up mode for one 
frame only. And continuous, auto­
matic firing in the speeded-up mode 
at the rate of one frame every 8/10th 
of a second. 

Hasselblad Versus 35mm. 
Why is this photographer not using 
one of the many excellent motor­
drive 35's for this assignment? 

One compelling reason might 
be the size of the Hasselblad nega­
tive. Each is 21/4 inches square, almost 
four times the area of a 35mm frame. 
(See box, below right, for actual size.) 

To make an 11 x 14 print of the 
child, one would have to enlarge a 
35mm negative 11.6 times. A compa­
rable Hasselblad print requires only a 
7 -times enlargement. The ability to 
hold contrast is phenomenal. 

Then there is the camera's leaf 
shutter. Unlike the shutter of a 
35mm camera, it is full:y synchro­
nized for every type of flash at every 
speed up to 1/500th of a second. 

Hasselblad Versus Others. 
But why a Hasselblad when there are 
less-expensive alternatives? Why did 
eight out of ten top professional 
photographers surveyed name 
Hasselblad as the medium-format 
camera used in their work? 

Consider this: The Hasselblad 
System makes available no less than 
4 cameras, 21 lenses, 8 viewfinders, 9 
film magazines (including Polaroid® 
backs) that give you a choice of any­
where from 1 to 500 exposures, and a 
staggering array of accessories. 

A rotal of 332 pieces. 

No other system that exists 

today in the medium-format field 
can muster more than a fraction of 
that number of pieces. 

For that matter, no other system 
offers three different formats-6 x 
6cm, 6 x 4.5cm, and a 4.5 x 4.5cm 
superslide format for showing in any 
35mm projector. 

A l a v is h  bro c h u r e  on the 
500ELlM and other Hassetblad 

cameras is available free if you 
write: Braun North America, 
Dept. SA3H, 55 Cambridge Park­
way, Cambridge, Mass. 02142-
a division of The Gil l ette 
Company and exclusive marketer 
of Hasselblad in the U.S. 

It is actually possible to custom­
build for yourself over 100 different 
Hasselblad cameras for almost every 
imaginable photographic situation­
from the most simple of family snap­
shots to the most sophisticated of 
professional work. 

Is it any wonder that the space 
program came to Hasselblad for the 
equipment which was to record 
man's first voyage to the moon? 

The Motor-Drive Hasselblad SOOELlM, made 
in Sweden. The standard lens is a multi­
coated fl.8 80mm Zeiss Planar. 
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ang. To achieve a good flight you might 
have to throw the boomerang with its 
plane nearly vertical. Under other cir­
cumstances you will have to shift the 
plane (tilting the top of the boomerang 
away from you) by as much as 45 de­
grees. The greater the tilt of the plane in 
which the boomerang spins is. the more 
upward lift the boomerang will initially 
have. If you give it too much lift, it 
climbs too fast and then plummets to the 
ground with such force that it may 
break. 

In a good flight a returning boo­
merang travels horizontally around an 
imaginary sphere. On returning it prob­
ably will hover or even loop a bit before 
it drops to the ground at your feet. If you 
are lucky. it might make one or two ad­
ditional circles (smaller than the first 
circle) before it falls. Although you 
launch the boomerang with its spin 
plane almost vertical. it probably will 
return with the plane nearly horizontal. 
I shall explain below why the plane must 
turn over in this way if the boomerang is 
to complete the trip. 

If your boomerang consistently lands 
to your right in a light wind, try throw­
ing it a bit more to the left of the wind. 
Similarly. if it is landing to your left. try 
throwing it more to the right of the 
wind. If it lands behind you. try throw­
ing it with less force. If that does not 
work. throw it somewhat above the hori­
zon with the spin plane tilted less from 
the vertical. If the day is windless and 
you are not getting a full return. tilt the 
spin plane farther from the vertical in 
order to gain more lift during the flight. 

