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Beginning with "the big five"; 

1. Front-wheel drive. For im­
pressive traction and direc­
tional stability during snow, 
sleet, rain. As well as added 
front seat roominess because 
the floor is flat. 

2. Four-wheel independent 
suspension. Each wheel reacts 

• Side window defoggers for added 
convenience. 

• Controlled cycle wiper system for 
varying weather conditions. 

• Twilight Sentinel that automat­
ically turns on headlights with 
approach of dusk. 

• Automatic Climate Control. 

• Quick-ratio power steering for easy 
parking and cornering. 

• Dual Comfort front seats 
(seat two people). 

• Lamp Monitors, front and rear. 

• Chimes that courteously urge you 
to buckle up. 

The new 
breed of 

BY CADILLAC 
independently to road vari­
ations for a smooth ride. Also 
contributes to interior room­
iness and increased usable 
trunk space. 

3. Electronic fuel injection. 

• Flush-mounted windshield as on 
custom cars to reduce wind noise. 

• More headroom and legroom­
front and rear-than '78 
counterpart. 

• Reduced turning circle for more 
maneuverability in city traffic. 

• Right side rearview convex mirror 
contributes to field of view. 

• Steel-belted, wide whitewall 
radial tires. 

• Six-way power seat adjuster for 
driver. 

• Column-mounted headlight 
dimmer control . 

Designed for quick response, 
fast starting, smooth engine 
idle. 

4. Four-wheel disc brakes. With 
staggered vane construction 
for rapid heat dissipation. 

5. Electronic Level Control. 
Adjusts for changing loads 
automatically. 

• Wheel bearings sealed for life. 

• Illuminated Entry System for 
nighttime convenience. 

• Electric trunk release and power 
pull-down. 

• Dome light, dual spot map lamps. 

• Impressive mileage. EPA estimates 
are 22 mpg highway, 14 city and 
17 composite for the standard EFI 
engine. California figures are lower. 

EPA estimates are 29 highway, 21 
city and 24 comp9site for the '79 
Eldorado with the available diesel 
engine. With either engine, your 
mileage will vary depending on 
how and where you drive, your 
car's condition and available equip­
ment. Eldorados are equipped with 
GM-built engines produced by 
various divisions. See your dealer 
for details. 

An unprecedented combination of features ... 
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H you think peoDle buy Chivas Regal just for the bottle, 
, try selling this one. 

12 YEARS OLO WORLDWIDE· BLENDED SCOTCH WHISKY· 86 PROOF. GENERAL WINE & SPIRITS CO., NEW YORK. N.Y. 

© 1978 SCIENTIFIC AMERICAN, INC



Established 1845 

SCIENTIFIC 
AMERICAN 

ARTICLES 

November 1978 Volume 239 Number 5 

50 FUSION POWER WITH PARTICLE BEAMS, by Gerold Yonas 

In one approach to controlled fusion a pellet of fuel is imploded by beams of electrons or ions. 

62 THE ASSEMBLY OF A VIRUS, by P. Jonathan G. Butler and Aaron Klug 

The RNA and protein of the tobacco-mosaic virus come together in a surprisingly complex way. 

70 THE OPTICS OF LONG-WAVELENGTH X RAYS, by Eberhard Spiller and Ralph 

Feder "Soft" X rays are being investigated for microscopy. astronomy and microelectronics. 

92 THE ACQUISITION OF LANGUAGE, by Breyne Arlene Moskowitz 

Children break language down into simple components and develop rules for assembling them. 

110 RICH CLUSTERS OF GALAXIES, by Paul Gorenstein and Wallace Tucker 

Such clusters are a vast gravitational maelstrom of thousands of galaxies embedded in a hot gas. 

132 THE MECHANISMS OF ABRASIVE MACHINING, by Leonard E. Samuels 

How the abrasive grains do their work is investigated to increase the efficiency of the process. 

154 THE REWARD SYSTEM OF THE BRAIN, by Aryeh Routtenberg 

"Pleasure centers" are now perceived as an extended system with unifying chemical mechanisms. 

166 THE WRIGHT BROTHERS' FLIGHT-CONTROL SYSTEM, by Frederick J. Hooven 

The Wrights' gliders and powered "Flyers" had an elevator in front instead of in the rear. Why? 
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Costs Everybody's saying it. 
• The cost of health 

care is rising like a fever. For the past 
few years, it's been climbing at more 
than twice the rate of inflation. And 
we're as concerned as you are. 

Healthy competition has made it 
possible for private health insurers 
to provide health care coverage 
for 177,000,000 Americans, with 
147,000,000 of them even protected 
against catastrophic expenses. 

Though the system is basically 
sound, and doctors and hospitals 
have made commendable voluntary 
efforts to control costs, no one, 
including us, has done enough. 

So we have some suggestions. 
Like supporting the establishment of 
commissions in every state to review 
hospital budgets and rates a year in 
advance. 

Five states already have" effective 
commissions. Connecticut saved 
over $150,000,000 in four years 
with theirs. Massachusetts saved 
$532,000,000 in three years. And 
what worked in Connecticut and 
Massachusetts can work in your 
state, too. 

To explain how, we've put 
together a booklet called Keeping 
Hospital Costs Under Contro/. For a 
free copy, write us at: Health 
Insurance Institute , Dept. 10, 1850 K 
Street, N.W., Washington , D.C. 
20006. 

T here are a lot of health 
problems we can't cure yet. But the 
cost of health care isn't one of them. 

THE HEALTH 
INSURANCE 

COMPANIES IN 
"AMERICA 

Let's keep health care healthy 
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There's hardly an audio enthusiast alive 
who doesn't admire the Nakamichi 100011. 

But at $1,650;admiring it is about all 
most people can do. 

That's why Pioneer created the new 
000. A cassette deck that offers all the 

and performance of the Nakamichi 
costs almost $1,000 less. 

this is hard ·to believe, but be 
facts bear us out.) 

that the $600* Pioneer 
and the $1,650 Nakamichi 100011 

honest three headed cassette decks 
you monitor right off the tape as you 
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THE COVER 

The painting on the cover portrays the work area of a grinding machine, one 
of many types of machine employed in industry to shape and finish metal 
parts by abrasive machining (see "The Mechanisms of Abrasive Machining," 
by Leonard E., Samuels, page 132). This machine is a surface grinder, which 
moves a steel part or a series of steel parts, mounted on a table, back and forth 
horizontally under a spinning grinding wheel to provide a surface finish of pre­
cise dimensional accuracy and flatness. The grinding wheel is made of bonded 
particles of aluminum oxide. As the workpieces (the parts being ground) move 
back and forth, their top surfaces and the surface of the wheel are kept rela­
tively cool by a coolant, which also serves to some extent as a lubricant· it 
is the pinkish liquid. The small handwheel at the top is employed to adj�st 
the location of the grinding wheel vertically in relation to the workpieces. 

THE ILLUSTRATIONS 

Cover painting by Ted Lodigensky 

Page Source Page Source 

27 Dan Todd 111 © National Geographic-
32 Dan Todd Palomar Observatory Sky 
36 Dover Publications, Inc. Survey (top), Cerro Tololo 

51-53 George V. Kelvin Inter-American Observatory 

54 Physics International (bottom) 
Company 112 Cerro Tololo Inter-American 

55-56 George V. Kelvin Observatory (top), Lick 

57 Sandia Laboratories Observatory (bottom) 
58-59 George V. Kelvin 114 Paul Gorenstein 
60 Sandia Laboratories 116 Gabor Kiss 
61 George V. Kelvin 119 llil Arbel 
62 Allen Beechel 120 Hale Observatories (top), 
63 John T. Finch Kitt Peak National 

64-66 Allen Beechel Observatory (bottom) 
67 Allen Beechel (top), 122 © National Geographic-

Genevieve Lebeurier (bottom) Palomar Observatory Sky 

68-69 Allen Beechel Survey (top), Ilil Arbel 

71 Eberhard Spiller and (bottom) 
Ralph Feder 127 Paul Gorenstein 

72-73 Eberhard Spiller, Ralph 128 Hale Observatories (top), 
Feder and J. Topalian (top), Ilil Arbel (bottom) 
Adolph E. Brotman (bottom) 133 Ben Rose 

74-75 Adolph E. Brotman 134 Walken Graphics (top), 
76 Eberhard Spiller and Ben Rose (bottom) 

Ralph Feder 136 Leonard E. Samuels 

77 Adolph E. Brotman (top), 138 Walken Graphics 
Eberhard Spiller and 140--142 Leonard E. Samuels 
Ralph Feder (bottom) 144 Walken Graphics 

78 Eberhard Spiller and 146 Ben Rose 
Ralph Feder (top), National 155 Brigitte Berger 
Aeronautics and Space 162 Olle Lindvall 
Administration (bottom) 166 The Bettmann Archive 

89 Jet Propulsion Laboratory, 168-172 Dan Todd 
California Institute 174-180 The Bettmann Archive 
of Technology 181 Dan Todd 

93 Jon Brenneis 184 Saabfoto 
94-103 Gabor Kiss 186-194 Michael Goodman 

SCIENTIFIC 
AMERICAN 

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 -'-.$ __ -,-_ 

Min imum 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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Youa expect McDonnell Douglas 
to build the super quiet 

DC-9 Super 80 • 

... but would you expect us to help you put 
your projects on Spacelab, insulate ocean­

, going tankers, or keep books for doctors? 
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The new DC-9 Super 80 is coming. 
And you'll be able to see it long, long 
before you hear it. 

Our new Super 80 is expected to 
cut the high-noise area around airports 

to as little as one-fifth of what it is 
with current jetliners of comparable 
size. With powerful, yet efficient, new 

engines, and improved instru­
mentation for all-weather 

operations, the Super 80 offers 
airlines the lowest operating cost per 

seat mile of any jetliner in this class. 
And it offers you, the passenger, 

the comfort of improved ventilation 
and lighting, a much quieter ride, plus 
the on-time reliability you've come to 
expect from the DC-9 family of jets. 

Our new Super 80 will fly in the 
early 19805 ... and so will Spacelab ... 

Under contract with NASA, we're 
working with scientists and private 

industry to put research and 
manufacturing projects into 

orbit aboard the European 
Space Agency's Spacelab. The 
potential is as limitless as 
space itself. New life-saving 
drugs, for instance, 

difficult to produce on 
Earth. And silicone crystals 
for electronics com­
ponents-with a purity 
never before achieved. 
To put your projects 
into orbit, we're the ones to call. 

Our "floating pipeline;' another project 
with roots in our space work, offers help 
in solving world-wide energy problems. 
Developed in cooperation with Gaz­
Transport of France, it's an insulating 

system for sea-going tankers which 
keeps natural gas in super-cold liquid 

form during transport. This 
system, that saves space on 
ships, offers cost savings to 

shipbuilders and owners, 
and eventually, to users. 

Just as our aerospace technology 
has produced some quite remarkable 
down-to-earth benefits, so has our 
computer technology ... 

You may have 
noticed -your 
doctor has not 

escaped the paperwork avalanche. In­
surance and other report forms to be 
filled out. Financial accounting which 
grows more and more complex. Records 
of all kinds which must be kept avail­
able. Expensive paperwork which adds 
to the cost of your medical care. 

That's why you'll welcome, as 
doctors do, our new Physician Data 
Services -a fully-computerized account­
ing and records system for medical 
groups and clinics. It not only gives you 
instant answers to questions about your 
account, it also gives your doctor an 
accurate, automated answer to his 
paperwork problems. And that can help 
keep your medical care costs down. 

Finding answers is the work we do 
at McDonnell Douglas. And while we're 
an aerospace company, building jet­
liners, fighter planes, and space systems, 
we're also building on our aerospace 
technology to help find answers to the 
needs of people everywhere. If you'd 
like to know more about any of the 
work we've discussed here, just drop us 
a note. Address: McDonnell Douglas, 
Box 14526, St. Louis, MO 63178. 

We bring technology to life. 

EOUAL OPPORTUNITY IN PROFESSIONAL CAREERS SEND RESUME BOX 14526. S1 LOUIS. MO. 63178 
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"The Ph,sicist's 
Fire' 

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

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

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

Eureka! The fire takes hold quickly, burns 
evenly, steadily ill the cavity. That means 
the cavity throws a beam of radiant energy at 
you, so the fire is hot but fuel-efficient. 

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

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

"Cranberg's conception of the radiation 
pattern from his log holder is correct ... 
little of the radiated heat was lost upward to 
the overhang or the chimney ... nearly all 
of it must have been coming out into the 
room." 

"The burning was slower with this ar­
rangement, and flames ... were uniform 
across the length of the slot (cavity) and 
required no rotation or stirring of the logs." 

From Texas Fireframe Mail 
"Your Fireframe performs very well in­

deed. It easily held the first floor of our house 
at 70°F-with 20° outside-with no help 
from the central heating system," Carl M. 
Zvanut, Paoli, Pa. 

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

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

"I am especially amazed at how rapidly 
the fire catches and disperses without kin­
dling." 1. D. Barrier, Universal City, Tx. 

A gift that brings warmth and delight. 

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

Simple, copyrighted instruclions. 

Please send ___ U-25 units @ $39.95 (28 Ibs.) 

___ S-25 units @ $39.95 (26 Ibs) 

___ U-17 units@$34.95 (20 Ibs.) 

___ U-33 units @ $54.95 (34 Ibs.) 

Add 10"10 for shipping in US. Check for $ __ enclosed. 

Name ______________ _ 

Address _____________ _ 

City State __ Zip __ _ 

TEXAS FIREFRAME CO. 
P.O. Box 3435 Austin, Texas 78764 
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LETTERS 
Sirs: 

Charles M. Rick's interesting account 
of Lycopersicon esculentum ["The Toma­
to," by Charles M. Rick; SCIENTIFIC 

AMERICAN, August] contained one curi­
ous omission: the variety supermercati, 
popularly known as the plastic tomato. 
This cultivar has become the over­
whelmingly dominant type of market 
tomato; its distinctive flavor has been 
described by some knowledgeable in­
vestigators as resembling slightly acid 
cotton. Of its texture the less said the 
better. 

Commercial tomato growers will no 
doubt be pleased to learn that current 
research programs promise to improve 
the fruit's yield, color, soluble solids and 
"machinability," the final word suggest­
ing, perhaps appropriately, that we are 
dealing with some sort of man-made 
structural material. The rest of us would 
be even more interested to learn when, if 
ever, agricultural research will provide 
us with a market tomato that is fit to eat. 

ROBERT CLAIBORNE 

Truro, Mass. 

Sirs: 
In decrying the quality of fresh toma­

toes in most U.S. markets Mr. Claiborne 
unquestionably touches on a serious 
problem. The fact is, however, that many 
people do not buy tomatoes for the table 
in supermarkets. They either grow them 
themselves or buy them from local 
sources in season, and for the rest of the 
year they abstain. Even so, the fault 
does not lie, as Mr. Claiborne and many 
other misinformed critics contend, in 
the breeding of market tomatoes or in 
the methods by which they are grown. 

Market tomatoes of high quality are 
being grown throughout the U.S. In 
sound, unbiased comparisons taste pan­
els have not shown any significant pref­
erence for the older cultivars over the 
modern ones. The problem is not pro­
duction but delivery. The quality of 
market tomatoes in the "good old days" 
is perceived as being superior because 
they were sold only locally in the short 
growing seasor._ Now the American 
consumer is ac("ustomed to year-round 
availability, made possible by modern 
transport and off-season production in 
California, Florida, Texas and Mexico. 
The best available cultivars will not 
survive such shipment unless they are 
picked in the mature green or breaker 
stages and ripened in transit. Such prac­
tices, as I trust my article indicated, re­
sult in inferior quality. 

Local production can solve this prob­
lem. In the growing season high-quality 
field-grown tomatoes can be delivered 

at reasonable cost. In the rest of the year 
crops of good. although perhaps not 
top, quality can be produced in green­
houses at formidable cost. It is question­
able whether many consumers will pay 
the price of such a luxury item. 

Another widespread misconception is 
that cultivars bred for machine harvest­
ing and bulk handling are being deliv­
ered to the supermarket on a large scale. 
Such cultivars are grown almost entire­
ly for processing. These firm. durable 
types have satisfactory quality for this 
purpose, as numerous evaluations 
and the wide acceptance of tomato 
products have demonstrated. 

Contrary to Mr. Claiborne's opinion. 
growers and other segments of the in­
dustry are much concerned about the 
quality of market tomatoes. and they 
are investing substantial funds in re­
search for the improvement of such 
tomatoes. I cannot elaborate on these 
projects here. but I shall be glad to fur­
nish details to interested parties. The 
prospects appear bright for a genetic so­
lution in the development of cultivars 
that can be harvested in a more mature 
condition and yet will withstand the 
abuses of transport and distribution. 

CHARLES M. RICK 

University of California 
Davis 

Sirs: 
Lorus J. and Margl<ry Milne ["Insects 

of the Water Surface." SCIENTIFIC 

AMERICAN. April] gave an interesting 
account of the four types of insects (wa­
ter striders. whirligig beetles, backswim­
mers and springtails) that utilize water 
surfaces. I have discovered that a com­
mon duck louse (Trinoton querquedulae). 
one of the fastest-running lice on land 
and on waterfowl plumage. also moves 
rapidly and directionally on water sur­
face films in response to ripples. 

If this louse is preened by a waterfowl 
onto the water or knocked off in a land­
ing or a dive. it can return to a suitable 
host by running on the surf-ace film 
toward the disturbance created by the 
duck. This large (six to seven millime­
ters) mobile louse lives in low numbers 
on waterfowl (an average of four lice 
per bird), and I believe its mobility on 
the surface film is both interesting and 
important to its survival. It is thought 
that similar behavior will be found in 
some of the other Mallophaga of aquat­
ic birds. 

WARD B. STONE 

Delmar Wildlife Resources Center 
Delmar. N.Y. 

Sirs: 
"The Earliest Precursor of Writing." 
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RABBIT DIESEL If you're t�inking of seeing 
the U.S.A. In a Chevr o let ,  
think again . 
• If you're dr iven to dr iv-

NEW YORK ing coast to coast in a Datsun, 
hit the brakes. 

Fact is, no other car in Amer-

m L A FOR $43i c a  c

�.� .�� ��rrttl���r����� 
Rabbit Diesel. 

According to latest EPA 
• • .estimates, a 1979 R abbit 
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D i e s e l  g e t s  an i ncr e d i b l e  50 
m p g  o n  t h e  h i g h w a y  a n d  40 
m p g  in the ci ty. (Th i s  m i l eage 
may vary d epen d i n g  on how 
and where you drive, optional 
e q u i p m e n t  a n d  y o u r  c a r ' s 
condit ion.) 

Asi d e  from g i v i ng you more 
miles per gal lon, a Rabbit Diesel 
gives you more gal lons per dol­
l ar, because d iesel fue l  gener­
ally costs less than gasol ine. 

A Rabbit  Diesel also 

VOLKSWIGEN never nee ds a conven-
t i onal tune-up, because 
there 's  h ar d l y  a t h i n g  t o  tune. DOES IT No spark plugs,  no pO ints, not 
even a carburetor. 

AGAIN A l l  t h i s ,  p l u s  m o r e  r o om for 
peopl e and l u g g a g e  than 35 
other cars you can buy. 

~ Who could ask for more? 
A n d  w h o  b u t  V o l ks w a g e n  

could do i t  for less? 
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by Denise Schmandt-Besserat [SCIEN­
TIFIC AMERICAN, June, 1978], offers a 

lucid account of the hypothesis about 
the origins of cuneiform script that she 
advocates. 

The ancient Sumerian lexicons may 
be able to partly close two of the gaps in 
documentation left by her work. In the 
ancient dictionaries ("Old Babylonian 
Lu," recension A 466-467 and recen-· 
sion D 307) we find Ju na4 na, "man of 
stone(s)," and lu im na4 na, "man of clay 
'stone(s),' '' listed along with other ac­
countants. The presence of these profes­
sions in the lists that come from the city 
of Nippur and elsewhere in ancient 
Sumer shows that the use of "stones" in 
bookkeeping was known in Sumerian at 
a period hundreds of years closer to the 
invention of writing than the Nuzi texts 
to which she refers, and in Sumer itself. 
where most scholars presume cunei­
form to have originate�. The references 
make it clear that the term "stone" was 
conventional, and that the tokens em­
ployed could indeed be made of clay, 
as were the actual objects studied by 
Schmandt-Besserat. 

The Sumerian texts thus lend support 
to her interpretation of the tokens, and 
to her attractive hypothesis for the ori­
gin of writing. 

STEPHEN J. LIEBERMAN 

University Museum 
University of Pennsylvania 
Philadelphia 
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PUT STARS IN HER EYES 
with a Questar, for it is a gift that will go on giving. If she is that 
rare child with a true curiosity, it will help her to discover the 
nature of things all her life. It will be her own personal contact 
with the universe, which she will ha�e the excitement of seeing, 
from her very first glimpse, through the finest of telescopes. Both 
optically and mechanically, Questar will respond rewardingly to 
her touch so that she will never know the frustration of an inferior 
tool. Questar's beauty and versatility will make it a cherished 
possession and an invaluable companion, .whether her main in­
terest becomes the study of the sun, moon, and planets, or an 
eaTth-oriented observing of nature close at hand. From her first­
hand investigation will come an expanding awareness and con­
tinuing enjoyment. And its easy portability will permit her to take 
it with her wherever she travels. 

To open to such a young mind that vast store of knowledge to 
which she may one day make her own contribution, will be your 
Tare IJrivilege. © Questar Corporation 1978 

The Standard Questar with it. beautiful star 
chart is shown abQve; at right is the Duplex 
Questar in the leather carrying case which 
complement. both models. 

QUESTAR, THE WORLD'S FINEST, MOST VERSATIlE 

TelESCOPE IS PRICED FROM $925. SEND FOR OUR 

BOOKLET IN FULL COLOR WITH PHOTOGRAPHS 

BY QUESTAR OWNERS, $1 FOR MAILING ON THIS 

CONTINENT; BY AIR, TO S. AMERICA, $3; EUROPE 

AND AFRICA, $3.50; elSEWHERE, $4. 

QUESTAR 
Box 20PS. New Hope, PA 18938 

15 

© 1978 SCIENTIFIC AMERICAN, INC



50 AND 100 

YEARS AGO 

� SCmNmCAMERnCAN 11 
NOVEMBER, 1928: "Into the North 

across icy wastes and frozen seas the air­
plane flew on a noble errand. Weeks 
of silence followed. The world waited, 
hoped, searched. Then came the dis­
covery of a part of the plane floating in 
the ocean, mute testimony of disaster. 
Roald Amundsen and those who were 
with him were lost. This modern Viking, 
eccentric at times, both beloved and 
criticized but always hailed as a man of 
iron courage and indomitable will, had 
come forth from retirement and had 
flown to the aid of the survivors of the 
dirigible Italia. When Amundsen was 
but a boy, he, to use his own words, 
'irretrievably decided to be an Arctic ex­
plorer: He trained rigidly until his body 
was a marvel of physical perfection and 
hardened almost beyond belief. Thus in 
later years he was able to conquer, with 
slim resources, in the fishing smack 
Gjoa. the Northwest Passage that had 
defeated others who had the resources 
of governments behind them. He was 
the first to reach the South Pole, was 
the first to attempt an airplane flight 
to the North Pole and was a member of 
the first party to reach the North Pole 
in a dirigible." 

"Is there a planet beyond Neptune? 
Many attempts have been made to find 
such a body from the perturbation of 
Neptune and of Uranus. as Neptune it­
self was found by means of the pertur­
bations of Uranus. The general outcome 
of these investigations indicates that an 
outer planet, if it exists, must be rather 
small-probably considerably smaller 
than Neptune and too small for its at­
traction to produce sensible distur­
bances of the inner planets. Such a plan­
et might nevertheless easily be within 
the range of brightness accessible to 
modern photographs with instruments 
of moderate power. A search for it by 
the photographic method would be well 
repaid. By taking plates on consecutive 
nights, and comparing them with the 
blink microscope, the planet's motion 
would become conspicuous and could 
be picked out at a glance." 

"Occasional press reports relate the 
results of experiments in radio control 
of moving objects-automobiles, air­
planes and ships in particular. One of 
the latest deals with the maneuvering of 
a German battle-ship controlled from 
another ship. These gradual develop­
ments may have a far-reaching signifi-
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cance. True. in the present state of the 
art radio control of battle-craft from an 
enemy base could be combated by a ra­
dio 'barrage' and would also be depen­
dent to some extent on weather condi­
tions. But as research progresses who 
can say what discoveries may be made 
with the ultra-short waves, wave-chang­
ing devices and other means of combat­
ing these deterrents? Radio may become 
a vital factor in the events of the world 
apart from its use as a means of commu­
nication." 

"When Gregorio Villalobos, the gov­
ernor-general sent to rule New Spain. 
landed near Vera Cruz in 1521. he took 
from his ship some Spanish calves. 
Their descendants, the famous long­
horns, thrived in the New World, 
spreading over Texas and the Far West. 
The longhorns were long on horns, legs 
and speed but short on beef. and they 
gave way to gentler, meatier breeds. Re­
cently two forest agents were provided 
with a small appropriation to buy a few 
longhorns before the breed wholly dis­
appeared. After a long search down in 
the prickly-pear country they found 10 
cows and a single bull. Then they 
combed the great range country be­
tween Houston and Beaumont and 
found two more bulls and 10 cows. They 
have shipped the lot off to the Wichita 
National Forest for the building of a 
modest herd of 250 or 300 head. And so 
the Texas longhorn at the 11 th hour is 
saved from total extinction." 

NOVEMBER. 1878: "The announce­
ment that Mr. Edison has discovered a 
means for dividing the electric current 
indefinitely, thereby making it possible 
to use electricity for lighting small ar­
eas, has had a marvelous effect in bring­
ing down the value of gas stocks. But 
what is Mr. Edison's discovery? A few 
words will suffice to give an idea of it. It 
is based on the well-known fact that a 
wire can be heated by an electric cur­
rent. The reader may have seen the gas 
jets of the dome of the Capitol at Wash­
ington. Over each burner is placed a coil 
of platinum wire, which, when heated 
by an electric current, ignites the gas. 
Mr. Edison uses the coil itself as the 
source of light, the current sent through 
it being strong 'enough to make the coil 
white-hot, or self-luminous. If this can 
be done economically, it is obvious that 
a marked advance has been made in ar­
tificial illumination." 

"A recent article in one of our daily 
papers entitled 'Steam from Petrolewm' 
has brought us a number of inquiries 
concerning the use of petroleum as a 
fuel. Upon the discovery of petroleum 
in America attention was at once direct-

ed to it in the hope of finding a fuel 
possessing important advantages o\:,er 
coal. and in every direction efforts were 
devised for its application; but its consti­
tution and character were so little un­
derstood, and so little was known of the 
peculiar treatment demanded for the de­
velopment of its powers as a fuel. that 
most of the proposed methods proved 
worthless. After the elimination of the 
majority of these methods several re­
mained that possessed, in a greater or 
lesser degree, certain points of value. It 
has been determined, for instance, that 
the oil should be atomized, as it is said; 
that a jet of steam impinging upon a drip 
of the oil and conveying it into the fur­
nace was the most effectual agent for 
this purpose, and that an exceedingly 
large amount of air was required to 
combine with the gases to ensure com­
plete combustion. Further investigation, 
however, determined that the steam jet 
greatly interfered with combustion by 
abstracting heat from the flame, and 
that to be effective the steam should 
be superheated to so great a degree it 
would vaporize the oil on contact. With­
in the past few years such a good ac­
count has been made of this knowledge 
that all indications strongly point to the 
general substitution, in no very distant 
future, of petroleum for coal in the for­
mation of steam." 

"In spite of the reported discoveries of 
efficient means of protection against the 
phylloxera, that terrible insect still con­
tinues its ravages in France. In 1865 the 
French vineyards yielded close upon 
70,000,000 hectoliters of wine, and in 
1869 more than 71,000,000. Now only 
about 40,000,000 hectoliters can be 
counted upon." 

"Wilson and Savage, two American 
missionaries. seem to have been the first, 
in 1846 and 1847, to bring us informa­
tion about the gorilla. The skulls and 
skins sent by Savage have been followed 
up by complete skeletons and prepara­
tions sent by other travelers, and natu­
ralists have been able thus to study the 
appearance and structure of the most 
formidable of the man-apes, which is 
credibly stated to inhabit central Africa 
from Sierra Leone in the north to Loan­
go in the south. Living in the dense for­
ests of that region and avoiding the pres­
ence of man, gorillas are seldom to be 
met with. We have no authentic portrait 
of a live adult gorilla. In comparing the 
skeleton of the adult gorilla with that of 
man we find that the vertebral column 
offers slight and unimportant differ­
ences. The number of pairs of ribs is 13; 
in man it is usually 12, although occa­
sionally 13 are found. The cranium of 
the gorilla is very small in proportion to 
that of man. The contents of the small­
est skull of man is given at 62 cubic 
inches; that of an adult gorilla is given at 
34 cubic inches." 
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COUNT 
ON IT 

for 
versatility and ease of use. 

The Counter Balance™ 
... the popular priced scale that affords you 

"laboratory-type" accuracy. Separate Index 
strips included for ounces (X2 to 17). 
grams (1 to 500). jewelers troy (1 penny­
weight to 16 troy ounces) and postage. 

Money back if not satisfied ... 6 month 
limited warranty. $9.95 plus $1.05 postage. 
Send check today or use Visa or Master 
Charge. 

t 
Send 10 
Balancing Act Corp. 
Box 26820 
Tempe. Arizona 85282 
(602-967-5701 ) 

THE DOMINICAN REPUBUC 

'Relive the 16th Century 
while you vacation in style 

Come see the authentic restoration of the old 
Colonial city. The first Cathedral. The tomb of 
Columbus and the A1C32a!; proud palace of his 
son. The first hospital, first mint, rust university. 
Stay in style at the Hotel Santo Domingo, with 
gardens overlooking the Caribbean, tennis,pool, 
smashing night life. And � interiors � Oscar de Ia Renta. � 
'Hotel �� �n+o ILLi ... � GuIf+Westem Hoter. In 

• the DomInican Republic omlngo _'.�"&��C1"" 

Call Your Trawl Agent or 

HoteiRomana Hotel &1010 Domingo HispeniolaHotei 
Santiago Hotel and Golf Club Opening 1979 

Hugh Stevens Associates· 1 Gul.f+Westem Aaza. New York 10023 
800·223·6620 . (212) 333-4100 
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THE AUTHORS 
GEROLD YONAS ("Fusion Power 

with Particle Beams") is manager of the 
fusion-research department at Sandia 
Laboratories in Albuquerque. N. M. He 
obtained his bachelor's degree in en­
gineering physics at Cornell Universi­
ty and was then awarded a Guggen­
heim fellowship to do graduate work at 
the California Institute of Technology. 
While he was at Cal Tech he worked at 
the Jet Propulsion Laboratory as a se­
nior scientist in the fluid-physics group. 
After receiving his Ph.D. in 1966 he went 
to the Physics International Company 
to do research on high-current particle 
beams. In 1972 Yonas moved to Sandia 
Laboratories. where he is now the leader 
of some 100 investigators working on the 
application of intense electron and ion 
beams to controlled fusion reactions. 

P. JONATHAN G. BUTLER and 
AARON KLUG ("The Assembly of a 
Virus") are on the staff of the Medical 
Research Council Laboratory of Molec­
ular Biology in Cambridge, England. 
Butler was educated at the University of 
Cambridge, where he received his Ph.D. 
in 1967. Since then his interests have 
shifted from protein chemistry to the in­
teractions of proteins and nucleic acids. 
with viruses as a model system. Klug is 
joint head of the laboratory's division 
for structural studies. A native of South 
Africa. he received his bachelor's degree 
from the University of the Witwaters­
rand, his master's degree from the Uni­
versity of Cape Town and his Ph.D. 
from the University of Cambridge in 
1952. After an additional year at Cam­
bridge doing research on the physical 
biochemistry of hemoglobin he joined 
the crystallography laboratory in the de­
partment of physics at Birkbeck College 
of the University of London. where he 
studied virus structure in collaboration 
with Rosalind E. Franklin. From 1958 
through 1961 he was director of the Vi­
rus Research Project at Birkbeck Col­
lege, and in 1962 he moved to the Labo­
ratory of Molecular Biology. Klug's re­
search has centered on the development 
of X-ray-crystallographic and electron­
microscopic techniques and their ap­
plication to the structural analysis of 
tobacco-mosaic virus. transfer RNA. 
microtubules and chromatin. 

EBERHARD SPILLER and RALPH 
FEDER ("The Optics of Long-Wave­
length X Rays") are physicists on the 
staff of the Thomas J. Watson Research 
Center of the International Business 
Machines Corporation. A native of 
Germany. Spiller obtained his Ph.D. in 
physics from the University of Frank­
furt in 1964. After four years on the 
faculty there he came to I.B. M. He has 
done research in a variety of fields. in-

cluding semiconductors. laser physics, 
holography and integrated optics. Feder 
did his undergraduate work at Indiana 
University and then joined the staff of 
the Pitman Dunn Laboratory at the 
Frankford Arsenal in Philadelphia. He 
received his master's degree in physics 
from the University of Pennsylvania in 
1953. and after an Army fellowship at 
the University of Birmingham he joined 
the staff of the Watson Research Center. 
He is now working on an X-ray micro­
scope for use in the biological sciences. 

BREYNE ARLENE MOSKOWITZ· 
("The Acquisition of Language") is as­
sociate professor of linguistics at the 
University of California at Los Ange­
les. She did her undergraduate work at 
the University of Pennsylvania and re­
ceived her Ph.D. from the University of 
California at Berkeley in 1971. joining 
the U.C.L.A. facuity the following year. 
Moskowitz writes: " My primary non­
professional interests are wilderness and 
photography. I do a lot of backpacking 
in the Sierra Nevada and the California, 
Arizona and Utah deserts. and I have 
worked as a seasonal ranger-naturalist 
for the National Park Service." 

PAUL GORENSTEIN and WAL­
LACE TUCKER ("Rich Clusters of 
Galaxies") are astrophysicists, the for­
mer an experimentalist and the latter 
a theorist. Gorenstein is an associate 
of the Center for Astrophysics of the 
Harvard College Observatory and the 
Smithsonian Astrophysical Observato­
ry. He received his undergraduate train­
ing at Cornell University and his Ph.D. 
from the Massachusetts Institute of 
Technology in 1962. After spending a 
year in Italy on a Fulbright fellowship. 
he worked in the space-research division 
of American Science and Engineering. 
Inc., before joining the newly formed 
high-energy astrophysics division of the 
Center for Astrophysics in 1973. Goren­
stein is currently involved in the devel­
opment of an X-ray detector for the 
second orbiting high-energy astronomy 
observatory (HEAO-2). Tucker is a free­
lance astrophysicist living in Fallbrook. 
Calif. He studied at the University of 
Oklahoma and the University of Cali­
for!1ia at San Diego, which gave him a 
Ph.D. in 1966. After two years as assist­
ant professor of space sciences at Rice 
University. he worked at American Sci­
ence and Engineering. moving in 1971 
to southern California. In addition to 
his research in astrophysics Tucker is a 
part-time teacher, writer and farmer. 

LEONARD E. SAMUELS ("The 
Mechanisms of Abrasive Machining") 
is superintendent of the metallurgy divi­
sion of the Materials Research Labo-
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The birth and evolution of the universe ... 
colonies in space ... celestial masers ... the physics of 

the planet earth ... black holes �uasars, and the universe ... 

Sooner or later, all of the secrets of the heavens are revealed in the only book club of its kind, the 

(publishers' Prices shown) 

ronomy 0 
64125, THE NEW ASTRONOMY AND SPACE 
SCIENCE READER, Brandt and Maran. Collection 
of 44 articles. $15,00 

66535, OUR CHANGING UNIVERSE. John Grib­
bin. The extraordinary story of the new astronomy: 
quasars, pulsars, black holes, and more. $1l,95 

69305_ PLANETARY GEOLOGY. Nicholas M 
Short. Probes provide clues to questions concerning 
lunar and 81anetary origin, evolution and composition. 
Lavishly i lustrated. 521.95 

68735-2. PHY SICS OF THE E A RTH A N D  
PLANETS. B y  Alan H .  Cook. Fascinating look a t  the 
forces that shaped the earth, the mechanism of conti· 
nental drift, and much more. Counts as 2 of your 3 
books. $24.75 

83200-2. THEORETICAL PRINCIPLES IN AS· 
TROPHY SICS AND RELATIVITY. E dited by 
Norman Lebovitz el al. Detailed discussions of pul­
sars, black holes, gravitational collapse, and the 
mathematical foundations of relativity. Counts as 2 of 
your 3 books. $23.00 

79715. SPACE AND TIME IN THE MODERN 
UNIVERSE. PC.W. Davies. $13.95 

85660. U.S. OBSERVATORIES. H. T. Kirby-Smith. 
Describes equipment, background, and programs of 
hundreds of observatories. $11.95 

Take any 3 books 
(values to $86.40) 

for only $1.00 each 
if you wili join now for a trial period and 

agree to take 3 more books-at handsome 
discounts-over the next 12 months. 

40695. COSMOS, EARTH AND MAN: A Short 
History of the Universe. Preston Cloud. $14.95 

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

87200. THIS WILD ABYSS. Gale E. Christianson. 
The lives and achievements of such pioneers as Coper� 
nicus, Newton, and Kepler. $12.95 

70157. PRINCIPLES OF COSMOLOGY AND 
GRAVITATION. Michael Berry. Presents the current 
theoretical framework for the construction of the uni· 
verse. $16.95 

Special Astronomy Starter library 
Here's a carefully selected set of five books that 
will provide you with a basic, well-rounded as­
tronomy library. First. Henry L. Shipman's out­
standing THE RESTLESS UNIVERSE-a more 
than 450-page tour of the ideas, prindples, and 
processes of modem astronomy. contamlOg more 
than 250 illustrations and tables. Then, a marvel­
ously readable overview of the latest advances in 
the "new astronomy," Shipman's BLACK 
HOLES, QUASARS, AND THE UNIVERSE. 
Next, Richard S. Lewis's sweeping survey of 
man's place in space, FROM VINLAND TO 
MARS. Then an unequaled field guide to the 
heavens. WHITNEY'S STAR FINDER. Finally. 
a jusl-J;�ublished reference that's going to become a 
" must • for any astronomy reader, the hUle, sumt· 

t'Op�tJ�I�s�ar�S�������E
Pu��h�rs

: 

price for 5-book set: $86.40. To order check SPE· 
CIAL ASTRONOMY STARTER LIBRARY on 
your coupon. Counts as 3 of your 3 books. 

36395. BLACK HOLES, QUASARS AND THE 
UNIVERSE. Henry L. Shipman. Absorbing exylora· 
tion of the frontiers of astronomy. $14.50 

53585. A HOUSE IN SPACE. Henry S. F. Cooper. Jr. 
Sky lab's uni�e experiments and observations as well ���

e
�
.
ehind-t e-scenes look at the astronauts' e$r.9� 

87111. WHITNEY'S STAR FINDER. The most use­
ful field guide to the dark night sky ever publ���:

S 

35740. THE BEGINNER'S GUIDE TO THE 
SKIES. C.H Cleminshaw. A month-by-month hand­
book for stargazers and planet watchers. $7.95 

34750. THE ATLAS OF MERCURY. Cross and 
Moore. $10.00 

37211·2. THE CAMBRIDGE ENCY CLOPAEDIA 
OF ASTRONOMY. Huge, definitive work covers ev­
erything from the life and death cycles of the stars to the 
ongin and fate of the cosmos. Hundreds of photographs, 
charts and drawings. Counts as Z of your 3 books. 

$35.00 

37383. CELESTIAL MASERS. Alan H. Cook. 
$15.95 

39560. COLONIES IN SPACE. T A. Heppenheimer. 
100 illustrations. $12.95 

47400. EY ES ON THE UNIVERSE. Isaac Asimov. 
The history of the telescope. $8.95 

48601. THE FIRST THREE MINUTES/THE 
COLLAPSING UNIVERSE. First, a particle physi­
cist analyzes the first few minutes following the Big 
Bang. Then Isaac Asimov investigates such frontiers 
of astronomy as black holes, pulsars, and quasars. The 
Z count as one book. $17.90 

49240. FROM VINLAND TO MARS. Richard S. 
Lewis. Sweeping survey of man's place in space today 
and how he arrived there. $15.00 

59800. MAN DISCOVERS THE GALAXIES. 
Richard E. Berendeen et al. A study of what is known 
about the galaxies, and how we came to know it. Over 
200 illustrations. $15.95 

73940. THE RESTLESS UNIVERSE. Henry L. 
Shipman. A highly acclaimed 450-page tourorthe ideas, 
principles, and process of modern astronomy. $15.95 

If reply card is missing, please write to 
Astronomy Book Club, Dept. L·A2D 

Riverside, N.J. 08370 to obtain memhership 
infonnation and an application. 
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.. Highly recommended since it is full of helpful information, is much more than a calendar, 
and is well worth the price." -Journal of the Assoc. of Lunar and Planetary Observers 

ASTRONOMICAL CALENDAR 1979 by Guy Ottewell 
This large, clear, attractive, multi-level book will show you what can be seen in the sky 
now -the date when you want to look. It is a self-teaching guide to the constellations, the 
movements of planets and comets, the satellites of Jupiter, meteor-showers, eclipses, 
double stars in their orbits, star lore, space exploration, and a great deal else. It is an ideal 
Christmas gift. 

The previous annual volumes are in use in 60 countries, by several thousand colleges, 
schools, observatories, planetariums, nature centers, and clubs, and by a devoted public 
ranging from young beginners to skilled observers. 

11 xIS in., 60 p., richly illustrated. 

$6.00 plus 75¢ shipping (bulk, dealer, and air rates on request)from Astrocalendar, 
Physics Dept., Furman University, GreenviUe, S.C. 29613, U.S.A. Please make check 
payable to Astrocalendar. 

The other leading dictionary puts tutu under T, but relegates Tut­
ankhamen to an appendix, and illustrates neither. You'll find them 
more easily-in alphabetical order-in The American Heritage 
Dictionary, along with a striking photograph of each. Photo­
graphs are unique to this complete contemporary dictionary, as 
are hundreds of usage notes, based on the opinions of a panel of 
140 experts, led by Edwin Newman. Compare dictionaries. The 
only one with distinct opinions about how to use words offers 
some distinct advantages. From $9.95. 

-__ Choose the best of all possible words. __ _ 
Published by Houghton Mifflin Company -Two Park Street. Boston, Mass. 02107 
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ratories of the Australian Department 
of Defence. A fourth-generation Aus­
tralian, he was educated at Melbourne 
University, where he obtained his doc­
tor of science degree in metallurgical en­
gineering in 1958. His interest in abra­
sive machining began with efforts to 
improve methods of preparing surfaces 
of metals for microscopic examination, 
which led to the realization that it is nec­
essary to understand how abrasive ma­
chining works and what it does to the 
surface of the metal. In 1976 Samuels 
was Battelle Visiting Professor at Ohio 
State University. 

ARYEH ROUTTENBERG ("The 
Reward System of the Brain") is profes­
sor of psychology and biological sci­
ences and director of the neurosciences 
program at Northwestern University. 
He received his bachelor's degree in psy­
chology at McGill University, where he 
studied physiological psychology with 
Peter Milner. He then did graduate 
work at the University of Michigan un­
der James Olds, earning his Ph.D. in 
1965. Routtenberg writes: "Olds's in­
tense interest in the biological signifi­
cance of brain reward convinced me 
that these neural substrates playa key 
role in behavior, particularly in memo­
ry. As my interest in the anatomical ba­
sis of memory has developed I have de­
voted increasing effort to the study of 
brain proteins that may participate in 
memory formation." 

FREDERICK J. HOOVEN ("The 
Wright Brothers' Flight-Control Sys­
tem") is professor of engineering at the 
Thayer School of Engineering of Dart­
mouth College. He studied aeronautical 
and mechanical engineering at the Mas­
sachusetts Institute of Technology, re­
ceiving his bachelor's degree in 1927, 
and then worked for the General Mo­
tors Research Laboratory and the Army 
Air Corps. With no jobs available in the 
early 1930's, he independently under­
took the development of an aircraft ra­
dio direction finder, which he completed 
as vice-president and chief engineer of 
the radio-products division of the Ben­
dix Aviation Corporation. From 1937 
to 1956 he worked as an independent 
consultant and inventor and collaborat­
ed in the development of the first suc­
cessful heart-lung machine. In 1956 he 
joined the Ford Motor Company as 
an executive engineer for advanced au­
tomobile products. On his retirement 
from Ford in 1967 he joined the faculty 
of the Thayer School. Hooven has some 
40 patents on automotive suspensions 
and power trains, automotive and air­
craft ignition, aircraft radio navigation, 
electronic phototypesetting and digital­
ly controlled machinery and instrumen­
tation. He is also the winner of the du­
ration event in the First International 
Paper Airplane Competition, which was 
held by SCIENTIFIC AMERICAN in 1967. 
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This spring and summer, our LCD Alarm 
Chronograph was a runaway best seller. It's 
sold out in fact. For this reason, we've improved 
it. Made it even bolder and more exciting, with 
'extra convenience features and for less money! 