Be careful not to injure people or 
damage things with your boomerang. It 
can be quite a weapon. Throw it only in 
a large, open space. If people are pres­
ent. make sure they know what you are 
doing so that they can be prepared to 
dodge. 

The successful tuning of a boomerang 
involves both experience and luck. In 
general if you make the top surface 
more curved. the boomerang will have 
more lift. which means that it will return 
in a tighter circle. Flattening the top sur­
face or curving the bottom surface will 
give the boomerang less lift because the 
cross-sectional shape of the arms is then 
less like a classic airfoil. If the spin de­
creases too fast. so that the boomerang 
falls to the ground in mid-flight. the rea­
son may be that excessive air drag on the 
arms is robbing them of their spin. Some 
surface roughening might be beneficial 
to the flight. but any large grooves left 
by the rasp will surely create additional 
air drag that will shorten the flight time. 

Instead of shaping the arms carefully 
you might prefer to twist them so that 
during a flight the leading edge on each 
arm is tilted to deflect the passing air to 
the right. giving the boomerang a lift to 
the left. This type of lift is easy to visual­
ize. When you put your hand out of a 

window of a moving car and turn it 
through various angles. you can feel the 
lift. To twist a boomerang heat it gradu­
ally in an oven at 400 degrees Fahren­
heit and then (with gloves on. of course) 
carefully twist the arms until the wood is 
cool. If you twist too much. heat the 
boomerang again and twist the arms 
back a bit. 

Once you have a properly flying boo­
merang you might want to finish it .off 
with a cellulose covering and some dec­
orative designs. Smith's excellent book­
let. which is listed in the bibliography 
for this issue [page 174], explains how 
to do this kind of finishing and also 

gives a number of boomerang designs. 
If your boomerang breaks. do not 

throw away the pieces. Glue them to­
gether with epoxy, clamp them until 
they dry and then file and sand the sur­
face back into the desired shape. Al­
though the boomerang will not be as 
strong as it was before. its flight path 
might be altered in an interesting way by 
the small change in its distribution of 
mass resulting from the break. 

A boomerang does not have to be lim­
ited to two arms. Indeed. one of the easi­
est boomerangs to build is a four-blade 
design consisting of two rulers crossed 
and fastened at the center. The right 

A four-blade design made with plastic rulers and rubber bands 

�(o Greater air speed, 

I"""""'.... �ower pressure 

__ C ----:-----f-<>0 .... ",,-==---------� � 
oP;��:��nt \/SPin ----�L�peed, ------.:: ::::: 
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Pattem of airflow over the arm of a flying boomerang 
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View from rear 
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kind of ruler has a curved top surface 
and a fairly flat bottom surface. You can 
attach two such crossed rulers either by 
wrapping a strong rubber band around 
them or by putting a bolt and nut 
through the center hole they usually 
have. Throw this type of boomerang the 
same way that you would a two-armed 
one. Take care to avoid being cut by 
sharp edges, and never use rulers that 
have metal edges. 

A simple cross boomerang can be 
fashioned from a cardboard square 
about five inches on a side. Cut out a 
boomerang with three or four blades 
and twist them slightly so that the boo­
merang is not quite all in the same plane. 
Adding weight to the arms of a boomer­
ang increases its range. With the card­
board boomerang it is easy to add 
weight by attaching paper clips to the 
end of the arms. This boomerang can be 
demonstrated in a classroom. If it has 
too much range for a classroom, you 
can decrease the range by increasing the 
twist on the arms so that the boomerang 
is less in the same plane or by bending 
the arms along a center line through 
their length. With the latter technique 
the arms have an exaggerated airfoil 
shape: at least one side is sharply convex 
but the other is not. As usual, throw the 
boomerang with the convex side toward 
you. By changing the arms from being 
almost flat to being more like an airfoil, 
you increase the lift on the boomerang; 
its path will be a tighter circle. 

When you begin to throw your wood 
boomerang well, you might be tempted 
to catch it. The result may be a sharp 
blow to your fingers. If you are deter­
mined to catch a boomerang, hold your 
hands flat and slap them together to trap 
the boomerang as it hovers above the 
ground, still spinning, in the last stage of 
its flight. Keep your fingers away from 
the turning blades. 

The explanation of the return of a 
boomerang lies primarily in the cross­
sectional shape of the arms and the fact 
that the boomerang spins. Without these 
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two features a boomerang would be­
have like any other thrown stick. The 
cross-sectional shape gives the boomer­
ang aerodynamic lift similar to the lift 
generated by some airplane wings. The 
spinning gives the boomerang stability. 
Through a bit of fortunate rotational 
mechanics the spinning also causes the 
axis about which the boomerang spins 
to rotate in much the same way that the 
spin axis of a top rotates about the verti­
cal. The lift and the stability keep the 
boomerang up, and the rotation of the 
spin axis brings it back to the thrower. 

Aerodynamic lift can be explained 
with a simple model of a classic airplane 
wing similar to the one I described in 
this department for February, 1978, to 
explain the lift of a kite. The classic air­
foil has a flat bottom, a blunt front, a 
sharp rear and a convex top. Air passes 
around a wing faster along the top of the 
wing than along the bottom. The reason 
can be seen by visualizing the passing air 
as being of two kinds. One kind flows 
around the wing with no rotation in the 
stream and with the same speed on 
the top and the bottom of the wing. The 
other is a circulation cell: it flows to 
the rear over the top of the wing and 
to the front over the bottom. Such a cir­
culation is created by a real wing be­
cause the air's viscosity and its adhesion 
to the surface of the wing force it into 
this pattern as it flows to the rear off the 
curved top surface. 

In the superposition of the two ideal­
ized airstreams the two velocities add 
above the wing and subtract below it, 
with the result that the real air speed is 
greater above the wing than it is below 
it. The difference is important to the lift 
because the air pressure in the stream is 
inversely related to the speed of the 
stream. Hence the air pressure is less 
above the wing than below it, and the 
wing gets a push upward. (A real air­
plane wing can have a more complicat­
ed airflow pattern than this simple mod­
el implies. Moreover, when an airplane 
is traveling at high speed, some of the 

lift may come from the impact of the 
passing air on the underside of a wing 
that is inclined slightly upward in order 
to deflect the air downward.) 

If the classic airfoil is inclined to the 
airstream in such a way that the air­
stream is more incident on the curved 
top side, the lift is of course less. Such an 
arrangement is termed a negative angle 
of attack. In a simple model the reduc­
tion of lift is due to the downward push 
the incident stream exerts on the top sur­
face. One might also argue that lift is 
partially lost because the tendency for 
the air to circle about the wing is less­
ened and the speed of the air on the top 
side of the airfoil differs less from the 
speed on the bottom side. 

Conversely, if the airfoil is inclined so 
that the airstream is incident somewhat 
more on the flat bottom side than on the 
top, a situation that would be called a 
positive angle of attack, the lift increas­
es because of the upward push from the 
airstream on the bottom side. The air 
drag also increases. If the angle is too 
large, the disadvantages of increased air 
drag outweigh the advantages of lift. 
The attack angle of the arms of the boo­
merang as they turn through the air is 
important to its flight. 

Boomerang arms can have a variety 
of cross-sectional shapes, but most of 
them are similar in cross section to the 
classic airfoil. Usually this shape in­
cludes a blunt edge that turns into the air 
as the boomerang spins and a sharper 
edge that trails during the turn. One side 
is usually flat and the other convex. Var­
iations on this basic form are numer­
ous, however, and little systematic work 
seems to have been done on determining 
which shapes are best aerodynamically. 
Some boomerangs are actually flat on 
both sides but with their arms twisted 
so that the air is deflected as the arms 
turn through the wind. 