How? By placing one of the largest watch 
orders in our history . .. and passing the quan­
tity savings along to you. 

Truly Extraordinary 
This new LCD Alarm Chronograph is truly 

extraordinary. It does more and does it better 
than any other watch. With an impressive, 
dramatic appearance that reflects its uncom­
mon ability. 

Remarkable Value 
The only thing about it that's not extravagant 

is its price. It's actually over $200.00 less than 
the nationally advertised watch that comes 
close to its usefulness and accuracy. 

Correct ti me 
is 6:53.44 
on Tuesday 

Quartz Crystal Time. _ .  The LCD Alarm 
Chronograph gives you accuracy to ± 60 sec­
onds a year. Quartz crystal accuracy that would 
have been considered sensational per month in 
earlier micro-electronic watches. And is still not 
available in models selling for as much as 
$500.00 to $1000.00. 
The Electronic Calendar . . .  So you always 
have exactly the right time on display-the 
hours, minutes and running seconds, plus the 
day of the week. Then, at a touch, you can 
replace the time with the month and date. Of 
course, the electronic calendar adjusts au­
tomatically for the number of days in the month. 
Then, so you can see when it's dim or you're in 
the dark, the face lights up. 

24 Hour Alarm 

Correct 
date is 
August 8th 

Of all the features available in digital watches 
today, an alarm system like this is the one that's 
most wanted. And no wonder. It will wake you; 
remind you of your appointments, phone calls 
and meetings (or break one up that's been 
going on too long). It's really important enough 
all by itself to warrant your getting a new watch. 

You can set this alarm for any minute of any 
hour. Day or night. In all, 1440 positions are 
available-easily and instantly. Then, unless 
you change or deactivate it, the alarm will 
sound for a full minute at the same time every 
day. With an insistent, though pleasant, beep. 
When the alarm is set, an A appears on the 
face. To check the time it'll go off, just touch the 
alarm button. 

P---11.a Set to 
ring at 
11:45 P.M. 

The Chronograph System 
As to the chronograph, or split-second timer, 

it's preCision is so fine, it borders on the in­
finitesimal. Imagine, it enables you to time an 
event for up to an hour to one-hundredth of a 
second .. . and beyond that, for a full 24 hours, 
to the second! On top of which, you can time an 
event in memory, keeping the regular time of 
display until you need the chronograph 
readout. Then, as you'll see in the explanation 
to the far right, the chronograph measures or 
stops time, in an extraordinary variety of ways. 

This exceptional versatility makes the LCD 
Alarm Chronograph with its highly sophisti­
cated micro-computer chip the ideal instrument 
for doctors, pilots, motion picture directors and 
photographers, sound and efficiency en­
gineers, sportsmen of course, and every 
executive who wants the ability to command 
time to stand still. 

Only $70 
Right now, only the Seiko among nationally 

advertised brands has all these features. And it 
regularly sells for $299.95. Well over two 
hundred dollars more-even though its 
chronograph is accurate to only a tenth of a 
second. 

This incomparable value (proved after 
exhaustive quality control tests) is what really 
impressed us. And we're one of the oldest and 
largest mail merchandisers in America. 

30 Day Trial 
What is more, buying by mail, you can prove 

all this to your own satisfaction without risking 
one cent. You have thirty days to put the LCD 
Alarm Chronograph to the test-to confirm it 
won't gain or lose five seconds a month, prove 
the convenience of the alarm, satiSfy yourself 
that the LCD Alarm Chronograph is as useful 
as it is easy to operate. More, to compare it with 
any watch at any price, and to send it back for a 
complete refund if the value is .not as great as 
we say, if it doesn't arouse the admiration and 
fascination of your friends, win your own plea­
sure and satisfaction. 

Silver-tone or gold plated 
So order your LCD Alarm Chronograph to­

day. The price, including shipping, handling, 
insurance and a handsome gift case is just 
$70.00 with chrome case and stainless steel 
bracelet, or $80.00 in gold plated case and 

bracelet. Your watch comes with a full ONE 
YEAR Limited Warranty. Remember, too, the 
printed circuitry eliminates all moving parts and 
normal servicing, and assures you of years of 
trouble-free performance. 

800-325-6400 
OPERATOR #19 

(Missouri residents call 800-342-6600) 
In operation 7 days a week 

To order by credit card, call the toll free 
number above. Send your check to Douglas 
Dunhill at the address below. (N ew York and 
Illinois residents add the appropriate sales tax.) 

The Multi-Function Chronograph System 
No other instrument, at any price, gives you greater 

precision than the 1/10Oth of a second accuracy of the 
new LCD Alarm Chronograph, or greater versatility 
and flexibility in timing an event .from a fraction of a 
second to 24 hours. Only with the micro-electronic 
revolution could you have a multi-function chronog­
raph, a chronograph that can be put in memory, in a 
sleek, thin, superbly styled timepiece like this. 

II s...tI!ITu: THFRS. ,I Timed to 

SY: I Y B S 54 minutes and 
14.85 seconds 

#1 Add Time • . .  is the stop watch mode. You'lI use rt 
to time everything from a phone call to the length of a 
meeting. How long your car's been at a parking meter, 
the time you've been jogging or exercising, even the 
time it takes a quarterback to set up and throw. With 
Add Time, you can stop when nec.essary, like a time 
out in basketball, and start again when the action 
begins. Try it the next time you prepare a speech. 
#2 Split Time . . . is the mode you'lI use to get the time 
of each contestant across the finish line, or to get the 
time for the V. or the '12 or any interim. On Split Time 
the chronograph is actually stopped and running at 
the same time, so you can use it to figure the time of a 
pit stop, for example, and still get the over-all time of 
the race. 
#3 Twin Timing . . .  Most extraordinary of all, you can 
actually combine these functions, using your chrono­
graph as both a stopwatch and split timer. For exam­
ple, a television producer would start timing a show, 
he then stops and starts the chronograph to get the 
time of the commercial, writes down the figure, and 
starts the chronograph again, which jumps ahead to 
the total elapsed time. With an ordinary or analog 
stopwatch, you'd need two sets of hands to do this­
and would probably have to pay more for just a stop­
watch than for the LCD Alarm Chronograph. 

You'll find the chronograph so easy to use, you'll 
master it 'in minutes, and in days find innumerable 
business and personal uses. Take 30 days to prove it 
to yourself. 

Be sure to specify white or gold, You'll have the pre­
cise time, absolute control over time, plus ample warn­
ing when it's time to do anything. And the pride that 
comes with wearing a watch that's second to none. 

© Douglas Dunhltllnc 1978 

if lil� De� "-",, 
,,� (- 4225 Frontage Road 

�qDABLE auF'''' Oak Forest, IL 60452 
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MATHEMATICAL 
GAMES 

In which a mathematical aesthetic 
is applied to modern minimal art 

by Martin Gardner 

"Its chief merit is its Simplicity-a 
Simplicity so pure. so profound. in a 
word. so simple. that no other word will 
fitly describe it." 

-LEWIS CARROLL. The New Belfry 
of Christ Church. Oxford 

M
odern art. particularly in the 

U.S .. is in such a disheveled 
state that almost any kind of 

art-good or bad. traditional or avant­
garde. serious or put-on-gets dis­
played. praised. condemned and even 
bought. In painting. for reasons over 
which critics wrangle. there is a strong 
movement toward realism. but in sculp­
ture most of the movement seems to be 
in the opposite direction. Not that real­
ism has not invaded the three-dimen­
sional art world as well! Some 15 years 
ago George Segal started making his 
plaster-cast models of human figures. at 
first painted all white and later in bright 
colors. Now Duane E. Hanson has car­
ried realistic sculpture to its ultimate by 
creating life-size waxworks of men and 
women that are the 3 -space analogues 
of color photographs. The main trend. 
however. at least with respect to the out­
door sculpture found in parks and in 
front of buildings. has been in the ab­
stract direction of minimal art. 

Minimal sculpture is sculpture re­
duced to extremely simple. nonobjec­
tive forms. Junkyard art may be mini­
mal in terms of the cost of materials. but 
its form is usually quite complex. A 
piece of driftwood art may be minimal 
in terms of the artist's efforts. but it also 
is much too complicated to be called 
minimal. True minimal art-the geo­
metric shapes one now sees in public 
places-suggests. as Hilton Kramer of 
The New York Times has put it. "the at­
mosphere of the assembly line. the engi­
neering laboratory. the drafting table 
and the plastics factory." To Kramer's 
list I should like to add: illustrations in 
books on mathematics. in particular 
books on recreational solid geometry. 
This month we take a look at some areas 
where minimal sculpture and geometri­
cal play overlap. 

Let us begin with the minimal tech-
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nique that consists in cutting metal 
sheets. folding them and perhaps paint­
ing them. Picasso's rust-colored 5 0-foot 
work that stands in the plaza of Chica­
go's Civic Center is a striking example 
of the genre. It was first modeled as a 
folded cardboard cutout. but it is not 
really minimal because it has two pupils 
(although only one eye) and what seem 
to be two nostril holes. Picasso's Bust of 
Sylvie, standing 30 feet high on Bleecker 
Street in New York, is more obviously a 
woman's face. although it too was mod­
eled as a cutout. Completely nonobjec­
tive realizations of the technique in 
many colors and varieties have been cre­
ated by minimalists all over the world. 

The top illustration on page 28 shows 
a proposal for a public monument of the 
same type. Study it carefully. Is it possi­
ble to construct a model of this form by 
taking an ordinary file card, snipping it 
with scissors and folding it. or is it neces­
sary to glue it along certain edges? I do 
not know the origin of this marvelous 
new test of one's ability to think in 3-
space. I first heard of it from Kim Iles. 
who teaches forestry at the University 
of British Columbia. He in turn heard it 
from a visiting Russian professor of for­
estry, who had seen it in an entrance 
examination for the school of architec­
ture at the University of Leningrad. 

The form has come to be called a hy­
percard. Magicians have learned of it 
and have made it the basis for a number 
of magic tricks. (See the article "Hyper­
card, " by Karl Fulves, in the first issue 
of Fulves' new magic periodical The 
Chronicles, available through magic 
shops.) The hypercard is also the basis 
for an amusing party game. Place a 
large model of the card in the center of 
the floor. The players may view it from 
any angle but are not allowed to touch 
it. Each player is given one file card and 
a pair of scissors, and a prize goes to the 
first player who comes up with a replica 
of the model. It is surprising how many 
people decide the task is impossible. 

Another popular minimal-sculpture 
technique consists in simply building a 
large model of a polyhedron. Of recent 
works of this type one of the best-known 

is Cigarette, a huge, twisted black pply­
hedral prism designed by minimalist 
Tony Smith of South Orange, N.J. 
There is a cartoon by David Levine 
(New York Review of Books, September 
26. 1968) that shows the Mary of Mi­
chelangelo's Pieta holding on her lap the 
limp form of a polyhedron that looks 
suspiciously like Smith's Cigarette. 

Some minimalists like to reproduce 
an ordinary cube. although their models 
are usually colored with a spray gun and 
tipped at an angle so that no one will 
suppose they are merely the pedestal of 
a work still to come. Many more choose 
to work with a number of cubes stuck 
together at their faces. Regular readers 
of this department will at once recog­
nize such forms as polycubes. I have of­
ten thought that Piet Hein's Soma cube. 
which consists of six tetracubes and one 
tricube, would make a fascinating piece 
of outdoor minimal sculpture. Each 
month its overall polygonal shape could 
be altered, although the pieces would 
have to be locked together in some way 
to prevent theft. (For a further discus­
sion of the Soma cube and other poly­
cube puzzles see this department for 
September, 1972.) 

A polycube consisting of eight cubes 
arranged in a I-by-2-by-4 rectangular 
parallelepiped is known as the canonical 
brick. This department for February. 
1976, was devoted mainly to problems 
about the packing of canonical bricks 
into boxes. As far as I know the first 
sculptor to use canonical bricks in a 
wor k of art was the New Y or k minimal­
ist Carl Andre. In 1976 the Tate Gallery 
in London displayed a work by Andre 
that consisted of 120 ordinary bricks 
(not quite canonical. but close to it) 
packed into a rectangular parallelepiped 
two bricks high. six wide and 10 long. 
The bricks had been shipped to the Tate 
by Andre with "directions" for their as­
sembly. Most viewers considered the 
work nothing more than a "pile of 
bricks," and London newspapers had a 
field day when it was disclosed that the 
Tate had paid Andre $ 12,000 for it. 
John Russell of The New York Times de­
fended the work for its "order. resolu­
tion and ... absolute simplicity," for its 
"clarity of intention" and for the "frank 
and unambiguous way in which the ma­
terials are assembled." An Andre, said 
Russell, "just lies there and minds its 
own business." 

To mathematicians. however, An­
dre's pile of bricks minds decidedly dull 
business. They can think of all kinds of 
ways of packing polycubes that are just 
as pleasing aesthetically and have the 
added merit of being interesting. For ex­
ample, consider the three-dimensional 
form of the flat Y pentomino. The rec­
tangle of smallest area (5 by 10) that can 
be packed with Y pentominoes is shown 
at the left in the middle illustration on 
page 28. If the pentomino is given a unit 
thickness, so that it becomes a solid of 
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"FOR THE MONEY, WE 
THAT CAN mUCH IT." 
------CIJ 

Here areexcerptsIrom ROAD&TRACK Magazines 56.8 mph. This is ... nearly 4 mph better than the 
December, 1971 road test report on the Audi 5()(){): Peugeot 604 Quly, 1977):' 

------------�OOOD�·------------
'� .. the 5000 is considerably less expensive than 

the cars it is most similar to: BMW 530i...or the '� . . damned impressive on the test track and on the 

Mercedes-Benz 230 ... or even the 280E .. �' road and should have little trouble keeping up with 

------------�OOOD�-----------
or even surpassing other more expensive sedans�' 

"Our subjective seat-of-the-pants impressions of 
------------�OOOD�-----------

the 5000's handling were borne out by our 700-ft. "The ride is comfortable on every surface and 
slalom test where the car turned in a speed of there is plenty of wheel travel to allow dips and 
':'Suggested retail price $8780 P.O.E. Transp., local taxes and dealer delivery charges additional. Metallic paint, additional. 
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DON'T SEE THING 
-ROAD AND TRACK, ON THE AUDI 5000 

D�----

culverts to be taken at speed without upsetting the 
Audi's aplomb�' 

------------�OOOD�-----------
"The optional air conditioning is almost too ef­

fective and will blow gobs of truly cold air almost 
immediately. The heater, too , is quite efficient .. �' 

-------------OOOD�-----------
"The 5000 can double as a comfortable and luxuri­

ous family sedan capable of hauling five people for 
long distances and as a sports sedan that will pro-

vide a great deal of driving entertainment . And for 
the money, we don't see anything that can touch it�' 

Why is ROAD & TRACK NJagazine impressed with 
the Audi 5000? Test drive it at your Porsche +Audi 
dealer and find out why. The Audi 5000 prices st art 
at $8780.':' 

PORSCHE+AUDI 
Nothing Even Comes Close 

\ 
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COULDTHf CAR YOU'RE 
DRIVING MSSTHISTfSJ? 

Spc!re and tools in trunk. 
Interior and ashtrays clean. 

Wipers and washers okay. 
Glass clean. Seat belts, radio, horn, air conditioner 

and heater working. 

We feature GM cars like this Pontiac Grand Prix. 

Tires okay. Brakes, lights 
and turn signals okay. 

Before we rent you a car at National, the Big Your family car probably gets inspected once or 
Green Team checks it out from top to bottom. twice a year at best. But at National our goal is to 

Tires. Brakes. Wipers-all ten items on our check out every single car every single time we rent it. 
exclusive Maintenance Check- .�!I!!!!!I!I!!!!II. To reserve a car simply see 
List. T hen a member of the team your travel consultant or call us 
signs the Check-List and hangs toll-free 800-328-4567 In Minne-
it from the mirror. sota 800-862-6064. In Canada 

It's your assurance in writing call collect 612-830-2345. 
that the car you've rented is in 
top overall condition. rHE BIG GREEN 'IfAM 

r.I:I We offer S&H Stamp Certificates � on rentals in all 50 U.S. states. 

© 1978, National Car Rental System, Inc. In Canada it's Tilden. In Europe, Africa and the Middle East it's Europcar 
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five joined cubes, it is called the Y pen­
tacube. What rectangular boxes can 
be fully packed (without holes) using Y 
pentacubes? 

To be fully packable a box must of 
course have a volume in unit cubes that 
is a multiple of 5 .  No fully packable box 
of volume 5p exists, where the number 
of Ypentacubesp is a prime. In 1970 C. 
J. Bouwkamp and David A. Klamer re­
ported on the results of a computer pro­
gram that found all the boxes that can be 
fully packed with 25 or fewer Y penta­
cubes. The smallest is the I-by-5-by-l0 
box. One of its four possible packings is 
shown at the left in the middle illustra­
tion on the next page. There are three 
other boxes with the same volume, but 
none is packable. 

The smallest cubical box, and the only 
box of volume 125, that can be fully 
packed with Y's is the 5-by-5-by-5 cube. 
If the reader will take the trouble to 
make 25 Y pentacubes, he will find as­
sembling them into a cube is a splendid 
puzzle. The solution partly given at the 
right in the middle illustration on the 
next page is one Klamer found by hand 
before the computer program printed 
hundreds of other solutions. If Andre's 
Tate Gallery work had been a cube 
composed of 25 Ypentacubes instead of 
a rectangular parallelepiped of 120 oc­
tacubes, it would have required a more 
detailed set of assembly instructions. 
but at least it would have intrigued 
mathematicians. 

Lewis Carroll' is among those who 
have felt that an ordinary cube is too 
minimal to have much aesthetic value, 
and no one has been funnier in the writ­
ten criticism of such art. In 1872 a new 
belfry was designed to house the bells 
that had been removed from the cathe­
dral of Christ Church, Oxford, where 
Charles L. Dodgson taught mathemat­
ics. The belfry, placed over an elegant 
staircase leading to the hall at a corner 
of the Great Quadrangle, was nothing 
more than a simple wood cube. The de­
sign so annoyed Dodgson that he pri­
vately published a monograph on the 
subject titled The New Belfry of Christ 
Church, Oxford. The title is followed by 
a line from Keats: "A thing of beauty 
is a joy forever." Below the quotation 
Dodgson drew a picture of a square and 
captioned it: "East view of the new Bel­
fry, Ch. Ch., as seen from the Meadow." 

Dodgson opens his monograph with a 
note of etymology. The word "belfry," 
he writes, is from the French bel, mean­
ing "beautiful. becoming. meet," and 
the German /rei, meaning "free, unfet­
tered, secure, safe." Therefore it is 
equivalent to "meatsafe," an object to 
which the belfry bears a perfect resem­
blance. Dodgson also speculates on why 
the design was chosen: Some say a 
chemistry student suggested it as a mod­
el of a crystal. but others affirm that a 
lecturer in mathematics found the de­
sign in the eleventh book of Euclid. The 

Drawing of Max Bill's Construction from a Circular Ring 

Minimal sculpture by Mitsumasa Anno 
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Design for a minimal-sculpture monument 

Y pentominoes Oeft) and Y pentacubes (right) 

The Szilassi toroidal polyhedron 

28 

true story, says Dodgson, is that the bel­
fry was designed by a wandering archi­
tect, now in a mental institution, who 
took his inspiration from a tea chest. 

To get the best view of the belfry 
Dodgson recommends looking at it 
from one corner, so that one can see the 
edges of the cube converge in perspec­
tive on a vanishing point. This view 
gives rise to his happy thought: "Would 
that it were on the point of vanishing." 
Next one should make a: slow circuit 
around the quadrangle, "drinking in 
new visions of beauty at every step," and 
then walk slowly away until one experi­
ences "the delicious sensation of relief" 
when the belfry is no longer visible. 

The belfry's stunning design, Dodg­
son continues, has already inspired 
manufacturers. Two builders of bathing 
machines at Ramsgate are making their 
machines cubical, and there is now a 
bar of soap "cut in the same striking 
and symmetrical form." He has been 
told that Borwick's Baking Powder and 
Thorley's Food for Cattle are sold in no 
other shape, and he proposes that at the 
next Gaudy Night banquet each guest 
be given a "portable model of the new 
Belfry, tastefully executed in cheese." 
There is much more, including syllo­
gisms, a dramatic skit and parodies of 
passages from famous poems. The com­
plete monograph, along with Dodgson's 
drawing of the belfry, is reprinted in the 
Dover paperback Diversions and Digres­
sions of Lewis Carroll. An introduction 
explains some of !he monograph's in­
side jokes and topical allusions. 

A remarkable polyhedron that would 
make a work of minimal sculpture far 
more interesting than a cube was discov­
ered in 1977 by Lajos Szilassi, a Hun­
garian mathematician. It is a seven­
faced toroidal polyhedron, that is, all its 
faces are polygons and it is topological­
ly equivalent to a doughnut. It shares 
with the tetrahedron the extraordinary 
property that every pair of faces have an 
edge in common. Until Szilassi's com­
puter program found the structure it 
was not known that it could exist. 

In this department for May, 1975, I 
described a 14-faced polyhedron that 
was discovered in the late 1940's by an­
other Hungarian, Akos Csaszar. The 
Csaszar and Szilassi polyhedrons are 
closely related. The Csaszar polyhe­
dron is also a toroid, and it shares with 
the tetrahedron the property of having 
no diagonals. The Szilassi polyhedron 
is the topological dual of the Csaszar 
polyhedron: the two have the same 
number of edges (21), but in the Szilassi 
polyhedron the 14 faces of the Csaszar 
polyhedron have been replaced by 14 
vertexes and the seven vertexes of the 
Csaszar polyhedron have been replaced 
by seven faces. The bottom illustration 
at the left shows what the Szilassi poly­
hedron looks like. Note that the hole is 
unusually large and that there are three 
pairs of congruent faces. For readers 
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who wish to make a model of the Szilas­
si polyhedron E. N. Gilbert of Bell Lab­
oratories has provided the patterns for 
all seven faces shown in the illustration 
below. Each pair of congruent faces can 
be cut as a single piece and folded along 
their common edge. 

The most delightful aspect of the Szi­
lassi polyhedron is that it shows how a 
seven-color map can be drawn on a to­
rus, that is, a map that must be colored 
with seven colors so that no two adja­
cent regions are the same color. On the 
plane or on a solid topologically equiva-
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lent to a sphere the largest number of 
regions that can be mutually adjacent is 
four, a fact displayed by the four faces 
of a tetrahedron. On the torus the corre­
sponding chromatic number is seven. 
Color each face of the Szilassi toroid a 
different color and then imagine the to­
roid inflated to the shape of a doughnut. 
The surface will be covered with a sev­
en-region map requiring seven colors. 

Minimal sculpture is not, of course, 
limited to polyhedrons. Constantin 
Brancusi's Bird in Space is a well-known 
early example of free-form minimal 

Patterns lor the laces 0/ the Szilassi polyhedron 

sculpture. Many other sculptors have 
created simple structures with curved 
lines that have mathematically interest­
ing properties. Eero Saarinen's mam­
moth Gateway Arch, which dominates 
the skyline of St. Louis, comes at once to 
mind. It has the form of an inverted cat­
enary, the curve assumed by a chain 
when it is held at the ends and allowed to 
hang in a loop. 

For the past 40 years no artist has 
been more influenced by mathematical 
concepts than the Swiss artist Max Bill, 
as is shown by his hard-edge painting 
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and minimal sculpture. Bill's fascina­
tion with topology is reflected in dozens 
of works featuring curved surfaces that 
like the Mobius strip are one-sided. 
Many of his constructions are strange 
but oddly pleasing dissections of a sim­
ple solid, such as a torus, a sphere or a 
cube, into two congruent parts. For ex­
ample, in the work shown in the top il­
lustration on page 27 Bill cut a black 
diorite torus in half and then balanced 
one part on the other. 

Bill also executed a series of five 
works, each of which is based on a dif-. 
ferent way of cutting a sphere into two 
identical parts. Bill may not have been 
aware of it, but one of the works, the 
gray granite Half Sphere around Two 
Axes, is based on an old folk method of 
quickly slicing an apple into congruent 
halves. A half sphere cut by this method 
is shown in the illustration below. It is 
not as easy to make as it looks. Make a 
vertical cut halfway through the center 
of the .top of a sphere. Turn the sphere 
over and make a second halfway cut, 
perpendicular to the first, through the 
center of the bottom of the sphere. Now 
make two horizontal cuts through di­
agonally opposite quarter sectors of 
the sphere's. equatorial disk. The half 
sphere shown in the illustration is one 
'of the two identical halves that result. 
Note how it suggests a three-dimension­
al version of the yin-yang bisection of a 
circle into asymmetric, congruent parts. 

I close with a truly wondrous example 
of minimal sculpture designed by Mi­
tsumasa Anno, a Japanese graphic art-

ist. The bottom illustration on page 27 
shows a work from his latest book, Anno 
1968-1977. A huge marble version of 
this mysteriously truncated cube would 
make an appropriate monument for the 
sunny grounds of California's Stanford 
Research Institute. It would symbolize 
the management's faith in the military 
applications of the continuing research 
on clairvoyance by their two most fa­
mous paraphysicists, Harold Puthoff 
and Russell Targ. 

Here are the answers to last month's 
problems about Egyptian frac­

tions: 
1. The only solution is the expansion 

1 = 1/2 + 1/3 + 1/6. 
2. The expansion is 671120 = 113 + 

118+1110. 
3. The expansion is 8/11 = 112 + 

115 + 1137 + 114,070. 
4. The smallest value for b is 5. The 

greedy algorithm gives the expansion 
3/5 = 119 + 11113 + 1125.425, but 
there is also the expansion 3125 = 
1110 + 1150. 

Tast month I gave 1976 as the date 
L of the discovery of the five ways 
of expanding 1 to a sum of nine Egyp­
tian fractions with odd denominators. 
Sin Hitotumatu, who translates this de­
partment for the Japanese edition of 
SCIENTIFIC AMERICAN. sent me a 1971 pa­
per that gives the five expansions. These 
earlier results are the work of S. Yama­
shita, one of Japan's most skillful com­
puter programmers. 

Half of a sphere 
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Intro ducing Americas 
great new Efficiency Machine: 

()ldsC=utlassSalon 

Space Efficiency 
Inside, Salon is engi­
neered for lots of 
headroom: 3S.7" in 
front, 37.7" in back. 
Lots of legroom: 
42.S" up front, 
3S.0" in back. And 
plenty of rear hip­
room, thanks to armrests tucked in the doors. And 
lots of comfort, in a solid Body by Fisher. 

Outside, Salon is engineered to be lean and trim. 
One nimble machine on the road. Try it. Maneuver it 
through city traffic. Zip in and out of a few tight 
parking spots. You'll like its response. 

Space efficiency applies to the trunk as well. Its 16.1 
cubic feet have been designed with the compact spare 
tire standing to 
the side, out of 
the way, to ac­
commodate big 
pieces of luggage. 

Fuel 
Salon offers outstanding 
fuel economy because only 
Oldsmobile offers you a 
new diesel VS designed es­
pecially for mid-size cars! 

With the newly available 
4.3-litre diesel VS and auto­
matic transmission, the EPA 
ratings are a whopping 32 
mpg highway, 24 mpg city! 
Or choose from a range of gasoline engines, including 
the standard 3.S-litre (231 CID) V6 or the available 
4.3-litre (260 CID) VS with a 5-speed 
overdrive transmission (except Calif.). 

All EPA ratings are estimates, of course, and your 
mileage may vary depending on how you drive, your 
car's condition and equipment. Salons are equipped 
with GM-built engines produced by various divisions. 
See your dealer for details. 

Cutlass Salon-America's great new Efficiency 
Machine. Test-drive it todaY'$ 

I, ;j ;; V/, (//J3i if.i ..... "'" fi!V .�""'...."...;' 

Have one built for you. 
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BOOKS 

The history of salt, the rIse of the "chip" 

and how the Indians lost faith in their game 

by Philip Morrison 

N
EPTUNE'S GIFT: A HISTORY OF 

COMMON SALT. by Robert P. 
Multhauf. The Johns Hopkins 

University Press ($22.50). Not so much 
the pawning of the gleaming gems of 
Isabella as the annual harvest of coarse 
crystals of sea salt is likely to have fi­
nanced the voyages of Columbus. There 
is a shallow lake on the White Coast of 
Spain. not far from Alicante. that fills 
with seawater in the winter storms and 
dries in summer to "a mass of salt." Its 
wealthy owners invested in the daring 
venture onto the Ocean Sea (to recipro­
cate in some way that gift of Neptune?). 

The sea around us is the ultimate 
source of all common salt. immediately 
or after a long delay. Humanity has al­
ways demanded' its salt. Blood. sweat 
and tears are salty. but of course so is the 
food we eat. Tradition and experience 
suggest. if direct data do not yet con­
firm. the view that herbivores and agri­
cultural man. but not carnivores and 
hunters. need added salt. A universal 
craving for salt is undeniable. "perhaps 
as the primordial narcotic." The buffalo 
tracks to the salt licks were virtual road­
ways. The Anasazi mined rock salt in 
Arizona 1.000 years ago. and the Neo­
lithic salt miners of Hallstatt were al­
ready flooded out by the La Tene peri­
od. The Chinese have taken brine from 
deep-drilled wells in Szechwan since the 
Han period or before. We Americans 
still carry about five kilograms per head 
of the white crystals home each year 
from the supermarket. We use as much 
again in salting fish and meat for the 
table. and about the same amount is of­
fered to our livestock. mixed with their 
feed or as delicious blocks to lick. That 
totals about four and a half million tons. 
a substantial trade. the modern survival 
of an ancient worldwide industry offer­
ing revenues to the state and engaging 
many workers over the entire history of 
society. 

But salt is not to be understood by the 
culinary needs that are so patent and so 
romantically ancient. In about 1850 the 
world of salt began its transformation. 
by now complete. into the chief nonfuel 
material of the chemical industry. af­
ter air and water. Neptune's Gift. written 
by a reflective and learned historian of 

chemistry. documents the entire story. 
one of "unlimited demand. inexhaust­
ible supply." a tale with plainly caution­
ary implications. 

For every pound of salt for the table 
and the feedlot we spread nearly two 
pounds on icy roads. These are all uses 
for salt solution. with both of the two 
ions of the compound about equally im­
portant. The older industry had long 
found important requirements for the 
sodium alone. needed in soap and glass 
and derived from soda ash (sodium car­
bonate). This works in our time too. at 
the rate of about 20 pounds per head per 
year. Much soda is now recovered from 
deep-lying natural layers of the stuff 
in Wyoming. An order of magnitude 
above all that, we use a couple of hun­
dred pounds per head per year in the 
separate atoms of the salt. as chlorine 
and as sodium hydroxide. The chlorine 
is indispensable for plastics (observe 
that vinyl chloride is also named mono­
chloroethylene). solvents. the Freons. 
pesticides and bleaches. the last mainly 
for wrapping papers. (Water treatment 
uses only a few percent.) The partner 
sodium ion. released with the chlorine 
in the electrolysis of brine. provides by 
its interaction with water the alkaline 
regime needed in the aluminum. ray­
on and phenolic-plastics industries. Nei­
ther sodium nor chlorine itself enters 
those products. 

The economic picture of salt. albeit 
substantial and interesting. is to some 
degree a reflection of intention rather 
than of reality. Dr. Multhauf is careful 
and explicit with it. offering detailed 
"conjectural" accounts of the uses of 
salt in four countries for 1900. for the 
U.S. over the decades since then. and a 
big statistical summary for a dozen 
countries and scores of regions of im­
portance. But the technology and sites 
of salt-winning are the soul of the book 
and fill its many period illustrations. 

Sea salt is of course quasi-infinite on 
the human scale. The acquisition of salt 
is centrally an energy problem. gov­
erned by the costs of transport and the 
penalties of dilution levied by the sec­
ond law of thermodynamics. When 
coastal peoples wanted a little salt. it 
was good enough to pour seawater on 

the embers. Next came the boiling of 
seawater in shallow dishes. marked to 
this day by prehistoric deposits of ce­
ramic fragments at a multitude of Eu­
ropean sites. some inland where brine 
springs are found. The sunnier lands re­
lied on solar energy. and hardworking 
Japan depended until recent times on 
leaching beach sands in a special pond­
and-bank arrangement. at the cost of 
much hand sprinkling and scraping. and 
finally of boiling the concentrate with 
charcoal. Rock salt is ancient and wide­
spread. but the pioneers of geological 
science in western Europe had forgot­
ten it. immersed as they were in the con­
temporaneous industry of seawater and 
brines. The Carpathians were far away. 
and the deep and ancient salt mines near 
Cracow astonished the early Royal So­
ciety. 

England's salines (around Cheshire 
and Droitwich. say) were based on shal­
low inland brine pits and lent them­
selves to a strong export trade in the 
17th century and even later. Ports were 
close. ships in the wool trade needed 
ballast. and coal was exploited early by 
the English brine boilers. The value of 
concentration beyond that of seawater 
is of course not the need for salt content 
but the saving in fuel; in most circum­
stances the fuel burned outweighs the 
salt shipped by quite a factor. Even the 
dark solar salt of the French Atlantic 
coast gave way to the English product. 
The Continent struggled for inland salt 
sources and for stronger brines. By 1750 
we read of saving fuel by the recirculat­
ing of evaporation in long buildings with 
walls of straw or blackthorn. as much as 
a kilometer long and provided with con­
trols for changing brine flow to adjust 
for shifts in the wind. That carefully 
managed surface was an early cooling 
tower on a grand scale. saving two­
thirds or more of the wood burned in 
boiling. (Photographs show one such 
structure as it stands today in Poland. an 
inland resort that offers seashore air.) 

At its climax this phase merged into 
the rise of industry. The Bavarian brines 
around Reichenhall had been worked 
for a couple of centuries to provide salt 
without need for import. in peace and 
in war. By about 1820 these works had 
brine canals scores of kilometers long 
crossing the mountains. with lifts of 
hundreds of meters. delivering 1.000 
tons of salt per day. These formidable 
schemes relied on special water-column 
pumps. a kind of piston engine worked 
by flowing water under high head. used 
instead of water wheels. On December 
16. 1817. the Ilsank brine pump was put 
in operation. at some 50 horsepower 
"the largest machine in the world." Al­
though a competitor had scorned them 
as the work of a "mathematischen Ex­
perimentenmacher." some of these tall 
cast-iron engines remained in service for 
more than a century. 
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The change came at both ends: de­
mand and supply. Soap and glass be­
came commonplace as the soda works 
appeared. At the same time geologists 
came to understand the past, and prac­
tical men learned deep drilling. The 
Szechwan pioneers working with bam­
boo pipes and a tapelike "cable" became 
known to the scholars of Europe early in 
the 19th century. By then the German 
salt specialists and those at Kanawha in 

West Virginia were finding salt by drill­
ing down hundreds of meters. The tricks 
of deep drilling were remarkably similar 
all over, probably by convergence rath­
er than transfer. The first borehole to go 
down a kilometer was finished in 1871. 

The salt of old seas is now known at 
depth over much of central Europe and 
widely in North America, particularly 
on the Gulf Coast. Salt domes offer a 
plentiful supply, taken up as brine by 

SALT IS MADE FROM SEAWATER in this woodcut from Georgius Agricola's De re me­
IIlllica of 1543. A is the sea, B a pool, C a gate, D trenches, E salt basins, F a rake and G shovels. 
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sending down fresh water, as the miners 
i)ad learned to do in the ancient works 
once some mishap had flooded the salt 
seam. The mixture of crystals that is the 
hallmark of sea salt, the curious natural 
separations and enrichments (of potash, 
of other sodium salts, such as Epsom 
and Glauber's, and here and there even 
of borax and lithium) became rational­
ized and exploited as the chemist, the 
geologist and the mapper-driller worked 
together. 

This volume is a source of much 
knowledge and an impetus to questions 
about the mutual rise of science and 
technology, their differences country by 
country and period by period, and about 
the hard issues of externalities and of 
overdevelopment. Dr. Multhauf writes 
well, with reflection and a lively, skepti­
cal touch. He is so careful about the old 
area units for French salt pans, say, that 
a reader may wonder about the lack of 
a few pages devoted to material and en­
ergy balances for the various salt tech­
nologies described. That absence leaves 
one with a sense of incompleteness: the 
fuel needs of the past are visible only in 
glimpses, and the scale and nature of the 
end-product wastes of today and yester­
day are hard to understand. 

Young Matthias Schleiden, "a roman­
tic German naturalist," was the codis­
coverer of the biological cell in 1838. In 
the 1870's he announced his intention of 
writing "complete" histories of an ani­
mal (the horse), a plant (the rose) and 
a mineral (salt), spanning knowledge 
from folklore to science. He thereby 
sought in his time to bring science and 
technology to all the literate. But in 
1978 any book on salt, says the author 
of this one, "like the time when it was 
written, is dominated by science and 
technology." That tale alone is full of 
wonder, even if here ethnography and 
folklore have been sacrificed for a wider 
sweep of economics and engineering. 
Scale and change have seized us, and 
our interwoven knowledge rests on a 
scaffolding "no more fragile perhaps 
than that of Schleiden's time, but cer­
tainly far higher. There is farther to 
fall." 

DEVOLUTION IN MINIATURE: THE HIS­
� TORY AND IMPACT OF SEMICONDUC­
TOR ELECTRONICS, by Ernest Braun and 
Stuart MacDonald. Cambridge Univer­
sity Press ($16.95). By 1953 Project Tin­
kertoy had spent $5 million, only to be 
shut down. Its aim had been to provide 
the Navy with mass-produced miniature 
electronics. Ceramic wafers about an 
inch square were imprinted with circuit 
leads that interconnected the various lit­
tle components. Riser wires led to simi­
lar wafers mounted above, and on top of 
the stack of wafers sat a subminiature 
vacuum tube, the size of a big thimble. 
Tinkertoy worked; it neatly assembled 
circuitry in a way that fitted the custom-
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AFTER 280 YEARS OF 
DEALING WITH ROYALTY, 

WE'VE LEARNED A LITTLE 
SOMETHING ABOUT TASTE, 

The shop of BeRRY BRothers & Rudd, Lt.fl., wine . merchdnts, has been a British ldnd" 
mdrk fOR nearly three centuries. for 
years, kings, queens, dukes an� 
nobles froM all over the world have 
sought advice on the - best wines te; 

The Tasting Room 
• th Lh · t I at Berry BROS. & Rudd, Lt.�. serve WI l elr sump uous mea s. 

On many occdsions, Berry BrotheRs & Rudd, Lt.fl. 
were asked to sug gest a Scotch Whisky of equal Merit. 
Unable to recommend one with wholehearted enthu' 
siasm, they created Cutty Sark Scots Whisky. The firsl 
Scotch ever made by wine experts to please the mosi 
demAN ding of p'aldtes. 

The result is a Scotch with a delicdte bou�uei 
and d quality of smoothness whicH is quite siNgular. 

Of course , you don't hdve to be of noble birt 
to .appr.eciate Cutty Sark Scots Whisky. All that is reo 
qUlred IS noble taste. 
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WITH WHAT MINOLTA KNOWS ABOUT CAMERAS 
AND WHAT YOU KNOW ABOUT YOURSELF, 

W E  CAN MAKE BEAUTIFUL PICTURES TOGETHER. 
If yotive considered buying a 35mm 
SIngle lens reflex camera, you may have 
wondered how to find the right one 
out of the be�ildering array of models 
and features available. 

And with good reason, since the 
camera you choose will have a lot to 
do with how creative and rewarding 
your photography will be. 

What you pay for your camera 
shouldn't be your only consideration, 
especially since there are some very 
expensive cameras that won't give YOll 
some of the features you really need. 
So ask yourself how you'll be using the 

. camera and what kind of pictures 
you'll be taking. Your answers could 
save a lot of money. 

How automatic 
should your camera be? 

Basically, there are two kinds of auto­
matic 35mm SLR's. Both use advanced 

. electronics to give you perfectly 
exposed pictures with point, focus and 
shoot simplicity. The difference is in 
creative control. 

For landscapes, still lifes, portraits 
and the like, you'll want an aperture­
priority camera. It lets you set the lens 
opening, while it sets the 
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shutter speed automatically. 
This way, you control depth-of-field. 

That's the area of sharpness in front of 
and behind your subject. Many pro 
photographers believe that depth-of­
field is the most important factor in 
creative photography. 

At times you may want to control 
the motion of your subject. You can do 
this with an aperture-priority camera 
by changing the lens opening until the 
camera sets the shutter speed necessary 
to freeze or blur a moving subject. Or 
you can use a shutter-priority camera, on 
which you set the shutter speed first 
and the camera sets the lens automati­
cally. 

Minolta makes both types of auto­
matic cameras. The Minolta XG-7 is 
moderately priced and offers aperture­
priority automation, plus fully manual 
contro!' The Minolta XO-ll is some­
what more ex pens iv\!, but it offers all 
the creative flexibility of both aperture 
and shutter-priority automation, plus 
full manual control. The XO-ll is so 
advanced that during shutter-priority 

operation it will actually make exposure 
corrections you fail to make. 

Do you really need an 
automatic camera? 

Automation makes fine photography 
easier. But if you do some of the work 
yourself, you can save a lot of money 
and get pictures every bit as good. 

In this case, you might consider a 
Minolta SR-T. These are semi-auto­
matic cameras. They have built-in, 
through-the-lens metering systems that 
tell you exactly how to set the lens and 
shutter for perfect exposure. You just 
align two indicators in the viewfinder. 

What to expect when you look 
into the camera's viewfinder. . 

The finder sho�ld give you a clear, 
bright view of your subject. Not just in 
the center, but even along the edges 
and in the corners. Minolta SLR's have 
bright finders, so that composing and 
focusing are effortless, even in dim 
light. And focusing aids in Minolta 

Minolta makes all kinds of 35mm SLR's, 
so our main concern is that you get 
exactly the right carru<ra for your needs. 
Whether that means the advanced Minolta 

. XD-ll. Or the easy-to-use and moderately 
priced Minolta XG-7. Or the very econOmi­
cal Minolta SR-T cameras. 
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AUlomalic sequence' 
pholography is easy 

,when you combine a 
Minolla XD-I I or 
XG-7 wilh oPlional 
AUla Winder and Eleclro/lash 200X. 

viewfinders make it easy to take criti­
cally sharp pictures. 

Information is another thing you 
can expect to find in a well-designed 
finder. Everything you need to know 
for a perfect picture is right there in a 
Minolta finder. 

In the Minolta XD-ll and XG-7, 
red light emitting diodes tell you what 
lens opening or shutter speed is being 
set automatically and warn against 
under or over-exposure. In Minolta 
SR-T cameras, two pointers come 
together as you adjust the lens and 
shutter for correct exposure. 

Do you need an auto winder? 
You do if you like the idea of sequence 
photography, or simply want the lux­
ury of power assisted film advancing. 
Minolta auto winders will advance one 
picture at a time, or continuously at 
about two per second. Wit,h advan­
tages not found in others, like up to 
50% more pictures with a set of batter­
ies and easy attachment to the camera 
without removing any caps. Optional 
auto winders are available for both the 
Minolta XD-ll and XG-7, but not for 
Minolta SR-T cameras. 

How about electronic flash? 
An automatic electronic flash can be 
added to any Minolta SLR for easy, 
just about foolproof indoor photog­
raphy without the bother 'of flashbulbs. 
For the XD -ll and XG-7, Minolta 
makes the Auto Electroflash 200X. It 

, sets itself automatically for flash expo­
sure, and it sets the camera 
automatically for use with 
flash. An LED in the view­
finder signals when the 

to fire. Most 

unusual: the Auto Electroflash 200X 
can fire continuously in perfect 
synchronization with Minolta auto 
winders. Imagine being able to take a 
sequence of 36 flash pictures without 
ever taking your finger off the button. 

You should be comfortable 
with your camera. 

The way a camera feels in your hands 
can make a big difference in the way 
you take pictures. 

The Minolta XD-II and XG-7, for 
instance, are compact, but not 
cramped. Lightweight, but with a solid 
feeling of quality. Oversized controls 
are positioned so that your fingers fall 
naturally into place. And their elec­
tronically controlled shutters are 
incredibly smooth and quiet. 