The lift on a boomerang differs in a 
major way from the lift on the classic 
airplane wing. In the first stage of a flight 
the boomerang's "lift" is mostly hori­
zontal. with only enough upward force 
to balance the weight of the device. 
Since the boomerang is spinning mostly 
about a horizontal axis, the curved sides 
of the arms spin in a plane that is almost 
vertical and the lift is almost horizontal. 
For the sake of simplicity in what fol­
lows I shall ignore the weight of the boo­
merang. I shall also assume a boomer­
ang that is thrown outward by a right­
handed thrower so that the plane of 
spinning is initially exactly vertical. The 
lift will be to the thrower's left, so that 
the boomerang begins to move to the 
left as it continues to spin in the vertical 
plane. 

If this were the entire story, the boo­
merang would never come back. To see 
why it turns around and returns you 
must understand what else the lift does 
to the boomerang. In particular it is nec-
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SCIENCE/SCOPE 

The planet Jupiter will be scrutinized as never before by a spacecraft to be launched 
from the Space Shuttle in January 1982. NASA's Project Galileo will consist of an 
orbiter and a Hughes-built probe that will journey together for 42 months to the 
massive planet. Scientists hope the mission will provide new insight into the ori­
gin and evolution of the solar system, as well as reveal why Jupiter mysteriously 
emits more energy than it receives from the sun. 

The probe, after separating from the orbiter, will plunge deeply into the hostile 
Jovian atmosphere. Its six instruments will take temperature and pressure readings , 
analyze cloud and atmospheric composition, detect for lightning, and glean other data. 
The probe will be designed to withstand the force of Jupiter's intense atmospheric 
'pressure for about one hour. The orbiter will relay probe data to earth and will con­
tinue its mission and circle Jupiter for 20 months, taking pictures and analyzing the 
atmospheres of the red-eyed planet and its four largest moons. 

Using signals transmitted in sequential bursts lasting 1/30.000th of a second, a Hughes 
multiplexing system designed for jet aircraft is able to control more than a dozen 
channels for passenger entertainment and service over a single coaxial cable. Because 
the signals are too rapid to be discerned separately by the human ear, the channels 
for high-fidelity stereo music, movie sound tracks, and passenger address announce­
ments all seem to operate simultaneously. Other channels regulated by the system 
include reading lights and flight attendant call buttons. 

By eliminating the need for separate wires to each channel, the system is able 
to save several hundred pounds of weight. It also offers better reliability, lower 
operating costs, and improved passenger services. Hughes systems have been installed 
on every McDonnell Douglas DC-lO in the world today, and now six international car­
riers have specified the equipment for their Boeing 747s. 

Hughes Radar Systems Group has career opportunities for engineers, scientists, and 
programmers. We design and manufacture many of today's most complex airborne and 
spaceborne radar electronics systems, including data links, electronic warfare sys­
tems, and display systems. These projects incorporate microelectronics, microproces­
sors, solid state microwave devices, and other advanced technologies. We need Systems 
Analysts, Microwave Specialists (antenna, receivers, transmitters), Circuit Designers 
(analog, digital & RF/IF) , Scientific Programmers, Mechanical Designers, Product De­
sign Engineers, and others. Rush your resume to Engineering Employment, Hughes Radar 
Systems Group, 2060 Imperial Hwy., E1 Segundo, CA 90245. 

A contract to develop and build 100 satellite earth terminals has been awarded to 
Hughes by Satellite Business Systems. SBS, a partnership formed by Aetna Life & 
Casualty, Comsat General, and IBM, will receive the communications industry's first 
four-year warranty. The terminals will operate with the system's three satellites, 
also. being built by Hughes to service U.S. businesses, government agencies, and pub­
lic service organizations. 

The unmanned terminals will be the first to use Ku-band frequencies (12 to 14 GHz) 
on a large scale in a U.S. domestic satellite. This makes possible small terminals 
located on customer premises, thus eliminating the need for a microwave link. With 
these highly-reliable redundant terminals, SBS data communications customers will 
benefit from a very high availability rate. The first engineering model is scheduled 
for delivery in nine months. All 100 terminals should be delivered by mid-1982. 

Crelting ,. new world with e/«lronics r------------------, 
I I 

: HUGHES: 
I I 
L __________________ � 
HUGHES AIRCRAFT COMPANY 
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essary to know how the torque due to 
the lift on the boomerang causes a pre­
cession of the spin plane. 

Imagine that one of the boomerang's 
arms has spun to its highest possible po­
sition and the other arm is almost in its 
lowest possible position. (I am discuss­
ing the basic banana-shaped boomer­
ang.) The upper arm is turning in the 
same direction in which the center of the 
boomerang is moving, whereas the low­
er arm is moving opposite to the motion 
of the center. The air passing the upper 
arm is moving faster (in relation to the 
arm) than the air passing the lower arm. 
Therefore more lift is generated on the 
upper arm than on the lower one. The 
part of the boomerang higher in the spin 
will always experience a greater lift and 
hence a greater push to the side than the 
part lower in the spin. 

My first thought was that the differ­
ence in horizontal lift (more lift on the 
upper arm than on the lower one) would 
cause the spin plane of the boomerang 
to tilt, thereby angling the lift downward 
(a disastrous effect). What actually hap­
pens, however, is that the difference in 
lift causes a rotation of the plane about a 
vertical axis. It is this rotation of the spin 
plane, commonly called precession, that 
brings the boomerang back. 

To understand what causes the rota­
tion you must examine the torque creat­
ed by the lift. Take the center of the 
boomerang as the axis about which it is 
spinning. (Actually the center of mass 
around which a two-armed boomerang 
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spins is likely to be well off center, but 
that does not alter the outcome of the 
argument.) Take the average lift on the 
upper arm as being directed horizontal­
ly outward from the center of the arm. 
Similarly, take the average lift on the 
lower arm as being also directed hori­
zontally outward from the center of the 
arm. The torque created by one of these 
lifts, as measured from the center of the 
boomerang, is the product of the lift and 
the distance to where the lift is applied, 
that is, half the length of an arm. Since 
the upper arm has the greater lift, it also 
has the greater torque. 

If the boomerang. were not spinning, 
this difference in torques would merely 
make the plane of the boomerang tilt 
over. Since the upper arm has the great­
er torque, the plane would tilt counter­
clockwise as seen by the person who has 
just thrown the boomerang. The fact 
that the boomerang is spinning, how­
ever, makes a big difference, because 
it then has angular momentum and the 
tendency to tilt the spin plane results in a 
rotation of the spin plane about the ver­
tical axis. 

Angular momentum is the product of 
the boomerang's rate of spin and a func­
tion involving the mass and the mass 
distribution of the device. For an exam­
ple in another setting imagine yourself 
attempting to turn a merry-go-round 
holding several children. The force you 
apply tangent to the rim multiplied by 
the radius of the merry-go-round is the 
torque you are supplying. When you be-

gin, the torque causes an angular accel­
eration of the merry-go-round; the spin 
increases from zero to some final value. 
How would you arrange the children in 
order to achieve a given angular acceler­
ation with the least force? Intuitively 
you would place them near the center. 
Their mass is the same, of course, but 
their mass distribution with respect to 
the center of rotation is different. When 
the mass is nearer the center, the merry­
go-round is easier to turn. The mass and 
its distribution are taken into account by 
the function known as the moment of 
inertia. The greater the mass or the far­
ther from the center it is placed, the 
greater the moment of inertia and the 
greater the force you will have to supply 
in order to achieve a given angular ac­
celeration. 

Once the merry-go-round is spinning 
and you are no longer pushing on the 
rim, the apparatus has a certain angular 
momentum because it has spin and a 
moment of inertia. Angular momentum 
is usually represented by a vector point­
ing perpendicularly to the plane in 
which the object is spinning. Here the 
vector would be vertical. The direction 
(up or down) is chosen by convention as 
being the direction of the thumb on the 
right hand when the hand is held in a 
hitchhiker's pose with the fingers curled 
in the direction of the spin of the object. 