Minolta SR-T's give you the heft 
and weight of a slightly larger camera, 
but with no sacrifice in handling con­
venience. As in all Minolta SLR's, 
"human engineering" 
insures smooth, 
effortless 
operation. 
Are extra 
features 
important? 
If you use 
them, there 
are a lot of 
extras that can make your 
photography more creative and 
convenient. Depending on the Minolta 
model you choose, you can get: multiple 
exposures with pushbutton ease 

(even with an auto winder). A window 
to show that film is advancing prop­

erly. A handy memo 
holder that holds the 
end of a film box to 
remind you of what 
film you're using. And 
a self -timer. 
What about the lens 

system? 
The SLR you buy 
should have a system 
of lenses big enough 
to satisfy your needs, 
not only today, but 
five years from today. 

The patented Minolta bayonet mount 
lets you change lenses with less than a 
quarter tum. There are almost 40 
Minolta lenses available, ranging from 
7.5mm fisheye to 16(X)mm super-tele­
photo, including macro and zoom 
lenses and the world's smallest 
SOOmm lens. 

The malch-needle 1l",w/inder: jusl 
align Iwo indicalor.; for correcl ex­
posure. Because you're doing ,'ome 0/ 
lhe work, you can sa"" some money. 

What's next? 
Think about how you'll use your 

camera and ask your photo dealer 
to let you try a Minolta. Compare 

it with other cameras in its price 
range. You'll soon see why more Ameri­
cans buy Minolta than any other 
brand of SLR. For literature, write 
Minolta Corp., 101 Williams Drive, 

Ramsey, New Jersey 07446. 
In Canada: Minolta Camera 
(Canada) Inc., Ontario. 
Specifications subject to 

W E  WANT YOU TO HAVE THE RIGHT CAMERA . 
• 
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Four Full Feet of Lovely Soft White Silk 

CLASSIC AVIATORS 

EARHART 

SILK 
SCARf 
A Dashing Reminder 

of the Early Days of Flight 
And a Great Apparel 

Accessory 10day for Both 

Women and Men 
LINDBERGH 

Years ago when planes had open 
cockpits, the long scarf was knotted 
once around the neck, and flapped 
snappily in the breeze behind. In 
addition to its dashing appearance 
the pilot used it to clean the wind­
shield,  .in strument panels and 
goggles. Today, this authentic long 
white double· weight silk scarf is a 
reminder of those nostalgic and ex­
citing days. It is as soft and beauti­
ful (and extra long-a full four feet) 
as only pure silk can be. It feels ab­
solutely delightful around the neck. 
A wonderful buy only $11.95. Six ft. 
scarf available for a low $16.95. 

r·--·-········-�·--·-··----·--··---, 
: CLARIDGE COMPANY, Dept. 27 
: 120 Smith Street, Farmingdale. New York 11735 
• Please send Pure Silk Scarfs indicated. I enclose : check or m.O. for $ __ . 

: __ 4 Ft. Scarfs@$11.95 + 85¢ p.& h. ea. 

8: __ 6 Ft. Searls @$16.95 + 85¢ p.& h. ea. 

�: Name _________________________ _ .", 0;:: • c3: Address -----------------------
,,0 �: City _______________________ _ 

00 �. State Zio ___ _ 

� ° \. Y Residents Add Applicable Sale> Tax. @L. _____ •• ____ • _____ • _________ • ____ _ 
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Leader in Microcomputer Systems 
• In l'li2, QI Corporation (kn'lolll'd, manui.l( turl'd and dl'liH'n'd 

the \\orld's iirst mit rot omputer svstem to litt om, a divi .. ion oi 

litton Industries. 

• Ql Corporation \\,lS thp iir.,t to introdu( t' mil rot omput('r S\ .,t('ms 

\\ ith ilexihll' diskdte drin's ior e\ternal storage, \\ hit h .ul' nO\\ 

hl'( oming the indu .. trv stand.ud. 

• <)1 \\,lS the iirst to make a\ailahll' on a hmo( ost mil rot omputer 

s",tl'm thl' p()\\l'riul Pl 1 programming language u .. ed on tIll' i.u 
morl' l'\pl'n-in' 1B,\1 :�iO " .. tems. 

• Ql Cnrpor,ltion .. l'I a iundanll'ntal m'\\ tn'm] in the t omputl'r 

industrv In introdll( ing the multiillm tion mit ro(omputer 

svstl'm, \\ hit h (Ost-eiil'l tivl'h n'pl,lll'S a wide v.uil'ly oi 

equipnll'nt imluding \\ord-pro(essing nM( hines, .lnounting 

nM( him's, desk-top programmahll' st il'ntiiit (alculators, and 

data-l'ntn equipnll'nt. 

• In 1')ii, <)1 deliH'red thl' \\orld', iir .. t (omplItl'r svstem utilizing 

m.lgrll'tit hllhhll' nll'mon tt't hnologv to the hl',l(lquarters oi the 

N,ltional Aeronautit .. and Spat l' Adminislralion. 

Look to for the 
next major advance in microcomputer systems 

Ql Corporation, 125 R ; cef ;el d Lane, Hauppauge, N.Y. 11787 

ary view of compactness among human 
artifacts. Indeed. it promised to pack 
eight or 10 parts per cubic inch in quan­
tity, a factor of 2 better than the best 
earlier efforts at miniaturization. 

But even Tom Thumb would be too 
clumsy to assemble the modern large­
scale integrated circuit; its half-million 
elements per cubic inch are quasi-bio­
logical and no kin to the work of the 
deftest craftsmen of the past. In peace 
or war this new technology is sure to 
change our lives forever. The point is 
not, of course, that familiar tasks can be 
carried out by hand-held devices where 
a roomful was once needed; rather, it is 
that all kinds of cheap but clever ma­
chinery will come to perform novel 
tasks with a silicon surrogate for the 
brain and the eye. 

There was a prophet. In 1952 transis­
tors were seen as low-power capsule­
size substitutes for individual amplifier 
tubes, already a small-scale success even 
as Tinkertoy was setting up its assembly 
line for tubes on wafers. The U.S. mili­
tary bought nearly every one of the 
90.000 transistors made in 1952, most 
of them tweezer-assembled point-con­
tact devices, the fruit of a profound 
solid-state physics (although realized 
through the mechanical analogue of 
the galena crystal and cat's whisker of 
1920). In Washington that year a visitor 
from the Royal Radar Establishment, 
G. W. A. Dummer. prophesied in pub­
lic the next logical step: "[Electronic] 
equipment in a solid block with no con­
necting wires. The block may consist of 
layers of insulating, conducting, rectify­
ing and amplifying materials, the elec­
trical functions being connected directly 
by cutting out areas of the various lay­
ers." His was a fair description of a 
modern chip, now realized in fingernail 
size by the 10 million, at a dollar or two 
each. 

Dummer "carried inspiration around 
on his back like pollen," one observer 
remarked. But no one yet knew how to 
make what he foresaw. The Royal Ra­
dar Establishment, working with some 
British companies, went ahead indeci­
sively for a while. Then in 1959 the first 
integrated-circuit patent was filed by 
Jack Kilby of Texas Instruments, who 
was quite ignorant of Dummer's vision. 
Kilby had been with Tinkertoy. and in 
Texas he worked up a design for sep­
arate components interconnected by 
hand within one chip of germanium. 
Meanwhile Robert Noyes at Fairchild 
had found the way to batch transistor 
production: "We had, because of the 
particular way we had decided to make 
transistors by leaving an oxide layer on 
top of them. one more element than ev­
erybody else, ... and that happened to 
be the one that worked." It was this pla­
nar technique that was the key. It dealt 
with a flat surface easily worked by pho­
toresist methods, embodying carefully 

© 1978 SCIENTIFIC AMERICAN, INC



DUPLICATION TECHNOLOGY 

The watch shown here is a copy of the 
world famous Seiko chronograph a/arm. 
Unfair? You be the judge. 

All the features of the Seiko watch are dupli­
cated in this digital watch. It is an excellent 
example. of the fierce competition in the 
United States. 

It's really a shame. The watch shown above 
is a copy of the Seiko chronograph alarm. 

Seiko is one of the world's most respected 
watchmakers, having literally taken over the 
quartz watch industry. Their quality is out­
standing, and they have produced many great 
innovations in the digital watch industry. 

The Seiko chronograph alarm sells for 
$300. The watch costs jewelers $150. And 
jewelers love the item, not only because of the 
excellent reputation of the Seiko brand, but 
because it's probably America's best-selling 
new expensive digital watch. And Seiko can't 
supply enough of them to their dealers. 

The Mercury copy shown above looks 
almost exactly like the Seiko and costs dealers 
approximately $50. Most dealers are selling it 
for $100, and they're selling them as fast as 
they get them. 

-LABOR EXPENSIVE IN JAPAN 

Unlike the Seiko watch which is made in 
Japan, the Mercury is manufactured under 
special contract in Hong Kong by a prominent 
American watch manufacturer. The watch 
uses basically the same components as the 
Seiko, but the differences lie mainly in the 
labor. Hong Kong's labor costs are far less 
than in Japan. An average Japanese watch 
assembler makes the equivalent of $75 per 
day whereas the equivalent employee in Hong 
Kong makes only a few dollars per day. 

The value of the yen has skyrocketed while 
the Hong Kong dollar has changed little in 
comparison to the U.S. dollar. So all Seiko 
products have become even more expensive 
to export. 

BOTH BACKED BY SERVICE 
The Seiko is backed by a national network of 

service centers. The Mercury is backed by a 
very efficient service-by-mail center. Since the 
latest crop of space-age digital LC watches 
require very little service other than battery 
replacement, which any jeweler can do, ser­
vice has become less a concern. 

Why then would anyone want to buy a copy 
of the Seiko? For several reasons: 

Savings JS&A has obtained sufficient quan­
tities of the Mercury to offer you the item for as 
low as $69.95. 
Support Mercury is a division of Leisurecraft 
Industries, a public company that specializes 
in obtaining the best digital watches and insur­
ing their value with excellent service, support 
and quality. 

Quality You'll be amazed at the excellent 
quality of the Mercury, especially compared 
side by side with the Seiko. 

Accuracy The Mercury is guaranteed accur­
ate to within 15 seconds per month, although 
much greater accuracy can be expected. 

THE BEST FEATURES 

The alarm chronograph has an alarm that 
really wakes you up. Its chronograph mea­
sures time to one hundredth of a second and 
has three settings: split which continues 
counting th,e split seconds while you freeze the 
time for reading, add if you want the total time 
of several periods, and lap which starts 
counting from zero when you press the button. 

You have hours, minutes, seconds, day of 
the week, the month and date. The Mercury 

Quartz LC also remembers the days in a 
month and automatically recycles to the cor­
rect first day of the next month. 

EXAMINE THE FEATURES 
Order the Mercury from JS&A on a trial 

basis. Compare it feature for feature with the 
Seiko. Compare its accuracy, its alarm, and its 
chronograph functions. 

If after a truly side-by-side comparison, you 
aren't convinced that its accuracy, quality, and 
features make it a truly outstanding value, re­
turn it within 30 days for a prompt and cour­
teous refund. We promise to accept the return 
of your watch with absolutely no questions 
asked and even refund the $3.50 postage and 
handling. 

AMERICA'S LARGEST SOURCE 
JS&A is America's largest single source of 

space-age products-further assurance that 
your modest investment is well protected. 

The new crop of digital watches rarely mal­
function, but if service is ever required, it is 
reassuring to know that there is a prompt 
service-by-mail facility, a one year limited war­
ranty and two substantial companies backing 
your modest investment. 

To order your Mercury Quartz LC, send your 
check for $69.95 for the silver-tone model or 
$79.95 for the gold-tone along with $3.50 per 
order for postage and handling (Illinois resi­
dents, please add 5% sales tax) to the address 
shown below or credit card buyers may call our 
toll-free number below. 

Is it unfair to copy a popular expensive 
watch? America's growth can be traced direct­
ly to the principle of open competition. Open 
competition has not only been the catalyst for 
innovation, but it is also responsible for bring­
ing better value to a free marketplace. Unfair? 
Maybe if you were Seiko it would be. But then 
we're all not that lucky. 

Your timing is perfect. Why not order the 
Mercury LC at no obligation, today. �NATIONAL SALES 

o ® GROUP 
Dept. SA One JS&A Plaza 

Northbrook, III. 60062 (312) 564-7000 
Call TOLL-FREE • • • • • . • •  BOO 323-6400 
In Illinois Call . . • • • • • . • .  (312) 564-7000 

©JS&A Group,lnc.,1978 
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doped oxide passive layers and metal 
connections. The need for both metal 
and oxide layers called for silicon. No 
step of this was in itself new: Bell Labo­
ratories had developed the basic proce­
dures. It was the whole that was new. 

The transistor was the conscious re­
sult of a powerful physics. backed by 
a prehistory of solid-state devices. The 
legacy of that success was a scientific 
style of industrial development. seeking 
to wring a series of basically new devic­
es out of the physics of the semiconduc­
tor. The planar technique was different. 
It was clearly process technology. moti­
vated by the need to make "what was in 
some ways an inferior transistor reliably 
and cheaply." The modest commercial 
effort found hidden treasure: a prodigal 
combinatorial richness. "the power of 
process over product which has deter­
mined so much of the course of semi­
conductor electronics." 

Thus do the two English authors. a 
physicist and a historian from the Uni­
versity of Aston in Birmingham. docu­
ment a watershed in the growth of the 
silicon world. They begin with Genesis. 
when Karl Ferdinand Braun of Mar­
burg found the rectifying cat's whisker. 
and spin the story through the war and 
Bell Labs to the transistor industry. the 
rise of Silicon Valley and the spread of 
the arcane art somewhat fitfully to Eu­
rope and Japan. A little apart from the 
theater of battle. far from Palo Alto as 
they are. they rather naturally bring de­
tachment. They gain their perceptions 
not only from a flood of publications 
but also from interviews with many par­
ticipants in the events they chronicle. 
(Indeed. the only fault a reader is likely 
to find in this brief and timely book is 
inadequate identification of the people 
who supply the comments the authors 
enjoy quoting.) Silicon is abundant. and 
the energy consumption of the industry 
is small. Its externalities are few. "We 
have irrevocably entered the electronic 
age. and it is up to us to make it a good 
age in which to live." They end so. with­
out saying how. 

The future is quite likely to regard our 
times as a kind of second coming of old 
Gutenberg. The incunables of this new 
infant were the discrete components. 
and in the 1960's that cradle was out­
grown. A new model of chip is less like a 
new invention than it is like a new book. 
its logical architecture and the economy 
and elegance of its expression giving it 
value. New components are like new 
fonts. which gain widespread use only 
relatively rarely. This careful. profes­
sional but rather personal account is the 
most satisfying story yet seen of the 
shops. the journeymen and the masters 
who print the tiny Boolean texts. 

KEEPERS OF THE GAME: INDIAN-ANI­
MAL RELATIONSHIPS AND THE FUR 

TRADE. by Calvin Martin. University of 
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California Press ($10.95). In the cos­
mology of the hunting peoples of east­
ern Canada. say the Cree. the Ojibwa 
and the Micmac. each species of game 
was ruled by a spiritual keeper. or 
"boss." often personified. Once in a 
great while a lonely hunter would catch 
a glimpse of the giant white beaver that 
ruled over beaver kind and apportioned 
their life and death at the hands of the 
hunter. in accordance with the harmo­
nies of the world. The hunters held their 
necessary quarry in conscious respect: 
overhunting was regulated. season by 
season. by a subtle network of custom. 
belief and sign that was often mediated 
by the visions of the shaman. "To kill 
too many game was to risk the ire of the 
game bosses." Clearly such a system 
was adaptive for a folk too far north to 
gain much from the culture ?f staple 
maize. 

How then was that harmony un­
tuned? How did it come about that once 
the fur trade offered European goods 
for pelts Indians sought out the fur trad­
er with the avidity of the bazaar? When 
in 1534 Jacques Cartier first met the 
Micmac. those hunters literally mobbed 
his party. insisting that he trade with 
them for furs. He had to fire a volley 
over their heads to "dampen their ar­
dor." Do we suddenly see acquisitive 
economic man there in the hunters. the 
very folk who had lived. free of many 
wants for goods. working only modest 
hours at the hunt. for thousands of years 
in equilibrium with their prey? 

Professor Martin. a young Rutgers 
historian. gives another answer. This is a 
tale of Europeans and Indians and three 
other species (a virus. a fish and a ro­
dent) in close and curious interaction. 
Five or 10 millenniums back the first 
smallpox virus came to some Asian vil­
lagers who. it may be. had newly mas­
tered the domestication of cattle. A vir­
ulent recombinant or mutant of some 
mild cattle disease. it has forever after 
dwelt ominously among exposed human 
beings. wherever their settlements have 
been large enough. Europe became host 
to the virus at the time of Classical 
Greece. or even later. 

The people of the Americas had left 
the Old World before ever smallpox 
arose. They remained unexposed. vir­
gin soil for its attack. Now. decades be­
fore settlers or even the voyageurs had 
penetrated the American forests and 
streams. the ships had come from Bris­
tol and Lisbon to fish the generous banks 
for cod. Each summer. as early as the 
1480·s. some fishermen had gone ashore 
in Newfoundland or Nova Scotia to dry 
their catch. and some had made contact 
with the aboriginals. Archaeology offers 
in evidence sailor's goods. not trade 
beads or knives but belaying pins. sea­
men's earrings and the like. dated up to 
1550 or so. Great epidemics then deci­
mated the Indian and ran their course 

even far to the west. smallpox often 
reaching some Indian groups before 
they had seen Europeans or heard the 
sound of gunfire. Men and women died 
in pitiable numbers; perhaps an epizoot­
ic even took the game itself. 

The times were out of joint; the great 
compact with the keepers of the game 
was broken. Perhaps. as one old Cree 
said of another time in the 1780·s. the 
Great Spirit became angry with the bea­
ver and "they are now all to be de­
stroyed." Once the Indians were fully 
armed with European technology they 
engaged in a senseless slaughter of the 
animals. alarming travelers of the 18th 
century. What had alienated man from 
the keepers of the game was Old World 
diseases; the Indians had lost faith in 
the "traditional avenues of spiritual re­
dress." The animals were seen to have 
broken faith too. and now there was a 
state of war. exacerbated by the goods 
that flowed from the killing by way of 
the traders. 

The ethnohistorian applies his meth­
od succinctly to four broader issues 
around the relation of the Indian to the 
game animals: the alleged Paleo-Indian 
overkill of the big mammals. the near­
end of the beaver under the fur trade. 
the reduction of the endless herds of bi­
son on the Great Plains. the practice of 
forest burning. In each of these plausi­
ble cases have been made for the Indi­
ans' indifference to the future of their 
game. Here Martin infers a "Not guilty" 
or at least a "N ot proven." It was no one­
sided ethical relationship those people 
had with their land. no condescending 
self-restraint. Rather. "Nature. for vir­
tually all North American Indians. was 
sensate. animate and capable of aggres­
sive behavior toward mankind." What 
was involved was nothing less than mu­
tual respect. a reciprocal recognition of 
needs. 

No doubt all this subtle seeking for 
cause in old texts is less than conclu­
sive; cause and correlation are hard to 
separate whenever unique events are 
examined. The clarity. directness and 
originality of this small book should 
nonetheless earn it many readers. who 
will wonder at the tangled web of the 
living world and the variousness of the 
human mind. 

The absence of author entries from 
the index is a solecism of the publisher 
that is costly for serious readers. 

THE ECOLOGY OF FOSSILS: AN ILLUS­
TRATED GUIDE. edited by W. S. 

McKerrow. The MIT Press ($22.50). 
Imagine a learned naturalist. an English 
or perhaps a continental traveler. stroll­
ing along the tidal flats and beaches of 
Britain. He is certainly a lowlands man. 
Now and then he wanders to brackish 
marshes not far from the shore. or even 
to an inland lake and forest swamp. 
but not for him the dry moorlands or 
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Lockheed knows how. 
Shielding the space shuttle from fiery 
temperatures. 

When NASA's space shuttle streaks through a 2,300oF 
reentry into Earth's atmosphere, the occupants won't feel 
the heat. 

That's because Lockheed-developed insulation will 
form a shield of some 34,000 small 'tiles' covering about 
70% of the spacecraft. The tiles shed heat so efficiently 
that a piece still glowing white-hot can be held safely 
with bare fingers. 

Each tile is minutely matched to exact points on the 
shuttle's surface. And fitting them precisely is like 
assembling the world's biggest three-dimensional jigsaw 
puzzle. 

Most important: the tiles will insulate the shuttle 
against not just one, but about 100 returns through the 
abrasive atmosphere. 

Looking at the origin of the universe. 

In 1983, a 43-foot-long telescope system will be slipped 
into orbit 300 miles above Earth. And man may then look 
back 14 bi II i-on years to where our un iverse perhaps began. 

The NASA/Lockheed Space Telescope will detect 
objects 50 times fainter and 7 times deeper into space 
than those ever before seen. It will lock onto stars, galaxies, 
and other space phenomena with absolute accuracy for 
as long as 30 to 40 hours. And it will perform ultra-
violet and infrared measurements impossible from Earth. 

Potential rewards are huge. Scientists may discover 
new worlds and new energy sources. They may even 
find ways to protect Earth's delicate environment in a 
new, uncharted age. 

Monitoring the seven seas. 

Seasat-A, an ocean-survey satellite developed jointly 
by NASA and Lockheed, has now gone on sea watch. 
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The NASA Space Shuttle. Lockheed serves it with a wide range of technical support activities in addition to the heat insulation described below. 

Launched into a 480-mile-high orbit, it will circle Earth 14 
times daily to scout 95% of global ocean area every 
36 hours. 

As bellwether of a proposed satellite network, Seasat-A 
will transmit constant data on winds, temperatures, 
currents, waves, ice, and storm activity. 

Potential users are countless. Ships, of course, but also 
weather services, exploration firms, harbor planners, 
pollution control agencies, the Coast Guard, the Navy, 
and others who work with the oceans. 

Will a Seasat system pay? An in-depth study says it will 
be of major economic value to the nation. 

Recorders that talk from Mars and Venus. 
We've now put 

'eyes' on Mars, 
viewed Venus close 
up, and will get 
intimate looks at 
Jupiter and Saturn 
in the immediate 
years to come. 

Seei ng those 
planets depends 
largely on Lockheed 
spacecraft recorders, each no bigger or heavier than a 
gallon bottle of water. Tucked into a NASA space vehicle, 
each recorder can store and transmit more than a half­
billion bits of information. Those signals are then turned 
by Earth-station computers into sharp photos and precise 
scientific data. 

Lockheed recorders have flown on all Apollo moon 
missions, five Mariner space probes, the flights to Mars 
and Venus, and are now headed toward Jupiter, Saturn 
and beyond. 

And if the search that far away reveals no life, there's 
still the rest of the universe. 

The unmatched record of achievement. 

Nothing underscores Lockheed's leading place in 
space technology better than the record of the Agena 
spacecraft . 

The versati Ie Agena, veteran of more than 300 fl ights, 
can count more successful launches than those made by 
any other spacecraft, and it has been used on nearly half 
of all United States space missions. 

In making space work for man, Agena is one more 
proof that Lockheed knows how. 

Lockheed 
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HORIZON ... 1HE EFFICIENCY-$IDD 
CAR THAT lIAS CAUGHT AMERICA'S 

1MAGINII1ON. 
We were ready when you were. With 
a new kind of American automobile 
designed to handle today's driving. 
Plymouth Horizon ... the first 
American-made car its size with 

38"25MPG • 
1M! (In 

front-wheel drive. It gives you a 
whole new sense of comfort and 
confidence. 

THE STARII'Y 
OF FRONT-MlEEl DRIVE. 

Horizon's front-wheel drive works 
wonders for you with outstanding 

traction and handling in all kinds 
of weather. Whether it's snow or 
rain or wind. And Horizon handles 
turnpikes with remarkable stability. 
It literally pulls you down the 
highway, through turns and up hills. 

ROOM 1011 WOULDN'T 1tWiINE. 
Another benefit of front-wheel drive 
is that it virtually eliminates the 
large transmission tunnel you find 
in most cars. That means there's 
more room for people. Four big 
adults can ride in complete comfort. 

You get a lot of other standard 
features, too. Like rack and pinion 
steering, front disc brakes, and 
whitewall radial tires. And you can 
have the option of automatic 
transmission, stereo, roof rack and 
an assortment of sporty trims. 

And, as if all that were _k_ 
not enough, you get Plymoulli 
38 miles to the gallon 
highway and 25 city� A �M)F  

Plymouth Horizon. A CORPOOAT"'" 

whole new driving experience. 
A new sense of confidence. A new 
feel i ng of comfort. Check it out at -
your Chrysler-Plymouth dealer. 

"EPA estimates based on manual transmission. 
Your mileage may vary depending on your 
driving habits. your car's condition and 
optional equipment. California mileage lower. 

THAT'S 1MAGINA'I1ON.1HAT'S PLYMOU11L 
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a rocky peak. Everywhere he goes he 
sketches thoughtfully, representing the 
typical plants and animals he finds as 
though they were concentrated in a cu­
bic yard or so. His carefully scaled line 
drawings are reproduced in this book 
with a keyed list of the forms shown and 
a text page or two, explaining, for exam­
ple, how soft ooze favors the half-buried 
sponge and hard surfaces are encrusted 
with a variety of smaller forms. From 
time to time he dons an aqualung to ex­
amine the shallow sea, observing the 
sluggish flounder or the swift whiting. 
Reeds and snails and strange nautiloids 
attract his pen and are entered on the 
list. 

These pages hold 125 distinct sections 
of just that kind. Even more wonderful. 
our guide is an immortal. His studies 
span not a few seasons of travel but half 
a billion years. Time has enriched his 
count of specimens in each little cut: 
preservation has favored the low-lying 
wet world. The dozen chapters offer 
grouped descriptions of typical ·commu­
nities appropriate to some formation in 
those parts, geological epoch by epoch, 
from four locales in the Cambrian up to 
five of the present day. (To be sure, the 
modern scenes include a pair of tropical 
settings for which you would need to 
leave today's Europe, one among ma­
rine grasses, one on a coral reef.) 

Our guide with the long view includes 
maps for us, showing the oceans in time 
as they open and close, the drifting land 
masses in their proper place. It takes 30 
drawings before we reach the first of 
the nonmarine scenes, a freshwater pool 
with crayfishlike scavenging eurypterids 
and ancient jawless fishes "like large ar­
mored tadpoles. " The first land plants 
enter the next scene, rootless and leafless 
vascular upright stems from the famous 
cherts of Rhynie in Scotland. The first 
animals seen on dry land are the great 
dragonflies of the Coal Measures soar­
ing on wings with a span of almost two 
feet amid the high horsetails. The earli­
est land vertebrates in the volume are a 
few impressive dinosaurs resting on the 
shores of a lagoon in the low Triassic 
desert world with marine incursions, 
perhaps like the Persian Gulf climates 
of today, that covered England and the 
North Sea. A very modern-but oh, how 
conservative !-brachiopod, Lingula, is 
seen here, not much unlike its cousin 
Lingulella depicted in the first of the 
drawings, the one for the lowest Cam­
brian. Only a couple of trilobites then 
kept it company on the shallow, quiet 
flats. Trilobites are seen no more after 
the Carboniferous. 

With each section is shown a shelving 
layer on which are drawn a selection of 
the fossils as they now appear, from the 
study of which the drawings of the living 
forms have been reconstructed. About 
1 ,000 representative species have been 
pictured, each in its community with 

definite geological provenance; in many 
instances the same or closely similar 
forms will be found in most parts of 
the world. Seven experts divide the task 
among themselves by long periods; the 
editor is a distinguished paleontologist 
at Oxford. There is a valuable introduc­
tion to the principles of paleoecology, 
with a classification scheme for plants 
and animals (without the kingdom of 
the Fungi, rarely fossilized). The re­
constructions were drawn by Elizabeth 
Winson and the many maps by Peter 
Deussen, all simply and effectively . This 
book is not meant as a treatise for the 
taxonomist, as a complete fossil key or 
as a guide; rather, "its main purpose is to 
educate and stimulate."  It is an unusual 
success on those terms. 

ATLAS OF RADIOLOGIC ANATOMY, by 
n Lothar Wicke, with the assist­
ance of. Wilhelm Firbas and Roland 
Schmiedl. Urban & Schwarzenberg, 7 
East Redwood Street, Baltimore, Md. 
21202 ($15). Like paintings on bark by 
some visionary shaman of the Austra­
lian desert, these sharply detailed pic­
tures show the bones under the skin, the 
coursing blood and the hidden entrails 
made visible in eloquent shadow. They 
are of course X-ray plates, printed as 
positives and electronically contrast-en­
hanced to bring out fine detail. The 
body is shown literally from top to toe 
and viewed quite broadly, with the in­
tention of including "all common roent­
gen examinations." All the work was 
done by the staff of the Institute of 
Anatomy at the University of Vienna, 
where there is a long tradition of "ana­
tomic-radiologic correlation." Intended 
for medical students, the atlas has a 
much wider visual appeal, particularly 
because the reproductions are positives, 
so that the more opaque bones (and the 
heavy-metal fillings of the teeth) stand 
out in black. All but one of the prints 
were made from living subjects; the 
plates have been kept free of any nota­
tions or marking lines, and a careful 
line drawing naming and explaining the 
structures shown appears on each fac­
ing page. 

The book ends with a picture of be­
ginnings: the fetal head held safe with­
in the pelvic girdle, the delicate sec­
ond spinal column rising beside the 
sturdy vertebrae of the mother. The 
well-formed bearings of shoulder, hip 
and knee, the arterial network of hand 
and foot, the bronchial tree, the intricate 
colon and airy lung and sinus cavities 
provide notable plates. The nomencla­
ture is fully medical, although English 
equivalents are given for all the Lat­
in terms. A brief glossary defining the 
special procedures (splenoportogram, 
phlebogram) would have been welcome, 
but any medical dictionary will unlock 
more meaning behind this striking and 
comprehensive display. 

discover 
the 
world of 
Edmund Scientific 
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HP measurement and computer advances 

When you set out on a journey without equal, you rely on 
a calculator without "equal. " 

Untied Press lnternallOflal Photo 

UP programmable calculators have per­
formed navigational computations on some 
extraordinary journeys before: the- Apollo­
Soyuz link-up in space and the America Cup 
yacht race, for example. But to our know­
ledge, this is the first time one has navigated 
the Atlantic in a balloon. 

"When three balloonists from Albuquerque, New 
Mexico, made aeronautical histolY by flying nonstop 
from the United States to France, they calculated their 
position eveIY morning and evening with an HP-67 
hand-held programmable calculator. 
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American balloonists aboard Double Eagle II approach their land­

ing site at Evreux, France, after completing the first successful 

transatlantic crossing by balloon. 

Balloonist Maxie Anderson took along an HP-67 to­
gether with a Navigation Pac of prerecorded programs 
designed for ocean-going vessels but also appropriate 
for a slow-moving balloon. "While the HP-67 was origi­
nally intended as a backup for a most elaborate naviga­
tion system involving weather satellites, Goddard 
Space Flight Center, ham radio, and transatlantic 
commercial aircraft, response from the system took 
six or seven hours so that its precision was rather too 
retroactive for immediate use.  

Shortly after crossing the coast of Newfoundland, as it 
happened, the aeronauts received word of an ap­
proaching storm. They needed to know their position, 
and they needed it fast. Unfortunately, Goddard's 
computers were tied up tracking a newly launched 
Venus probe, and couldn't help. 

HP-67 to the rescue: balloonist Anderson measured 
the altitudes of Venus and Polaris, then spent a few 
minutes with his calculator and Navigation Pac, and 
was able to report his position to the ground crew by 
ham radio in time to turn the weather pattern to his 
advantage. 

Thereafter, Anderson used his HP-67 each morning 
and evening to compute his position, which was con­
firmed six to seven hours later by data from Goddard. 
His fixes were within 20 to 30 miles of the satellite­
derived positions--more than sufficiently accurate, 
considering that the horizon was 160 miles away. With 
a modern bubble sextant rather than his World War II 
surplus model, Anderson estimates his accuracy 
would have increased to within 10 miles. 

HP programmables have successfully weathered a 
range of adverse environmental conditions--outer 
space, Mt. Everest, the Sahara, deep jungle-where 
reliability, accuracy, and quality were crucial. And 
while you may not be planning to navigate an 11-
stolY-high bag of gas across the Atlantic, you can be 
certain that HP programmables will make your impor­
tant calculations reliably and without "equal." 
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extend your possibilities. 

The HP 250: A new, easy to use, small business computer with 
true data base management that adapts to your 
existing organization. 

The UP .250 is the lowest-priced business 
computer available today with full data base 
management. UP .250 also offers forms and 
report-writing utilities; 1.28K bytes of system 
memory and 3.2K bytes of user memory, ex­
pandable to 64K; and built-in self test. 

\tVh.ile it contains many big-system features, and in­
cludes powerful tools for developing applications, the 
HP 250 is exceptionally easy to program and operate. It 
is well suited for the end user, the OEM who tailors 
computer solutions for the smhll-business mruket, and 
larger companies that need easy-to-use systems for 
dedicated applications. 

The careful attention to human engineering makes the 
HP 250 very approachable, especially for first-time 
computer users. The keyboard resembles that of an 
office electric typewriter with an adding machine's 
numeric pad as well. The video display screen, which 
swivels, tilts, and slides for viewer comfort, has eight 
"soft keys," with definitions labeled on the display 
screen. These keys can be programmed to guide the 
user through each task with step-by-step prompting. 
They're also very useful to a programmer writing ap­
plications software. 

As a further convenience, the HP 250 can be placed in 
most office environments without special site prepara­
tion. Installation is a simple matter of plugging the 
computer into a standard electrical outlet. 

The HP 250 provides complete data base management 
capability (IMAGE/250) which makes defining, creat­
ing, accessing, maintaining, and using complex data 
files a simple task. The information stored in the data 
base is available on command with QUERY/250, a sim­
ple, direct inquiry method that makes it possible to get 
stored information without writing an additional pro­
gram. The FORMS/250 utility makes it easy for the user 
to put existing business forms on the HP 250. The user 
can then display the form on the video screen when 

HE WLETT� PACKARD 

1 502 Page M i l l  Road . Palo Alto. Cal ifornia 94304 

For aSSistance call: Washington (30t )  948-6370, Chicago (3t 2) 255-9800, 

Atlanta (404) 955-t 5OO, Los Angeles (21 3) 970-7500 

needed for fill-in-the-blanks use. REPORT WRITER/250 
provides formatting controls for computer-generated 
reports in complete or summary form. 

Price of the standard system is $24,500 * _ The system 
includes two 1 .2-megabyte flexible disc drives, a dot 
matrix printer, the data base manager, and all the 
application development tools described earlier. Stor­
age for the system can be expanded through addi­
tional flexible discs or by adding fixed discs. 

Even with all these technical advances,you don't have 
to be afraid of the HP 250. Turning the key initiates a self 
test that lets you know the system is operating prop­
erly and ready to do your task. And when it comes to 
maintenance, the CPU and memory boards are on a 
single, roll-out chasis to make it easy for HP-trained 
service personnel to keep the system in top form. 

Mail to: Hewlett-Packard, 1502 Page Mill Road, Palo Alto, CA 94304 
Please send me further infonnation on 

( ) HP programmable calculators 
I ) HP 250 small business computer 

Name ______________________________ ___ 

Comp�y-------------------------------
Address _____________________________ _ 

City _____________ SI.I. ______ Zip ____ _ 

"'Domestic U .s, prices only 008S1 
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Fusion Power with Particle Beams 
In one approach to controlled fusion a pellet of fuel is imploded 

by an external energy source. Supplying the energy with intense 

beams of particles is being explored in the US. and the U.S.S.R. 

Fusion, the kind of nuclear reaction 
that converts mass into energy in­
side the sun and other stars, is 

widely regarded as one of the most 
promising means of generating electric 
power for the next century and beyond. 
Research in this area has intensified dra­
matically since the oil embargo of 1973, 
and substantial progress has been made 
as a result of the expanded effort. Many 
workers now believe that the scientific 
feasibility of fusion power will be de­
termined within the next decade. The 
period is crucial because several large 
"proof of principle" experiments should 
be completed in the 1980·s. 

Efforts to duplicate the fusion process 
on a controlled basis have centered 
principally on magnetic-confinement 
schemes, in which the hot gaseous fuel 
(a mixture of deuterium and tritium. 
two heavy isotopes of hydrogen) will be 
held within the reactor vessel by means 
of strong magnetic fields, and to a less­
er extent on an inertial-confinement 
scheme that will rely on powerful laser 
beams to implode tiny pellets of deuteri­
um and tritium. In the past few years my 
colleagues and I at the Sandia Laborato­
ries in Albuquerque, N.M., and a larger 
group of investigators at the I. V. Kur­
chatov Institute of Atomic Energy in 
Moscow have undertaken a different ap­
proach to fusion by inertial confine­
ment. Instead of laser beams we have 
employed intense beams of electrons 
(and more recently ions) generated 
by very-high-current, very-high-voltage 
electric pulses. 

This approach to fuel-pellet implo­
sion is potentially efficient, simple and 
economically competitive. but like all 
other approaches to fusion it requires 
solutions to a series of formidable tech­
nical problems. We can. however, re-
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port encouraging progress in our efforts. 
As a result this dark horse in the race to 
fusion power is attracting increased in­
terest. It is likely that the winner of this 
worldwide competition will proceed be­
yond the proof of scientific feasibility 
to the first experimental power reac­
tors and thence (perhaps early in the 
next century) to a demonstration pow­
er plant. 

The idea of fusing the nuclei of hydro­
gen atoms to release energy for the 

generation of electricity is attractive for 
several reasons. One measure of the po­
tential benefit from controlled fusion 
can be appreciated if one considers that 
a thimbleful of liquid heavy-hydrogen 
fuel would release as much energy (in 
the form of energetic neutrons) as 20 
tons of coal. Even more important, the 
fuel is readily available. Deuterium is 
found in all natural bodies of water. and 
tritium can be synthesized by the reac­
tion of fusion-generated neutrons with 
lithium in a "blanket" surrounding the 
reaction chamber. If the materials for 
the walls of the reaction chamber were 
carefully selected. the fusion reactor 
would have fewer radioactive by-prod­
ucts than a fission reactor. In addition 
there would be no possibility that the 
fuel core would melt down, a conjec­
tured type of failure that has helped to 
make nuclear power plants the subject 
of controversy. 

Nature has a way of coupling risk and 
reward. so that frequently those proc­
esses that have the greatest potential for 
benefiting mankind are also those that 
can be achieved only with the greatest 
difficulty. So it is with fusion. After 
nearly three decades of effort fusion 
ignition (that is. the efficient burnup 
of deuterium and tritium) has been' 

achieved in only one way: the hydro­
gen bomb. Moreover. fusion has been 
achieved in this case only with a fission 
trigger (an atomic bomb) to generate the 
extremely high temperature and the de­
gree of confinement necessary for the 
hydrogen nuclei to fuse. 

The conditions necessary to gain any 
worthwhile net power from fusion reac­
tions involving deuterium and tritium 
are formidable: a temperature of about 
100 million degrees Celsius and a com­
bination of fuel-confinement time (in 
seconds) and fuel density (in particles 
per cubic centimeter) whose product is 
greater than 1014• The high temperature 
is needed to propel the nuclei to veloci­
ties sufficient to overcome their mutual 
electrical repulsion when they encoun­
ter each other. The required confine­
ment time and particle density ensure 
that there are enough collisions for the 
reactions to proceed efficiently. 

In the magnetic-confinement ap­
proach the fuel must be maintained at 
a fairly low density because of practi­
cal limits to the magnetic-field strengths 
that can be obtained. As a result confine­
ment times of seconds or minutes must 
be achieved in order to get a substantial 
burnup of the fuel. In the inertial ap­
proach the fuel is heated as it is com­
pressed to an extreme density (typically 
1,000 times the normal density of the 
solid fuel). Under these conditions the 
fuel reacts so rapidly that the burning is 
actually a small explosion. Since the 
compressed fuel is restrained by its own 
inertia. it burns before it flies apart (in 
less than a billionth of a second). 

As the cost of fusion research has es­
calated there has been considerable dis­
cussion not only of the potential benefits 
of fusion but also of its possible draw­
backs. One of the primary concerns is 
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that even if the physics problems are 
resolved and the needed technologies 
are adequately developed, the complex­
ity, the materials requirements and the 
overall cost may still preclude the real­
ization of a new energy source. Electric 
utilities have already expressed a desire 
for small, comparatively inexpensive 
demonstration experiments that can be 
brought on

' 
line rapidly and modified 

easily after operational experience has 
been obtained. The inertial-confinement 
approach to fusion may more nearly fit 
this requirement because it does not call 
for the large superconducting magnets 
and certain other costly complexities 
necessary for magnetic-confinement fu­
sion; instead it seeks to achieve confine­
ment by directing an intense energy 
source (either a laser beam or a particle 

beam) onto the outer surface of a spheri­
cal pellet, causing a rocketlike ablation 
of the surface and an implosion of the 
deuterium-tritium fuel mixture in the 
remainder of the pellet. The compres­
sion not only heats the fuel to the igni­
tion temperature but also increases the 
amount of fuel that can be burned. 

Magnetic-confinement fusion can be 
likened to a furnace. which requires ig-

THIRTY-SIX ELECTRON BEAMS will be concentrated to im­
plode a deuterium-tritium fuel pellet in the experimental electron­
beam fusion accelerator now under construction at the Sandia Lab­
oratories. This drawing shows a horizontal cross section of the reac­
tion chamber, which will have a radius of 42 inches. The electron 
beams (bright lines) will be injected into the chamber from the front 
ends of 36 independent accelerator lines and will be propagated the 

last 18 inches to the target along dense, magnetized plasma channels 
formed in the air inside the chamber. When the device is completed 
and ready for testing late next year, it is expected to be capable of 
delivering electron pulses with a total power of 30 trillion watts to 
the target area; a planned upgrading could double the power level by 
1983. Pellet-ignition experiments are scheduled for 1985. Accelera­
tor could be adapted to produce pulsed ion beams for fusion research. 
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nition. refueling and the removal of im­
purities and which has a long burn time 
compared with the ignition time. Iner­
tial-confinement fusion. on the other 
hand. requires an efficient. highly repeti­
tive ignition system and a continuous 
supply of inexpensive fuel pellets. which 
are injected and ignited one at a time. In 
a hypothetical inertial-confinement re­
actor one . ten-thousandth of a gram of 
fuel would be ignited every tenth of 
a second by a 100-trillion-watt pulse. 
yielding an average thermal output of 
a billion watts. (An ordinary automo­
bile spark plug delivers 100 watts to its 

combustion chamber.) If a convention­
al thermal-to-electric conversion cycle 
is employed and the ignition system is 
20 percent efficient. a power plant with 
an inertial-confinement fusion reactor at 
its core would deliver 350 million watts 
of electricity. enough to power a city of 
175.000 residents. (It should be kept in 
mind that the 100-trillion-watt figure 
cited here is the peak power of a pulse 
whose average power is only about 20 
million watts.) 

Lasers are in many ways ideal for ir­
radiating such pellets. These devices can 
generate extremely short pulses of radi-

ation (lasting a billionth of a second or 
less). which can easily be focused o

'
nto 

the surface of a pellet from a distance 
with the aid of lenses or mirrors. Signifi­
cant progress has been achieved in laser­
fusion research in recent years. and 
large neodymium-glass and carbon di­
oxide lasers are under development by 
the U.S. Department of Epergy with 
the aim of demonstrating fusion "break 
even" conditions before 1985. 

Lasers. however. have two serious 
disadvantages: they are inefficient and 
they tend to be expensive. For example. 
neodymium-glass lasers. the common-

CUTAWAY VIEW on these two pages shows the latest design of the 
Sandia electron-beam fusion accelerator. The reaction chamber is the 
spherical container at the center. The 36 magnetically insulated trans­
mission lines leading into it are each about 22 feet long. The electron 

beams will consist of high-current pulses formed by electric discharg­
es from a ring of 36 pairs of pulse-forming lines charged by capaci­
tors (barrel·shaped devices). When the accelerator is in operation, the 
capacitors and pulse-forming lines will be immersed in a liquid di-
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est high-power lasers. have an efficiency 
of only .2 percent. and their cost per unit 
of energy is currently about $500 per 
joule. The ultimate efficiency of carbon 
dioxide lasers is estimated to be between 
5 and 10 percent. with that of present 
models ranging between 2 and 3 per­
cent. There is much debate as to the 
ideal wavelength for a fusion laser. and 
a vigorous search is under way to devel­
op efficient short-wavelength lasers. It 
was primarily the inefficiency of lasers 
that led to the present interest in beams 
of electrons or ions as pellet igniters. 