The only way you could change the 
size or the direction of such a vector 
would be to apply another torque to 
the object. With a merry-go-round you 
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Three Lively Introductions to the Excitement 
of Science and Mathematics 
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Introductory Physics 
Mashuri L. Warren, San Francisco State University and 
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Consulting Editor: Edwin F. Taylor, 
Massachusetts Institute of Technology 

Teachers and students will welcome this volume's con­
crete approach. Introductory Physics comprehensively 
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cal sciences and other students in the natural sciences. 
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New for Precalculus Courses 
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L. Warren introduces mathematical concepts gradually, 

reintroducing techniques as needed. 

Dr. Warren's approach emphasizes experimental phy­
sics: the basis of measurement, units of measurement, 
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and experiment, drawing on examples from engineering, 

medicine, industry, biology, transportation, and sports. 

February 1979,700 pages (approx.), 628 illustrations, 
cloth: $16.00 (tent.) 

Algebra and Trigonometry with Analytic Geometry 
Arthur B. Simon, California State University, Hayward 

"This book has three purposes: to prepare students for 

calculus, to illustrate the strong relationship between 

algebra and geometry, and to present some interesting 

applications of mathematics." 

-from the Preface 
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tone and helpful organization. Each chapter begins with 

New in High School and Liberal Arts Mathematics 

Elementary Algebra 
Harold R. Jacobs 

Elementary Algebra is a complete, day-by-day algebra 
course. Each lesson is suitable for one or two days' work 

and includes four sets of exercises that can be tailored 

to fit students' needs. Set I reviews earlier ideas and 
techniques; Sets II and III offer parallel exercises, with 

the answers to Set II in the back of the book; and Set 
IV provides more challenging exercises. 

Elementary Algebra offers a complete instructional 

package, including a detailed Teacher's Guide, Test 

II 

an outline alerting students to important points, and 

most sections conclude with a convenient review. Each 

new concept is introduced intuitively and illustrated with 

several examples before an accurate formal definition is 

presented. 

Teachers will appreciate the flexibility of this text, 

which is designed to fit the structure of a variety of 
courses. The Preface suggests outlines for both semester 

and quarter courses of different emphasis and duration. 

February 1979,550 pages (approx.), 299 i\Iustrations, 
cloth: $14.50 (tent.) 

Masters, and Transparency Masters. Like Harold J a­

cobs' other acclaimed texts, Elementary Algebra not 
only explains ideas with extraordinary clarity but also 

captures the interest and imagination of students, who 
will find themselves drawn into mathematics even if they 
have resisted it in the past. 

February 1979, 872 pages, 690 illustrations, cloth: $12.00 
Teacher's Guide, Transparency Masters, and Test Masters. 

W. H. FREEMAN AND COMPANY 
660 Market Street, San Francisco, California 94104 
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could push on the rim again. (A conven­
tion for choosing how to draw a vector 
representing the change in angular mo­
mentum involves pointing the index fin­
ger of the right hand from the center of 
the rotation toward the place where the 
force is applied and pointing the middle 
finger in the direction of the applied 
force. If you make your thumb on that 
hand perpendicular to both fingers, it 
automatically points in the direction of 
the change in the angular momentum. 
The new angular-momentum vector is 
the combination of the old one and the 
vector representing the change.) With a 
merry-go-round that you had resumed 
pushing tangent to the rim the new vec­
tor would still be vertical but would be 
larger or smaller depending on whether 
your aim was to make the merry-go­
round turn faster or slower. 