The particle-beam approach to fusion 

MAGNETICALLY INSULATED 

TRANSMISSION LINES 

PULSE-FORMING 

LINES 

has been made possible by the growth of 
pulsed-power technology. which began 
in the mid-I960·s. This technology was 
supported by the Atomic Energy Com­
mission and the Department of Defense 
to provide radiation sources to test the 
survivability of intercontinental ballis­
tic missiles against bursts of radiation 
from anti-ballistic-missile warheads. To 
simulate these radiation effects power­
ful bursts of X rays were needed. The 
radiation that results when a multimil­
lion-volt electron beam hits a thin foil of 
a metal such as tantalum proved to be 
adequate for the purpose. To meet the 

CAPACITORS HIGH-VOLTAGE 

GENERATORS 

electric, in this case pure water (light color). The stored electricity will be supplied by an outer 
ring of high-voltage generators, which in turn will be insulated by transformer oil (dark color). 
The total energy delivered to the target area of the electron-beam accelerator will be on the 
order of a million joules. A somewhat larger experimental machine is planned in the U.S.S.R. 

need for intense X rays and gamma rays. 
Thomas H. Martin and his group at 
Sandia. with the assistance of J. C. 
Martin of the British Atomic Weapons 
Research Establishment. developed in 
1967 an electron-beam accelerator ca­
pable of discharging a maximum energy 
of 100.000 joules into an X-ray tube at 
an electric potential of 10 million volts. 
This trillion-watt accelerator. called 
Hermes. and a similar device developed 
by the Department of Defense embod­
ied many of the components and con­
cepts that are applied in today's pulsed­
electron-beam accelerators. 

Ahigh-energy electron-beam acceler­
ator is a remarkably simple device 

whose components can be bought off the 
shelf or fabricated in an ordinary ma­
chine shop. It is basically a high-voltage 
source that stores energy in capacitors 
and then discharges the energy through 
switches into an insulated pulse-forming 
line and thence into a diode. or two-ele­
ment. vacuum tube. Electrons are accel­
erated to the anode of the tube from 
a dense plasma (a superheated gas of 
charged particles). which forms on the 
metallic surface of the cathode as a re­
sult of self-resistive heating of micro­
scopic surface protrusions. It is general­
ly accepted that the required power for 
pellet ignition is 100 trillion watts. For 
an electron beam to deliver this power 
an operating current of between 10 mil­
lion and 100 million amperes must be 
attained. calling for an accelerating po­
tential of between one million and 10 
million volts. 

The most powerful electron accelera­
tor in existence is the Aurora device. de­
veloped for the Department of Defense 
by Ian D. Smith and his colleagues at the 
Physics International Company and in­
stalled at the Army's Harry Diamond 
Laboratory near Washington. D.C .. in 
1972. This four-beam. 20-trillion-watt 
accelerator operates at an electric po­
tential of more than 10 million volts and 
generates pulses lasting more than 100 
billionths of a second. Although it does 
not have the right parameters for elec­
tron-beam-driven fusion experiments. 
its remarkable efficiency (50 percent) 
and comparatively low cost ($14.5 mil­
lion) provide an impressive demonstra­
tion of pulsed-power technology. 

The efficiency and cost criteria for 
particle-beam fusion igniters had n9t 
been formulated when the first proposal 
for their use in inertial-confinement fu­
sion. put forward by A. John Gale of the 
High Voltage Engineering Corporation. 
was awarded a U.S. patent in 1963. In 
fact. Gale may have been the first to 
propose beam-driven inertial-confine­
ment fusion. since lasers had oniy just 
been invented at the time he filed his 
patent disclosure in 1960. Shortly there­
after F. Winterberg of the Case Institute 
of Technology considered the hyperson­
ic acceleration of small grains of matter 
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for reaching fusion-ignition conditions 
on impact. By 1967. however. Winter­
berg realized that powerful electron or 
ion beams might be easier to produce. 
Between 1964 and 1967 Franklin C. 
Ford and his group at Physics Interna­
tional were also considering the elec­
tron-beam approach to pellet ignition in 
the course of their pioneering work on 
scaling pUlsed-power technology up to 
the 100-billion-watt level. According to 
L. I. Rudakov. the leader of the Russian 
electron-beam program. E. A. Zavoiski 
at the Kurchatov Institute had also de­
cided in 1968 to pursue the electron­
beam approach. although the first Rus-

sian proposal did not appear until 1971. 
In spite of this fI urry of interest. it took 
demonstrations of the scalability of the 
technology and tests of improved beam 
focusing (conducted at Sandia and other 
laboratories in the early 1970's) to cata­
lyze an effort that led to support by the 
AEC in 1973. 

Given the apparent efficiency. sim­
plicity and low cost of high-energy elec­
tron-beam accelerators (the cost is even 
today estimated to be 2 percent of the 
cost of lasers of comparable energy). it 
is only reasonable to ask why the poten­
tial of electron-beam fusion was recog­
nized so late. The answer is that this 

"AURORA," the most powerful electron accelerator in existence, was built for the Depart­
ment of Defense by the Physics International Company to test the survivability of interconti­
nental ballistic missiles against simulated bursts of radiation from antimissile warbeads. The 
four-beam, 20-trillion-watt device was photographed at the Army's Harry Diamond Labora­
tory near Washington, D.C. The accelerator operates at an electric potential of more than 10 
million volts and generates. electron pulses lasting 100 billionths of a second. Although Aurora 
is not suitable for fusion experiments, it demonstrates potential of pulsed-power technology. 
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approach to fusion. like all other ap­
proaches. presents fundamentlil prob­
lems that are far from being solved. 
These problems include creating meg­
ampere pulses for tens of nanosec­
onds. producing tightly focused beams 
of charged particles. transporting the 
beams to the target and efficiently de­
positing the particles on the target. 
There have. however. been several ma­
jor discoveries and innovations. at our 
laboratory and elsewhere. in the short 
time that the electron-beam approach 
has been pursued. and the technology 
itself has proved sufficiently flexible 
and inexpensive to accommodate to and 
benefit from these advances. 

Perhaps the greatest advance has been 
made in the more precise under­

standing of the nature of the beams and 
how to focus them. Since electrons are 
charged particles. they repel each other. 
making focusing a much more difficult 
problem than it is with the photons from 
lasers. The problem can be overcome 
only by utilizing the "self-pinching" ef­
fect of the magnetic field generated by a 
high-current beam when the electric-re­
pulsion force is neutralized. In a high­
current diode the nearby metal surfaces 
reduce the electric force. and the mag­
netic field of the beam turns the elec­
trons toward the axis of the diode. After 
drifting radially the electrons focus onto 
the anode at the axis where the magnetic 
field drops to zero. This phenomenon. 
which was first studied experimentally 
by Philip W. Spence and me at Physics 
International in 1967 and 1968. has 
since been more fully explained by 
J ames W. Poukey of Sandia. who devel­
oped a computer model that simulates 
the motion of trillions of electrons as 
they swarm within a diode. Similar ex­
planations have also been provided by 
S. A. Goldstein of the Naval Research 
Laboratory. who has modeled diode be­
havior by means of simple analytical 
methods. 

The self-focusing effect is now known 
to be strongly influenced by the flow of 
ions from the plasma that forms on the 
anode. This ion flow governs the dy­
namics of beam-pinching. At Sandia we 
were able to enhance beam-pinching in 
1973 by preexploding a fine wire along 
the axis of the diode. thereby providing 
an additional source of plasma. Today it 
is possible to produce a dense electron 
beam with a diameter of two millime· 
ters by means of passive plasma-form­
ing techniques. The highest power den­
sities achieved so far with such diodes 
have been produced by workers at the 
Kurchatov Institute: Rudakov has re­
ported a power density of more than 
1013 watts per square centimeter. High­
power electron-beam diodes have oper­
ated efficiently at current levels of up to 
a million amperes. and it now appears 
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that fewer than 100 diodes would have 
to be operated simultaneously to pro­
vide the total power necessary for the 
ignition of a pellet. The investigation of 
beam focusing has also resulted in find­
ings indicating that a high-current elec­
tron beam behaves more like a gas than 
like a bundle of particles following a 
parallel path to the pellet. The random 
motion of the electrons within the beam 
allows the entire surface of a spherical 
pellet to be evenly bathed when the pel­
let is irradiated with only a single beam. 
Actually this single-beam method of ir­
radiation was employed in our first suc­
cessful neutron-producing experiments. 

In addition to improvements in beam 
focusing, the technological questions of 
pulse formation have largely been an­
swered in the past five years through the 
development of high-power switches 
and an improved understanding of elec­
tric breakdown. So far we have been 
able to switch pulses of up to eight tril­
lion watts with a duration of 24 nanosec­
onds. Contemporary target designs for 
particle beams make it seem unlikely 
that shorter pulses will be needed. In 
1974 fast high-voltage switching in an 
oil dielectric was achieved by Kenneth 
R. Prestwich of our laboratory with trig­
gered rail-gap switches based on a con­
cept developed by J. C. Martin; total 
power levels of up to a trillion watts 
have been switched with this technique. 

When it became necessary to increase 
the density of the electric energy in the 
circuit, the oil dielectric was replaced 
with water and a different switching 
technique was instituted. (Pure water is 
an excellent insulator for periods of one 
or two microseconds; it has a dielectric 
constant 8 1  times that of a vacuum, 
compared with oil. which has a dielec­
tric constant only three times that of a 
vacuum.) In a water dielectric a new 
switch was required because with the 
shorter, higher-energy-density transmis­
sion lines there was less room for a trig­
gered switch. The answer to the problem 
was a self-triggered switch to which an 
additional pulse-forming line provided 
a rise in voltage short enough to create 
multiple breakdowns and numerous 
current-carrying channels in the water. 
This type of switch has since been used 
in a system producing a five-million­
ampere pulse that rises to its peak in 
less than 20 billionths of a second. 

Although the technology of transfer­
.£\. ring high-energy pulses through liq­
uid dielectrics has evolved rapidly, the 
spatial concentration of the pulse has 
been a more difficult problem to solve 
because of electric breakdown in the ac­
celerator itself. The weakest point in the 
power-compression chain has been the 
solid insulating interface between the 
water-insulated pulse-forming line and 
the diode chamber containing the fuel 
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ANNUAL FUNDING LEVELS for different kinds of fusion-power research in the U.S. are 
compared in this bar chart. The budget for research on magnetic-confinement fusion (black 
line) remained fairly constant from 1958 until 1974, when the rapid rise began to the current 
level of some $300 million per year. The budget for the inertial-confinement fusion program 
(colored iiI/e) started to increase in 1971 and by 1973 reached a level comparable to that of the 
magnetic-confinement program. At present research on inertial-confinement fusion (which 
includes both the laser technique and the particle-beam technique) accounts for about 30 per­
cent of the total U.S. budget for fusion research. Portion of the inertial-confinement budget 
devoted to particle-beam research (white line) is less than 3 percent of national fusion effort. 
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MAGNETIC ALL Y INSULA TED TRANSMISSION LINE will 
carry the electron pulses to the reaction cham her in the new Sandia 
electron-beam fusion accelerator. In this pair of diagrams the meg­
ampere electron flow is shown in color; the intensity of the color cor­
responds to the concentration of the electrons in different parts of the 
pulse. As the pulse travels down the central cathode of the transmis-
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sion line, it sets up a transverse magnetic field (black arrows) that in­
hibits the electrical breakdown of the vacuum gap separating the cath­
ode from the surrounding anode. Ahead of the pulse the electrons 
(colored arrows) tend to escape from the cathode to' the anode, losing 
energy. Within the body of the pulse, however, the strong self-gener­
ated magnetic field forces electron flow to keep to surface of cathode. 

c 
POSITIVE IONS 

i� 
ii .� 
i� 

"-_�=;--';:A--4-" U 

ELECTRONS WHISKERS 

SELF-FOCUSING EFFECT will enable the electrons flowing along 
the cathode Qf a magnetically insulated transmission line to focus 
onto the anode at the axis where the magnetic field drQPs to zerO'. The 
effect is strQngly influenced by the formatiQn Qf a plasma layer (black 
stippling) on the face of both the cathode and the anode. Initially the 
electrons are emitted from micrQscopic surface protrusions ("whisk­
ers") Qn the cathode and are accelerated to the anode in a relatively 
unfQcnsed beam (a). The explosiQn Qf the heated whiskers fQrms a 
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plasma (a hot gas Qf charged particles) on the surface of the cathQde, 
intensifying the flow of electrons across the gap between the cath­
Qde and the anQde. The electron flow heats the surface of the anode, 
forming anQther plasma layer there (b). The reverse flQW of positive­
ly charged ions (black arrows) from the anode plasma to the cathQde 
plasma helps to neutralize the self-repUlsive force of the electrons, 
thereby sharpening the focus of the electron beam as it passes into the 
reaction chamber through a small hole in the face Qf the anode (c). 
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pelle t. The interface. which is made of 
plastic. can typically withstand a stress 
of only 100.000 volts per centimeter and 
therefore it can carry only 25 million 
watts per square centimeter at its sur­
face. This constraint means that the 100 
trillion watts needed for a fusion reac­
tor would call for an interface with an 
area of four million square centimeters. 
If the rise time of the pulse is length­
ened. the power density can be further 
increased to about 100 million watts per 
square centimeter; nevertheless. deliv­
ering the needed power through a sin­
gle module would present many practi­
cal difficulties and would essentially re­
quire that very-high-current beams be 
compressed in radius over a distance of 
many meters. 

A solution to the problem of power 
concentration has now been demon­
strated as a result of work at Physics 
International. the Kurchatov Institute 
and Sandia. The approach calls for the 
employment of magnetically insulated 
transmission lines. a concept that relies 
on enhanced electrical insulation in a 
vacuum instead of in a liquid or solid 
dielectric. Normally when a low-power 
pulse is transferred along an evacuated 
transmission line. electrons are emitted 
from the negatively charged electrode 
when the electric field exceeds 200.000 
volts per centimeter. Under these condi­
tions much of the energy is lost over a 
short distance instead of being transmit­
ted along the line as an electromagnetic 
wave. Because of this limitation the 
maximum power density that could be 
transmitted by a short pulse in a vacuum 
would be 100 million watts per square 
centimeter; hence a coaxial line of use­
ful dimensions. say 30 centimeters in di­
ameter. would transport little more than 
100 billion watts . 

H has been found. however. that at 
very high power levels the transverse 
magnetic field of the propagating wave 
deflects the electron orbits so that their 
radius of curvature is smaller than the 
spacing between the electrodes. Under 
this high-power condition the emitted 
electrons are actually returned to the 
high-voltage electrode without losing 
energy. and power levels exceeding a 
trillion watts can be transmitted through 
the 3 0-centimeter line. That effect. 
which is observed to a limited extent in 
an ordinary tube of the magnetron type. 
was first observed in the Hermes accel­
erator in 1967. The feasibility of the ap­
proach was demonstrated for the first 
time in power transmission over a sub­
stantial distance in the Aurora accel­
erator in 1972. The four coaxial lines 
in Aurora efficiently deliver 20 trillion 
watts of power over six meters at a stress 
of 500.000 volts per centimeter. 

Analysis and computer simulation of 
this important discovery have been un­
der way for some years. but it has been 

only in the past two years that the con­
cept has been rigorously tested and has 
come to be well understood . The princi­
ple was applied and extended at Physics 
International. which has demonstrated 
power transport over seven meters at 
an efficiency of 77 percent. A new two­
dimensional computer simulation at 
Sandia has now demonstrated how the 
effect is achieved.  The computer re­
sults show that at the head of the e\ec-

tromagnetic pulse the electrons reach 
the outer. or grounded. electrode but 
that within a short distance into the 
pulse they are turned back by the rapid­
ly rising magnetic field. and the power 
is hence transported efficiently down 
the line. 

Our group at Sandia has recently 
begun a thorough test of the con- . 

cept of the magnetically insulated trans-

SINGLE PROTOTYPE MODULE of the 36-module electron-beam fusion accelerator is cur­
rently being tested at Sandia. The magneticaUy insulated test line, seen partiaUy disassembled 
in this photograph, is fed by an electron pulse from two compact water-insulated pulse-form­
ing lines (out of sight behind the large circular plate at rear). The test line itself consists of three 
parallel plates (one central cathode flanked by two anodes) enclosed in a cylindrical vacuum 
chamber. In a recent demonstration electrons were transmitted along the line at a power level 
of 800 million watts with an efficiency of almost 100 percent. Goal of these experiments is to 
produce a focused electron beam with a power density of 10 trillion watts per square centimeter. 
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PLASMA CHANNEL ELECTRON BEAM 

LASER BEAM 

PROPAGATION of a beam of electrons in the air-filled reaction 
chamber of a fusion accelerator will be accomplished by providing a 
dense magnetized plasma channel within which the focused electron 
beam can be guided from the end of the insulated vacuum line to the 
fuel pellet at the center of the chamber. In the initial experiments with 

the new Sandia 36-beam device an array of fine tungsten wires run­
ning from the diodes to the target will be used to guide the discharges 
within which the beams are to be propagated. In future experiments 
pulsed laser beams will serve the same purpose by creating weakly 
ionized narrow paths to the target. Latter design is illustrated here. 

mission line. working with a variation of 
the basic idea to enhance further the 
concentration of power near the target. 
These tests are being conducted on a 
single prototype module of the 36-mod­
ule. one-million-joule electron-beam fu­
sion accelerator. which is now under 
construction and scheduled for pellet 
experiments after 1980. The test line. 
fed by a pulse from two compact water­
insulated pulse-forming lines. is seven 
meters long and consists of three paral­
lel plates enclosed in a cylindrical vac­
uum chamber. The three-plate configu­
ration makes it possible to achieve a 
greater power concentration than can be 
achieved with a coaxial cable. In experi­
ments carried out by Pace J. Van De­
vender a power-transport efficiency of 
almost 100 percent has been demon­
strated at power levels of 800 billion 
watts. A power density of more than 100 
billion watts per square centimeter has 
already been achieved over a small sec­
tion of the transmission line. and taper­
ing the line should increase the power 
density further. Our goal is to produce a 
focused electron beam of 10 trillion 
watts per square centimeter at the end of 
the transmission line; the degree of fo­
cusing already achieved makes us opti­
mistic that this goal can be attained. 

Transporting the focused beam from 
the end of the transmission line into a 
diode chamber containing the fuel pellet 
is the next and final link in the energy­
transmission chain. Until the concept of 
tqe magnetically insulated transmission 
line was fully developed. most of our 
research at Sandia involved accelerators 
in which the electromagnetic wave 
emerged from the liquid dielectric. 
passed through the solid insulating wall 
of the vacuum diode and split into two 
beams that drifted radially from two 
cathodes to a pellet at the axis of the 
diode. This configuration evolved not 
only because of the focusing forces. 
which naturally cause the beam to pinch 
toward the axis. but also because of our 
wish to irradiate the pellet uniformly 
with two beams and to separate the 
diode insulator from the blast of the ex­
ploding pellet. Because of limitations on 
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dielectric breakdown of the surface of 
the solid insulator this concept has given 
way to the newer one of the magnetical­
ly insulated transmission line. but there 
still remains the substantial problem of 
transporting the focused beam from the 
end of the insulated vacuum line to the 
center of the reaction chamber where it 
must strike the injected pellet. Recently. 
however. there has been progress in pro­
viding a sufficient "standoff" separation 
between the exploding pellet and the 
beam injector for the focused beam to 
be propagated. 

In the propagation of an intense elec­
tron beam it has been found that a dense 
plasma containing a strong magnetic 
field acts as a beam conduit. with little 
beam energy lost over distances of a few 
meters. The possible instability of the 
beam. however. has caused concern be­
cause it could lead on a microscopic 
scale to the dissipation of energy or on a 
macroscopic scale to the "snaking" of 
the beam or its breakup into tiny. unsta­
ble filaments. These effects have been 
addressed by many investigators. and 
the conclusion is that high-current 
beams can be propagated if the plasma 
is dense enough and has a high enough 
electrical cond uctivity. 

Beam transport therefore seems to 
hinge on finding a convenient means 
of creating a dense magnetized plas­
ma channel without using massive field 
coils. which would themselves be dam­
aged by a successful pellet explosion. 
Two years ago Paul A. Miller and I not­
ed that a guided discharge in air satisfied 
most of the requirements for the plasma 
channel. Such a guided discharge. which 
can be initiated by a comparatively 
small bank of capacitors. serves not 
only to heat the air to a plasma along a 
narrow path but also to generate the 
magnetic field that guides the particle 
beam to the target. A close look at such 
a plasma channel with the aid of a holo­
graphic technique shows a uniform and 
stable low-density path surrounded by a 
denser and cooler cylindrical shell of 
gas that was pushed out of the channel. 
At Sandia and at the Naval Research 
Laboratory high-current electron beams 

ranging up to hundreds of thousands of 
amperes have been propagated efficient­
ly by means of this technique. So far a 
fine tungsten wire· running from the ca­
pacitor to a target has been used to initi­
ate the discharges; in the future it is ex­
pected that a weakly preionized path 
created by a laser will serve the same 
purpose for the repetitive pulses of a 
fusion reactor. Although such reactor 
considerations are now beginning to re­
ceive attention. our immediate problem 
is still to demonstrate the feasibility of 
igniting the target pellet. 

Of all the problems the electron-beam 
approach to fusion faces. energy 

deposition is one of the most critical. 
The efficient deposition of high-voltage 
electrons requires that the particles be 
stopped in a thin outer layer of the pel­
let. In order to reduce the amount of 
mass needed to stop the particles and so 
reduce the amount of energy needed to 
heat the mass it is important to utilize 
the effects of the beam's self-generated 
field or to utilize external fields for 
shortening the range of the particles in 
the pellet. For example. a million-volt 
electron normally deposits only 10 per­
cent of its energy in a gold foil 10 
micrometers thick. If. however. the self­
generated field of a tightly focused mil­
lion-ampere beam penetrates the mate­
rial. electron penetration is effectively 
reduced and absorption efficiency may 
be increased to 50 percent. 

In a sense this effect is attributable to 
the "stagnation" of the beam. which al­
lows each electron to have more op­
portunities to interact with the atoms in 
the foil through ordinary collisions. The 
most dramatic demonstration of the ef­
fect was announced in 1977 by members 
of Rudakov's group. who reported heat­
ing a 10-micrometer gold foil to almost 
a million degrees C. with a 10.000-joule 
electron beam focused to a diameter of 
two millimeters. Their feat. which rep­
resents a deposition enhancement of ap­
proximately tenfold. has been partially 
reproduced (at somewhat lower power 
densities) in our laboratory. 

Assuming that an efficient deposition 
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of energy can be obtained. the next 
question is one of target design. We have 
learned from our design studies that tar­
gets for particle-beam fusion are of ne­
cessity larger (perhaps as big as half an 
inch in diameter) and more massive than 
laser targets because of the longer dura­
tion of our pulses and the focusing limi­
tations of energetic charged particles. 
Because of the greater mass of particle­
beam targets they need much higher in' 
put energies, but that is not inappropri­
ate for pulsed power, which tends to be 
rich in energy and comparatively poor 
in delivered power. In other words. we 
can deliver rather large energies in long 
pulses, and we need to have targets that 
reach the req uired fuel temperatures 
with slow implosion velocities. 

A target concept that may meet these 
needs was first developed in the Russian 
laser program under N. G. Basov at the 
P. N. Lebedev Physics Institute. In 1975 
Basov and his group proposed using 
rather large, hollow targets consisting of 
several contiguous shells, which could 
be imploded over several tens of nano­
seconds. The input energy would be ac­
cumulated during the relatively long im­
plosion time and concentrated in the 
fuel only at the last stage of fuel col­
lapse. The inner layers of the hollow 
shell would consist of a thermally insu­
lating material. such as gold. surround­
ing a thin layer of fuel. which would 
implode first and become a superheated 
spot at the center of the target. thereby 
centrally igniting the rest of the implod­
ed fuel. A related approach. based on 
multiple. noncontiguous shells. was pro­
posed at the Lawrence Livermore Labo­
ratory of the University of California 
last year. This design made use of thick 

a DEUTERIUM FUEL 

shells, thus avoiding the "high aspect ra­
tio" of the shells used in the Russian 
approach. The thicker shells reduce the 
possibility of hydrodynamic instabili­
ties, which could destroy the symmetry 
of the implosion. 

The stability of implosion has been 
the subject of considerable debate be­
cause quantitative implosion experi­
ments have not been possible with the 
small beam energies available to date. 
This question should be answered in the 
near future. Targets that ignite at the 
center. which will be emphasized in fu­
ture work, probably hold the key to 
reaching ignition and efficient burn con­
ditions with low power levels. 

Working with enhanced electron dep­
osition and a multiple-shell design. 
members of Rudakov's group were able 
in 1976 to get the first measurable fu­
sion-generated neutrons from a pellet ir­
radiated with electron beams. They op­
erated at a modest power level (less than 
100 billion watts) but employed a five­
micron-thick gold foil overlying a 10-
micron-thick polyethylene foil to com­
press and heat the fuel. which was con­
tained within a conical lead plug. At 
Sandia we got a similar number of target 
neutrons (about a million) in 1977 by 
adopting a concept from magnetically 
confined fusion: the application of a 
magnetic field to thermally insulate pre­
heated fuel in the pellet from a sur­
rounding high-density shell. In this way 
a slower implosion velocity can be em­
ployed, allowing longer pulses and less 
stringent beam-focusing requirements. 
The fuel was preheated and the trapped 
magnetic field was produced just before 
implosion with a high-current discharge 
through a filament within the pellet. In 
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this way the million neutrons were ob­
tained from a deuterium fuel with a 
comparatively slow implosion velocity 
of four centimeters per microsecond. 
(For the purposes of comparison the 
first successful laser pellet implosions 
occurred at 20 centimeters per micro­
second.) 

The complexity encountered in the 
physics of energy deposition and in 

the design of targets for electron beams 
has recently heightened interest in the 
use of ion beams for inertial-confine­
ment fusion. Beams of light ions can be 
generated with existing electron-beam 
accelerators. although at a slightly re­
duced power. by suppressing the normal 
electron current. The range at which 
ions are deposited in a pellet is shorter 
than that at which electrons of the same 
kinetic energy are deposited: this should 
ease the requirements for both pellet de­
sign and beam generation. For example. 
our calculations show that the irradia­
tion of a magnetically insulated target 
with a 10-trillion-watt beam of ions 
would yield a net energy gain; calcula­
tions that consider a magnetically assist­
ed central-ignition pellet yield energy 
gains of more than 10 with absorbed 
ion-beam power levels of less than 50 
trillion watts. This high gain require­
ment should be within the capability of 
an upgraded version of the Sandia elec­
tron-beam fusion accelerator. which is 
proposed for completion by 1983. High­
voltage ions are very difficult to focus. 
however. and work has only just begun 
on the development of various schemes 
for concentrating the ion beams. 

The initial approach to ion-beam pro­
duction. proposed by Winterberg. was 

IMPLOSION of a heavy-hydrogen fuel pellet depends critically on 
the design characteristics of the pellet. The hollow multiple-shell de­
sign shown (a>. consists of an inner shell of deuterium fuel (color), an 
outer shell of explosive "ablator" material (gray) and an intermedi­
ate "pusher" shell (black) to help compress and heat the fuel symmet­
rically. The incoming electron beams explode the ablator shell (b), 
driving the inner layers toward the center and igniting fusion reac­
tions between deuterium nuclei in the fuel. In order to help insulate 
the imploding fuel from the surrounding high-density pusher shell 

workers at Sandia have produced a trapped magnetic field within the 
pellet by discharging a high-current electric pulse through a filam ent 
embedded in the pellet; energy that would otherwise be lost to the 
pusher layer through the conduction of heat by thermal, or slow, elec­
trons (wa.'y white arrows) is thereby confined to the implosion region, 
raising the final temperature of the fuel (c). Using this approach, 
lames S. Chang and his colleagues have managed to obtain as many 
as a million neutrons from a deuterium fuel pellet with a compara­
tively slow implosion velocity of four centimeters per microsecond. 
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to suppress the electron flow in a diode 
by employing a magnetic field to pre­
vent electrons from reaching the anode. 
The suppression is necessary because in 
a parallel flow of both electrons and ions 
through a diode most of the energy is 
carried by the lighter particles: the elec­
trons. If. for example. the ions were 
protons. the proton current would be 
roughly 2 percent of the current of the 
electron beam. Applying a strong mag­
netic field parallel to the surfaces of the 
anode and the cathode with pulsed coils 
diverts the electrons. so that they form a 
rotating cloud. whereas the field only 
weakly perturbs the ions. so that they 
can pass through holes or slots in the 
cathode. If a supply of electrons is then 
made available outside the diode. the 
ions should be neutralized and propa­
gated in straight paths. If the diode is 
shaped properly to direct the ions to a 
common point. an intense focus should 
be formed. The concept was first tested 
by R. N. Sudan's group at Cornell Un i-

versity. At Sandia. David J. Johnson 
and Glenn W. Kuswa have recently pro­
duced such an ion beam with a power of 
500 billion watts. This power is ap­
proaching that of electron beams. but 
it remains to be seen whether a large 
enough force neutralization and a small 
enough beam divergence can be gained 
to focus the ion beam geometrically. 

Another approach to the generation 
of ion beams and the suppression of 
electrons is being examined by Gold­
stein and Gerald Cooperstein at the N a­
val Research Laboratory. They are rely­
ing on the self-generated magnetic field 
of a high-current diode to limit the flow 
of electron current to the anode. Since 
they apply no additional magnetic field 
outside the diode. force neutralization 
may be achieved more readily. In this 
way they have produced an ion beam 
with a power of 300 billion watts and an 
efficiency of 50 percent; moreover. they 
have employed a simple geometric fo­
cusing scheme to achieve a current den-

LUMINOUS PLASMA CHANNELS used to transport 12 high-energy electron beams are 
seen arrayed around a central target (here an aluminum post) in this demonstration photograph 
of the interior of the eight-trillion-watt Proto II electron-beam accelerator at Sandia. The channels 
were created in the ambient air by the discharge of a capacitor bank capable of generating cur­
rents of about 60,000 amperes per 'channel for a few microseconds. (For the purpose of the 
photograph the system was operated at about 12 percent of full power.) Normally this view of 
the plasma channels is obscured by the top of a cylindrical vacuum chamber approximately a 
meter in diameter. The 12 brass-tipped cathodes just outside the wall of the vacuum chamber 
inject 12 independently accelerated electron beams into the preformed plasma channels. The 
beams then drift to the central target area, where they are combined. This experimental 12-
beam apparatus is being used to study the transport properties of both electron and ion beams. 
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sity of 70.000 amperb per square cen­
timeter. 

- We are preparing to operate the San­
dia electron-beam fusion accelerator in 
both the electron and the ion modes so 
that both options can be fully evaluat­
ed. In one diode design multiple ion 
beams would be generated at the end of 
the magnetically insulated transmission 
lines and geometrically focused over a 
distance of about a meter. These fo­
cused beams would then be transported 
to the target in plasma-discharge chan­
nels. The accelerator will also be used to 
evaluate a "beam bunching" concept 
that is applied routinely in convention­
al particle accelerators: increasing the 
power of the ion beam by compressing 
the ion pulses in both space and time. 
Such space-time compression is possible 
because ions in the energy range of a few 
megavolts are comparatively slow-mov­
ing. and if the accelerating voltage is in­
creased over the period of a pulse. the 
faster ions at the end of the pulse can be 
made to overtake the slower ions inject­
ed earlier. providing a shortened pulse 
and a higher power at the target. In this 
way a power gain of at least 5 can be 
achieved. 

A more recent approach to particle­
beam fusion is the acceleration of heavy 
ions. Some physicists who have partic­
ipated in the building of high-energy 
accelerators for research on elementa­
ry particles have proposed that con­
ventional accelerator technology might 
prove to be adaptable for fusion reac­
tors. They have noted that by employing 
heavy ions the necessary power could be 
achieved at much higher voltages and 
therefore lower currents. One of the 
most important advantages of operating 
at a high voltage would be that pow­
er could be delivered to the beam in 
successive. physically separated stages. 
thereby greatly easing the task of power 
concentration. The technology and eco­
nomics of such an approach are now 
being investigated. 

The u.s.  program to develop the 100-
trillion-watt electron accelerator 

needed for inertially confined fusion ex­
periments began in earnest in 1974 with 
the development by Prestwich at Sandia 
of a trillion-watt accelerator named 
Proto I. which was placed in operation 
in 1975 and is now operating primarily 
in the ion-beam mode. Following that 
step Thomas Martin and his group be­
gan research that culminated last year 
with the successful operation of an 
eight-trillion-watt accelerator: Proto II. 
Many of the energy-storage. switching 
and pulse-forming elements for the 
next-generation accelerator have been 
successfully tested in Proto II. Experi­
ments involving multiple ion beams 
and electron beams are under way on 
Proto II to provide the beam-propaga-
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POSSIBLE ADAPTATION of the new Sandia electron-beam fusion 
accelerator would enable investigators to conduct experiments with 
ion beams instead of electron beams. In this scheme the polarity of 
the diode would be reversed: the central element in each transmis­
sion line would now serve as the anode, and the outer element would 
be the cathode. Light ions (for example protons) would be extracted 

from a plasma formed on the concave face of each anode, which is 
designed to form a geometric focusing device located between each 
pair of transmission lines. The grill-like structure in front of each fo­
cusing device would set up a pulsed magnetic field to suppress the 
flow of electrons. Ions would pass through magnetic-field coils and 
would be focused to enter an array of plasma discharge channels. 

tion data necessary for the design of the 
new machine. 

The new Sandia electron-beam fusion 
accelerator will initially consist of 36 
modules delivering a total of 30 trillion 
watts; it will be constructed to make 
possible its upgrading to at least 60 
trillion watts. The assembly of the ac­
celerator began this past summer. and 
pulsed-power testing should start late 
next year. If these early steps are suc­
cessful. the upgrading could be complet­
ed as soon as 1983. making it possible to 
conduct pellet-ignition experiments by 
1985. If these latter steps also prove suc­
cessful. then the inherent simplicity and 
efficiency of the particle-beam tech­
niq ue will clearly set the stage for future 
reactor applications. 

For this technology to proceed be­
yond the demonstration of scientific fea­
sibility to the power-reactor stage it will 
be necessary to demonstrate the compo­
nents for repetitively pulsed accelera­
tors capable of operating for at least a 
year (almost a billion pulses) with little 
or no maintenance. This will mean that 
components such as advanced gas­
cooled spark-gap switches and high­
voltage transformers are likely to be 
needed rather than the components de­
veloped for the earlier single-pulse ap­
plications. A developmental program at 
Sandia aimed at the solution of these 
problems recently resulted in the dem­
onstration of a generator operating at 
100 pulses per second with an average 
power of 30.000 watts and a peak power 
of 10 billion watts. This technology is 
one of the least developed aspects of 

pulsed power. and providing its feasibil­
ity will call for substantial investments 
in time and money. We believe an accel­
erator with an average power of a mil­
lion watts might be demonstrated as 
early as 1985.  If scientific feasibility is 
shown by then. we would be able to pro­
pose the next step: a small experimental 
power reactor with an average power of 
10 million watts. 

In our longer-term studies we have 
been considering a small power reactor 
that would have a reactor chamber less 
than three meters in radius. The reactor 
would operate at 100 million watts of 
electric power and would require a pel­
let energy gain as small as 30. Such 
small units could achieve a high degree 
of flexibility in future sizing. siting and 
installation of power reactors. In studies 
conducted by the Bechtel Power Corpo­
ration a trillioq-watt reactor driven by 
electron beams is being considered;  this 
machine would be based on a fission 
blanket (consisting of either uranium 
2 3 8  or thorium 2 32). which would pro­
duce not only electric power but also 
fissionable material for conventional 
light-water fission reactors. In the initial 
Bechtel estimates it is concluded that 
an economically acceptable power cost 
could be achieved with pellet gains of 18 
and a blanket gain of 5. Whether or not 
such a hybrid will prove to be desirable 
is the subject of debate. In any event the 
high efficiency of particle accelerators 
makes it possible to consider the envi­
ronmentally attractive pure fusion ap­
proach with small pellet gains. 

The U.S. particle- beam fusion pro-

gram is proceeding at a pace compara­
ble to the Russian program at the Kur­
chatov Institute. although (according 
to Rudakov) the State Committee on 
Atomic Energy of the U.S.S.R. appears 
to have made a stronger commitment to 
electron-beam fusion than to laser fu­
sion. the opposite of the priorities set by 
the U.S. Department of Energy. The 
reasons for the Russian position appear 
to be purely pragmatic. based on the 
simplicity. scalability and lower cost of 
the technology rather than on specific 
scientific factors. The effort at the Kur­
chatov Institute is centered on the de­
velopment of a $ 50-million accelerator 
called Angara V. which will have an en­
ergy output of 100 trillion watts when 
pellet experiments are scheduled to be­
gin in 1984. The Russians are consider­
ing pellets with very high energy gains 
(greater than 1.000) along with a fission 
blanket in order to produce enough 
power to pay for the complex pellets 
and the cost of replacing the magnetical­
ly insulated transmission lines. The Rus­
sians do not plan at this time to propa­
gate their particle beams: instead they 
will place the transmission lines in con­
tact with the pellet. letting the high ener­
gy gain and production of fissionable 
fuel pay for the frequent replacement of 
damaged transmission lines. Wh�ther 
this approach or the propagation tech­
nique we are pursuing ultimately pre­
vails. it is evident that the technology is 
rapidly evolving for the irradiation of 
fuel pellets with high-current particle 
beams powerful enough to produce a 
significant output of fusion energy. 

6 1  

© 1978 SCIENTIFIC AMERICAN, INC



The Assembly of a Virus 
The tobacco-mosaic virus is made up of a strand of nucleic acid 

encased in a rod of one kind of protein. The two components come 

together spontaneously but in a way that is unexpectedly complex 

by P. Jonathan G. Butler and Aaron Klug 

V
iruses are complex articles made 
up of inert giant mo ecules: pro­
teins and nucleic acids (DNA or 

RNA). They are dead in the sense that 
they lack any internal metabolism. but 
they come alive on entering the living 
cell. For this reason they are obligate 
parasites. able to reproduce only by tak­
ing over the enzymatic machinery of the 
host cell. 

Because of their extreme simplicity 
viruses have proved invaluable to mo­
lecular biologists interested in the struc­
ture and function of genes. Viruses also 
provide a simple model of cell develop­
ment. because their multiplication in­
side host cells inv01ves the controlled 
expression of a small number of genes 
and the assembly of a small number of 
proteins into a highly ordered structure. 
The assembly of viruses has therefore 
become a paradigm for the construction 
of large molecular structures within liv­
ing cells. 

The work of our group at the Medical 
Research Council Laboratory of Molec­
ular Biology in Cambridge. England. 
has focused on the tobacco-mosaic vi­
rus. which infects the cells of the tobac­
co leaf. One of the simplest and most 

viable viruses known. it consists of a sin­
gle strand of RNA packaged within a 
rod of protein with a hollow center. The 
viral RNA is 6.400 nucleotides long and 
is intercalated within the turns of a 
closely coiled helix of 2.130 identical 
protein subunits. so that about three 
RNA nucleotides are bound to each 
protein subunit. The protein surrounds 
and isolates the RNA. protecting it from 
damage until the virus has successfully 
infected the host cell. Once the RNA 
is inside the cell it is released from the 
protein and the viral genes set to work 
generating large numbers of new virus 
particles. 

In 1955 a classic series of experiments 
conducted by Heinz Fraenkel-Conrat 
and Robley C. Williams of the Universi­
ty of California at Berkeley demonstrat­
ed that tobacco-mosaic virus could be 
reconstituted in the test tube from its 
isolated protein and RNA components 
[see "Rebuilding a Virus." by Heinz 
Fraenkel-Conrat; SCIENTIFIC AMERI­
CAN. June. 1956]. On simple remixing. 
infectious virus particles were formed 
that were structurally indistinguishable 
from the original virus. Therefore all 
the information necessary for construct-

PROTEIN SUBUNIT 

HELICAL STRUCTURE of the tobacco-mosaic virus is apparent in this drawing, which 
shows about a sixth of the length of the rod-shaped virus particle. The virus consists of a single 
long strand of RNA (color), representing perhaps four genes, packed between the turns of a 
helical protein coat made up of 2,130 identical subunits. The final length of the rod is deter­
mined by the length of the RNA. Until the virus infects its host cell the protein helix protects 
the RNA from damage; after infection the RNA is released from the protein and the viral genes 
are expressed by the host's enzymes. Central hole in the rod of the virus particle, once thought 
to be a trivial consequence of protein packing, plays an essential role in assembly of the virus, 
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ing the virus is inherent in its parts. 
which "self-assemble" spontaneously in 
solution. 

The self-assembly of a helical struc­
ture such as a tobacco-mosaic virus may 
not seem particularly impressive. One 
can postulate that the protein subunits 
have a precise surface geometry so that 
they can assemble only in a unique way; 
the subunits make identical contacts 
with one another that are repeated over 
and over to yield a regular structure. 
According to the most obvious assem­
bly scheme. the free RNA interacts with 
individual protein subunits to get the he­
lix started. Then the subunits simply add 
themselves. one or a few at a time. to the 
"step" at the end of the growing helix. 
much as a crystal grows at a screw dis­
location. but in this case trapping the 
RNA as they go along. Since both the 
virus particle and the RNA have distinct 
ends. it is also logical to expect that 
growth starts at one end of the RNA and 
proceeds toward the other. However 
plausible. these simple ideas are now 
known to be wrong. With the benefit of 
hindsight one can understand why the 
virus has adopted what at first seemed to 
be a puzzlingly more complex strategy. 

The early reconstitution experiments 
appeared to have many features in 

common with the natural assembly 
process. The artificial reassembly of to­
bacco-mosaic virus from its protein and 
RNA components proceeded only at 
room temperature and at neutral pH. 
conditions similar to those found in the 
cells of the host plant. Moreover. reas­
sembly was quite specific: it proceeded 
most readily with RNA from the same 
strain of the virus or from a closely 
related strain but poorly or not at all 
with other natural RNA's or synthetic 
RNA·s. The only puzzling aspect of the 
reassembly process was its low rate: six 
hours or more were required to get max­
imum yields of assembled virus parti­
cles. That period of time seemed too 
long for the normal assembly of the vi­
rus, because the viral RNA is protected 
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ROD-SHAPED PARTICLES of tobacco-mosaic virus are magni­
fied some 300,000 diameters in this electron micrograph made by 
John T. Finch of the Medical Research Council Laboratory of Mo­
lecular Biology in Cambridge, England. The virus "self-assembles" 

spontaneously in the test tube from its constituent RNA molecule 
and protein subunits, giving rise to infective virus particles indistin­
guishable from those found in nature. The assembly of the virus pro­
vides a model for how large structures are built within living cells. 
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PROTEIN SUBUNITS AGGREGATE in different forms depending on the pH (the concen­
tration of protons, or hydrogen ions) and the ionic strength (the concentration of salt) of the 
surrounding medium. Individual protein subunits are found only under conditions of very low 
ionic strength and strong alkalinity (PH 10). Under less alkaline conditions (PH 8) clusters of 
three or more subunits appear. In a neutral solution (PH 7), similar to the condition found in 
the host ceU, the subunits arrange themselves in flat disks consisting of 34 subunits in two rings. 
If the solution is made acidic (about pH 6.5), the protein forms long helixes devoid of RNA. At 
neutral pH, however, the helixes assemble only when the viral RNA is present. The "lock wash­
er" consisting of a single disk is an intermediate form that arises as disks convert into helixes. 

from damage only when it is completely 
surrounded by protein. 

The assembly of any large aggregate 
of identical subunits. such as a crystal. 
can be considered in two stages: nucle­
ation and growth. or in the case of the 
tobacco-mosaic virus, initiation and 
elongation. The rate-limiting step in the 
assembly of the virus, as it is in most 
other instances. is initiation. Because of 
the large number of protein subunits per 
turn of the helix (16'/3) about 18 separate 
subunits would have to bind to the flex­
ible RNA molecule before the assem­
bling structure could close on itself and 
become more than a linear aggregate of 
protein along the RNA. The difficulty 
could be avoided if some kind of jig 
were available on which the first few 
turns of the viral helix could assemble 
until it grew large enough to be stable. 