A boomerang that is spinning has two 
torques acting on the arms, one created 
by the average lift on the upper arm and 
one created by the average lift on the 
lower arm. Since the lift on the upper 
arm is greater, it determines what hap­
pens to the angular momentum, and so I 
shall ignore the lift on the lower arm. 
(The argument would not change even if 
I included the smaller lift.) Imagine that 
the boomerang is receding from you just 
after you have thrown it with your right 
hand. It is spinning in a vertical plane 
and has an angular-momentum vector 
pointing to your left. The average lift on 
the upper arm creates a torque that will 
change the direction of the vector as the 
boomerang continues to fly away. 

To determine how the vector changes 
use your right hand. orienting the fingers 
and the thumb properly. With your in­
dex finger pointing from the center of 
the boomerang to the center of the up­
per arm and your middle finger pointing 
to your left in order to be in the direction 
of the lift on that arm. your outstretched 
thumb points toward you. Therefore the 
vector representing the change in angu­
lar momentum points toward you. Men­
tally combining the change vector and 
the original vector is best done from an 

overhead point of view. The change vec­
tor is perpendicular to the original one 
and gives a new vector rotated from 
the old one toward you. The size of 
the angular momentum is unaltered be­
cause the change vector is perpendicular 
to the old one. Only the direction of the 
angular momentum is changed. and it is 
rotated about a vertical axis to point 
more toward you. 

This type of rotation of an angular­
momentum vector is precession; it is 
seen when the axis of a top precesses 
about the vertical. Another common ex­
ample of precession is seen in the turn­
ing of a motorcycle. The wheels of a 
motorcycle spin fast enough and have 
moments of inertia sufficiently large to 
make their angular momentum large. 
To turn the motorcycle you cannot just 
turn the handlebars. as you would when 
riding a bicycle. Instead you make the 
motorcycle lean in the direction of the 
turn. The torques then experienced by 
the motorcycle cause the angular-mo­
mentum vectors of the wheels to pre­
cess. turning the motorcycle as a whole. 

During the precession of the spin 
plane of a boomerang the boomerang 
continues to travel along a path with a 
certain speed but is continuously de­
flected by the horizontal lift it experi­
ences. The resulting path approximates 
a large circle. In a successful boomerang 
flight the spin plane will precess at the 
same rate at which the device circles in 
its path. Its angle of attack remains 
somewhat positive. This match is neces­
sary in order to keep the arms at the 
proper attack angle. 

Suppose the boomerang precesses too 
slowly. Then as it travels along its circu­
lar path its spin plane rotates about a 
vertical axis at a rate lower than the rate 
at which the boomerang as a whole trav­
els along its path. When the spin plane 
lags behind. the attack angle becomes 
increasingly negative and the boomer­
ang loses lift. 

If the spin plane precesses too quickly. 
it turns about a vertical axis faster than 
the boomerang as a whole travels along 
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the large circular path. As a result the 
attack angle becomes increasingly posi­
tive until the spin plane is perpendicular 
to the oncoming airstream. The air drag 
would surely ruin the flight by then. 

The match between the precessional 
rate and the rate at which the boomer­
ang travels along the large circular path 
is not critical and is in fact somewhat 
automatic. since both rates depend on 
the lift. Throw your boomerang. sand 
down and reshape the arms and throw it 
again until you come near the match 
and the boomerang returns. I know of 
no sure way to remedy a persistently un­
successful boomerang. 

. The circular path of the boomerang is 
independent of the speed with which 
you throw it. Only the moment of iner­
tia and the cross-sectional shape of the 
boomerang determine the radius of the 
path. With a given boomerang you will 
therefore achieve the same large circle 
(for the same throw of the boomerang in 
the vertical plane I have been assuming) 
regardless of how hard you throw the 
device (provided. of course. you throw it 
hard enough so that it has sufficient 
speed to complete its journey). If you 
want to change the size of the circle. 
you must ordinarily choose a different 
boomerang with a different moment of 
inertia or cross-sectional shape. Next 
month. however. I shall explain how 
you can also add ballast to the arms in 
order to increase their moment of iner­
tia. This technique is used by boomer­
ang throwers intent on breaking dis­
tance records. 