The solution to the problem was 
found to lie in an intriguing observation: 
the coat protein by itself, free of the vi­
ral RNA, can aggregate in a number of 
distinct yet related forms rather than 
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only in a helix. Donald L. D. Caspar of 
Brandeis University foresaw that some 
of the forms might provide clues to the 
way the virus assembles. The various 
aggregation states were first examined in 
detail by our group (including Anthony 
C. H. Durham and John T. Finch), and 
other workers have since contributed to 
the picture. Although there is some dis­
agreement about the details, the broad 
outline is now clear: the coat protein is 
so designed that it knows not only where 
it is going (into the viral helix) but also 
how to get there. 

The dominant factor controlling the 
state of aggregation of the coat protein 
is the pH of the surrounding medium 
(the negative logarithm of the medium's 
concentration of free protons, or hydro­
gen ions). In a slightly alkaline solution 
(above pH 7) the coat protein tends to 
exist as a mixture of small aggregates of 
several subunits; this mixture is referred 
to as A protein. Near neutrality (PH 7) a 
different and specific structure appears: 
disks consisting of two layers of sub-

units. Each layer is a ring of 17 subunits, 
which is nearly the same number of sub­
units as there are in one turn of the viral 
helix. At conditions like those expected 
within the host cell as much as 80 per­
cent of the coat protein is incorporated 
into disks; the rest is A protein. Making 
the solution abruptly more acidic (down 
to pH 5) converts the disks directly into 
short helical "lock washers" of just over 
two turns in length; the lock washers 
then stack in imperfect register and 
eventually anneal to yield helixes of in­
definite length that are structurally very 
similar to the virus particle except that 
they are devoid of viral RNA. 

The disk aggregate of the coat protein 
has a number of significant proper­

ties. It is the dominant form of the pro­
tein under conditions that are known to 
be optimal for the reassembly of the vi­
rus in the test tube and that are plausible 
for its natural assembly in the host cell. 
Moreover, the size and structure of the 
disk suggest that it might be ideal to act 
as the jig for the initiation of virus as­
sembly. On the hypothesis that the disk 
might serve as a nucleating center, we 
looked at its effect on the reassembly 
reaction. The results were dramatic. 
Complete virus particles were formed 
within 10 minutes rather than the six 
hours that had been required for recon­
stitution experiments in which the pro­
tein was in disaggregated form. We rea­
soned that if the disks were needed for 
initiation, much of this time would be 
spent waiting for the disaggregated sub­
units to assemble spontaneously into 
disks before the growth of the virus par­
ticles could begin. 

The notion that disks are involved in 
the natural biological process of initia­
tion was strengthened by experiments in 
which assembly was carried out with 
RNA's from different sources. We 
found that the disks interacted much 
more readily with tobacco-mosaic RNA 
than with foreign or synthetic RNA's, 
ensuring that only the viral RNA was 
picked out for being coated with the vi­
ral protein. The structure of the disk al­
lows up to a complete turn of RNA to 
bind to it during the first step, so that it 
clearly provides for a much greater dis­
crimination than three nucleotides bind­
ing to a single protein subunit could. 

Specificity also calls for a unique se­
quence of nucleotides in the viral RNA 
that interacts strongly with the protein 
disk. This sequence must be a significant 
stretch of the RNA in order to account 
for the high selectivity observed; about 
50 nucleotides can interact with the 17 
protein subunits in one turn of the first 
disk. We therefore set about isolating 
the initiation region of the RNA by sup­
plying just enough coat protein to allow 
initiation but not growth and then di­
gesting away the uncoated ends of the 
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RNA with an enzyme. Together with 
our colleague David Zimmern we found 
we could isolate a series of RNA frag­
ments. all of which contained a common 
core sequence with variable lengths at 
each end. The shortest of the fragments 
was about 65 nucleotides long. just over 
the length necessary to bind to one com­
plete turn of the disk. and we found that 
it bound to disks tightly and specifically. 
We concluded that this short fragment 
contains all the information necessary 
to specify the normal initiation reaction. 

The large size and relatively low yield 
of the initiation region of the tobacco­
mosaic RNA made determining its nu­
cleotide sequence technically difficult. 

a b 

As we were working on the isolation and 
sequencing of this region Leon Hirth 
and his colleagues at the University of 
Strasbourg had begun to determine the 
sequence of nucleotides in various to­
bacco-mosaic RNA fragments they had 
isolated from uncoated viral RNA that 
had been partly digested by an enzyme. 
In this way they could obtain relatively 
good yields of these shorter fragments. 
and the determination of the nucleotide 
sequences was not too difficult. By 
chance one of their fragments over­
lapped the initiation region. and from 
our joint results it was possible to identi­
fy and complete the sequence. 

The sequence of the initiation region 

c 

suggests that it has a hairpin structure: a 
stem consisting of a double helix with 
weakly paired nucleotides and at the top 
of the stem a loop with unpaired nucleo­
tides. The loop and the adjacent part of 
the stem consist of an unusual series of 
nucleotide bases with a repeating triplet 
motif of guanine (G). adenine (A) and 
uracil (U). with guanine in every third 
position: AGAAGAAGUUGUUGA UGA. 
Since there are three nucleotide bind­
ing sites per protein subunit. we specu­
lated that such a triplet pattern could 
lead to the recognition of the exposed 
RNA loop by the protein disk during 
the initiation process. 

With the initiation region identified 

d 

DISK SHORT NICKED HELIX LONG NICKED HELIX COMPLETED HELIX 

1 

LOCK WASHER 

TRANSFORMATION OF DISKS TO A HELIX in the absence of 
the viral RNA can be brought about by lowering the pH of the solu­
tion to stabilize the helical aggregate, as is shown in these electron mi­
crographs made by Finch. (In the lower half of the illustration the 
various structures are shown diagrammatically.) If the pH is lowered 
rapidly enough, the protein disks are converted into short helixes of 

just over two turns (lock washers) without dissociation into subunits 
(a). Within a few minutes the lock washers stack in random vertical 
orientation to yield short "nicked" helixes (b). These short stacks 
slowly aggregate over a period of about 15 minutes, forming a long 
nicked helix (c). Finally the imperfections in the rods are annealed 
out over a further period of hours to yield finished protein helix (d). 

6S 
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and the sequence of its nucleotides 
known. it became possible to locate the 
region along the RNA strand. Again the 
obvious expectation-that the initiation 
sequence would be near one end of the 
RNA-turned out to be wrong. Zim­
mern and T. Michael A. Wilson showed 

"HAIRPIN" STRUCTURE of tbe initiation 
region of tbe viral RNA was deduced by Da­
vid Zimmern from tbe most probable pairing 
of tbe nucleotide bases in tbe RNA strand. 
Tbis arrangement gives rise to a weakly bond. 
ed double-belical stem tbat bas a loop at tbe 
top witb a special sequence of bases. Tbe loop 
is tbougbt to bind to-tbe first protein disk to 
begin tbe assembly of tbe virus. It bas a dis­
tinctive motif of three nucleotide bases, witb 
guanine (G) in tbe middle position and eitber 
adenine (A) or uracil (V) in outer positions. 
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that the initiation region is about a sixth 
of the way along the RNA. so that more 
than 5.000 nucleotides have to be coated 
in one direction along the RNA strand 
and about 1.000 nucleotides have to be 
coated in the opposite direction. 

I
n parallel with the RNA-sequence 
studies we and our colleagues investi­

gated the detailed structure of the pro­
tein disk with X-ray-diffraction tech­
niques. (Meanwhile Kenneth C. Holmes 
of the Max Planck Institute for Medical 
Research in Heidelberg pursued the X­
ray studies on the virus itself begun by J. 
D. Bernal at the University of Cam­
bridge as far back as 1936.) The disks 
will form three-dimensional crystals. so 
that the X-ray analysis is akin to ordi­
nary protein crystallography except for 
the extremely large size of the repeating 
unit. The disk. which consists of 34 pro­
tein subunits and about 50 nucleotides 
and has a molecular weight of about 
600.000 daltons. was the first very large 
structure to be examined in detail by X­
ray analysis. and it has taken a dozen 
years for our group in Cambridge (in­
cluding most recently Ann C. Bloomer. 
Gerard Bricogne and John N. Champ­
ness) to carry the analysis through to 
high resolution. The formidable techni­
cal problems were overcome only after 
the development by other workers in 
our laboratory of a special apparatus 
for tackling structures of this size. 

The disk has a 17 -fold rotational sym­
metry. which gave rise to redundant in­
formation in the X-ray data that could 
be exploited in the analysis. The struc­
ture is now known at a resolution of bet­
ter than three angstrom units. (One ang­
strom is 10-7 millimeter. about the diam­
eter of a hydrogen atom.) The X-ray 
analysis yields a map of the density of 
the electrons in the protein disk. and we 
have interpreted the electron-density 
map to get a detailed atomic model for 
the coat protein. The individual interac­
tions between the amino acids in the 
protein and the nucleotides in the viral 
RNA have not yet been deduced. Even 
at the stage of five-angstrom resolu­
tion we reached a few years ago. how­
ever. the structure had important con­
sequences for our understanding of the 
virus-assembly process. 

In the protein disk the subunits of the 
upper ring are almost flat. whereas those 
of the lower ring are tilted downward 
toward the center. so that the two rings 
touch only at the outer part of the disk 
and open toward the center like a pair of 
jaws. This geometry is further accentu­
ated by the flexibility of the chain of 
amino acids in the region of the protein 
inward from the RNA binding site; in 
this region the chain is disordered and 
not tightly packed into a regular struc­
ture. When the disk is converted into the 
viral helix. however. the subunits from 
both rings tilt upward toward the center 
until they are all at the same angle. with 

adjacent turns parallel and in tight con­
tact. The inner regions of the subunits 
pack together tightly. assuming a defi­
nite structure and completely enclos­
ing and protecting the viral RNA. The 
structural transition therefore closes the 
jaws of the disk. with the RNA trapped 
inside. 

At this stage the efforts to determine 
I\. the sequence of nucleotides in the 
viral RNA and to elucidate the structure 
of the protein disk by X-ray analysis 
drew together. We considered the struc­
ture of the disk and how the hairpin­
shaped initiation region of the viral 
RNA might interact with it to trigger its 
conversion to the helical lock-washer 
form. With Zimmern we proposed a hy­
pothesis for initiation in which the RN A 
hairpin inserts itself through the central 
hole of the disk into the jaws between 
the rings of subunits. (The dimensions 
of the disk and of the RNA hairpin are 
right for this process.) The nucleotides 
in the double-helical stem then unpair. 
and the stem opens out as more of the 
RNA is bound within the jaws of the 
disk. Some still unknown feature of this 
interaction then causes the disk to trans­
form into the lock-washer form. trap­
ping the RNA within the rings of protein 
subunits as the jaws close. 

Our hypothesis about the mechanism 
of initiation led to a prediction that 
could be tested experimentally. If an 
RNA loop is inserted into the center of 
the initiating protein disk. both "tails." 
that is. projecting ends. of the RNA 
should be associated with the end of the 
rod-shaped virus particle from which 
growth began. Moreover. we expected 
that the shorter tail would project out 
directly and that the longer one (along 
which most of the elongation occurs) 
would be doubled back down the central 
hole of the virus. These predictions have 
now been confirmed. Hirth's group in 
Strasbourg has obtained electron micro­
graphs of virus particles in which the 
two RNA tails can be seen projecting 
from one end of many of the rods [see 
bottom illustration on opposite page]. 

In Cambridge we have utilized high­
resolution electron microscopy. with 
which the two ends of the virus particle 
can be distinguished. to confirm that the 
longer tail of the RNA is indeed doubled 
back through the growing rod. More­
over. we prepared virus particles with 
the longer RNA tail free by making the 
pH of the solution alkaline. thereby 
stripping protein from one end of the 
assembled particles; then the longer 
RNA tail extended directly out from the 
particle rather than being doubled back 
through the central hole. The partly 
stripped rods grew at less than a tenth 
the rate of the partly assembled rods. 
demonstrating the importance of the 
loop geometry. 

Our model of initiation has an impor­
tant consequence. The special configu-
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POLYPEPTIDE CHAIN 

1< 
90 ANGSTROMS 

>\ 
DISK AXIS 

CROSS SECTION THROUGH A DISK was reconstructed from tbe 
results of an X-ray-diffraction analysis to a resolution of 2.8 ang­
strom units. Bent ribbons indicate tbe polypeptide cbains tbat make 
up tbe protein subunits. Tbe two-layered structure of tbe disk is evi­
dent: tbe subunits of tbe two stacked rings toucb over a small area 

GROWING VIRUS PARTICLES bave two RNA "tails" at one end, 
as is sbown in tbis electron micrograpb made by Genevieve Lebeurier 
of tbe University of Strasbourg. Otber evidence indicates tbat tbe 

near tbe outer rim of tbe disk but open up toward tbe center like a 
pair of jaws. During tbe assembly of tbe virus tbe viral RNA binds 
witbin tbe jaws. Tbe broken lines indicate tbe flexible portion of tbe 
protein cbains extending in from tbe RNA binding site. Because tbis 
cbain segment is in constant motion its structure cannot be resolved. 

sborter RNA tail extends out directly from tbe particle, wbereas tbe 
longer tail is doubled back inside tbe bollow core of tbe particle. Tbe 
virus elongates primarily at tbe end of tbe particle opposite tbe tails. 

67 

© 1978 SCIENTIFIC AMERICAN, INC



a b 

3' 5' 

NUCLEATION of the tobacco-mosaic virus begins with the inser­
tion of the hairpin loop formed by the Initiation region of the viral 
RNA into the central hole of the protein disk (a). The loop inter­
calates between the two layers of subunits and binds around the first 

5' 

ELONGATION of the virus also proceeds by the addition of protein 
disks. As a resnlt of the mode of initiation the longer RNA tail is dou­
bled back through the central hole of the growing rod, forming a trav-
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c 

~ 
5' 3' 3' 5' 

turn of the disk, opening up the base-paired stem as it does so (b). 
Some feature of the interaction causes the disk to dislocate into the 
helical lock-washer form (c). This structural transformation closes 
the jaws made by the rings of subunits, trapping the viral RNA inside 

eling loop at the growing end of the particle (a). The loop inserts itself 
into the center of an incoming disk and binds within open jaws of the 
rings (b). This interaction converts the new disk into a helical lock 

5' 
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(d). The lock-washer-RNA complex provides 
the start of the helix. Additional disks then add 
rapidly to the nucleating complex, so that the 
helix elongates to a minimum stable length. 

washer (c). The transformed disk then stacks 
onto the rod, providing two turns of helix (d). 
Process repeats until assembly is complete. 

ration generated by the insertion of the 
RNA loop into the central hole of the 
initiating disk could subsequently be re­
peated during the addition of further 
disks on top of the growing helix; the 
loop could be perpetuated by drawing 
more of the longer tail of the RNA up 
through the central hole of the growing 
virus-particle rod. Hence the particle 
could elongate by a mechanism similar 
to initiation. only now instead of the 
specific initiation loop there would be 
a traveling loop of RNA at the main 
growing end of the virus particle. This 
loop would insert itself into the central 
hole of the next incoming disk. causing 
its conversion to the lock-washer form 
and continuing the growth of the virus 
particle. The helical geometry of the 
growing rod would tend to facilitate the 
conversion, so that elongation would be 
quite rapid. Apart from the obvious ad­
vantage of delivering a package of 34 
subunits at a time rather than individual 
ones. this mode of coating the RNA 
would be less affected by unfavorable 
nucleotide sequences than the binding 
of individual subunits would be. 

In the elongation of the virus particle 
there is no obvious requirement for spe­
cific nucleotide sequences, and indeed 
the protein must be able to coat any se­
quence of nucleotides that occurs in the 
RNA. As the longer RNA tail is being 
rapidly coated with protein, the virus­
particle rod must also elongate along the 
shorter RNA tail at the opposite end of 
the rod to yield the complete particle. 
Growth in the direction of the shorter 
tail of the RNA is known to be slower 
than that in the direction of the longer 
tail. but as yet little is known about how 
it proceeds. 

There is now direct evidence that the 
tobacco-mosaic virus grows mainly by 
the addition of entire blocks of subunits 
in the form of disks rather than by the 
addition of individual subunits. In re­
cent experiments with George P. Lomo­
nossoff we looked at the length of viral 
RNA in partly assembled rods that was 
protected against enzymatic digestion. 
It turns out that the RNA is protected in 
steps of 50 or 100 nucleotides, corre­
sponding to one or two turns of the 
RNA in the viral helix. When growth is 
well established, the step size tends to be 
100 nucleotides. the amount of RNA 
associated with a single protein disk. 
These findings point firmly to the con­
clusion that the disk aggregate is in­
volved not only in the virus's initiation 
but also in its elongation. 

W
hat prevents the protein disks 
from forming a helix devoid of the 

viral RNA under normal conditions? As 
we have seen. the aggregation of the 
protein subunits is controlled by the pH 
of the surrounding solution. This con­
trol appears to be achieved through the 
presence on each subunit of chemi-

cal groups that bind protons. such as 
two closely spaced carboxyl groups 
(COO H). At the pH of the host cell one 
of these groups in the disk is ionized 
(negatively); in the helical lock-washer 
form both are ionized. The disk form is 
therefore favored because of the elec­
trostatic repulsion between the two neg­
atively charged groups. When the viral 
RNA is present, however, it binds to the 
protein disk, providing enough free en­
ergy to overcome the electrostatic repul­
sion in the lock-washer form. In this way 
the carboxyl groups act as a negative 
switch to block the formation of the pro­
tein helix in the absence of the viral 
RNA. Moreover. only the viral RNA is 
coated, because it alone has the specif­
ic initiation sequence that can start the 
process of assembly by converting the 
first protein disk into the lock washer. 

We have seen that the special proper­
ties of the protein disk are the key to the 
mechanism by which the tobacco-mosa­
ic virus is assembled. Indeed, one might 
say that the protein subunit is designed 
to form not an endless helix but a closed 
two-layer variant of it-the disk-that is 
stable but can be converted into a helical 
form. The disk therefore represents an 
intermediate subassembly whereby the 
thermodynamically difficult task of ini­
tiating helical growth is overcome. At 
the same time the protein disk furnishes 
a mechanism for the recognition of the 
viral RNA (and the rejection of foreign 
RNA's) by providing a long stretch of 
sites that interact with a specific se­
quence of RNA nucleotides. In short. 
as an obligatory intermediate in the as­
sembly of the tobacco-mosaic virus, the 
protein disk simultaneously fulfills the 
physical requirement for initiating the 
growth of the RNA-protein helix and 
the biological requirement for specifi­
cally recognizing the viral RNA. 

The development of the disk aggre­
gate of the coat protein and the hair­

pin configuration of the RNA for initiat­
ing the viral helix was apparently too 
good a system to abandon in favor of 
subsequent elongation by the addition 
of single subunits. The protein disks 
therefore participate in the growth of 
the helix in the principal direction of 
elongation. On the other hand, the virus 
particle must also be disassembled in or­
der to liberate the viral RNA in the in­
fection of the host cell. The disassembly 
is probably accomplished by the se­
quential removal of individual subunits 
from one end of the virus particle. 
Therefore the construction of the virus 
is not left to the driving power of an 
unbalanced biochemical equilibrium, as 
it would be if assembly and disassembly 
were simple reversals of each other. In­
stead an intricate structural mechanism 
has evolved to give the process an effi­
ciency and certainty whose basis is now 
understood. 
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The Optics 
of Long-Wavelength X Rays 

The X rays of crystallography and medical radiography are "hard, " 

or short-wavelength. The "soft," or long-wavelength, X rays are 

being examined for microscopy, astronomy and microelectronics 

by Eberhard Spiller and Ralph Feder 

B
etween ultraviolet radiation and 

short-wavelength X rays lies a 
once neglected region of the elec­

trQmagnetic spectrum: the "soft," or 
long-wavelength, X rays. Until the past 
decade physicists had worked little with 
this radiation, primarily because it was 
difficult to generate in the laborato­
ry. The "hard," or short-wavelength, X 
rays, on the other h:and, are easily gener­
ated, and for more than six decades their 
scattering characteristics and penetrat­
ing power have been exploited to exam­
ine the nature of matter and the interior 
of the human body. The technique of 
X-ray crystallography has contributed 
much to the understanding of the atom­
ic structure of solids. When hard X rays 
strike a crystal. they are diffracted, or 
scattered, in a decipherable way that can 
reveal the geometric pattern of the at­
oms of the crystal. It is also the hard X 
rays that have made possible medical 
radiology. 

Over the past 10 years an unexpected 
source of soft X rays, intense enough for 
any conceivable application, has been 
provided by synchrotron particle accel­
erators. When electrons race around the 
circular track of a synchrotron at speeds 
close to the speed of light, they emit 
soft X rays in abundance. Soft X rays 
have proved to be useful in analyzing 
the structure of objects that range in size 
from the chromosome of the living cell 
to the hot plasma in fusion experiments 
to the corona of the sun. (In the last two 
cases, of course, the X rays are generat­
ed by the phenomena being observed.) 
These applications depend on how mat­
ter absorbs and emits soft X rays. The 
absorption of soft X rays is also the key 
to the new technology of X-ray lithog­
raphy, in which microelectronic circuits 
are laid down on semiconductor "chips" 
with a density potentially more than 
two orders of magnitude higher than 
that achieved by conventional methods. 

The principal mechanism by which 
matter absorbs X rays is the photoelec­
tric effect. When an X-ray photon col-
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lides with an atom, it will liberate one of 
the atom's electrons if its energy is high 
enough to overcome the electron's bind­
ing energy. Each electron in an atom has 
a different binding energy, and the ener­
gy is greatest for the electrons that are 
closest to the positively charged nucleus 
of the atom. 

The fact that each kind of atom has its 
own absorption characteristics, corre­
sponding to the binding energies unique 
to its electrons, makes it possible to de­
termine the composition of unknown 
substances by bombarding them with X 
rays and recording the energies at which 
the waves are sharply attenuated [see 
top illustration on page 74]. The attenu­
ation of light waves as they pass through 
a material is characterized by the quan­
tity called the absorption length, which 
for a particular wavelength is the thick­
ness of material that will attenuate the 
radiation to 37 percent of its incident in­
tensity. For visible light different mate­
rials span a huge range of absorption 
lengths. In most metals light waves will 
be completely attenuated in less than 
1.000 angstrom units. (An angstrom unit 
is 10.7 millimeter.) In some glasses light 
waves would not be much attenuated in 
several miles of, the material. 

Wavelength is inversely proportion­
al to energy, and so short-wave­

length X rays are more energetic than 
long-wavelength ones. In many in­
stances the short waves are too energetic 
to strongly interact with the electrons 
in a material; they pass right through 
the material unaffected by local varia­
tions in its atomic structure. The longer 
waves. on the other hand, have energies 
that more often correspond to those of 

the electrons. From the fine details in 
the absorption spectrum of soft X rays 
it has been possible to calculate the dis­
tance between the atoms and molecules 
in solids and liquids to an accuracy of 
about .01 angstrom. 

For years physicists have wanted to 
construct an X-ray microscope that 
would exploit the ability of soft X rays 
to detect small structures. The need for 
such an instrument is clear. The resolu­
tion of light microscopes is limited by 
the comparatively long wavelength of 
visible light. And transmission electron 
microscopes. although they have a 
much higher resolution. are weak in 
penetrating power and are therefore 
limited to very thin specimens. More­
over, in transmission electron microsco­
py the specimen is usually stained and 
mounted in a vacuum chamber. Such 
preparation. which alters biological ma­
terial. would not be required in X-ray 
microscopy. The difficulties in con­
structing an X-ray microscope. howev­
er, have proved formidable, because X 
rays cannot easily be brought together 
to form an image. 

Although lenses can focus visible 
light. they cannot focus X rays. When 
the waves of electromagnetic radiation 
such as light or X rays pass through a 
material. they propagate at speeds dif­
ferent from their speeds in a vacuum or 
in air and hence they are refracted. or 
bent. The degree of refraction depends 
both on the wavelength of the radiation 
and on the nature of the material. For 
visible light traveling through the glass 
of lenses and prisms the effect is strong 
enough to focus the light waves by re­
tarding and refracting the wave fronts so 
that they all meet at one point. For ex-

MICROELECTRONIC CIRCUIT, magnified 4,690 times in the scanning electron micro­
graph on the opposite page, was fabricated by X-ray lithography. The circuit, a magnetic-bub­
ble pattern, was formed by directing soft X rays at an X-ray-sensitive polymer through a gold 
mask. Here the circuit lines are one micrometer wide and about three micrometers high. The 
ability of X-ray lithography to produce lines with high relief is an advantage of the technique. 
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X-RAY REPLICA of a chromosome of the fruit fly Drosophila was 
made by placing the material on an X-ray-sensitive polymer and 

exposing it to soft X rays (wavelength 44.8 angstrom units). The X 
rays were attenuated according to the type of material in the chromo-

ample, a spherical wave diverging from 
a point source of light can be trans­
formed by a lens into another spherical 
wave converging to an image point. The 
lens retards the wave fronts passing 
through its center more than the wave 
fronts passing through its edges in such a 
way that the time it takes for the wave 
fronts to travel from the object to the 
image is the same for all possible trajec­
tories. For soft X rays, as opposed to 
visible light, the retarding and refracting 
effect of most materials is negligible. 
Only very thick lenses of a few materials 
could retard and refract soft X rays to 
the extent necessary to focus them. Soft 
X rays, however, would not be energetic 
enough to penetrate such thick lenses; 
the waves would all be absorbed before 
they emerged from the other side. For 
hard X rays, in spite of their greater pen­
etrating power, the focusing situation is 
just as bad, because even the thickest 
lenses will hardly deflect them. 

The simplest and most successful way 
to produce an image with X rays is 

with contact X-ray microscopy. This 
technique, which achieves a resolution 
substantially better than that of the light 
microscope, creates a shadowgraph of 
the specimen. The size and composition 
of the specimen and of its smallest fea­
tures determine the wavelengths that 
will cast the most revealing shadows. 
The optimum wavelength is a compro­
mise between maximum penetration 
and maximum contrast. The thickness 
of the specimen calls for X rays hard 
enough to penetrate it, but the smallest 

WAV ELENGTH (METERS) 

10-13 10-12 10-11 

features of it call for X rays soft enough 
to be sufficiently absorbed and produce 
enough contrast. The penetration of 
thick objects can require a wavelength 
of two angstroms; the best contrast 
of minute features can require wave­
lengths of up to 100 angstroms. 

Behind the specimen is a screen or 
film. that records the intensity of the X 
rays that pass through it. As we have 
seen, the intensity will decrease sharp­
ly wherever the energy of the waves is 
equal to the energy needed to liberate 
electrons from their atoms. Such attenu­
ation will reveal much about an object's 
composition. For example, the energy 
of X rays with a wavelength of 44.8 ang­
stroms corresponds to the energy re­
quired to remove an inner electron from 
a carbon atom. If an object composed 
mostly of carbon is exposed to X rays 
with wavelengths slightly longer than 
44.8 angstroms, and hence with energies 
too low to remove the inner electrons, 
the object will scarcely absorb the waves 
and its image will exhibit low contrast. 
If the same object is exposed to X rays 
with wavelengths equal to or slightly 
less than 44.8 angstroms, the object will 
have considerably higher absorption 
and its image will exhibit more contrast. 
The difference between the two images, 
one made with a wavelength just above 
the "absorption edge" of an element and 
the other made with a wavelength just 
below the absorption edge, would out­
line the distribution of the element in the 
object. 

The drawback of contact X-ray mi­
croscopy is that the image is no larger 
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than the object. Until recently after the 
image was recorded on photographic 
film it had to be viewed through the light 
microscope. That meant the resolution 
of the image was limited to the resolu­
tion obtained with visible light. a limita­
tion X-ray microscopy was supposed to 
overcome. Nevertheless. such micros­
copy has been a useful investigative 
technique because of the penetration 
and contrast that X rays provide. 

In 1972 David L. Spears and Henry I. 
Smith of the Lincoln Laboratory of the 
Massachusetts Institute of Technology 
modified the technique of contact X-ray 
microscopy so that it could be applied to 
the lithographic fabrication of micro­
electronic circuits. This X-ray proc­
ess, which is still in the stage of labo­
ratory development. can facilitate the 
faithful transfer of the intricate details 
of the circuit from the large scale to the 
microelectronic one. Electron-beam 
lithography is the only other engraving 
technology that can reproduce such fine 
details. The smallest features that con­
ventional photolithography with ultra­
violet radiation can form are limited by 
the wavelength of the radiation to about 
one micrometer (10.3 millimeter), al­
though only structures as small as a few 
micrometers have been routinely pro­
duced. Since X rays have wavelengths 
that are measured in nanometers (10.6 
millimeter), they offer the prospect of 
much higher resolution. Structures with 
dimensions of less than a tenth of a mi­
crometer have already been made. 

In X-ray lithography the microelec­
tronic circuit is built up layer by layer on 
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PHOTON ENERG Y (ELECTRON VOLT S) 
ELECTROMAGNETIC SPECTRUM displays radiation according 
to its wavelength and also to the energy of its photons, the quanta of 
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electromagnetic radiation. The wavelength and the photon energy are 
inversely related. X rays occupy the region between the short-wave-
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some. When the polymer was put in a solvent, the areas less intensely 
exposed to X rays dissolved less readily than those more intensely ex-

posed. This mosaic of pictures of the replica was made with a scan­
ning electron microscope. The preparation was made by John Sedat. 

top of a "wafer" that bears an array of 
chips. The process entails repetitively 
bathing the wafer in solvents or etchants 
and exposing it to radiation. The wafer 
is first coated with an X-ray-sensitive or­
ganic polymer called an X-ray resist. 
The coat is applied by placing a drop of 
a solution of the polymer on the wafer's 
surface. The wafer is then rapidly rotat­
ed. the drop spreads out and the solvent 
evaporates. leaving a thin. even film of 
resist on the surface of the wafer. 

The resist-coated wafer is now ex­
posed to X rays through a mask in­

scribed with the circuit design. The cir­
cuit pattern on the mask consists of a 
heavy material. such as gold. that ab­
sorbs a large fraction of the incident X 
rays; the thin substrate of the mask con­
sists of light substances that allow most 
of the X rays to pass through it. In X-ray 
lithography the wavelength has ranged 
from four to 50 angstroms. Mask sub­
strates as thick as 50 micrometers will 
adequately transmit X rays as short as 
four angstroms. Thinner substrates. al­
though they are more difficult to work 
with. will transmit X rays of about 50 
angstroms. which for reasons that will 
become apparent below are better to 
work with when the j1ighest resolution 
is required. 

The key property of an X-ray resist is 
that after exposure to X rays the rate at 
which it will dissolve in certain solvents 
changes. If a wafer that has been irradi­
ated through a mask with X rays is 
washed in a solvent. some kinds of resist 
will dissolve wherever the mask was 
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INFRARED 

transparent. In this way the circuit de­
sign on the mask is imprinted on the 
resist. The last step in lithography in­
volves transferring the circuit pattern 
from the resist to the wafer itself. This 
can be done in a number of ways. For 
example. when a silicon wafer is bathed 
in hydrofluoric acid. it is etched wherev­
er it is not covered by the resist. As a 
result the pattern is etched into the wa­
fer. The entire bathing and irradiation 
process must be repeated for the other 
layers in the circuit. 

X-ray resists have turned out to be 
as important for contact X-ray micros­
copy as they have for X-ray lithogra­
phy. They can be used instead of photo­
graphic film as the recording medium. 
A layer of resist placed behind a speci­
men will become more soluble at the 
points where the most radiation comes 
through. When the layer is washed in a 
solvent. it will selectively dissolve to 
form a relief image of the specimen. 
with the highest areas in the relief corre­
sponding to the regions of highest ab­
sorption in the specimen. The surface 
topography of the developed resist im­
age can then be inspected in the scan­
ning electron microscope. which has a 
much higher resolution than the light 
microscope. 

Polymethyl methacrylate (Plexiglas) 
is an X-ray resist capable of extreme­
ly high resolution: 50 angstroms for 
a wavelength of 50 angstroms. Shorter 
wavelengths cannot offer better resolu­
tion because they will affect not only the 
solubility of the material they strike but 
also that of the neighboring material. 

10-2 10-1 

The basic reason can be given quite sim­
ply. The energetic photon of a hard X 
ray that has managed to pass through 
the specimen will penetrate the resist un­
til it strips an electron from an atom. 
The removal of an electron always cor­
responds to a local change in the chemi­
cal properties of the resist. such as the 
breaking of a bond in a polymer chain. 
The energy the electron acquires will be 
more than enough to ·free it from the 
atom. In collisions with other atoms it 
will get rid of the excess energy by set­
ting free additional electrons. They in 
turn will liberate still others. and the 
process will continue until the binding 
energy of the bound electrons in a poly­
mer chain of the resist exceeds the ener­
gy of the free electrons. 

In this way the energy of a short­
wavelength X-ray photon will be dis­
tributed among many electrons in the 
polymethyl methac;ylate over a specific 
range around the atom that originally 
absorbed the X-ray photon. The energy 
of a soft-X-ray photon liberates consid­
erably fewer electrons within a propor­
tionately smaller range. This means that 
a hard-X-ray photon affects the solubili­
ty of a larger region of the resist than a 
soft-X-ray photon does. and hence a re­
lief made with soft X rays can achieve a 
higher resolution. For an X-ray wave­
length of 50 angstroms the resolution 
limit set by the range of liberated sec­
ondary electrons is of about the same 
dimensions: 50 angstroms. Using still 
longer wavelengths to decrease the 
range will not improve the resolution 
because diffraction effects will come 
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length ultraviolet rays and the long-wavelength gamma rays. Until 
recently soft X rays attracted little attention because they were dif-

ficult to generate. They can now be obtained readily from synchro­
trons, and such machines are being specifically built for the purpose. 

73 

© 1978 SCIENTIFIC AMERICAN, INC



20 

10 

5 

Ui a: 
w 

Iii 2 
::2: 0 a: 
() 

� 
J: 
� 
Cl z w ...J z 0 .5 
� 
a: 
� w z w 
c.. 

.2 

.1 

.05 

r------------------------------------------------, .05 SILICON 

GOLD 

2 

,.
CARBON 
... PLEXIGLAS 
\, 

5 10 20 
WAVELENGTH (ANGSTROM UNITS) 

.1 

.2 

.5 

2 

5 

10 

20 

50 100 

'j' 
Ul 
OC 
w 
� 
w ::2: 0 oc 
() 

� 
� 
z 
w (3 ii: U. W 0 
() 

z 0 j:: c.. oc 0 
Ul 
OJ « 

ABSORPTION SPECTRUM of soft X rays is plotted for various materials. The penetration 
length, measured here in micrometers, is the thickness of material that will attenuate radiation 
of a particular wavelength to 37 percent of its incident intensity. With increasing wavelength, 
and hence with decreasing energy, the penetration lengths become shorter. The absorption co­
efficient, which is the inverse of the penetration length, is a measure of the amount of radiation 
absorbed by a material. Wherever the energy of the X rays is greater than the energy need­
ed to free electrons from their atoms there is increased absorption. Such energies will show up 
as absorption edges, or discontinuities, in the curves. For example, the absorption edge in the 
carbon spectrum at 44.8 angstroms marks the energy needed to free a carbon's inner electron. 
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EXPERIMENTAL SETUP for measuring the X-ray-absorption characteristics of materials 
is depicted in this highly schematic diagram. A beam of X rays composed of different wave­
lengths is first passed through a device that can be adjusted to select only X rays with a par­
ticular frequency or energy. The attenuation of X rays in passing through a material is found 
by comparing the intensity of the incident beam with the intensity of the transmitted beam. 
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into play. In other words. a resolution of 
50 angstroms is the best that can be ob­
tained with polymer X-ray resists_ 

Electron microscopy has a higher reso­
lution than contact X-ray microsco­

py because electrons can have shorter 
wavelengths than soft X rays. There are 
nonetheless two major advantages to di­
recting electrons at an X-ray replica of a 
specimen rather than at the specimen 
itself. First. X-ray microscopy can re­
veal the inner structure of a specimen. 
which electrons cannot easily do. and 
second. living specimens can be exam­
ined. The success of contact X-ray mi­
croscopy has diminished the need for an 
X-ray microscope that would magnify 
directly with X rays. The resolution that 
has already been obtained is close to the 
limit set by diffraction effects. and there 
is no chance an X-ray microscope with 
focusing elements could achieve much 
higher resolution. 

Focusing devices for X rays are still 
needed. but for other reasons. By mak­
ing it easier to control X-ray beams. fo­
cusing elements would greatly simplify 
the construction of many scientific in­
struments. Moreover. without focusing 
elements it would be impossible to make 
X-ray observations in astronomy. Fo­
cusing devices would be beneficial even 
for X-ray microscopy because they 
would reduce the amount of radiation 
that needs to be sent through the speci­
men. Any radiation that offers high re­
solving power damages the objects it 
strikes. According to calculations made 
by David Sayre and his colleagues. un­
der optimal microscopy conditions soft 
X rays will do slightly less damage than 
electrons. This advantage comes into 
play. however. only if all the radiation 
that penetrated and damaged the speci­
men is exploited to analyze it. That is 
not the case with contact X-ray micros­
copy. The resist absorbs only a small 
fraction (less than 1 percent for the high­
est resolution) of the incident X-ray 
photons_ The majority of the photons 
that pass through the specimen do not 
contribute to the image. If a scanning X­
ray microscope could be built with a fo­
cusing element. it would be able to pro­
duce an image of the same quality with 
only about a hundredth of the radiation 
damage. 

In such X-ray microscopes of the fu­
ture the recording medium could be not 
photographic film or an X-ray resist but 
a photon counter. Equipped with a digi­
tal memory. the photon counter would 
record the transmitted intensity of an X­
ray beam that had scanned the specimen 
and would project an image of the speci­
men's absorption features on a televi­
sion screen. The digital storage of the 
image would facilitate further analysis. 
For example. microscopists could ob­
tain an image of the distribution of an 
element such as calcium in an object 
by having the television screen subtract 
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only two images, one made with a wave­
length just above the absorption edge of 
the element and the other made with a 
wavelength just below it. To perform 
the same subtraction with two resist im­
ages would be extremely laborious. In 
1972 a first version of such a scanning 
X-ray microscope was built by Paul Ho­
rowitz and John A. Howell of Harvard 
University based on a pinhole illuminat­
ed by synchrotron radiation to define 
the exposed area of the specimen. The 
diameter of the pinhole limited the reso­
lution to about one micrometer, which 
would be greatly improved by better fo­
cusing devices. 

In search of high-q uality focusing ele­
ments physicists have concentrated on 
grazing-incidence mirrors. They have 
also recently begun to work with zone 
plates and normal-incidence mirrors. 
To explain how these devices function 
calls for a brief discussion of the wave 
mechanics of image formation. When 
two or more waves cross one another 
they interfere, or combine, to form a 
wave field whose amplitude at any given 
point equals the sum of the amplitudes 
of the component waves [see illustrations 
on next page]. Where the waves are ex­
actly in phase (crests coinciding and 
troughs coinciding), the amplitude is in­
creased, and where they are exactly out 
of phase (crests coinciding with troughs) 
the amplitude is decreased. 

When the waves combine to form a 
standing wave, an interference pattern 
is created, which is characterized by 
points of maximum intensity designat­
ed antinodes and points of minimum 
intensity designated nodes. The nodes 
will have zero intensity if the interfering 
waves have the same amplitude. The 
term standing wave refers to the fact 
that the antinodes and nodes remain 
stationary, even though the component 
waves that generated the standing wave 
are traveling at the speed of light. Since 
the antinodes are the points of maxi­
mum intensity and the nodes are the 
points of minimum intensity, a photo­
graph of the interference pattern will ap­
pear brightest at the antinodes and dark­
est at the nodes. 

In many optical applications it is the 
ability of interference patterns to re­

construct the interfering waves that is 
exploited. If a grating made in the form 
of an interference pattern of two waves 
is illuminated with one of the waves, the 
other wave will be generated. This re­
construction phenomenon, which is the 
basis of holography, is the basis for one 
recent effort to focus X rays. The grating 
called a Fresnel zone plate is made from 
the interference pattern between a plane 
wave and a spherical wave [see bottom 
illustration on page 77 and top illus­
tration on page 78]. When the zone 
plate is illuminated with an X-ray plane 
wave, a converging spherical wave will 
come out. In this way the zone plate 
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GLASS LENSES can focus light waves bnt not X rays. Here a spherical light wave that diverg­
es from a point is changed by a lens into a spherical wave that converges to a point. The lens de­
lays wave fronts passing through its center more than wave fronts passing through its edges in 
such a way that the time it takes for light to travel from object to image is the same for all paths. 

MEN 

X-RAY RESIST 

WAFER 

X-RAY RESIST is the polymer used for microelectronic-circuit lithography and replica mi­
croscopy. In microscopy the solubility of a layer of resist placed behind a specimen (left) will 
vary from point to point according to the amount of radiation the layer receives. When the layer 
is washed in a solvent, it will selectively dissolve to form a relief image of the specimen, with the 
highest relief areas corresponding to the regions of highest absorption in the specimen (right). 
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X-RAY MICROSCOPES of the future might have a photon counter as the recording medium 
instead of an X-ray resist. If the microscope were equipped with a focusing element such as a 
mirror, it could produce an image of the same quality as contact X-ray microscopy can but 
with only about a hundredth of the radiation dose. Less radiation would mean less damage 
to the specimen. A digital memory would record the intensity of the X rays that had passed 
through, and a television screen would display an image of the specimen's absorption features. 
The digital storage of the image would then facilitate quantitative analysis of the spectrum. 
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TWO PLANE WAVES of equal amplitude, each represented as au 
alternating series of red and green lines with red corresponding to 
troughs and green to crests, can combine to form an interference pat­
tern, whicb is characterized by points of maximum intensity called 
antinodes and points at rest called nodes. The nodes are dark areas 

DISTANCE BETWEEN NODES and distance between antinodes 
decrease when the angle between the traveling plane waves is in-

76 

where crests of one of the plane waves exactly cancel troughs of the 
other. The antinodes are both intense red areas where troughs coin­
cide and intense green areas where crests coincide. The interference 
pattern is a standing wave since nodes and antinodes remain in the 
same place even when the plane waves move at the speed of light. 

creased. The surface of a mirror corresponds to a node in the inter­
ference pattern between an incident plane wave and a reflected one. 
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brings X rays together to a focal point. 
The zone plate, which is a series of 

concentric circles that get thinner and 
closer together as their radii increase, 
can achieve a resolution that is equal 
to the width of the smallest zone, or 
narrowest space, between the circles. 
Attaining this resolution, however, re­
quires that the zone plate be fabricated 
by a process of comparable resolution. 
Electron-beam systems can furnish suit­
able resolving power, and for the past 10 
years a group of physicists at the Uni­
versity of Tiibingen has constructed 
zone plates with them. Although plates 
with zones of less than 300 angstroms 
have been made, none has yet provided 
a usable resolution better than that of 
the light microscope. The best resolu­
tion of an X-ray microscope equipped 
with a zone plate for a focusing mecha­
nism is about .5 micrometer, five times 
the theoretical limit of . 1  micrometer; it 
was achieved in an instrument built at 
the University of Gottingen by E. Nie­
mann, D. Rudolph and G. Schmahl. 
As the techniques for fabricating zone 
plates are improved over the next few 
years, the resolution will undoubtedly 
come closer to the theoretical limit. 

The main disadvantage of the zone 
plate as an imaging device is that it calls 
for monochromatic radiation. The focal 
length of a zone plate is inversely pro­
portional to the wavelength of the inci­
dent radiation, and so only one wave­
length in a beam of polychromatic radi­
ation will form a sharp image. This 
means that zone plates cannot take ad­
vantage of the wide spectrum of the X 
rays generated by synchrotrons. If in­
tense sources of monochromatic soft X 
rays are ever developed, however, zone 
plates will make effective imagers. 

Unlike zone plates, mirrors can focus 
different wavelengths simultaneously. 
From the viewpoint of wave mechanics 
the surface of a perfect mirror can be 
described as a surface that coincides 
with one node of an interference pattern 
created by the waves incident on the 
mirror and those reflected from it. In 
other words, if a mirror has 100 percent 
reflectivity, which means that the inci­
dent and reflected waves have the same 
amplitude, it corresponds to a region of 
zero intensity. If the mirror does not 
force a node with zero intensity on the 
incident wave, it will reflect a wave 
whose intensity is less than that of the 
incident wave. The surface of the mirror 
must completely attenuate the incident 
wave within a fraction of a wavelength 
if it is to create a node with zero intensi­
ty. Incomplete attenuation would gener­
ate a node with nonzero intensity, corre­
sponding to incident and reflected waves 
of unequal amplitude, or to low reflec­
tivity. 

For all materials, however, the ab­
sorption of soft X rays is much too 
low to achieve the desired attenuation. 
Waves that are 50 angstroms long, for 

X-RAY TELESCOPE aboard the Sky lab satellites is of the Wolter type, in which radiation 
that comes in at a grazing angle of .916 degree is reflected by hyperbolic and parabolic sur­
faces toward an image point. Here the angle of incidence is exaggerated and the .-eflecting sur­
faces are extended by broken lines to show the conic sections of which the surfaces are part. 
The telescope can focus X rays whose wavelengths are greater than six angstroms with a resolu­
tion of about one second of arc, a value that is 1,000 times worse than the theoretical limit. 

example, will travel at least 500 ang­
stroms into any material. At that wave­
length and at angles of incidence close to 
the perpendicular, mirrors reflect only a 
hundred-thousandth of the incident ra­
diation. 

A mirror ordinarily has a single 

smooth surface. Our own work on X­
ray mirrors at the Thomas J. Watson 
Research Center of the International 
Business Machines Corporation has 
concentrated on achieving better reflec­
tivity with mirrors that have many sur­
faces on top of one another. When two 

PARABOLIC CONFIGURATION OF NODES characterizes the interference pattern be­
tween a spherical wave and a plane one. A cross section of the pattern is the series of concen­
tric circles called a zone plate, which appears in the photograph at the top of the next page. 
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FRESNEL ZONE PLATE, a series of concentric circles that get thinner and closer together as 
their radii increase, is a cross section of the interference pattern that can be seen at the bottom 
of the preceding page. When a plane wave of X rays strikes the Fresnel zone plate, it is dif­
fracted as a spherical wave that converges to an image point. The Fresnel zone plate provides a 
resolution equal to the width of the narrowest zone, or spacing, between the concentric circles. 

SUN'S CORONA emits X rays, which are color-coded in this photograph made with the Sky­
lab X-ray telescope depicted at the top of the preceding page. The colors progress from red 
(faint emission) to white (intense emission). The rainbow-hued regions enclose areas that emit 
the most X-radiation and indicate that there is activity at lower levels in the sun's atmosphere. 
The large coronal hole is a region of decreased density, temperature and X-ray emission that is 
surrounded by "open" magnetic fields and is associated with fast streams in the solar "wind." 
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plane waves such as an incident and a 
reflected wave cross each other. a large 
number of nodes will appear in the in­
terference pattern. By positioning an ab­
sorbing material so that it occupies a 
large number of nodes in the interfer­
ence pattern one could obtain a higher 
reflectivity than one could with a mirror 
consisting of a single smooth surface. 
Although it had been known for a long 
time that natural crystals will strongly 
reflect short X rays if the atoms in the 
crystal are located at the nodes. it has 
been realized only recently that artificial 
materials can be fabricated that will 
strongly reflect soft X rays at angles 
of incidence close to the perpendicular. 
The production of soft-X-ray mirrors 
can be described as the fabrication of 
artificial materials in which highly ab­
sorbing regions alternate with weakly 
absorbing ones in such a way that the 
positions of the two regions match the 
desired interference pattern. With such 
materials we expect to observe reflectiv­
ities of up to 30 percent. In collabora­
tion with R.-P. Haelbich and C. Kunz at 
the German Electron Synchrotron Lab­
oratory (DESY) in Hamburg we are try­
ing to make multilayer mirrors for the 
wavelength region between 50 and 200 
angstroms. Our long-term goal is to con­
struct a scanning X-ray microscope in­
corporating such mirrors to focus the 
radiation. 

Although an ordinary mirror will re­
I\.. flect scarcely at all soft X rays that 
impinge on it at angles close to the per­
pendicular. it will adequately reflect 
those waves that just graze its surface at 
a very low angle. At such a grazing inci­
dence the nodes of the interference pat­
tern between the incident and the reflect­
ed waves are spaced farther apart. The 
coarser interference pattern makes it 
possible to position more absorbing ma­
terial at the node of the standing wave. 
For this reason greater reflectivities can 
be obtained with all materials at grazing 
incidence. Moreover. at very low graz­
ing angles the reflectivity is increased by 
another effect: total reflection. Mirrors 
of this kind have served to focus soft X 
rays in such instruments as the X-ray 
telescope aboard the Sky lab satellites 
[see top illustration on preceding page]. 
That telescope. operating at a grazing 
angle of .9 16 degree. was able to focus 
soft X rays whose wavelengths were 
greater than six angstroms. Its resolu­
tion was limited. however. by the una­
voidably imperfect reflecting surfaces to 
about one second of arc. a value 1.000 
times worse than the theoretical limit. 
This again illustrates a major problem 
with all high-quality focusing elements 
for X rays: the elements have to be 
fabricated with high precision. Recent 
progress in fabrication techniques. how­
ever. promises substantial advances 
over the next few years. 
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Photography by infrared 

To make such pictures one illuminates through blue­
green filters that pass very little infrared and photo­
graphs through filters that pass infrared and as little else 
as possible. There are minerals and organic substances 
besides chlorophyll that can be thus simply picked from 
a background by their infrared fluorescence. 

We get more inquiries, though, about picturing warm 
objects by their emitted radiation. If the objects are no 
warmer than 250°C, you are not likely to bring it off 
with just a camera, film, and filters. Kodak Publication 
P-570 ("Thermal Photography"), available on request 
from Dept. 55W, Kodak. Rochester, N.Y. 14650, goes 
into detail on that. 

Biological substances fluorescing in infrared from excitation by visible light. 

"There is no fundamental difference between the 
practice of infrared photography and that in 
which the visible region of the spectrum (light) 
is used. Anyone equipped for photography with 
ordinary films can make infrared photographs 
on infrared films without investing in any extra 
equipment other than a camera lens filter and 
sometimes filters over the lights." 

Encouraging statement with which H. Lou Gibson, who pio­
neered the above techniques, opens the second chapter in his 
new edition of Photography By Infrared (John Wiley & Son, 
1978). Other chapters in the book: 

On Infrared: Its History, Nature, and Applications 
Basic Physics of Infrared Recording 
Documents, Artifacts, Art, Textiles, Graphic Arts 
Medical Infrared Photography 
Investigations in the Natural Sciences 
Infrared Photomicrography 
Technical Applications 
Remote Sensing, Aerial and Orbital 
Herschel Effect and Indirect Recording 

People of Gibson's and Clark's 
generation know that the size of 
the capital equipment budget is 
not the only valid measure of a 
laboratory's competence. 

Mr. Gibson at about the time he joined Kodak 
and Mr. Gibson in 1978, some years after re­
tirement from Kodak. 

KODAK High Speed Infrared Film in 35 mm, 20-exposure magazines 
KODAK High Speed Infrared Film 2481 (ESTAR Base) in 16 mm x 125 It 
KODAK High Speed Infrared Film 4143 (ESTAR Thick Base), 4 x 5 inches 
KODAK EKTACHROME Infrared Film in 35 mm, 20-exp magazines 

(for "false color") 
KODAK Infrared AEROGRAPHIC Film 2424 (ESTAR Base) in 70 mm and 

other aerial film sizes 
KODAK AEROCHROME Infrared Film 2443 (ESTAR Base) in 70 mm and 

other aerial film sizes (for "false color") 
KODAK "Spectroscopic" Plates and Films, Types I-N, IV-N, and I-Z 

Dr. Walter Clark, the book's editor, as a mem­
ber of the Kodak Research Laboratories man­
agement at about the time he wrote the first two 
editions of Photography By Infrared. Dr. Clark 
in 1978, some years after retirement from Kodak. 

KODAK WRATTEN Filters, Nos. 87, 87A, 87B, 87C, 88A, and 89B 
Kodak Publication M-28, "Applied Infrared Photography" 
Kodak Publication M-29, "Kodak Data for Aerial Photography" 
Kodak Publication N-17, "KODAK Infrared Films" 
Kodak Publication P-315, "KODAK Plates and Films for Scientific 

Photography" 

In the unlikely event that your regular supplier of photographic 
goods does not accept orders for any of the above, you ought to 
be able to locate one that does. 

Why we are telling you all this. 

©Eastman Kodak Company, 1978 
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SCIENCE AND THE CITIZEN 
The Case of the CT Scanner 

T
he introduction of new technology 
is one of the main elements fuel­
ing the continuous rise in the cost 

of health care, which increased its claim 
on U.S. resources from 5.2 percent of 
the gross national product in the fiscal 
year 1960 to 8.2 percent in 1975 and 8.8 
percent in 1977. Every new therapeutic 
or diagnostic tool added to the arma­
mentarium of physicians and hospitals 
represents an additional cost; if it is ex­
pensive to acquire and operate, if it does 
not completely replace established pro­
cedures and if it is enthusiastically re­
ceived, widely adopted and frequently 
prescribed, the inflationary effect is en­
hanced. 

No new medical tool is more illustra­
tive of such technological inflation than 
the computed tomography (CT) scan­
ner, which combines X-ray apparatus 
with a computer and a cathode-ray tube 
to produce images of cross sections of 
the head or body. The CT scanner was 
developed in Britain in the late 1960's 
and was introduced into the U.S. in 
197 3 ;  by the end of 1977 almost 1,000 
scanners were being operated in this 
country. The proliferation of the devic­
es, the frequency of their use and the 
high expenditures associated with them 
have combined to provide a case study 
of the relation between expensive tech­
nology and medical costs, stimulating 
an ongoing debate about how to control 
the installation and utilization of new 
devices so as to balance economic and 
medical considerations in providing ef­
fective, affordable health care. A recent 
study by the Congressional Office of 
Technology Assessment (OT A) exam­
ines the CT scanner as illustrative of 
these issues. The OT A reports a large 
number of findings, identifies the policy 
problems that are raised and rather than 
making specific recommendations sug­
gests .some policy alternatives. 

The scanners proliferated in the U.S., 
according to the report, without the ben­
efit of broad, carefully designed studies 
assessing their efficacy compared with 
existing procedures, although there are 
many clinical reports indicating that 
CT head and body scanning is reliable 
and accurate. The new procedure has 
replaced other diagnostic methods to 
some extent, but it has produced "a con­
siderable net increase" in total proce­
dures performed. It seems to be relative­
ly safe; the risk from CT head scanning 
in particular appears to be lower than 
that from older procedures and the pain 
and discomfort "are definitely lower in 
many cases." 

Of the scanners known to be oper­
ating in the U.S. in mid-I977 (nearly 
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three-fifths of them head scanners and 
the remainder body scanners) 81 per­
cent were in hospitals (mostly large, 
nonprofit community hospitals) and the 
rest were in private offices and clinics; 
some of those installed in hospitals were 
actually owned or leased by physicians. 
(Private purchase is encouraged by the 
fact that it circumvents certain regulato­
ry procedures.) The rate of installation 
increased steadily through 1976 but 
may have slowed down since then. The 
commonest diagnoses on the basis of 
head scans have been tumors, cerebro­
vascular occlusion or hemorrhage, and 
diseases that enlarge the ventricular 
spaces of the brain. The procedure is 
also valuable for patients with head 
trauma; it is sometimes ordered for 
headache, and there has been some 
tendency to resort to scanning for 
screening purposes. In 1977 most CT 
scans were done by radiologists at the 
request of a referring physician; "self­
referral" (by the physician who pro­
ceeds to do the scan and is paid for it) 
was the case for only about a tenth of the 
devices. 

The average price of a CT scanner 
was close to $500,000 for the first few 
years after their introduction, but re­
cently several companies have marketed 
new versions of the head scanner for 
about $100,000. The scanner is typical­
ly depreciated over a five-year period 
(compared with eight years for most 
equipment), adding to the annual ex­
pense of operation, estimates of which 
ranged from $259,000 to $3 79,000 for 
1975 and 1976. The . average fee for a 
CT head examination ranged from $240 
to $260. The estimated annual "profit" 
per CT scanner (revenue minus expen­
ses) in 1976 ranged from $51.000 to 
$291.000, or from 11 to 65 percent of 
the purchase price of a $450,000 device. 

The major policy problems associated 
with the CT scanner derive from the 
lack of control over the acquisition and 
the utilization of the devices. A hospital 
seeking to install a scanner must have a 
certificate of need from a state health 
planning and development agency. In­
adequate guidelines have been available 
for such approval, and the guidelines 
vary in different states. The exemption 
of private physicians from certificate­
of-need provisions, and the potential 
profits from scanning, encourage the 
acquisition of scanners by physicians. 
Once a scanner is acquired (by a hospi­
tal or a physician) its use in a partic­
ular case is not subject to review. "By 
its reimbursement methods, the Feder­
al Government in effect has assumed 
an open-ended commitment to finance 
services. 

Two of the OT A's seven policy alter-

natives (which are not mutually exclu­
sive) deal with developing information 
on safety and efficacy. One alternative 
would be to establish a formal proc­
ess for identifying medical technologies 
that require assessment of safety and ef­
ficacy, to conduct the evaluations and 
then synthesize and disseminate the re­
sults. A second alternative would be to 
go on to make official judgments about 
efficacy and safety, in effect providing a 
formal (although not mandatory) set of 
indications for appropriate applications 
of a technology. 

Three alternatives suggest possible 
changes in regulatory policies. Under al­
ternative NO. 3 a Federal agency such 
as the Food and Drug Administration 
would be authorized to actually restrict 
use of a device to conditions specified by 
the FDA. (The report suggests that such 
restriction might not be practical or ad­
visable.) Alternative NO.4 would link 
Medicare reimbursement to the infor­
mation and judgments resulting from al­
ternatives Nos. 1 and 2. Alternative No. 
5 would expand the regulation of capi­
tal expenditures to cover equipment re­
gardless of ownership or location. 

The last group of alternatives would 
affect the financing of medical care 
more broadly. Alternative NO. 6 would 
establish Medicare and Medicaid rates 
of payment based on efficiency, thereby 
tending to control the initial cost, the 
degree of utilization and the profit-tak­
ing associated with a technology. Al­
ternative No. 7 would fundamentally 
restructure the payment system to en­
courage efficiency, primarily by fixing 
the total revenue of a health-care pro­
vider in advance of delivery, as by a 
system of capitation payments or by re­
viewing the provider's budget. 

Upsilon Updated 
The upsilon particle, which has a mass 

more than three times greater than 
any other subatomic entity yet detected, 
was discovered last year in energetic 
collisions between protons and copper 
nuclei (see "The Upsilon Particle," by 
Leon M. Lederman; SCIENTIFIC AMERI­
CAN, October). With a mass in its lowest 
energy state equivalent to 9.0 GeV (bil­
lion electron volts) and masses in excit­
ed states equivalent to 10.0 and 10.4 
GeV, the upsilon particle has been inter­
preted as consisting of a massive new 
quark (the fifth) bound to its antiquark. 
The existence of the upsilon particle's 
lowest excited state has now been con­
firmed for the first time by a group of 
investigators at the DESY (Deutsches 
Elektronen Synchrotron) laboratory in 
Hamburg. The investigators are the 
same ones who had confirmed the exis-
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LOVE 'LETTERS TO 
ACAR PANY? 

You'd probably never dream of writing a 

love letter to the company that built your car. 

Yet at Volvo, we get them all the time. 
Ma�be because 9 out of 10 people who buy 

new Volvos are happy. 
But some people who own Volvos aren't 

merely happy. They're absolutely ecstatic. 
People like Orv Jacobson of Ocean Shores, 

Washington: ,"Now that it's at the 200,000 mile 
mark, J figure' it has anotli�r 200,000 more miles 
in it ... you . , don'ttrade in members of w 
your 

Mary 
"This is the 
. rnYiJife that 
Ai ;y ,;m Jf 

I still had a good car after it was paid for:' . Or, The Reverend Ernest G. Olsen of Westfield, 
New Jerseywho, after 225,000 trouble-free miles" 
says simply: "Love that Volvo;' 

If you can't think of any love stpries to write . 
about your present car, maybe your next car shouJd 
bea Volvo. " 

After all, why buy a car you mighfregret? When ., 
with a Volvo, you 11 probably end up never havii1g,� 

to . you're sorry; ' " / V9LVO 
1\ car you' ca1J'believejn� li, Cl191"� vpuro 0 Rj�:A COftP'ClR,ATlP ' '':j:&. ' SI)G AV/U( 
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tence of the upsilon particle in its lowest 
energy state. 

At DESY the excited upsilon particle 
showed up as a resonance. or peak. in 
the yield of hadrons (particles that are 
subject to the nuclear. or "strong." 
force) that emerged from electron-posi­
tron collisions in a storage-ring acceler­
ator. The DESY storage ring had many 
advantages over the 400-GeV synchro­
tron at the Fermi National Accelerator 
Laboratory (Fermilab). which was used 
by Leon M. Lederman of Columbia 
University and his collaborators to dis­
cover the upsilon particle. At Fermilab 
the excited upsilon particle appeared as 
a resonance in the yield of muons gener­
ated in collisions between protons and 
nuclei. (The muon is a lepton. a particle 
that is not subject to the nuclear force. 
that has 200 times the mass of the elec­
tron but otherwise exhibits the same 
properties.) In the DESY storage ring 
beams of electrons and positrons. or an­
tielectrons. moved in opposite direc­
tions around a circular track. Where the 
beams crossed. electrons and positrons 
collided and annihilated each other. The 
particles collided only once or twice a 
second. and so it was much easier to 
study the interactions than it was at Fer­
milab. where there were 1011 proton-nu­
cleus interactions per second. As a result 
the DESY investigators have recently 
measured the mass of the excited upsi­
lon particle with an accuracy 20 times 

better than that achieved at Fermilab. 
The DESY experiment confirmed the 

fact that the excited upsilon particle has 
a long lifetime for a subatomic particle. 
as Lederman and his collaborators had 
originally suggested. A long lifetime 
means that the upsilon particle is inhib­
ited from decaying into such particles as 
pions. kaons and protons. all of which 
are made up of four kinds of quark. 
Since one kind of quark cannot easily 
change into another kind. the interpre­
tation of the upsilon particle as being 
composed of a fifth quark explains why 
the upsilon particle does not readily de­
cay into particles made up of the four 
other quarks. 

The recent work at DESY also con­
firms the important prediction of the 
quark hypothesis that two "jets" of par­
ticles would emerge from electron-posi­
tron annihilations. The hypothesis sug­
gests that either a pair of leptons or a 
pair of quarks would form whenever an 
electron and a positron annihilated each 
other. The quarks in such a pair would 
recoil rapidly and lose energy by creat­
ing other quarks that would bind togeth­
er to form particles. The momentum of 
each of these particles would lie mainly 
in the direction of the momentum of one 
of the quarks in the original pair. This 
means that the particles should manifest 
themselves as two jets. or cones. aimed 
outward from the annihilation point. 
The quark hypothesis predicted that at 

the high energies available at DESY the 
jets would be very narrow. Indeed they 
are; what was seen in the experiment 
fully matches the theoretical prediction. 

Salt Rivers o/the Andes 
In a broad bend of the Huallaga River 

in eastern Peru an exploring geo­
chemist came on a spectacular sight. 
Stretching eight kilometers along the 
river and 100 meters into the air was a 
glistening white cliff of salt. The river. 
one of the major tributaries of the Am­
azon. is eating into a huge deposit of 
rock salt. John M. Edmond of the Massa­
chusetts Institute of Technology reports 
that the salt cliff is only one indication 
of the abundance of exposed salt depos­
its in the region of the Amazon head­
waters in the Andes of eastern Peru and 
Ecuador. Edmond. who is working to 
develop a geochemical model of the 
Amazon. found that the salt deposits 
play an important part in determining 
the chemical composition of the river. 

The compression forces associated 
with the building of the Andes. Edmond 
explains. were responsible for the many 
exposed deposits of rock salt in the re­
gion. Under pressure rock salt flows like 
glacial ice. and so the tremendous stres­
ses of geological uplift squeezed salt 
from deep deposits up through cracks 
and faults in the overlying rock. In this 
way large salt domes were formed on 

DEWAR'S® PROFILES 
(Pronounced Do-ers "White Label") 
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the surface. In some areas there are even 
pinnacles of salt reaching a height of 
several meters. 

Edmond discovered that large quan­
tities of salt from the deposits are dis­
solved by rainfall and washed into the 
Amazon headwater system. As a result 
many of the streams and rivers are so 
salty that neither human beings nor an­
imals drink from them. Although the 
salinity of the salty streams and rivers 
that feed into the Amazon is diluted 
downstream. it is still a major control­
ling factor in the overall chemistry of 
the river. Edmond reports that analysis 
of water samples collected in the Peru­
vian Andes indicates that the dissolved 
salt in the salty tributaries accounts for 
at least half of the sodium and chlorine 
in the Amazon. 

Hans, Sherman and Austin 
Ever since "Clever Hans." a famous 

calculating horse. amazed Berliners 
early in the century. careful experiment­
ers in animal psychology have been 
wary of what is sometimes called the 
Clever Hans effect. All Hans's feats. it 
was finally discovered. had been simple 
"go. no go" responses to cues uncon­
sciously given the horse by its handler­
owner. Eliminating the Clever Hans ef­
fect from animal experiments is always 
troublesome. and it has been particu­
larly so in efforts to determine whether 

nonhuman primates are capable of sym­
bolic communication. Chimpanzees. 
the animals most often chosen for such 
research. must undergo training that in­
volves a high level of social interaction 
between the animal subject and the hu­
man experimenter. Now an ingenious 
experiment conducted at the Yerkes Re­
gional Primate Research Center at 
Emory University has demonstrated a 
capacity for symbolic communication 
between two chimpanzees in the ab­
sence of any possible cueing. 

Writing in Science. E. Sue Savage­
Rumbaugh of the Yerkes center and her 
colleagues give the results of a series of 
food-request tests involving interaction 
between a 41/2-year-old chimpanzee. 
Sherman. and a 3 1/2-year-old. Austin. 
Both animals had been born at the 
Yerkes center and were trained to rec­
ognize more than. 30 geometric sym­
bols. each one representing a word in 
English. Both had also learned to man­
ipulate a keyboard bearing the symbols; 
when the chimpanzee depressed a key. 
the same symbol that was on the key ap­
peared on a screen visible to the animal. 
Additional training. preliminary to the 
food-request tests. taught both animals 
11 symbols equivalent to 11 kinds of 
food and drink. This added vocabulary 
training required 102 trials for Sherman 
and 201 trials for Austin. 

In the tests the two animals alternated 
in the role of "informer" and "observ-

er." In each trial the informer was taken 
to a room adjacent to the keyboard 
room; there it watched food being 
sealed in an opaque box. The informer 
and the sealed box were then taken to 
the keyboard room. where the observer 
was waiting. Using a keyboard in a sepa­
rate room to avoid the possibility of cue­
ing. one of the experimenters put on the 
keyboard-room .screen symbols for the 
words "What this?" The informer then 
used its own keyboard to reply by put­
ting the appropriate food symbol on the 
screen. The observer was thereupon giv­
en access to the keyboard and allowed to 
"request" the designated food. If either 
the observer or the informer responded 
with the wrong symbol. it was'allowed 
to inspect the opened box to show that 
it had made a mistake but was not al­
lowed to eat or drink the contents of the 
box. If both animals replied correctly. 
however. they were rewarded with the 
contents. 

In a total of 158 trials. involving four 
different means of information ex­
change between the informer and the 
observer. Sherman and Austin alter­
nately identified and requested the cor­
rect food in more than 90 percent of the 
trials. In one of the four variations of the 
experiment. after the observer had re­
quested the food identified by the in­
former. the animal was presented with 
three photographs of food; two of the 
photographs had been selected at ran-

s. ALLEN COUNTER BLENDED SCOTCH WHISKY. 86.B PROOf. ©SCHENLEY IMPORTS CO .. N. Y .• N. Y. 

HOME: Cambridge, Massachusetts 

AGE: 32 
PROFESSION: Professor, neurobiologist 

HOBBIES: Jungle exploration, film making, 
archery. 

MOST MEMORABLE BOOK:" Origin of Species" 
by Charles Darwin 

LATEST ACCOMPLISHMENT: While' 
continuing neurobiological research in the South 
American jungle, he discovered a little known 
Bush Afro-American tribe, the first black slaves 
in the Americas to gain independence. 

QUOTE: "I am thrilled that my research and 
films have enabled me to contribute to the 
enlightenment of American culture. Only by 
being aware of our past can we deal with the 
present and future." 

PROFILE: Energetic, warm, penetrating. 
Dri ven by a thirst for new knowledge that may 
lead to new truths. 

HIS SCOTCH: Dewar's "White Label� 
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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 over-diagnosis of 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. Andsi�cesuch 
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 wilh drawings 'Uld photographs. Some 
examples are S<-'ell here and on Ihe facing page. 

We have a solution to this problem: It 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. When you subscribe, you receive 
a two-volume, 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 sununarized 
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 Program 

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 Princeton, New 
Jersey. The program consists of eight patient 
management problem� 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 c:m 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-

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 AUTIIORS, 

AND THE FIFfEEN SECTIONS OF 

SCIENTIFIC AMERICAN MEDICINE. 

1. Cardiovascular Medicine 

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

E. William 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.C.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 Medical School ,and Chief, 

Hypertension Unit, Massachusetts General 

Hospital 

2, Dermatology 

Eugene M. Farber. M.D . . Professor anri 

Chairman, Departmen t of Dermatology, 

Stanford University School of Medicine 
3. Endocrinology 

Daniel D. Federman. M.D .• F.A.C.P" Pro­

fessor of Medicine �md Dean for Students 

and Alunmi, Harvard Medical School 

4. Gastroenterology 

Gary M. Gray. M.D" Professor of Medicine 

and Head, Division of Gastroenterology, 

Stanford University School of Medicine 

5. Hematolo!,'Y 

Stanley 1. Schrier. M.D., Professor of Medi­

cine and Head, Division of Hematology, 

Stanforri University School of Medicine 
6. 1l1U11Unology 

John David. M.D" Professor of Medicine, 

-Harvard Medical School, and Physician, 

Robert B. Brigham Hospital 

7. Infectious Disease 

Thomas C. Merigan, M.D., Professor of 

Medicine and Head, Division of Infectious 

Diseases, Stanford University School of 

Medicine 

Morton N. Swartz, M.D., EA.C.P', Professor 

of Medicine, Harva!d Medical School, and 

Chief, Infectious Disease Unit, Massachu­

setts General Hospital 

Cyrus C. Hopkins. M.D., A�sistant Professor 
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DOWTDROWN 
YOUR FISH ••• 

Everyday, thousands of fish need­
lessly "drown" in their aquariums. 
Fish, just like human beings, require 
oxygen to breathe. And if they don't 
get enough oxygen, they will die. 
Providing a well-balanced environ­
ment for your fish means selecting 
an air pump that can adequately 
replenish the air supply of the aquar­
ium 'round the clock, day in and' 
day out-not just for months, but 
for years. The Silent Giant is designed 
and tested to do just that ... and more. 

Constructed of only the best mate­
rials, each Silent Giant is triple tested 
during production to insure an optimum 
supply of air for aquarium set- ups up to 150 
gallons. The Silent Giant can pump the same 
enormous amount of air throughout the aquarium, regardless of 
depth of tank. 

The Silent Giant has 4 separate air filtration levels to prevent 
lint and dirt from accumu­
lating in the pumping mech­
anism. This extends the life 
of the pump and sends 
cleaner air to your fish. 

Most air pumps are 
downright irritating. They 
vibrate, rattle, and roar 
24-hours a day. The Silent 
Giant is engineered to be as 
silent as its name. Its oscilla­
tory compressor is suspended 
from music wire springs, and 
the entire machine is sur­
rounded with 3 lbs. of 
aquarium gravel to absorb 
noise. 

One more point worth 
noting in this day of high 
energy costs: The Silent 
Giant uses less electricity 
than an electric clock, and 
only one-tenth the power of 

other motor driven pumps. You can bank on that! So get a Silent 
Giant and let your fish breathe a little 
easier. It's a piece of trouble-free 
equipment that will help to nurture 
your interest in this fascinating 
hobby. See your aquarium products 
retailer ... Silent Giant a premier 
aquarium air pump. 

dom and the third showed the food that 
was sealed in the box. On prese,ntation 
the observer was required to select the 
appropriate photograph. The informer 
and the observer were rewarded only if 
both the symbolic and the photographic 
identifications were correct. This varia­
tion was designed to discover whether 
the observer was simply "matching." 
that is. punching whatever symbol key 
matched the symbol punched by the in­
former. The score in this test too was 90 
percent accurate (27 of 30 trials were 
correct). 

Throughout the four main tests the 
experimenter who supervised the ani­
mals in the keyboard room was himself 
not aware of the contents of the food 
boxes. a condition that prevented any 
cueing of the subjects. involuntary or 
otherwise. To assess the further possibil­
ity that the animal acting as the inform­
er might be cueing the animal acting as 
the observer in some way other than by 
selecting a symbol. a fifth test was con­
ducted. On returning to the keyboard 
room the informer was not allowed 
access to the keyboard and so could 
not put the appropriate symbol on the 
screen. In 26 trials under these condi­
tions the observer finally keyed a food 
symbol; the animal was right. however. 
only four times. an error rate of 80 per­
cent. A score that low indicates that cue­
ing in any way other than by putting a 
symbol on the screen was an insignifi­
cant factor in communication between 
the two chimpanzees. With the Clever 
Hans effect properly guarded against. 
Savage-Rumbaugh and her colleagues 
conclude that chimpanzees have a genu­
ine innate potential for symbolic com­
munication. 

Close Encounters 
The two spacecraft placed in orbit 

around Mars in the course of the 
U.S. Viking mission have continued to 
return an intermittent stream of infor­
mation to the earth. not only about the 
planet itself but also about its two fasci­
nating miniature moons. Phobos and 
Deimos. The latest closeup pictures of 
the Martian satellites to be processed 
and released. for example. contain a 
number of fresh clues to the nature of 
these misshapen. asteroid-size bodies. 
Although the new findings answer old 
questions about Phobos and Deimos. in­
vestigators of the moons report. they 
also raise "some unexpected puzzles." 

The most striking revelation con­
tained in the first high-resolution images 
of Phobos. recorded by the Viking 1 or­
biter in February. 1977. was that its 
surface is almost entirely covered by an 
array of long. more or less parallel 
grooves. typically 100 to 200 meters 
wide and 20 to 30 meters deep. Since 
then the Viking orbiters have been ma­
neuvered back into the vicinity of the 
satellites on numerous occasions. pho-
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That's Chevy Chevette in a nutshell. A lot of features 
but not a lot of money� And that's a whole lot of value. 
No wonder it's America's favorite small cor. STANDARD: 1.6 

Litre engine STANDARD: White-stripe gloss-belted radials 
STANDARD: AM radio STANDARD: 4-ft.-wide easy-open rear 
hatch STANDARD: Front disc brakes STANDARD: Color-keyed 
cut-pile carpeting STANDARD: Rock-and-pinion steering 
STANDARD: Body side moldings STANDARD: Reclining front 
bucket seats STANDARD: Console STANDARD: Sport steering 
wheel STANDARD: Delco Freedom battery STANDARD: Full 
Coil suspension STANDARD: High Energy Ignition 
system STANDARD: Cigarette lighter 
STANDARD: Bu m per ru b stri ps :"'--!1111!1111!1==:;;;;;;;;;P� 

'Some of these features are not 
available on Chevette Scooter. 
Check your dealer for details 
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tographing them from various angles. 
The improved coverage of Phobos has 
enabled Peter Thomas of Cornell Uni­
versity to map the distribution of 
grooves on virtually the entire surface 
of the satellite. 

The new map of Phobos, published in 
a recent issue of Sky and Telescope, 
shows clearly that the grooves are asso­
ciated with the moon's largest crater, 
named Stickney, which is some 10 kil­
ometers in diameter. In an article ac­
companying the map Thomas and his 
colleagues, Joseph Veverka of Cornell 
and Thomas Duxbury of the Jet Propul­
sion Laboratory of the California Insti­
tute of Technology, point out that "the 
grooves are widest and best developed 
near Stickney and least prominent, in 
fact absent, on the other side of the sat­
ellite. This pattern strongly suggests that 
the grooves are connected with the for­
mation of Stickney and may be surface 

manifestations of deep fractures caused 
by the severe impact that created the 
crater." 

No such grooves appear on Deimos, 
possibly because there seem to be no 
craters on this body that are larger than 
about three kilometers in diameter. In 
fact, in all the Viking imagery, as in 
the earlier Mariner 9 pictures, Deimos 
appears to be conspicuously smoother 
than Phobos. Yet when the craters are 
actually counted, about the same num­
ber are found on Deimos as on Phobos. 
According to the three authors of the 
Sky and Telescope article, "the very­
high-resolution photographs obtained 
by the Viking 2 orbiter during last Octo­
ber's flyby have finally resolved this 
apparent contradiction. These pictures, 
which resolve objects as small as two or 
three meters, revealec;l that Deimos is 
indeed heavily cratered. However, most 
of these craters-unlike on Phobos-are 

partly filled with a smooth light-colored 
material that looks like crater ejecta. 
There are just as many craters on Dei­
mos as on Phobos, but they tend to be 
masked by the fill." 

The blanket of debris strewn over the 
surface of Deimos, ranging in size from 
fine grains to "clusters of house-sized 
blocks," raises an obvious question: 
Why do large amounts of such loose 
material litter Deimos but not Phobos? 
One possible explanation offered by the 
three investigators "is that the surfaces 
of the two satellites have significantly 
different mechanical properties. For ex­
ample, an impact might produce a larg­
er fraction of low-velocity fragments on 
Deimos than it would on Phobos." 

Another factor might be that Phobos, 
the larger, inner satellite, "is so close to 
Mars that it might be easier to knock 
material off Phobos than off Deimos. 
With a density of only two grams per 

ROUGH SURFACE OF PHOBOS, the larger of the two Martian 
satellites, is deeply pitted by numerous large craters, as can be seen 
in this picture made by the Viking 1 orbiter in February, 1977, from 
a distance of some 440 kilometers. The scene is about 11 kilometers 

wide. The other main distinguishing feature of Phobos is the fact that 
it is scored by an array of long, narrow grooves, several of which can 
be seen in cross section near the limb. The grooves appear to be as­
sociated with the formation of Stickney, the moon's largest crater. 

SMOOTH SURFACE OF DEIMOS turns out on close inspection to 
be just as heavily cratered as that of Phobos, as revealed in this Viking 
2 image, made in October, 1977, from a distance of only about SO 
kilometers. The scene in this vertical overhead, extreme closeup view 
is approximately two kilometers wide. In earlier pictures made from 

farther away Deimos appeared to be conspicuously lacking in cra­
ters; the explanation for the comparatively unmarked appearance 
of Deimos is that its craters are partly filled with a blanket of loose 
debris, ranging in size from fine grains to house-size blocks (right). 
Deimos also seems to have no grooves or large craters on its surface. 
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cubic centimeter. Phobos is within the 
Roche limit of Mars. (A liquid satellite 
closer to Mars than this limit would be 
torn apart by tidal forces exerted by the 
planet.) Phobos remains intact because 
it is held together by cohesive forces as 
well as gravity. Whether this situation 
could account for the different surface 
appearance of Phobos remains to be 
worked out." 

The evident differences between the 
two Martian satellites raise yet another 
question: Which of the two is more typi­
cal of other small objects in the solar 
system? The resolution of that "interest­
ing issue." the authors suggest. calls for 
"future spacecraft exploration of small 
asteroids." 

Missed Chance 
When Ernst B. Chain and Howard 

W. Florey isolated penicillin in 
193 9. they traced the origin of their 
work to the observation of the antibac­
terial action of Penicillium mold by Al­
exander Fleming in 1928. It appears. 
however. that Fleming's discovery. like 
many others in science. had been antici­
pated. Moreover. it had been anticipat­
ed with remarkable explicitness. In 1896 
the antibacterial action of Penicilli­
um was unmistakably demonstrated by 
a 2 1-year-old French medical student 

named Ernest Augustin Clement Du­
chesne. Duchesne's pioneering work 
was ignored by his contemporaries. and 
his discovery was forgotten for 50 years. 
In a note in The Journal 0/ the American 
Medical Association Robert A. Kyle and 
Marc A. Shampo of the Mayo Clinic 
suggest that Duchesne deserves full rec­
ognition for his remarkable work. 

Duchesne was born in Paris on May 
3 0. 1874. At 20 he entered the Army 
Medical Academy in Lyons. He had 
read the writings of Louis Pasteur and 
was engrossed in the study of microor­
ganisms. He knew that if a single spore 
of mold fell onto a damp piece of bread. 
rotten fruit. cheese or jam. a thick 
growth of the mold would appear within 
a few days. In other places where molds 
might be expected to thrive. however. 
they were usually absent. For example. 
although mold cells were extremely 
prevalent in the air. they were hardly 
ever seen under the microscope in water 
that had been added to cultures of bac­
teria. Duchesne wondered whether the 
molds were killed by the bacteria. En­
couraged by Gabriel Roux. director of 
the Institute of Public Hygiene. he began 
his thesis research on the question of the 
antagonism between bacteria and mold. 
As a test subject he chose the mold Peni­
cillium glaucum. 

Initially Duchesne found that the 
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presence of bacteria in an environment 
in which mold was growing usually led 
to the rapid destruction of the mold. He 
asked himself. however. whether in the 
struggle for existence between molds 
and bacteria there might be certain con­
ditions in which the mold would prevail. 
In one experiment he cultivated Penicil­
lium on a piece of moist food and trans­
ferred Escherichia coli bacteria onto the 
mold. After a few hours he examined 
the mold and found that the bacteria 
had been killed. 

His next step was to inoculate guinea 
pigs with virulent cultures of pathogenic 
microorganisms such as E. coli and ty­
phoid bacteria. Then he injected half 
of the animals with nutrient broth on 
which Penicillium had been grown. The 
next day the animals that had received 
the injection of broth were alive and 
healthy but the animals that had not 
received it were dead. Apparently the 
growth of the bacteria in the animals 
had been inhibited by the crude extract 
of the mold represented by the broth. 

A year after Duchesne had begun his 
experiments he described them in a 56-
page dissertation titled (in translation 
from the French) "A Contribution to the 
Study of the Struggle for Existence of 
Microorganisms: Antagonism between 
Molds and Microbes." He observed that 
since he was a medical student. he had 
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had time to do only a few experiments 
and that in any case his work should be 
repeated and confirmed. "Further re­
search," he added, "may lead to new de­
velopments that could prove directly 
applicable to prophylactic hygiene and 
therapy." 

In 1897 ,  at the age of 22, Duchesne 
received his M.D. degree. He became an 
army doctor, as had been his intention, 
and his assignment to a regiment in Sen­
lis, north of Paris, made it impossible 
for him to continue his research. In 1902 
he developed a lung disease (probably 
tuberculosis) and had to take a leave of 
absence. He returned to active duty the 
following year and served with a regi­
ment in Clermont-Ferrand in south-cen­
tral France. His illness became worse, 
however , and in 1907 he was obliged to 
end his army career. On August 30 ,  
1912, at  age 38,  he died in Amelie-Ies­
Bains, where he was being treated for his 
disease. 

Duchesne's findings attracted no at­
tention until his thesis was accidentally 
discovered by a librarian some 50 years 
after he had completed his experiments. 
As is the case with many other discover­
ies that were anticipated, it is not known 
why his work was ignored by the micro­
biologists of his time. There is no evi­
dence that Roux, who had advised him 
on his research topic, or anyone else 
pursued his findings. 

When Fleming, working at St. Mary's 
Hospital Medical School of the Univer­
sity of London, observed a bacteria-free 
circle around a green mold (Penicillium 
notatum) that had contaminated a cul­
ture dish containing staphylococci, he 
had never heard of Duchesne or his 
work. Such contamination was a com­
mon occurrence in the bacteriological 
laboratory, but Fleming was the first to 
recognize its antibacterial effect. Eleven 
years later Chain and Florey, working at 
the University of Oxford, isolated and 
purified penicillin. Then in 1941 penicil­
lin was tested on patients suffering from 
severe bacterial infections, with dramat­
ic results. World War II interrupted pen­
icillin research in Britain, but workers in 
the U.S. went on to develop methods for 
the mass production and stabilization of 
the drug. 

For their work on penicillin Fleming, 
Chain and Florey shared the 1945 No­
bel prize for physiology and medicine. 
In September of that year Fleming gave 
a speech at the Academy of Lyons and 
mentioned the work of Duchesne, which 
by that time was known to him. He said 
that whereas he had noticed the antibac­
terial effects of Penicillium by chance, 
Duchesne had done so by methodical 
investigation. Fleming's contribution 
was nonetheless the crucial one. As 
Francis Darwin, the botanist son of 
Charles Darwin, observed: "In science 
the credit goes to the man who con­
vinces the world, not to the man to 
whom the idea first occurs." 

If you've ever listened to a JVC music sys­
tem with a separate tuner and amplifier, 
and thought, "One of these days . . .  " 

Well that day is here. The new JA-S44 
DC integrated stereo amplifier, with its ex­
clusive bui lt-in SEA graphic equalizer 
and d ual power meters, provides clean, 
uncanni ly-accurate music reproduction, 
with all the power you're ever l ikely to need . '  

O u r  "Tri-DC" design i n  the JVC 
JA-S55 and JA-S77 further el iminates 
distortion-causing capacitors within the 
DC phono equalizer, DC tone control and 
DC power amplifier sections, providing 

, 

frequency response from 5Hz to 1 00kHz 
( + 0, - 1 .0;dB).  

And they h�e dual power supplies­
not one for each channel ,  as in  conven­
t ional  designs-but one for the Class 
A-operated preamp/tone control section, 

. and a second which performs even 
heavier duty for the C lass B-operated DC 
power amplifier section. This unique de­
sign practically el iminates both inter- and 
intra-channel crosstalk and d istortion, or 
what we call "sonic backlash." The results : 
i ncreased tonal defin ition and bri l l iance, 
especially with high-level transient signals. 

The new JVC JT-V22 AM/FM stereo 
tuner is a standout in its class. With an FM 
front end that uses an FET RF amplifier, 
combined with a 3-gang tuning capacitor, 
the JT-V22 brings in the most timid FM 
stations and makes them sound as though 
they're just around ttie corner. Or, if you're 
in  an area where FM stations are a hair l ine 
away from each other on the dial,  it deliv­
e rs clear, interference-free reception. Then, 
to help you make sure you ' re on target, it 
has both signal strength and center­
channel tuning meters. 

Probably the most significant ad­
vance in recent FM tuner technology is 
JVC's Phase Tracking Loop circuitry in  our  
new top model-JT-V77. This advanced 
c i rcuit provides high signal-to-noise ratio 
as well as excellent interference rejection 
and freedom from multi path effects and 
adjacent channel interference. It's stil l  
another example of JVC's i nnovative en­
gineering. But sounds speak louder than 
words. See and hear these magnificently­
designed separates at your JVC dealer 
soon. J VC High Fidelity Division, US JVC 
Corp . ,  58-75 Queens Midtown Express­
way, Maspeth, N.V. 1 1 378. Canada: JVC 
Electronics of Canada, Ltd . ,  Onto 

JVC 
°45 walls/channel.  min. RMS, e ohms. from 20Hz-20kHz. with no more than 0.02% THO. Rack-mount handles and wood-grain cabInets optIOnal. 

9 1  

© 1978 SCIENTIFIC AMERICAN, INC



The Acquisition of Language 
How do children learn to speak? It seems they do so in a highly 

methodical way: they break the language down into its simplest 

parts and develop the rules they need to put the parts together 

A
adUlt who finds herself in a group 
of people speaking an unfamiliar 
foreign language may feel quite 

uncomfortable. The strange language 
sounds like gibberish: mysterious strings 
of sound, rising and falling in unpredict­
able patterns. Each person speaking the 
language knows when to speak, how to 
construct the strings and how to inter­
pret other people's strings, but the in­
dividual who does not know anything 
about the language cannot pick out sep­
arate words or sounds, let alone discern 
meanings. She may feel overwhelmed, 
ignorant and even childlike. It is pos­
sible that she is returning to a vague 
memory from her very early childhood, 
because the experience of an adult lis­
tening to a foreign language comes close 
to duplicating the experience of an in­
fant listening to the "foreign" language 
spoken by everyone around her. Like 
the adult, the child is confronted with 
the task of learning a language about 
which she knows nothing. 

The task of acquiring language is one 
for which the adult has lost most of her 
aptitude but one the child will perform 
with remarkable skill. Within a short 
span of time and with almost no direct 
instruction the child will analyze the 
language completely. In fact, although 
many subtle refinements are added be­
tween the ages of five and 10, most chil­
dren have completed the greater part of 
the basic language-acquisition process 
by the age of five. By that time a child 
will have dissected the language into its 
minimal separable units of sound and 
meaning; she will have discovered the 
rules for recombining sounds into 
words, the meanings of individual 
words and the rules for recombining 
words into meaningful sentences, and 
she will have internalized the intricate 
patterns of taking turns in dialogue. All 
in all she will have established herself 
linguistically as a full-fledged member 
of a social community, informed about 
the most subtle details of her native lan­
guage as it is spoken in a wide variety of 
situations. 