A Frisbee flies in a quite similar way. 
It has a curved top surface and is 
launched with a flick of the wrist to give 
it spin. The Frisbee gains lift by virtue of 
the impact of the air or by the difference 
in air speed across the top and bottom 
surfaces. A Frisbee properly thrown in 
an almost vertical plane will return to 
the thrower the way a boomerang does. 
Usually. however. a Frisbee is launched 
to curve slightly to another person. so 
that the thrower orients the spin plane 
to provide just enough horizontal lift to 
achieve the curve. 

Both a boomerang and a Frisbee can 
be skipped across the ground without 
destroying the flight. Imagine a Frisbee 
skimming just above the ground with its 
leading edge tipped slightly downward. 
That edge then strikes the ground. The 
force from the ground at the contact 
point puts a torque on the Frisbee and 
changes the angular momentum. but be­
cause the change vector is almost per­
pendicular to the original angular-mo­
mentum vector the new angular-mo­
mentum vector is just a rotation of the 
original one. The angular momentum 
does not change appreciably in size. 
only in direction. Therefore the spin of 
the Frisbee is not much slowed; the de­
vice is merely reoriented and then goes 
sailing off in a new direction. 
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"CERTAINLY IT'S THE BEST 
EUROPE IN A LONG WHILE:' 

----�CI 

T he sedan that Road Test Magazine is talking 
about does not sell for $20,000. It does not sell for 
$15,000. It sells for a base price of $8995::' 

T his pleasantly surprising contradiction between 
the test results of the Audi 5000 and the price has 
been pointed out by several automotive publications. 

Read these excerpts from the Road Test report on 
the Audi 5000 that appeared in the January, 1978 
issue: 

--------------OOOD�------------

get bored, turn on the radio, and just drive-until 
you glance down at the gauges and notice that you're 
making 85 mph. It's sneaky; it'll fool you if you don't 
pay attention. It'll also nip in and out of traffic like a 
much smaller car, thanks to the way it responds to 
its controls .. �' 

------------�OOOD�-----------
lilt may just be the ultimate sports sedan�' 

------------OOOD�----------
"At freeway speeds the ride is serene and smooth, '� .. not only does the 5000 have a 5-cylindered mill, 

there is no mechanical noise, and no wind noise. You but it's got one that sips gas like a four,�":' makes horse­
*Suggested retail price $8995 P.O.E. Transportation, local taxes and dealer delivery charges additional. Ful l y  equipped "5" model $10,575. 
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SEDAN TO COME FROM 
- ROAD TEST MAGAZINE, ON THE AUDI 5000 

U[)�---------------------

power like a six and feels nearly as smooth as an eight:' 

------------�OOOD�------------
': .. the price .. .isn't near as much as some of the 

5000's closest competitors sell for. That, of course, is 
the name of the game, and Audi is playing it to the hilt 
with development of solid concept and good atten­
tion to detail. They're going to sell every one of these 
cars they can screw togetner:' -

-------------OOOD�-----------
': .. the 5000 has an incredible heater/air conditioner 

that could heat half your house, or could freeze your-

urn, toes off, depending on which button is pushed:' 

--------------OOOD�-----------
Test drive the 1979 edition of the Audi 5000 at your 

Porsche + Audi dealer and see if it isn't so. 
*"'26 mpg highway, 16 mpg city, std. transmission. (EPA estimates. Actual 
mileage may vary based on how and where you drive, car's condition, and 
optional equipment.) 

PORSCHE+AUDI 
Nothing Even Comes Close 
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Just a reminder that the most impressive thing about Chivas Regal 
is whats in the bottle, not what\ on it. 
12 YEARS OLD WORLDWIDE' BLENDED SCOTCH WHISKY· 86 PROOF· GENERALWINE& SPIRITS CO., NEW YORK, N.Y. 
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