The speed with which children ac-
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complish the complex process of lan­
guage acquisition is particularly impres­
sive. Ten linguists working full time for 
10 years to analyze the structure of the 
English language could not program a 
computer with the ability for language 
acq uired by an average child in the first 
10 or even five years of life. In spite of 
the scale of the task and even in spite of 
adverse conditions-emotional instabil­
ity, physical disability and so on-chil­
dren learn to speak. How do they go 
about it? By what process does a child 
learn language? 

What Is Language? 

In order to understand how language 
is learned it is necessary to understand 
what language is. The issue is confused 
by two factors. First, language is learned 
in early childhood, and adults have few 
memories of the intense effort that went 
into the learning process, just as they do 
not remember the process of learning to 
walk. Second, adults do have conscious 
memories of being taught the few gram­
matical rules that are prescribed as "cor­
rect" usage, or the norms of "standard" 
language. It is difficult for adults to dis­
sociate their memories of schooI-lessons 
from those of true language learning, 
but the rules learned in school are only 
the conventions of an educated society. 
They are arbitrary finishing touches of 
embroidery on a thick fabric of lan­
guage that each child weaves for herself 
before arriving in the English teacher's 
classroom. The fabric is grammar: the 
set of rules that describe how to struc­
ture language. 

The grammar of language includes 
rules of phonology, which describe how 
to put sounds together to form words; 
rules of syntax, which describe how to 
put words together to form sentences; 
rules of semantics, which describe how 
to interpret the meaning of words and 
sentences, and rules of pragmatics, 
which describe how to participate in 
a conversation, how to sequence sen­
tences and how to anticipate the infor­
mation needed by an interlocutor. The 

internal grammar each adult has con­
structed is identical with that of every 
other adult in all but a few superficial 
details. Therefore each adult can create 
or understand an infinite number of sen­
tences she has never heard before. She 
knows what is acceptable as a word or a 
sentence and what is not acceptable, and 
her judgments on these issues concur 
with those of other adults. For example, 
speakers of English generally agree that 
the sentence "Ideas green sleep colorless 
furiously" is ungrammatical and that 
the sentence "Colorless green ideas 
sleep furiously" is grammatical but 
makes no sense semantically. There is 
similar agreement on the grammatical 
relations represented by word order. 
For example, it is clear that the sen­
tences "John hit Mary" and "Mary hit 
John" have different meanings although 
they consist of the same words, and that 
the sentence "Flying planes can be dan­
gerous" has two possible meanings. At 
the level of individual words all adult 
speakers can agree that "brick" is an 
English word, that "blick" is not an En­
glish word but could be one (that is, 
there is an accidental gap in the adult 
lexicon, or internal vocabulary) and 
that "bnick" is not an English word and 
could not be one. 

How children go about learning the 
grammar that makes communication 
possible has always fascinated adults, 
particularly parents, psychologists and 
investigators of language. Until recently 
diary keeping was the primary method 
of study in this area. For example, in 
1877 Charles Darwin published an ac­
count of his son's development that in­
cludes notes on language learning. Un­
fortunately most of the diarists used 
inconsistent or incomplete notations to 
record what they heard (or what they 
thought they heard), and most of the 
diaries were only partial listings of 
emerging types of sentences with inade­
quate information on developing word 
meanings. Although the very best of 
them, such as W. F. Leopold's classic 
Speech Development 0/ a Bilingual Child, 
continue to be a rich resource for con-
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CHILDREN'S SPEECH IS STUDIED to determine what gram­
matical rules, which describe how language is structured, they have 
developed. The author, shown here recording the language output of 
two young children, works with children in their homes so that their 
speech is as unconstrained as possible. The search for the regularities 
in children's language has revealed that in any area of language ac-

quisition they follow the same basic procedure: hypothesizing rules, 
trying them out and then modifying them. Children formulate the 
most general rules first and apply them across the board; narrower 
rules are added later, with exceptions and highly irregular forms. Ex­
amples discussed in article concern children learning English, but 
same process has been observed in children learning other languages. 
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temporary investigators, advances in 
audio and video recording equipment 
have made modern diaries generally 
much more valuable. In the 1960's, 
however, new discoveries inspired lin­
guists and psychologists to approach the 
study of language acquisition in a new, 
systematic way, oriented less toward 
long-term diary keeping and more 
toward a search for the patterns in a 
child's speech at any given time. 

An event that revolutionized linguis­
tics was the publication in 1957 of 
Noam Chomsky's Syntactic Structures. 
Chomsky's investigation of the struc­
ture of grammars revealed that lan­
guage systems were far deeper and more 
complex than had been suspected. And 
of course if linguistics was more compli­
cated, then language learning had to be 
more complicated. In the 21 years since 
the publication of Syntactic Structures 
the disciplines of linguistics and child 
language have come of age. The study 
of the acquisition of language has bene­
fited not only from the increasingly so­
phisticated understanding of linguistics 
but also from the improved understand­
ing of cognitive development as it is re­
lated to language. The improvements in 
recording technology have made exper­
imentation in this area more reliable 
and more detailed, so that investigators 
framing new and deeper questions are 
able to accurately capture both rare oc­
currences and developing structures. 

The picture that is emerging from the 
more sophisticated investigations re­
veals the child as an active language 
learner, continually analyzing what she 
hears and proceeding in a methodical, 
predictable way to put together the jig­
saw puzzle of language. Different chil­
dren learn language in similar ways. It is 

(1) BOY 

(2) 

(3)  BOYS 

(4) BOYS aZ 

(5) BOYS 

(6) BOYS 

CAT 

CATS 

CATSaZ 

CATaZ 

CATS 

CATS 

not known how many processes are in­
volved in language learning, but the few 
that have been observed appear repeat­
edly, from child to child and from lan­
guage to language. All the examples I 
shall discuss here concern children who 
are learning English, but identical proc­
esses have been observed in children 
learning French, Russian, Finnish, Chi­
nese, Zulu and many other languages. 

Children learn the systems of gram­
mar-phonology, syntax, semantics, 
lexicon and pragmatics-by breaking 
each system down into its smallest com­
binable parts and then developing rules 
for combining the parts. In the first two 
years of life a child spends much time 
working on one part of the task, disas­
sembling the language to find the sepa­
rate sounds that can be put together to 
form words and the separate words that 
can be put together to form sentences. 
After the age of two the basic process 
continues to be refined, and many more 
sounds and words are produced. The 
other part of language acquisition-de­
veloping rules for combining the basic 
elements of language-is carried out in a 
very methodical way: the most general 
rules are hypothesized first, and as time 
passes they are successively narrowed 
down by the addition of more precise 
rules applying to a more restricted set of 
sentences. The procedure is the same in 
any area of language learning, whether 
the child is acquiring syntax or phonolo­
gy or semantics. For example, at the ear­
liest stage of acquiring negatives a child 
does not have at her command the same 
range of negative structures that an 
adult does. She has constructed only 
a single very general rule: Attach "no" 
to the beginning of any sentence con­
structed by the other rules of grammar. 

MAN HOUSE FOOT 
FEET 

MEN 

MANS HOUSE 
FOOTS 

FEETS 

MANS aZ FOOTSaZ 
HOUSaZ 

FEETS aZ MENaZ 

MANS HOUSES FEETS 

MEN HOUSES FEET 

SORTING OUT OF COMPETING PRONUNCIATIONS that results in the correct plural 
forms of nouns takes place in the six stages shown in this illustration, Children usually learn 
the singular forms of nouns first (1), although in some cases an irregular plural form such as 
"feet" may be learned as a singular or as a free variant of a singular. Other irregular plurals 
may appear for a brief period (2), but soon they are replaced by plurals made according to the 
most general rule possible: To make a noun plural add the sound "s" or "z" to it (3). Words 
such as "house" or "rose," which already end in an "s"- or "z"-Iike sound, are usually left in 
their singUlar forms at this stage. When words of this type do not have irregular plural forms, 
adults make them plural by adding an "liZ" sound. (The vowel "3" is pronounced like the un­
stressed word "a.") Some children demonstrate their mastery of this usage by tacking ,,;)Z" end­
ings indiscriminately onto nouns (4). That stage is brief and use of the ending is quickly nar­
rowed down (5). At this point only irregular plurals remain to be learned, and since no new rule­
making is needed, children may go on to harder problems and leave final stage (6) for later. 
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At this stage all negative sentences will 
be formed according to that rule. 

Throughout the acquisition process a 
child continually revises and refines the 
rules of her internal grammar, learning 
increasingly detailed subrules until she 
achieves a set of rules that enables her to 
create the full array of complex, adult 
sentences. The process of refinement 
continues at least until the age of 10 and 
probably considerably longer for most 
children. By the time a child is six or 
seven, however, the changes in her 
grammar may be so subtle and sophisti­
cated that they go unnoticed. In general 
children approach language learning 
economically, devoting their energy to 
broad issues before dealing with specif­
ic ones. They cope with clear-cut ques­
tions first and sort out the details later, 
and they may adopt any one of a vari­
ety of methods for circumventing de­
tails of a language system they have not 
yet dealt with. 

Prerequisites for Language 

Although some children verbalize 
much more than others and some in­
crease the length of their utterances 
much faster than others, all children ov­
ergeneralize a single rule before learn­
ing to apply it more narrowly and before 
constructing other less widely applica­
ble rules, and all children speak in one­
word sentences before they speak in 
two-word sentences. The similarities in 
language learning for different children 
and different languages are so great that 
many linguists have believed at one time 
or another that the human brain is pre­
programmed for language learning. 
Some linguists continue to believe lan­
guage is innate and only the surface de­
tails of the particular language spoken 
in a child's environment need to be 
learned. The speed with which children 
learn language gives this view much ap­
peal. As more parallels between lan­
guage and other areas of cognition are 
revealed,. however, there is greater rea­
son to believe any language specializa­
tion that exists in the child is only one 
aspect of more general cognitive abili­
ties of the brain. 

Whatever the built-in properties the 
brain brings. to the task of language 
learning may be, it is now known that a 
child who hears no language learns no 
language, and that a child learns only 
the language spoken in her environ­
ment. Most infants coo and babble dur­
ing the first six months of life, but 
congenitally deaf children have been 
observed to cease babbling after six 
months, whereas normal infants contin­
ue to babble. A child does not learn lan­
guage, however, simply by hearing it 
spoken. A boy with normal hearing but 
with deaf parents who communicated 
by the American Sign Language was ex­
posed to television every day so that he 
would learn English. Because the child 
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IBM Reports 

Prices keep going up. 
Information costs keep going down. 

$1.26 

Cost of computing 

--..... ---------7/10¢ 

1952 1978 

The chart shows it all. In the face of a 
relentless rise in prices, one cost keeps drop­
ping dramatically: information technology. 

of a machine which filled a large room 25 
y ears ago is contained in circuits that you can 
hold in y our hand today. And the computation 
speeds are over a thousand times faster. A set of calculations that cost $1. 26 to do on 

an IBM computer ,in 1952 can be done today 
for 7/10ths of a cent. 

That's 180 times less. (Compared to the 
buying power of a 1952 dollar, it's really over 
400 times less.) 

Why has the information technology indus­
try so successfully bucked the tide of rising 
prices? 

For one thing, it's a young industry. And 
being young means being innovative. 

Here's one example: the computing power 

T hese and other advances come from IBM 
and hundreds of other companies in the infor­
mation technology industry. 

With every innovative advance, and every 
resulting reduction in computing costs, the 
advantages of information technology be­
come available to more and more people. 
Technology which increases productivity to 
help slow the pace of rising costs. 

Innovation. Productivity. Helping to fight 
inflation. 

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

=="=�=® 

Helping put information to work for people 
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(1) WALK PLAY N E ED COME GO 

(2) CAME WENT 

(3) WALKED PLAYED NEED COMED GOED 

(4) WALKED aD PLAYEDaD NEED aD 
CAMED aD GOED 

COMED aD WENT aD 

(5) WALKED PLAYED NEEDED COMED GOED 

(6) WALKED PLAYED NEEDED CAME WENT 

DEVELOPMENT OF PAST-TENSE FORMS OF VERBS also takes place in six stages. Af­
ter the present-tense forms are learned (1) irregular past-tense forms may appear briefly (2). 
The first and most general rule that is postulated is: To put a verb into the past tense add a 
''t'' or "d" sound (3). In adult speech verbs such as "want" or "need," which already end in a 
''t'' or "d" sound, are put into the past tense by adding "3d" sound. Many children go through 
brief stage in which they add "3d" endings to any existing verb forms (4). Once the use of "3d" 
ending has been narrowed down (5), only irregular past-tense forms remain to be learned (6). 

was asthmatic and was confined to his 
home he interacted only with people at 
home, where his family and all their vis­
itors communicated in sign language. 
By the age of three he was fluent in sign 
language but neither understood nor 
spoke English. It appears that in order to 
learn a language a child must also be 
able to interact with real people in that 
language. A television set does not suf­
fice as the sole medium for language 
learning because. even though it can ask 
questions, it cannot respond to a child's 
answers. A child, then, can develop lan­
guage only if there is language in her 
environment and if she can employ that 
language to communicate with other 
people in her immediate environment. 

Caretaker Speech 

In constructing a grammar children 
have only a limited amount of informa­
tion available to them, namely the lan­
guage they hear spoken around them. 
(Until about the age of three a child 
models her language on that of her par­
ents; afterward the language of her peer 
group tends to become more impor­
tant.) There is no question, however, 
that the language environments children 
inhabit are restructured, usually unin­
tentionally, by the adults who take care 
of them. Recent studies show that there 
are several ways caretakers systemati­
cally modify the child's environment, 
making the task of language acquisition 
simpler. 

Caretaker speech is a distinct speech 
register that differs from others in its 
simplified vocabulary, the systematic 
phonological simplification of some 
words, higher pitch, exaggerated intona­
tion, short, simple sentences and a high 
proportion of questions (among moth­
ers) or imperatives (among fathers). 
Speech with the first two characteristics 
is formally designated Baby Talk. Baby 
Talk is a subsystem of caretaker speech 
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that has been studied over a wide range 
of languages and cultures. Its charac­
teristics appear to be universal: in lan­
guages as diverse as English, Arabic, 
Comanche and Gilyak (a Paleo-Siberi­
an language) there are simplified vocab­
ulary items for terms relating to food, 
toys, animals and body functions. Some 
words are phonologically simplified, fre­
quently by the duplication of syllables, 
as in "wawa" for "water" and "choo­
choo" for "train," or by the reduction' 
of consonant clusters, as in "tummy" 
for "stomach" and "scam bled eggs" for 
"scrambled eggs." (Many types of pho­
nological simplification seem to mim­
ic the phonological structure of an in­
fant's own' early vocabulary.) 

Perhaps the most pervasive character­
istic of caretaker speech is its syntactic 
simplification. While a child is still bab­
bling, adults may address long, complex 
sentences to her, but as soon as she 
begins to utter meaningful. identifiable 
words they almost invariably speak to 
her in very simple sentences. Over the 
next few years of the child's language 
development the speech addressed to 
her by her caretakers may well be de­
scribable by a grammar only six months 
in advance of her own. 

The functions of the various language 
modifications in caretaker speech are 
not equally apparent. It is possible that 
higher pitch and exaggerated intonation 
serve to alert a child to pay attention to 
what she is hearing. As for Baby Talk, 
there is no reason to believe the use of 
phonologically simplified words in any 
way affects a child's learning of pronun­
ciation. Baby Talk may have only a psy­
chological function, marking speech as 
being affectionate. On the other hand, 
syntactic simplification has a clear func­
tion. Consider the speech adults address 
to other adults; it is full of false starts 
and long, rambling, highly complex sen­
tences. It is not surprising that elaborate 
theories of innate language ability arose 

during the years when linguists exam­
ined the speech adults ad<!ressed to 
adults and assumed that the speech ad­
dressed to children was similar. Indeed, 
it is hard to imagine how a child could 
derive the rules of language from such 
input. The wide study of caretaker 
speech conducted over the past eight 
years has shown that children do not 
face this problem. Rather it appears 
they construct their initial grammars on 
the basis of the short, simple, grammati­
cal sentences that are addressed to them 
in the first year or two they speak. 

Correcting Language 

Caretakers simplify children's lan­
guage-analysis task in other ways. For 
example, adults talk with other adults 
about complex ideas, but they talk with 
children about the here and now, mini­
mizing discussion of feelings, displaced 
events and so on. Adults accept chil­
dren's syntactic and phonological "er­
rors," which are a normal part of the 
acquisition process. It is important to 
understand that when children make 
such errors, they are not producing 
flawed or incomplete replicas of adult 
sentences; they are producing sentences 
that are correct and grammatical with 
respect to their own current internalized 
grammar. Indeed, children's errors are 
essential data for students of child lan­
guage because it is the consistent depar­
tures from the adult model that indicate 
the nature of a child's current hypothe­
ses about the grammar of language. 
There are a number of memorized, un­
analyzed sentences in any child's output 
of language. If a child says, "Nobody 
likes me," there is no way of knowing 
whether she has memorized the sen­
tence intact or has figured out the rules 
for constructing the sentence. On the 
other hand, a sentence such as "Nobody 
don't like me" is clearly not a memo­
rized form but one that reflects an inter­
mediate stage of a developing grammar. 

Since each child's utterances at a par­
ticular stage are from her own point of 
view grammatically correct, it is not sur­
prising that children are fairly impervi­
ous to the correction of their language 
by adults, indeed to any attempts to 
teach them language. Consider the boy 
who lamented to his mother, "Nobody 
don't like me." His mother seized the 
opportunity to correct him, replying, 
"Nobody likes me." The child repeated 
his original version and the mother her 
modified one a total of eight times until 
in desperation the mother said, "Now 
listen carefully! Nobody likes me." Fi­
nally her son got the idea and dutifully 
replied, "Oh! Nobody don't like� me." 
As the example demonstrates, children 
do not always understand exactly what 
it is the adult is correcting. The informa­
tion the adult is trying to impart may be 
at odds with the information in the 
child's head, namely the rules the child 
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Technology and overregulation: 
Or, why our standard 

of living might not get better. 
Determining exactly how much govern­
ment should regulate American life and 
industry is an extremely difficult prob­
lem. In our past, government interven­
tion was spawned by serious and 
genuine desires to protect the public 
good against threatened erosion of the 
quality of American life. Regulation, 
then, was intended to improve our stan­
dard of life by intelligent control. 

Today the pendulum of regulation 
has swung too far. The results of over­
regulation have become as much a 
threat to the public good as the original 
evils they were intended to exorcise. 

Overregulation now punishes the public 
more than it protects. 
Today, 87 government agencies have 
been created to regulate some aspect of 
business. They regulate product safety, 
food and package labels, and advertis­
ing. They establish hiring, firing, and 
working conditions. They control the 
environment, speed 

'
limits, and commu­

nity relations. 
As the noose of overregulation tight­

ens, it threatens to strangle creativity 
and invention-and, therefore, produc­
tivity and increased employment. To 
discourage risk and investment in capi­
tal expansion. To discourage increasing 
investment in research and development. 
To erode our standard of living. And, 
ultimately, to stifle progress. 

Government overregulation doesn't 
dampen inflation. It fuels it. 
During this fiscal year, Professor Mur­
ray Weidenbaum of Washington Uni­
versity estimates that compliance with 
federal regulations will cost nearly $103 
billion, 20% of the entire federal bud­
get. Or about $440 for every U.S. citizen. 

Put another way, current regulations 
increase the price of a new house by 
$1500 to $2500 and the price of an 
average new car by $666. 

Professor Weidenbaum points out 
that business must invest about $10 bil­
lion in new capital spending merely to 
meet government regulations each year. 

It is expensive, time-consuming, and 
wasteful to do business in America 
today. 

' 

Overregulation reduces the amount of 
capital and resources available for the 

development and extension of new tech­
nologies and higher productivity. 

But there is a more subtle effect. Since 
regulations tend to be so complex, com­
prehensive, and contradictory, mean­
in

-
gful technological development isn't 

likely to happen. Companies are so con­
fused and so uncertain whether or not 
a new process or technology will meet 
existing or future regulations that they 
prefer to wait for an age of clarity and 
rely on more primitive, more proven 
technologies that simply maintain the 
status quo. 

We must solve our problems-not reg­
ulate them into more serious problems. 
Economic freedom-the free enterprise 
system-is still a far more effective arbi­
ter of constituency needs than the tan­
gled bureaucratic maze on the banks of 
the Potomac. Our competitive economic 
system-if allowed to work-will work. 
But it must be given the opportunity. 

We do not suggest doing away with 
all regulation. Only those regulations 
and agencies that are conflicting, unnec­
essary, and counterproductive. And the 
regulators who sanctimoniously believe 
that they, and they alone, are the last, 
best hope of the public welfare. 

Unless the regulatory house is thor­
oughly cleaned, the public may become 
so contemptuous of "Big Brother" gov­
ernment that the regulatory process will 
cease to be effective. 

Gould is an electrical and industrial products company committed to 
growth through technology. This message is a condensation of a 1S-page 
White Paper, "Technology and Overregulation." For the complete text, 
write Gould Inc., Dept.S10-11, 10 Gould Center, Rolling Meadows, IL S0008. 

Fortunately, attitudes are changing. 
Both business and Congress are begin­
ning to do something about overregula­
tion. But there is a good deal more to 
be done. 

1. We must eliminate conflicts with­
in the regulatory process itself. 

2. We need to eliminate overlapping 
regulatory jurisdiction. 

3. We need to stop trying to regulate 
everything in existence and con­
centrate on those abuses that 
threaten the public good-realis­
tically. 

4. We need to determine the cost­
benefit effectiveness of the regula­
tory process. 

S. We need to place "checks and bal­
ances" on the regulators them­
selves. 

But before we do so, we must under­
stand that tinkering is not the answer. 
We cannot look at only the worst regu­
lations on a piecemeal basis. We cannot 
try to regulate the regulators. The prob­
lem is the system and the process. And 
that is where we all should begin. 

Business, too, must play a constructive 
role. 
Business must take the initiative and 
help define the difference between regu­
lation that is necessary and overregula­
tion. Business must also better regulate 
itself, removing the opportunities and 
need for government intervention and 
regulation. It is not too late to undo 
the damage that overregulation has 
wrought. For America's businessmen 
have the courage, creativity, knowledge, 
and ability to balance the scales. 

It really is not an option. Some­
thing that Thoreau wrote in 1848 now 
seems alarmingly prophetic: "If we are 
left solely to the wordy wit of legislators 
in Congress for our guidance, uncor­
rected by the reasonable experience and 
reasonable complaints of its people, 
America will not long retain her rank 
among nations." What we need now is 
a unified voice of resistance, coupled 
with a sincere commitment to techno­
logical progress. And a better standard 
of living in the future. 

Science and technology can solve many 
problems. If they don't, what else will? 

GOULD 
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The Rand M<;Nally 
NEW CONCISE 
ATLAS OF THE 

UNIVERSE 
by Patrick Moore 

103,4" x 14 '12",192 pages 
0-528-83031-7 $29.95 

Nearly 1,000 illustrations, 
400 in full color 

On matters of universal impor­
tance, count on "the atlas people" 
and astronomer Patrick Moore to 
keep you current. This usable, es­
sentially definitive reference 
makes the most up-to-date, accu­
rate information instantly avail­
able. For fact-finding convenience, 
maps and scientific data are ar­
ranged into four "atlases": The 
Earth from Space; The Moon; The 
Solar System; and The Stars. Su­
perbly executed illustrations are 
based on information relayed from 
the latest satellite photographs, 
with charts and diagrams for added 
clarification. A book that invites 
hours of pleasurable browsing, 
and an invaluable current resource 
for student, space enthusiast, or 
professional. 

Wherever books are sold. 
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is postulating for producing language. 
The surface correction of a sentence 
does not give the child a clue about how 
to revise the rule that produced the sen­
tence. 

It seems to be virtually impossible to 
speed up the language-learning process. 
Experiments conducted by Russian in­
vestigators show that it is extremely dif­
ficult to teach children a detail of lan­
guage more than a few days before they 
would learn it themselves. Adults some­
times do, of course, attempt to teach 
children rules of language, expecting 
them to learn by imitation, but Court­
ney B. Cazden of Harvard University 
found that children benefit less from fre­
quent adult correction of their errors 
than from true conversational interac­
tion. Indeed, correcting errors can inter-
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rupt that interaction, which is, after all, 
the function of language. (One' way chil­
dren may try to secure such interac­
tion is by asking "Why?" Children go 
through a stage of asking a question re­
peatedly. It serves to keep the conversa­
tion going, which may be the child's real 
aim. For example, a two-and-a-half­
year-old named Stanford asked "Why?" 
and was given the nonsense answer: 
"Because the moon is made of green 
cheese." Although the response was not 
at all germane to the conversation, Stan­
ford was happy with it and again asked 
"Why?" Many silly answers later the 
adult had tired of the conversation but 
Stanford had not. He was clearly not 
seeking information. What he needed 
was to practice the form of social con­
versation before dealing with its func-
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CHILDREN'S AVERAGE VOCABULARY SIZE increases rapidly between the ages of 
one and a half and six and a half. The number of children tested in each sample age group 
is shown in color. Data are based on work done by Madorah E. Smith of University of Hawaii. 
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tion. Asking "Why?". served that pur­
pose well.) 

In point of fact adults rarely correct 
children's ungrammatical sentences. 
For example, one moth�r, on hearing 
"Tommy fall my truck down," turned to 
Tommy with "Did you fall Stevie's 
truck down?" Since imitation seems to 
have little role in the language-acquisi­
tion process, however, it is probably just 
as well that most adults are either too 
charmed by children's errors or too busy 
to correct them. 

Practice does appear to have an im­
portant function in the child's language­
learning process. Many children have 
been observed purposefully practicing 
language when they are alone, for exam­
ple in a crib or a playpen. Ruth H. Weir 
of Stanford University hid a tape re­
corder in her son's bedroom and record­
ed his talk after he was put to bed. She 
found that he played with words and 
phrases, stringing together sequences of 
similar sounds and of variations on a 
phrase or on the use of a word: "What 
color ... what color blanket ... what col-
or mop . : . what color glass ... what col-
or TV ... red ant ... fire ... like lipstick 
... blanket ... now the blue blanket .. . 

what color TV ... what color horse .. . 
then what color table ... then what color 
fire ... here yellow spoon." Children who 
do not have much opportunity to be 
alone may use dialogue in a similar 
fashion. When Weir tried to record 
the bedtime monologues of her second 
child, whose room adjoined that of the 
first, she obtained through-the-wall con­
versations instead. 

The One-Word Stage 

The first stage of child language is one 
in which the maximum sentence length 
is one word; it is followed by a stage in 
which the maximum sentence length is 
two words. Early in the one-word stage 
there are only a few words in a child's 
vocabulary, but as months go by her lex­
icon expands with increasing rapidity. 
The early words are primarily concrete 
nouns and verbs; more abstract words 
such as adjectives are acquired later. By 
the time the child is uttering two-word 
sentences with some regularity, her lexi­
con may include hundreds of words. 

When a child can say only one word at 
a time and knows only five words in all, 
choosing which one to say may not be a 

complex task. But how does she decide 
which word to say when she knows 100 
words or more? Patricia M. Greenfield 
of the University of California at Los 
Angeles and Joshua H. Smith of Stan­
ford have suggested that an important 
criterion is informativeness, that is, the 
child selects a word reflecting what is 
new in a particular situation. Greenfield 
and Smith also found that a newly ac­
quired word is first used for naming and 
only later for asking for something. 

Superficially the one-word stage 

CORPORATE 
DEVELOPMENT 
CENTER 
REPORTS . 

On Metallic Glasses 
i n Power Tra nsformers 

for Saving Energy 

A group under Dr. R. Hasegawa has developed a ternary 
metallic glass, METGLAS® 2605S, of nominal composition 
Fes2B12Si6, that combines excellent soft magnetic properties with 
improved thermal stability and magnetic strength. 

For s�ne flux conditions, power transformers (60 Hz) using 
heat-treated METGLAS 2605S exhibit a core loss of only 0.19 
watts/Kg. This is nearly four times lower than the core loss of the 
widely-used Si/Fe power transformer material, grade M-4 (1 . 3 
watts/Kg); and is even well below that for Fe-"B metallic glasses. 

METGLAS 2605S exhibits excellent DC properties which 
include a coercivity of 0.03- Oe! saturation induction of 16. 1 
Kgauss, and remanence of 12 Kgauss. Permeability at 20 gauss 
induction reaches 8000. 

Relative to Fe-B metallic glasses, the new material is com­

paratively inexpensive and more easily fabricated. It annea!s at 
temperatures about one-third those of conventional silicon-iron 
materials (400°C vs 800-1300°C). The new material is available in 
the form of continuous ribbons 50 JLm thick and up to 5 cm wide 
(0.002 x 2 in.) . 

METGLAS 2605S is one of a series of iron-rich Fe-B-Si 
glassy alloys' developed at the Corporate Development Center. 
Those interested in additional information are invited to write: 
Allied Chemical Corporation/Corporate Development Center, 
Attention: Dr. L. A. Davis, P. O. Box 1021R, Morristown, New 
Jersey 07960. 

. 

®Registered trademark of Allied Chemical Corporation 

Allied _ I Chemica 
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STAGE 1 No .. . wipe finger. 
No a boy bed. 
No singing song. 
No the sun shining. 
No money. 
No sit there. 
No play that. 
No fall! 
Not ... fit. 
Not a teddy bear. 
More . .. no. 
Wear mitten no. 

STAG E 2 I can't catch you. 
I can't see you. 
We can't talk. 
You can't dance. 
I don't want it. 
I don't like him. 
I don't know his name. 
No pinch me. 
Book say no. 
Touch the snow no. 

. This a radiator no . 
No square ... is clown. 
Don't bite me yet. 
Don't leave me. 
Don't wake me up . .. again. 
He not little, he big. 
That no fish school. 
That no Mommy. 
There no squirrels. 
He no bite you. 
I no want envelope. 
I no taste them. 

STAGE 3 We can't make another broom. 
I don't want cover on it. 
I gave him some so h� won't cry. 
No, I don't have a book. 
I am not a doctor. 
It's not COld. 
Don't put the two wings on. 
I didn't did it . 
You didn't caught me. 
I not hurt him. 
Ask me if I not made mistake. 
B��lmm'wam� 

to wake me up. 
I didn't see 
I isn't . .. I not sad. 
This not ice cream. 
This no good . 

I not crying. 
That not turning. 
He not taking the walls down. 

THREE STAGES in the acquisitiou of nega­
tive sentences were studied by Ursula Bellugi 
of the Salk Institute for Biological Studies and 
Edward S. Klima of the University of Califor­
nia at San Diego. They observed that in the 
first stage almost all negative sentences ap­
pear to be formulated according to the rule: 
Attach "no" or "not" to the beginning of a 
sentence to make it negative. In the second 
stage additional rules are postulated that al­
low the formation of sentences in which "no," 
"not," "can't" and "don't" appear after the 
subject and before the verb. In the third stage 
several issues remain to be worked out, in par­
ticular the agreement of pronouns in nega­
tive sentences (dark color), the inclusion of 
the forms of the verb ''to be" (gray) and the 
correct use of the auxiliary "do" (white). In 
adult speech the auxiliary "do" often carries 
tense and other functional markings such as 
the negative; children in third stage may re­
place it by "not" or use it redundantly to mark 
tense that is already marked on the main verb. 
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seems easy to understand: a child says 
one word at a time, and so each word is a 
complete sentence with its own sentence 
intonation. Ten years ago a child in the 
one-word stage was thought to be learn­
ing word meanings but not syntax. Re­
cently, however, students of child lan­
guage have seen less of a distinction be­
tween the one-word stage as a period of 
word learning and the subsequent peri­
od, beginning with the two-word stage, 
as one of syntax acquisition. It now 
seems clear that the infant is engaged in 
im enormous amount of syntactic analy­
sis in the one-word stage, and indeed 
that her syntactic abilities are reflected 
in her utterances and in her accurate 
perception of multiword sentences ad­
dressed to her. 

Ronald Scollon of the University of 
Hawaii and Lois Bloom of Columbia 
University have pointed out indepen­
dently that important patterns in word 
choice in the one-word stage can be 
found by examining larger segments of 
children's speech. Scollon observed that 
a 19-month-old named Brenda was able 
to use a vertical construction (a series of 
one-word sentences) to express what an 
adult might say with a horizontal con­
struction (a multiword sentence). Bren­
da's pronunciation, which is represented 
phonetically below, was imperfect and 
Scollon did not understand her words at 
the time. Later, when he transcribed the 
tape of their conversation, he heard the 
sound of a passing car immediately pre­
ceding the conversation and was able to 
identify Brenda's words as follows: 

Brenda: "Car [pronounced 'ka']. Car. 
Car. Car." 

Scollon: "What?" 
Brenda: "Go. Go." 
Scollon: [Undecipherable.] 
Brenda: "Bus [pronounced 'baish']. 

Bus. Bus. Bus. Bus. Bus. Bus. Bus. Bus." 
Scollon: "What? Oh, bicycle? Is that 

what you said?" 
Brenda: "Not ['na']." 
Scollon: "No?" 
Brenda: "Not." 
Scollon: "No. I got it wrong." 
Brenda was not yet able to combine 

two words syntactically to express 
"Hearing that car reminds me that we 
went on the bus yesterday. No, not on a 
bicycle." She could express that con­
cept, however, by combining words se­
quentially. Thus the one-word stage is 
not just a time for learning the meaning 
of words. In that period a child is devel­
oping hypotheses about putting words 
together in sentences, and she is already 
putting sentences together in meaning­
ful groups. The next step will be to put 
two words together to form a single sen­
tence. 

The Two-Word Stage 

The two-word stage is a time for ex­
perimenting with many binary seman­
tic-syntactic relations such as possessor-

possessed ("Mommy sock"), actor-ac­
tion ("Cat sleeping") and action-object 
("Drink soup"). When two-word sen­
tences first began to appear in Brenda's 
speech, they were primarily of the fol­
lowing forms: subject noun and verb (as 
in "Monster go"), verb and object (as in 
"Read it") and verb or noun and loca­
tion (as in "Bring home" and "Tree 
down"). She also continued to use verti­
cal constructions in the two-word stage, 
providing herself with a means of ex­
pressing ideas that were still too ad­
vanced for her syntax. Therefore once 
again a description of Brenda's isolated 
sentences does not show her full abili­
ties at this point in her linguistic devel­
opment. Consider a later conversation 
Scollon had with Brenda: 

Brenda: "Tape corder. Use it. Use it." 
Scollon: "Use it for what?" 
Brenda: "Talk. Corder talk. Brenda 

talk." 
Brenda's use of vertical constructions 

to express concepts she is still unable to 
encode syntactically is just one example 
of a strategy employed by children in all 
areas of cognitive development. As Jean 
Piaget of the University of Geneva and 
Dan I. Slobin of the University of Cali­
fornia at Berkeley put it, new forms are 
used for old functions and new func­
tions are expressed by old forms. Long 
before Brenda acquired the complex 
syntactic form "Use the tape recorder to 
record me talking" she was able to use 
her old forms-two-word sentences and 
vertical construction-to express the 
new function. Later, when that function 
was old, she would develop new forms 
to express it. The controlled dovetailing 
of form' and function can be observed in 
all areas of language acquisition. For 
example, before children acquire the 
past tense they may employ adverbs of 
time such as "yesterday" with present­
tense verbs to express past time, saying 
"I do it yesterday" before "I dood it." 

Bloom has provided a rare view of an 
intermediate stage between the one­
word and the two-word stages in which 
the two-word construction-a new 
form-served only an old function. For 
several weeks Bloom's daughter Alison 
uttered two-word sentences all of which 
included the word "wida." Bloom tried 
hard to find the meaning of "wida" be­
fore realizing that it had no meaning. It 
was, she concluded, simply a placehold­
er. This case is the clearest ever reported 
of a new form preceding new functions. 
The two-word stage is an important 
time for practicing functions that will 
later have expanded forms and practic­
ing forms that will later expand their 
functions. 

Telegraphic Speech 

There is no three-word stage in child 
language. For a few years after the end 
of the two-word stage children do pro­
duce rather short sentences, but the al-
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The priteless gift of learning now has a 
prite: $599. And a name: the Radio Shatk 
TRS-SO@> Mitrotomputer. And now, at last, 

your thild has a thante to distover 
Tomorrow on Christmas morning. 

"Tomorrow" is an elec tronic world, based on computers - and it's already here. I n  
i t  your c h ild c a n  b e  a number in  a mac h ine, like a robot. Bec ause he or she d oes not 
understand either the number or the mac h i ne.  Or your c hild can be pleasurably 
elevated into this brave new world with a gift that has only become affordable in recent 
months .  

Quotes from Fasdnated Customers 
The Radio Shack perso nal computer surely o ught to be on the gift list o f  every 

concerned pare nt, despite that $ 5 99 - though less than a moped - is costlier than an 
elec tric train.  A father writes to tell  us " this investment is one of the most s ignificant in  
value to our fam ily and to the future ed ucation of our c h ild that  we have ever seen . "  

A C alifornian, aged 12 ,  writes t o  tell u s  that he's " too young t o  g o  t o  work for Radio 
S hack . . .  but maybe we could work a deal where I could write some programs for 
you. " An ed ucator thanks us for "making possible the tapping of human innovation and 
creativity on an unprecede nted sc ale. " 

Advite for Parents Who Care 
In your l ifetime the possibil ity of ow ning or giving a computer - up to now - was 

unthinkable. A computer?  That can teac h ?  Remember ? Display on its ow n scree n ?  
Play game s ?  Complete with a standard typewriter keyboard ) Unthinkable - u p  t o  now. 

But now the Tomorrow Machine is not only thinkable but prac tical, affordable and 
available at every Rad io S hack store and partic ipating dealer. The TRS-80 personal 
computer syste m ?  For the kid s ?  For C hristmas ? C razy ? Like a fox !  

ladle Ihaeli 
The biggest name in little computers@) 

A Division of Tandy Corporation 
Foct Worth, Texas 76lO2 

USER"'".> :vtANUAL 
FO" LEVEL l __ 

Plain-English 232 -page 
manual makes it easy ' to 
start programming with 
no computer experience. 

I ncludes 12" video 
screen, 5 3 - key keyboard, 
compact cassette 
recorder and 2 game 
cassettes. 

TRS-80 is expandable 
and can grow in power 
and utili ty. Everyone in 
the family becomes 
i nvolved, entertai ned, 
informed. 
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most inviolable length constraints that 
characterized the first two stages have 
disappeared. The absence of a three­
word stage has not been satisfactorily 
explained as yet; the answer may have to 
do with the fact that many basic seman­
tic relations are binary and few are ter­
nary. In any case a great deal is known 
about the sequential development in the 
language of the period following the 

two-word stage. Roger Brown of Har­
vard has named that language tele­
graphic speech. (It should be noted that 
there is no specific age at which a child 
enters any of these stages of language 
acquisition and further that there is no 
particular correlation between intelli­
gence and speed of acquisition.)  

Early telegraphic speech is  character­
ized by short, simple sentences made up 

CHI LD'S 
GENERAL 

F IRST OTHER REFERENTS IN ORDER OF AREA OF 
LEXICAL 

REFERENTS OCCURRENCE SEMANTIC 
ITEM EXTENSION 

CAKE SHAPE 
ROUND MARKS ON WINDOWS 
WRITING ON WINDOWS AND IN BOOKS 

MOOI MOON ROUND SHAPES IN BOOKS 
TOOLING ON LEATHER BOOK COVERS 
ROUND POSTMARKS 
LETIER "0" 

FUR P IECE WITH GLASS EYES SHAPE 

BOW·WOW DOG FATHER'S CUFFLINKS 
PEARL BUTIONS ON DRESS 
BATH THERMOMETER 

LARGE TOY ABACUS SHAPE 
KOTIBAIZ BARS OF COT TOAST RACK WITH PARALLEL BARS 

PICTURE OF BUILDING WITH COLUMNS 

PHOTOGRAPH OF SELF SHAPE 
REFLECTION OF ALL PHOTOGRAPHS 

BEBE CHILD (SELF) ALL PICTURES 
IN MIRROR ALL BOOKS WITH PICTURES 

ALL BOOKS 

KITIENS SHAPE 

VOV-VOV DOG 
HENS 
ALL ANIMALS AT A ZOO 
PICTURE OF PIGS DANCING 

GOAT WITH 
THINGS THAT MOVE: ANIMALS, MOVEMENT 

ASS ROUGH HIDE ON 
SISTER, WAGON . . . 

ALL MOVING TH INGS 
WH EELS ALL TH INGS WITH A ROUGH SURFACE TEXTURE 

ENGINE MOVEMENT 
TUTU TRAIN MOVING TRAIN 

JOURNEY 

SPECKS OF DIRT SIZE 
DUST 

FLY FLY ALL SMALL INSECTS 
CHI LD'S OWN TOES 
CRUMBS OF BREAD 
A TOAD 

DUCK ON ALL BIRDS AND INSECTS SIZE 
QUACK 

WATER ALL COINS (AFTER SEEING AN EAGLE 
ON THE FACE OF A COIN) 

TUNES PLAYED ON A VIOLIN SOUND 
TUNES PLAYED ON A PIANO 

KOKO 
COCKEREL'S TUNES PLAYED ON AN ACCORDION 
CROWING TUNES PLAYED ON A PHONOGRAPH 

ALL MUSIC 
MERRY·GO-ROUND 

SOUND OF A 
CLOCK SOUND 

DANY TELEPHONE BELL 
DOORBELLS 

CHILDREN OVERGENERALIZE WORD MEANINGS, using words they acquire early in 
place of words they have not yet acquired. Eve V. Clark of Stanford University has observed 
that when a word first appears in a child's lexicon, it refers to a specific object but the child 
quickly extends semantic domain of word, using it to refer to many other things. Eventually 
meaning of the word is narrowed down until it coincides with adult usage. Clark found that 
children most frequently base the semantic extension of a word on shape of its first referent. 
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primarily of content words: words that 
are rich in semantic content, usually 
nouns and verbs. The speech is called 
telegraphic because the sentences lack 
function "words": tense endings on 
verbs and plural endings on nouns, prep­
ositions, conjunctions, articles and so 
on. As the telegraphic-speech stage 
progresses, function words are gradual­
ly added to sentences. This process has 
possibly been studied more thoroughly 
than any other in language acquisition, 
and a fairly predictable order in the ad­
dition of function words has been ob­
served. The same principles that govern 
the order of acquisition of function 
words in English have been shown to 
operate in many other languages, in­
cluding some, such as Finnish and Rus­
sian, that express the same grammatical 
relations with particularly rich systems 
of noun and verb suffixes. 

In English many grammatical rela­
tions are represented by a fixed word 
order. For example, in the sentence 
"The dog followed Jamie to school" it is 
clear it is the dog that did the following. 
Normal word order in English requires 
that the subject come before the verb, 
and so people who speak English recog­
nize "the dog" as the subject of the sen­
tence. In other languages a noun may be 
marked as a subject not by its position 
with respect to the other words in the 
sentence but by a noun suffix, so that in 
adult sentences word order may be quite 
flexible. Until children begin to acquire 
suffixes and other function words, how­
ever. they employ fixed word order to 
express grammatical relations no matter 
how flexible adult word order may be. 
In English the strong propensity to fol­
low word order rigidly shows up in chil­
dren's interpretations of passive sen­
tences such as "Jamie was followed by 
the dog." At an early age children may 
interpret some passive sentences cor­
rectly, but by age three they begin to 
ignore the function words such as "was" 
and "by" in passive sentences and adopt 
the fixed word-order interpretation. In 
other words, since "Jamie" appears be­
fore the verb, Jamie is assumed to be the 
actor, or the noun doing the following. 

Function Words 

In spite of its grammatical depen­
dence on word order, the English lan­
guage makes use of enough function 
words to illustrate the basic principles 
that determine the order in which such 
words are acquired. The progressive 
tense ending "-ing," as in "He going," is 
acquired first, long before the present­
tense third-person singular ending "-s," 
as in "He goes." The "-s" itself is ac­
quired long before the past tense end­
ings, as in "He goed." Once again the 
child proves to be a sensible linguist, 
learning first the tense that exhibits the 
least variation in form. The "-ing" end­
ing is pronounced only one way, regard-
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Polaroid instant movies. · 
Easy to make. Easy to show. 

The problem with explain­
ing Polaroid instant movies 
isn't in getting you to under­
stand how they work. 

The problem is in getting 

you to understand just how 
remarkable they are . 

People who see them for 
the first time are surprised .  

No matter how much you 

try to prepare them. 

The Polavision �stem 
and what it dOes. 

The Polaroid instant movie 
system has 3 basic components: 
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" Polaroid®" and " Polavision®" © Polaroid Corporation 1978 

Hard to believe. 
the camera, the cassette, and 
the player. 

90 seconds after you take a 
Polaroid movie, it's ready to 
show. 

After you shoot a film, all 
you do is put the film cassette 
into the Polaroid player. 

It develops as it rewinds, 
automatically. Simple as that. 

Its fast, but is it good? 
Polaroid instant movies are 

more than good. The colors 
are natural and well-repro­
duced . Life looks as life really 
looks. 

This is true whether you're 
shooting indoors or outdoors. 
Indoors, you merely attach 
our TwiLight '· to the camera 
and shoot. 

In short, what you get is a 
movie that would make you 
proud if you had to wait 3 
weeks for it to develop. 

Polaroid's movies are so 
good and so fast, people aren't 
just taking movies of their 
families.  They're finding 
dozens of ways of using it in 

their business . 
"Bud 
always 
hated the 

idea of 
home . " moVIeS. 

A lot 
of people 
who've spent 

years loath­
ing home 

movies have fallen in love � first time you view the 
with Polaroid's movies for .. film after you shoot, it takes 
another reason :  They are � 90 seconds to develop. 
what home movies never Every time after that, it 
were : Simple . And instant. � takes only 8 seconds to come 

To shoot, all you do is snap to life . 
the film cassette into the Polavision also has an 
camera, tum to your subject � optional Instant Replay 
and shoot. You don't have Control. 
to worry about light, the If any time during the film 
camera wornes you want to see a 
automatically. You special part again, 
don't even have just press the 
to focus. All you replay button 
have to do is set and relive it. 
the camera for The cassette 
either near or runs 21/2 min-
far. The cam- utes. When it 
era does the reaches the 
rest. end, the 

You can player shuts 
zoom in for a itself off 
portrait or automatically. 
zoom out for a The player 
wide shot at the itself is attractive. 
touch of a finger. You don't  have 
And what you see to hide it away 
through the viewfinder is like a pro jector. 
exactly what the camera sees . You can leave it sitting out, 

Seeing themise�easier plugged in, ready to play. 
than �them. And it weighs only 26 

With Polaroid's movies, pounds. 
there's no projector to thread. So our movies aren't only 
No screen to put up. easy to make and easy to show, 

Along with the camera, you they're easy to take visiting 
get a Polaroid player. The with you. 
player looks like a TV set with Which is also hard to believe. 
a little slot in the top. You just 
drop the cassette into the slot 
and you're set. 

As we indicated earlier the 
Polavision 

from Polaroid 

© 1978 SCIENTIFIC AMERICAN, INC



More miles per gallon . . . or rather, kilometers 
per liter. That's been the objective of many programs 
here at the General Motors Research Laboratories. 

One of these concerns urban traffic. Our scien­
tists have conducted studies to determine which traffic 

variables have the greatest effect on gasoline con­
sumption, and how much fuel could be saved through 

improved traffic flow. 
They began by driving instrumented cars in 

traffic at different levels of congestion. From a detailed 

multivariate analysis of the data, they found that a car's 
fuel consumption in city traffic was related simply and 

linearly to average trip time (see equation). 

F = A + BT 
(va l id  up to � 60 km/h) 

F � fuel  consumed per u n i t  
d istance 

A � constant related to average 
veh i c l e  mass 

B � constant related to ave rage 
i d l e  fuel f low rate 

T � average t ravel t i m e  per u n i t  
d istance 

Confirmed in traffic 

experiments, this rela­
tionship suggests that 

drivers would use less 
fuel if traffic conditions 
permitted higher aver­
age trip speeds, thus 
shortening trip times. 

What order of fuel 

savings could be expected? 
An analysis was made of trip-speed data collected 

by GM in Chicago, Denver, Detroit, Los Angeles, 
New York, San Francisco, and Washington , D. C. Two 
results: If traffic flow improved so no trip averaged 
less than a modest 24 km/h (15 mph), a 2. 5% fuel 
saving would result. If the average of all trip speeds 
equaled that attained in uncongested traffic, 13% 
would be saved (see graph). 

DISTRIBUTION OF SPEEDS IN SEVEN CITIES 
o � Observed _ � Calculated Distri bution 

Distri bution for Uncongested Traffic 40 �==========================��====� 

� 30 
jE 
2 20 c 
., � 
� 10 

Our scientists also developed and validated a 
computer model to predict travel times throughout a 
complicated road network. It enables researchers to 

estimate fuel savings from traffic engineering improve­
ments, car-pooling, staggered work hours, etc. 

Traffic research: Driving toward better fuel 
economy and a more pleasant trip for you. 

We currently have openings for Ph. D. s in engineering 
or the physical, mathematical, or biomedical sciences. If 

interested, please send your resume to: GMR Personnel, 
Dept. 1110. An Equal Opportunity Employer. 

Mapping 
fuel savings 
through 
improved 
traffic flow_ 

General Motors 
Research Laboratories 
Wa rre n ,  M ic higa n 48090 
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less of the pronunciation of the verb 
to which it is attached. The verb end­
ings "-s" and "-ed," however, vary in 
their pronunciation: compare "cuts (s)," 
"cuddles (z)," "crushes (n)," "walked 
(t)," "played (d)" and "halted (;)d)." (The 
vowel ";)," called "shwa," is pronounced 
like the unstressed word "a. ") Further­
more, present progressive ("-ing") forms 
are used with greater frequency than 
any other tense in the speech children 
hear. Finally, no verb has an irregular 
"-ing" form, but some verbs do have ir­
regular third-person present-tense sin­
gular forms and many have irregular 
past-tense forms. (The same pattern of 
learning earliest those forms that ex­
hibit the least variation shows up much 
more dramatically in languages such 
as Finnish and Russian, where the para­
digms of inflection are much richer.) 

The past tense is acquired after the 
progressive and present tenses, because 
the relative time it represents is concep­
tually more difficult. The future tense 
("will" and a verb) is formed regularly 
in English and is as predictable as the 
progressive tense, but it is a much more 
abstract concept than the past tense. 
Therefore it is acquired much later. In 
the same way the prepositions "in" and 
"on" appear earlier than any others, at 
about the same time as "-ing," but prep­
ositions such as "behind" and "in front 
0[, " whose correct usage depends on the 
speaker's frame of reference, are ac­
quired much later. 

It is particularly interesting to note 
that there are three English morphemes 
that are pronounced identically but are 
acquired at different times. They are the 
plural "-s," the possessive "-s" and the 
third-person singular tense ending "-s," 
and they are acquired in the order of 

listing. Roman lakobson of Harvard 
has suggested that the explanation of 
this phenomenon has to do with the 
complexity of the different relations the 
morphemes signal: the singular-plural 
distinction is at the word level, the pos­
sessive relates two nouns at the phrase 
level and the tense ending relates a noun 
and a verb at the clause level. 

The forms of the verb "to be"-"is," 
"are" and so on-are among the last of 
the function words to be acquired, par­
ticularly in their present-tense forms. 
Past- and future-tense forms of "to 
be" carry tense information, of course, 
but present-tense forms are essential­
ly meaningless, and omitting them is a 
very sensible strategy for a child who 
must maximize the information content 
of a sentence and place priorities on lin­
guistic structures still to be tackled. 

Plurals 

When there are competing pronuncia­
tions available, as in the case of the plu­
ral and past tenses, the process of sorting 
them out also follows a predictable pat­
tern. Consider the acquisition of the En­
glish plural, in which six distinct stages 
can be observed. In English, as in many 
other (but not all) languages, nouns 
have both singular and plural forms. 
Children usually use the singular forms 
first, both in situations where the singu­
lar form would be appropriate and in 
situations where the plural form would 
be appropriate. In instances where the 
plural form is irregular in the adult 
model, however, a child may not recog­
nize it as such and may use it in place of 
the singular or as a free variant of the 
singular. Thus in the first stage of acqui­
sition, before either the concept of a plu-

ral or the linguistic devices for express­
ing a plural are acquired. a child may 
say "two cat" or point to "one feet." 

When plurals begin to appear regular­
ly. the child forms them according to the 
most general rule of English plural for­
mation. At this point it is the child's 
overgeneralization of the rule, result­
ing in words such as "mans," "foots" or 
"feets, " that shows she has hypothe­
sized the rule: Add the sound lsi or 
Izl to the end of a word to make it plu­
ral. (The slashes indicate pronounced 
sounds, which are not to be confused 
with the letters used in spelling.) 

For many children the overgeneral­
ized forms of the irregular nouns are 
actually the earliest lsi and Izl plurals 
to appear, preceding "boys," "cats" and 
other regular forms by hours or days. 
The period of over generalization is con­
sidered to be the third stage in the acqui­
sition of plurals because for many chil­
dren there is an intermediate second 
stage in which irregular plurals such as 
"men" actually do appear. Concerned 
parents may regard the change from the 
second-stage "men" to the third-stage 
"mans" as a regression. but in reality it 
demonstrates progress from an individ­
ual memorized item to the application 
of a general rule. 

In the third stage the small number of 
words that already end in a sound re­
sembling lsi or Iz/ .  such as "house, " 
"rose" and "bush." are used without any 
plural ending. Adults normally make 
such words plural by adding the suffix 
I;)z/ .  Children usually relegate this de­
tail to the remainder pile. to be dealt 
with at a later time. When they return 
to the problem, there is often a short 
fourth stage of perhaps a day, in which 
the child delightedly demonstrates her 

( 1 )  Laura (2:2) :  (4) Andrew (2:0) :  (7) Jamie (6 :0) :  

Her want some more. Put that on. 
Her want some more candy. Andrew put that on. 

(2) Laura (2:2) :  (5) Andrew (2:1 ) :  

Where m y  tiger? All wet. 
Where my tiger book? This shoe all wet. 

. 
(3) Laura (2 :2) :  (6) Benjy (2 :3) :  

Let's dooz this. Broke it. 
Let's do this. Broke it. 
Let's do this puzzle. Broke it I did. 

CHILDREN CORRECT THEIR SPEECH in ways that reflect the 
improvements they are currently making on their internal grammar. 
For example, Laura (1-3) is increasing the length of her sentences, 
encoding more information by embellishing a noun phrase. Andrew 
(4, 5) and Benjy (6) appear to be adding subjects to familiar verb-

Jamie: Why are you doing that? 
Mother: What? 
Jamie: Why are you writing what I say down? 
Mother: What? 
Jamie: Why are you writing down what I say? 

(8) Jamie (6:3) : 

Jamie: Who do you think is the importantest kid 
in the world except me? . 

Mother: What did you say. Jamie? 
Jamie: Who do you think is the specialest kid in  the 

world not counting me? 

(9) Jamie (6:6):  

Jamie: Who are you versing? 
Adult: What? 
Jamie: I wanted to know who he was playing against. 

( 10) Jamie (6 : 10) : 

Jamie: I figured someth ing you might l ike out. 
Mother: What did you say? 
Jamie: I figured out sQmething you might l ike. 

phrase sentences. Jamie (7-10) seems to be working on much more 
subtle refinements such as the placement of verb particles, for exam­
ple the "down" of "writing down." (Each child's age at time of correc­
tion is given in years and months.) Corrections shown here were re­
corded by Judy S. Reilly of University of California at Los Angeles. 
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FACULTY POSITIONS 

AT 

IUWAIT 
0I111BS1i1 

104 

FOR THE 

79/80 ACADEMIC YEAR 

Applications now being ac­
cepted for teaching posts at 
Kuwait University for the com­
ing academic year. Contracts 
to begin September 1 979 for a 

two year period, renewable if 
agreeable to both parties. 

Candidates are being 
sought in  the fol lowing field(s) 
of special ization: 

DEPARTMENT OF BOTANY 

& MICROBIOLOGY: 

Paleobotany, Medical Micro­
biology, Plant Taxonomy. 

REQUIREMENTS: 

1. Applicant must hold Ph.D.  
in specialized area. 

2. Applicant must currently 
hold an academic post in 
an accredited University or 
research center. 

Language of Instruction : 
English 

If you meet the qualifica­
tions, and wish to obtain an 
application form, please send 
a self-addressed envelope to 
the Cultural Division at the fol­
lowing address: 

EMBASSY OF 

THE STATE OF 

IUwAIT 
Cultural Division 

4340 Connecticut Avenue, 
N.W. 

Suite 500 
Washington, D.C. 20008 

You will receive an instruc­
tion sheet indicating what 
materials to send to Kuwait 
along with your application. 
Please do not inquire by 
phone. 

solution by tacking Inl endings indis­
criminately onto nouns no matter what 
sound they end in and no matter how 
many other plural markings they may 
already have. A child may wake up one 
morning and throw herself into this 
stage with all the zeal of a kitten playing 
with its first ball of string. 

Within a few days the novelty wears 
off and the child enters a less flamboyant 
fifth stage, in which only irregular plu­
rals still deviate from the model forms. 
The rapid progression through the 
fourth stage does not mean that she sud­
denly focused her attention on the prob­
lem of lazl plurals. It is more likely that 
she had the problem at the back of her 
mind throughout the third stage. She 
was probably silently formulating hy­
potheses about the occurrence of lazl  
and testing them against the plurals she 
was hearing. Finding the right rule re­
quired discovering the phonological 
specification of the class of nouns that 
take lazl plurals. 

Arriving at the sixth and final stage in 
the acquisition of plurals does not re­
quire the formulation of any new rules. 
All that is needed is the simple memoriz­
ing of irregular forms. Being rational, 
the child relegates such minor details to 
the lowest-priority remainder pile and 
turns her attention to more interesting 
linguistic questions. Hence a five-year­
old may still not have entered the last 
stage. In fact, a child in the penultimate 
stage may not be at all receptive to being 
taught irregular plurals. For example, a 
child named Erica pointed to a picture 
of some "mouses," and her mother cor­
rected her by saying "mice." Erica and 
her mother each repeated their own ver­
sion two more times, and then Erica re­
solved the standoff by turning to a pic­
ture of "ducks." She avoided the picture 
of the mice for several days. Two years 
later, of course, Erica was perfectly able 
to say "mice." 

Negative Sentences 

One of the pioneering language-ac­
quisition studies of the 1960's was un­
dertaken at Harvard by a research 
group headed by Brown. The group 
studied the development in the language 
of three children over a period of several 
years. Two members of the group, Ur­
sula Bellugi and Edward S. Klima, 
looked specifically at the changes in the 
children's negative sentences over the 
course of the project. They found that 
negative structures, like other subsys­
tems of the syntactic component of 
grammar, are acquired in an orderly, 
rule-governed way. 

When the project began, the forms 
of negative sentences the children em­
ployed were quite simple. It appeared 
that they had incorporated the follow­
ing rule into their grammar: To make a 
sentence negative attach "no" or "not" 
to the beginning of it. On rare occasions, 

possibly when a child had forgotten to 
anticipate the negative, "no" could be 
attached to the end of a sentence, but 
negative words could not appear inside 
a sentence. 

In the next stage the children contin­
ued to follow this rule, but they had also 
hypothesized and incorporated into 
their grammars more complex rules that 
allowed them to generate sentences in 
which the negatives "no, " "not, " "can't" 
and "don't" appeared after the subject 
and before the verb. These rules consti­
tuted quite an advance over attaching a 
negative word externally to a sentence. 
Furthermore, some of the primitive im­
perative sentences constructed at this 
stage began with "don't" rather than 
"no." On the other hand, "can't" never 
appeared at the beginning of a sentence, 
and neither "can" nor "do" appeared as 
an auxiliary, as they do in adult speech: 
"I can do it." These facts suggest that at 
this point "can't" and "don't" were un­
analyzed negative forms rather than 
contractions of "cannot" and "do not," 
but that although "can't" and "don't" 
each seemed to be interchangeable with 
"no," they were no longer interchange­
able with each other. 

In the third stage of acquiring nega­
tives many more details of the negative 
system had appeared in the children's 
speech. The main feature of the system 
that still remained to be worked out was 
the use of pronouns in negative sen­
tences. At this stage the children said "I 
didn't see something" and "I don't want 
somebody to wake me up." The pro­
nouns "somebody" and "something" 
were later replaced with "nobody" and 
"nothing" and ultimately with the prop­
erly concorded form� "anybody" and 
"anything." 

Many features of telegraphic speech 
were still evident in the third stage. The 
form "is" of the verb "to be" was fre­
quently omitted, as in "This no good." 
In adult speech the auxiliary "do" often 
functions as a dummy verb to carry 
tense and other markings; for example, 
in "I didn't see it," "do" carries the tense 
and the negative. In the children's 
speech at this stage "do" appeared occa­
sionally, but the children had not yet 
figured out its entire function. Therefore 
in some sentences the auxiliary "do" 
was omitted and the negative "not" ap­
peared alone, as in "I not hurt him." In 
other sentences, such as "I didn't did it, " 
the negative auxiliary form of "do" ap­
pears to be correct but is actually an 
unanalyzed, memorized item; at this 
stage the tense is regularly marked on 
the main verb, which in this example 
happens also to be "do." 

Many children acquire negatives in 
the same way that the children in the 
Harvard study did, but subsequent in­
vestigations have shown that there is 
more than one way to learn a language. 
Carol B. Lord of U.C.L.A. identified a 
quite different strategy employed by a 
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To enterprising individuals, 
there is a book for you. 

The Background 
"The Rolex Awards for 

Enterprise" - the major, new 
international prizes created 

• by Montres Rolex S.A. of 
Geneva to encourage the 
"Spirit of Enterprise" in 
individuals around the 
world by rewarding out­
standing personal efforts 
or contributions in selected 
categories of human 
endeavour. 

Applications were ac­
cepted in the areas of Ap­
plied Science and Invention, 
Exploration and Discovery, 
and The Environment. 

A distinguished Selection Committee was 
assembled to assess the thousands of pro­
jects received. 

In March 1978 the first five Rolex 
laureates, four men and a woman, were 
granted awards of 50,000 Swiss francs each 
plus gold Rolex Chronometers for projects 
which ranged from mapping Europe's 
Palaeolithic cave paintings to developing a 
means of managing the captive breeding of 
endangered bird species. 

Due to the remarkable response to The 
Rolex Awards for Enterprise, a previously 
unannounced 26 Honourable Mention 
prizes, each a gold and stainless steel Rolex 
Chr.onometer, were additionally awarded by 
Rolex, in keeping with a long tradition of 
the "Spirit of Enterprise" on behalf of Rolex 
and Rolex owners. 

The Book. 
"In the Spirit of Enter­

prise7 by Gregory B. Stone, 
is a unique, stimulating 
and unforgettable collection 
of people and ideas, taken 
from more than 3,000 appli­
cations from 88 countries, 
which were submitted to 
The Rolex Awards for 
Enterprise. 

With a foreword by 
Gerard Piel, Publisher 
of Scientific American 
magazine, who states, "The 
ventures proposed in these 
pages declare the essence 
of what makes us human7 

the book will introduce you to 13 1 enter­
prising people and projects, including the 
five Rolex laureates,  the 26 Honourable 
Mention winners, and a host of others. 

You will encounter a stunning range of 
enterprise: searching for the lost da Vinci , 
diving with killer whales, establishing ex­
perimental free states, using wood for bone 
implants, cancer research using mummies, 
recording rare jungle sounds. constructing 
perfect violins, attempting the manned flight 
altitude record in a "home-made jet plane7 
miniaturising recycling plants for use in 
developing countries, growing vegetables on 
the sea, stopping the encroachment of the 
deserts and many others. 

� 

"In the Spirit of Enterprise" will 
encourage you to add your own chapter to 
one of humanity's finest traditions. 

ROLE X 
o/Geneva 

"In the Spirit of Enterprise7 approximately 380 pages, 60 colour illustrations, hard cover $14.95, soft cover $6.95. Published by 
W. H. Freeman and Company, Department R, 660 Market Street, San Francisco, California 94104, USA. Or through your book store . 
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two-year-old named Jennifer. From 24 
to 28 months Jennifer used "no" only as 
a single-word utterance. In order to pro­
duce a negative sentence she simply 
spoke an ordinary sentence with a high­
er pitch. For example, "I want put it on" 
spoken with a high pitch meant "I don't 
want to put it on." Lord noticed that 
many of the negative sentences adults 
addressed to Jennifer were spoken with 
an elevated pitch. Children tend to pay 
more attention to the beginning and 
ending of sentences, and in adult speech 
negative words usually appear in the 
middle of sentences. With good reason, 
then, Jennifer seemed to have hypothe­
sized that one makes a sentence negative 
by uttering it with a higher pitch. Other 
children have been found to follow the 
same strategy. There are clearly varia­
tions in the hypotheses children make in 
the process of constructing grammar. 

Semantics 

Up to this point I have mainly dis­
cussed the acquisition of syntactic rules, 
in part because in the years following 
the publication of Chomsky's Syntac­
tic Structures child-language research 
in this area flourished. Syntactic rules, 
which govern the ordering of words in a 
sentence, are not all a child needs to 
know about language, however, and af­
ter the first flush of excitement over 
Chomsky'S work investigators began to 
ask questions about other areas of lan­
guage acquisition. Consider the devel­
opment of the rules of semantics, which 
govern the way words are interpreted. 
Eve V. Clark of Stanford reexamined 
old diary studies and noticed that the 
development in the meaning of words 
during the first several months of the 
one-word stage seemed to follow a basic 
pattern. 

The first time children in the studies 
used a word, Clark noted, it seemed to 
be as a proper noun, as the name of a 
specific object. Almost immediately, 
however, the children generalized the 
word based on some feature of the origi­
nal object and used it to refer to many 
other objects. For example, a child 
named Hildegard first used "tick-tock" 
as the name for her father's watch, but 
she quickly broadened the meaning of 
the word, first to include all clocks, then 
all watches, then a gas meter, then a fire­
hose wound on a spool ;lnd then a bath­
room scale with a round dial. Her gener­
alizations appear to be based on her 
observation of common features of 
shape: roundness, dials and so on. In 
general the children in the diary studies 
overextended meanings based on simi­
larities of movement, texture, size and, 
most frequently, shape. 

As the children progressed, the mean­
ings of words were narrowed down until 
eventually they more or less coincided 
with the meanings accepted by adult 
speakers of the language. The narrow-
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ing-down process has not been studied 
intensively, but it seems likely that the 
process has no fixed end point. Rather it 
appears that the meanings of words con­
tinue to expand and contract through 
adulthood, long after other types of lan­
guage acquisition have ceased. 

One of the problems encountered in 
trying to understand the acquisition of 
semantics is that it is often difficult to 
determine the precise meaning a child 
has constructed for a word. Some inter­
esting observations have been made, 
however, concerning the development 
of the meanings of the pairs of words 
that function as opposites in adult 
language. Margaret Donaldson and 
George Balfour of the University of Ed­
inburgh asked children from three to 
five years old which one of two card­
board trees had "more" apples on it. 
They asked other children of the same 
age which tree had "less" apples. (Each 
child was interviewed individually.) Al­
most all the children in both groups re­
sponded by pointing to the tree with 
more apples on it. Moreover, the chil­
dren who had been asked to point to the 
tree with "less" apples showed no hesita­
tion in choosing the tree with more ap­
ples. They did not act as though they did 
not know the meaning of "less";  rather 
they acted as if they did know the mean­
ing and "less" meant "more."  

Subsequent studies have revealed 
similar systematic error making in the 
acquisition of other pairs of opposites 
such as "same" and "different," "big" 
and "little," "wide" and "nar.row" and 
"tall" and "short."  In every case the pat­
tern of learning is the same: one word of 
the pair is learned first and its meaning is 
overextended to apply to the other word 
in the pair. The first word learned is al­
ways the unmarked word of the pair, 
that is, the word adults use when they do 
not want to indicate either one of the 
opposites. (For example, in the case of 
"wide" and "narrow," "wide" is the un­
marked word: asking "How wide is the 
road?" does not suggest that the road is 
wide, but asking "How narrow is the 
road?" does suggest that the road is 
narrow.) 

Clark observed a more intricate pat­
tern of error production in the I;lcquisi­
tion of the words "before" and "after." 
Consider the four different types of sen­
tence represented by (1) "He jumped the 
gate before he patted the dog," (2) "Be­
fore he patted the dog he jumped the 
gate," (3) "He patted the dog after he 
jumped the gate" and (4) "After he 
jumped the gate he patted the dog." 
Clark found that the way the children 
she observed interpreted sentences such 
as these could be divided into four 
stages. 

In the first stage the children disre­
garded the words "before" and "after" 
in all four of these sentence types and 
assumed that the event of the first clause 
took place before the event of the sec-

ond clause. With this order-of-mention 
strategy the first and fourth sentence 
types were interpreted correctly but the 
second and third sentence types were 
not. In the second stage sentences using 
"before" were interpreted correctly but 
an order-of-mention strategy was still 
adopted for sentences that used "after." 
Hence sentences of the fourth type were 
interpreted correctly but sentences of 
the third type were not. In the next stage 
both the third and the fourth sentence 
types were interpreted incorrectly, sug­
gesting that the children had adopted 
the strategy that "after" actually meant 
"before."  Finally, in the fourth stage 
both "before" and "after" were inter­
preted appropriately. 

It appears, then, that in learning the 
meaning of a pair of words s.uch as 
"more" and "less" or "before" and "af­
ter" children acquire first the part of the 
meaning that is common to both words 
and only later the part of the meaning 
that distinguishes the two. Linguists 
have not yet developed satisfactory 
ways of separating the components of 
meaning that make up a single word, but 
it seems clear that when such compo­
nents can be identified, it will be estab­
lished that, for example, "more" and 
"less" have a large number of compo­
nents in common and differ only in a 
single component specifying the pole of 
the dimension. Beyond the studies of 
opposites there has been little investiga­
tion of the period of semantic acquisi­
tion that follows the early period of 
rampant overgeneralization. How chil­
dren past the early stage learn the mean­
ings of other kinds of words is still not 
well understood. 

Phonology 

Just as children overgeneralize word 
meanings and sentence structures, so 
do they overgeneralize sounds, using 
sounds they have learned in place of 
sounds they have not yet acquired. Just 
as a child may use the word "not" cor­
rectly in one sentence but instead of an­
other negative word in a second sen­
tence, so may she correctly contrast /p/ 
and /b/ at the beginnings of words but 
employ /p/ at the ends of words, re­
gardless of whether the adult models 
end with /p/ or fbi.  Children ·also ac­
quire the details of the phonological sys­
tem in very regular ways. The ways in 
which they acquire individual sounds, 
however, are highly idiosyncratic, and 
so for many years the patterns eluded 
diarists, who tended to look only at the 
order in which sounds were acquired. 
Jakobson made a major advance in this 
area by suggesting that it was not indi­
vidual sounds children acquire in an or­
derly way but the distinctive features of 
sound, that is, the minimal differences, 
or contrasts, between sounds. In other 
words, when a child begins to contrast 
/p/ and /b/ ,  she also begins to contrast 
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all the other pairs of sounds that, like 
/p/ and fbi, differ only in the absence 
or presence of vocal-cord vibration. In 
English these pairs include /t/ and /d/, 
and /k/ and the hard /g/ . It is the acqui­
sition of this contrast and not of the six 
individual sounds that is predictable. Ja­
kobson's extensive examination of the 
diary data for a wide variety of lan­
guages supported his theory. Almost all 
current work in phonological theory 
rests on the theory of distinctive features 
that grew out of his work. 

My own recent work suggests that 
phonological units even more basic than 
the distinctive features play an impor­
tant part in the early acquisition process. 
At an early stage, when there are rela­
tively few words in a child's repertory, 
unanalyzed syllables appear to be the 
basic unit of the sound system. By desig­
nating these syllables as unanalyzed I 
mean that the child is not able to sep­
arate them into their component con­
sonants and vowels. Only later in the 
acquisition process does such division 
into smaller units become possible. The 
gradual discovery of successively small­
er units that can form the basis of the 
phonological system is an important 
part of the process. 

At an even earlier stage, before a child 
has uttered any words, she is accom­
plishing a great deal of linguistic learn­
ing, working with a unit of phonological 
organization even more primitive than 
the syllable. That unit can be defined in 
terms of pitch contours. By the late bab­
bling period children already control the 
intonation, or pitch modulation, con­
tours of the language they are learning. 
At that stage the child sounds as if she is 
uttering reasonably long sentences, and 
adult listeners may have the impression 
they are not quite catching the child's 
words. There are no words to catch, 
only random strings of babbled sounds 
with recognizable, correctly produced 
question or statement intonation con­
tours. The sounds may accidentally be 
similar to some of those found in adult 
English. These sentence-length utter­
ances are called sentence units, and in 
the phonological system of the child at 
this stage they are comparable to the 
consonant-and-vowel segments, sylla­
bles and distinctive features that appear 
in the phonological systems of later 
stages. The syllables and segments that 
appear when the period of word learn­
ing begins are in no way related to the 
vast repertory of babbling sounds. Only 
the intonation contours are carried over 
from the babbling stage into the later 
period. 

No matter what language environ­
ment a child grows up in, the intonation 
contours characteristic of adult speech 
in that environment are the linguistic in­
formation learned earliest. Some recent 
studies suggest that it is possible to iden­
tify the language environment of a child 
from her babbling intonation during the 

WE DON ' T  HAVE MEETING ROOMS 
in Jack Daniel 's Hollow. But there are plenty 
of nearby places to hold discussions. 

You see , making good whiskey doesn' t  call 
for meetings.  What you need is clear water 
and choice grain ; experienced Tennesseans 
to distill your whiskey ; and a rickyard for 
making charcoal to mellow 
its taste . Happily, we don' t 
have to leave our distillery for 
any of these good things. 
And with Cashion's 
Service Station down the 
road , we can even hold a 
meeting now and then . 

CHARCOAL 
MELLOWE D 

6 
DROP 

6 
BY DROP 

Ten nessee Wh iskey · 90 P roof · D isti l led and  Bollied by Jack Dan ie l  D ist i l lery 

Lem M otlow, P ro p . ,  I n c . ,  Lynch b u rg (Pop .  361 ) ,  Te n nessee 37352 
Placed in the Na tional Regis ter of Historic Places by the United Sta tes Government 
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Alllerica's • 

II10SC clell1ancllna Spole_. 

A D M 3A, Kit . . . . . . . . . . . . . . . . . . . .  $745.00 
A D M 3A, assembled . . . . . . . . . . . . . . .  835.00 
A D M 1 A  . . . . . . . . . . . . • . . . • . . . . .  1,445.00 
Call for other models pricing, complete micropro­
cessors line, peripherals 8. terminals. 

TexDs Insttuments 
TI-57 . . . . . .  $48.50 SR-40 . . . . . . . . $19.95 
TI -58 . . . . . . .  87.50 M BA . . . . . . . . . •  52.95 
T I -59 in stock . 208.50 TI-55 . • . . • . . . . .  43.50 
S R-60A . . .  1995.00 TI-1750 LCD . . . .  16.50 
TI-Programmer . 48.00 TI-25 LCD . . . .  26.50 
PC-100A . . . 145.50 TI-745 Terminal 1625.00 

H E WLETT PA C K A R D  
H P- 3 1 E  N e w  . 49.50 H P-38E Financial . 98.50 
H P-32E New . 65.50 H P-67 . . . . . . . . 352.00 
H P-33E New . 82.50 H P-97 . . . . . . . .  584.50 
H P-37E New . 61.50 H P-29C . . . . . . .  149.00 

SCM TYPEWRITER SPECIAL 
SCM -2200 . . . . . . . . . . . . . . . . . . . . . $249.00 
SCM-1200 . . . . . . . . . . . . . . . . . . . . . . 219.00 
CLASSIC 12  . . . . . . . . . . . . . . . . . . . . 144,00 
All units shipped in original cartons with accessories 
according fa manufacturer's specifications. Send money 
order, personal cneck (2 weeks to cleor). In I l linois add 
5% soles tax. Add $4.50 min. shipping charges per unit. 
WE SHIP UPS. Subject to availability. Above prices are 
for lT,oil order and prepaid only. Send moil orders. 
We also corry microprocessors and terminals,  
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In a study cond ucted by the I n sti tute 

of Sports M e d i c i n e  a n d  Tra u m a  at 
Lenox H i l l  Hospita l ,  bal l et ranked as 

the most deman d i n g  physical act iv i ty 
. . .  ahead of basketba l l ,  soccer, 
footbal l  and baseba l l .  That's part of 
w h y  "dance" has beco m e  an i m po r­
tant part of physical  educat ion i n  o u r  
s c h o o l s .  Learn m o r e .  W r i t e  f o r  o u r  

. 
pam p h l et ,  "What Eve ry Parent 
S h o u l d  Know About the N ew 
Physical  Ed ucatio n . "  

Physical Ed ucation Pu blic I n forma tion 
A m e r i c a n  A l l i a n c e  for H e a l t h ,  
P h y s i c a l  Ed ucat ion & R e c reation 
1 201 1 6t h  Street,  N .W . .  Was h i n g t o n ,  D .C. 20036 

second year of life . Other studies sug­
gest that children can be distinguished 
at an even earlier age on the basis of 
whether or not their language environ­
ment is a tone language, that is, a lan­
guage in which words spoken with dif­
ferent pitches are identifiable as differ­
ent words, even though they may have 
the same sequence of consonants and 
vowels. To put it another way, "rna" 
spoken with a high pitch and "rna" spo­
ken with a low pitch can be as different 
to someone speaking a tone language as 
"rna" and "pa" are to someone speaking 
English. (Many African and Asian lan­
guages are tone languages.) Tones are 
learned very early, and entire tone sys­
tems are mastered long before other ar­
eas of phonology_ The extremely early 
acquisition of pitch patterns may help 
to explain the difficulty a�ults have in 
learning the intonation of a second lan­
guage . 

Phonetics 

There is one significant way in which 
the acquisition of phonology differs 
from the acquisition of other language 
systems. As a child is acquiring the pho­
nological system she must also learn the 
phonetic realization of the system: the 
actual details of physiological and 
acoustic phonetics, which call for the 
coordination of a complex set of muscle 
movements_ Some children complete 
the pr'ocess of learning how to pro­
nounce things earlier than others, but 
differences of this kind are usually not 
related to the learning of the phonologi­
cal system. Brown had what has become 
a classic conversation with a child who 
referred to a "fis." Brown repeated "fis," 
and the child indignantly corrected him, 
saying "fis." After several such exchang­
es Brown tried "fish," and the child, fi­
nally satisfied,  replied, "Yes, fis_" It is 
clear that although the child was still not 
able to pronounce the distinction be­
tween the sounds "s" and "sh," he knew 
such a systematic phonological distinc­
tion existed. Such phonetic muddying of 
the phonological waters complicates the 
study of this area of acquisition. Since 
the child's knowledge of the phonologi­
cal system may not show up in her 
speech, it is not easy to determine what a 
child knows about the system without 
engaging in complex experimentation 
and creative hypothesizing_ 

Children whose phonological system 
produces only simple words such as 
"mama" and "papa" actually have a 
greater phonetic repertory than their ut­
terances suggest. Evidence of that reper­
tory is found in the late babbling stage, 
when children are working with sen­
tence units and are making a large array 
of sounds. They do not lose their pho­
netic ability overnight, but they must 
constrain 'it systematically. Going on to 
the next-higher stage of language learn­
ing, the phonological system, is more 
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SCIENCE/SCOPE 

Orb i ter ' s  300 mil l ion mil e  journey to Venus ends , and its s c ienti fic mis s ion begins 
on December 4 .  Then this firs t of two P ioneer Venus spacecra ft , wi th its do zen 
s c ientific ins truments , goes into orbit around the p l ane t .  While circ l ing , Orbi ter 
wil l determine the de tailed s truc ture of the upp er a tmosphere and ionosphere . I t  
wil l look for variations in the gravitational field , and us e remo te s ens ing to 
survey Venus ' atmosphere and sur fac e .  A cloud po1ari�ter wil l  provide vis ib1e­
and ul travio l e t - l ight pic tures res embl ing tho s e  taken o f  the ear th by wea ther 
s a tel lites . A Hughes -developed radar mapp er wil l  pierce the dens e cloud cover to 
make p ic tures of Venus ' surfac e . 

The spac ecraft will orb i t  for at leas t one Venus ian day ( 24 3  ear th days ) .  
Data ob tained should help scientis ts unders tand Venus ' wea ther patterns , and pro ­
vide new ins ights into caus es of the ear th ' s  comp l ex wea ther cycl es . Orbiter and 
its s is ter ship , Mu1 tiprobe , were buil t by Hughes for NASA ' s  Ames Res earch C enter . 

"The greates t contribution to c ommunications s inc e the synchronous s a t el l i te" was 
the promi s e  made by a Hughes o f ficial for the tri - s ervice Joint Tac tical Infor­
ma tion Sys tem ( JTIDS ) . I t  is being developed to del iver cri tical command - contro 1 -
communications s ecurely , wi th res is tance t o  countermeasures . In a totally inter­
operational manner for the Joint Chie fs of S taff , the sys tem coul d feature three 
bas ic terminal types : C l as s  I for l arge plat forms l ike the USAF/Boeing E - 3A 
Airborne Warning and Control Sys tem and the Navy ' s  Naval Tac t ical Display Sys tem 
c arriers ; Class II for air sup eriority aircraft such as the F - 14 ,  F - 15 , A-10 and 
F -4 ;  C las s III for Manpack radios and remo te pil o t ed vehicles . 

Hughes '  Spac e  and Communic ations Group s eeks engineering peopl e to des ign advanc ed 
sys t ems  and components for communic ations s atel l i tes , ear th res ources and me teoro­
logical s a tellites , and s cienti fic exploration spacecraft . Op enings exis t at all 
l evel s  o f  exp erience in : Guidance and C ontrol , P ropul s ion, Spac e Vehicl e  Des ign 
and Int egration , Communication Sys tems and C omp onents , S truc tural Analys is , P ower 
Sys tems , Tel eme try , Computers and Data Proces s ing , Sys t ems Engineering and Analy s is , 
and Microwave Sys tems and Comp onents . P l ea s e  s end your resume to D . T .  S t ewart , 
Hughes Aircraft Comp any , P . O .  Box 9 2919 , Los Angel es , CA 9000 9 . 

Rel iabil i ty in exces s o f  100 hours mean - t ime -b e tween- fai1ure wil l  be achieved or 
exc eeded by the radar on the U . S .  Navy and Marine C orps F/A - 1 8A Horne t .  The a1 1 -
digital , mu1timode AN/APG -65 sys tem wil l  at tain this new l evel o f  rel iability 
through a des ign philos ophy b as ed on current or proven technology , s imp l ic i ty o f  
des ign , increased automation ,  intens ive c omponent screening and tes ting , and low 
l i fe cyc le cos t .  I t  was developed by Hughes under c ontrac t to McDonnell Dougl as . 

Cleating • new world with electronics 
r - - - - - - - - - - - - - - - - - - ,  
I I 

: HUGHES : 
I I 
L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  � 
H U G H E S  A I R C R A F T  C O M PA N Y  

106C 

© 1978 SCIENTIFIC AMERICAN, INC



1 /3 ACTUAL SIZE 

ATOMIX 
by Francois Dollegret 

6000 .t_' ball. In fr .. motion 
Tilt It l Rotate Itl 

Creote for your.elf the 
cry.talllne geometry of nature ' 

"Marvellous to look at . . .  simulates the pro­
cess of atomic surface diffusion." New Scientist 
"This season's most sensual plaything ! "  

New York Mogazine 

"Making instant art . . .  Atomix is hypnotic ! "  
The New York Times 

"Alomlx" I. In the Mu .... m of Mod.rn Art 
d •• lgn collection. 

Journal 
of 
Field 
Archaeology 

Taxonomists 
in all branches of  botany, zoology, 

and medicine are needed to identify 

archaeological finds. The Journal of 
Field Archaeology is preparing a list 

of taxonomic specialists who are able 

to classify plant (seeds, pollen, fibers, 

wood, etc.), animal (insects, shells, 

bones, hair, teeth, leather, etc.), and 

human remains from current 

archaeological excavations. If you 

are willing to participate in such 

inter-disciplinary work, please send 

your name, address and the materials 

you are competent to identify to: 

Curt W. Beck 

Vassar College, Box 92 
Poughkeepsie, N. Y. 1 260 1 

Save on Calculators SPEAKER 
INFORMATION· TEXAS 

KIT. INSTRUMENTS 

t 
Get 70 pages of speaker facts in three fact·packed 

publ ications. 
Speakerlab's Speaker Operating Manual covers 

everything you need to know to get the best perfor­
mance out of any loudspeaker, including placement, 
wire gauges and a l lowable lengths, amp overloads, room 
acoustics, L-pad adjustments and impedences. 

Our 54-page color catalog covers enclosures, 
designing your own speakers and driver principles as 
wel l  as our l ine of nine easv-to-bui ld speaker kits ranging 
from a miniature two-way system only ten inches high to 
a massive a l l-hom comer system. 

" H ow lo H ook Up Your System" spends twelve 
pages of text and diagrams really explainin9 system 
hookup. From where to place your electroniCS for maxi­
mum cool ing to the intncacies of insta l l ing a cartridge; 
from el iminating hum to proper record care. 

Get all three for just a dollar from the folks who 
take speaker information seriously . . .  

/Po!��� 
Seattle, WA 98103 

Here's a buck! I can really use 70 pages of 
speaker information from the wond's largest 
manufacturer of speaker kits. SAt 

name 

address 

city state z i p 
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Model Your Cost Model 
n 25 $ 29.95 TI l680 
SR 40 19.96 n 1750 19.95 
nso 29.98 n 1790 D.lachro, 39.95 
n 55 43.95 TI2010 AI.rmClock28.95 
n 57 48.85 n SOl5 57.95 
n 58 87.95 n S025 78.95 
TI S9 209.95 n 5040 89.95 
TI lO SP 17.95 n S050M 76.95 
PC lOOA 146.95 n 5100 39.95 
n 1030 15.95 Spe.k & Spell 48.95 
Programmer 48.95 Spelling Bec 27'951����1 
MBA 57.95 Oata Man 18.95 
T1 58/59 Ubraries 28.95 Data Clip 27.95 
Money Manager 17.95 Little Professor 12.59 
Bus. Analyst 27.95 

TI Accessories at discount prices 

TI watches-all models-men's and women's-S9.95 up. 

One free Tl 503·1 digital watch with single purchase of $650 from this ad. 

All TI units come complete, fully guaranteed by Texas Instruments. 

HEWLETT·PACKARD MEWIIDOELS 
"HP3I£ Scientilic 49.95 
"Hf'32£Adv Scientilic 65.95 
"HP33£Prog Scientilic 82.95 
"H1'37£ Bus Manla;ement 61.95 
"HP3S£ Finln Proa;rlm 98.95 
"Stlbject toavallability. 

Model 
HP 10 
HP 19C 
HP 29C 
HP67 

Your Cost 
139.95 HP 80 
227.95 HP 91 
144.95 HP92 
352.95 HP 97 

235.95 
259.95 
409.95 
584.95 

HP accessories at discount prices One year luar.ntee by H-P. All units come complete. 
'l* wil1 beat.nydeal. Try us at Inytime. 

SPECIALS 
PhiHps·lbtlco #185 109.95 PearlcorderDict. !rom 129.95 
Philips·Norelco #95 149.95 RCA SelectavisionVBT200 749.95 
Philips-lbelcoHTI 189.00 call us 
Philips·Horelco88 265.00 call us 
Philips·Horelco I0l).302 419,95 call us 
Philips-Horek:o 101·303 459.95 169.95 
Philips-Horelco IOl·3G4 429.95 Printing calculators from SUS 
Craia; Diet. All Models Call us Seika & Citizen watches Call us 
San)'O Diet. All Models Call us RCA & ZlfIith TVs from 99.95 

FR[£one S14.95 PrescolatOl' cofIee m.kerwitfl purthlse of one case of Coffee Plus 
(24 l·lb c.nsl at $1.79 per lb. Free deli...erywithin continental U.S. 

Ito one can beat Olympic Sales Co. pricn Ind last seMU. Try us. Ask 101' our famous catalDI. 
Prius are I.o.b. LA Add $4.95 101' shippinl hand-held calcs. C.lif. residents .dd 6% sales til. 

Goods subject to .v.ilability. We will beat .ny priet if competition has a;ODds on hand. 

Outside C.lif. call toll·lrn (800) 421·S04S or (SOO) 421-8071. In Calif. call (213) 381·391L 

VIsA and MASTERCHARGf: cards accepted. • 
OL�m plc SALES com pAn� Inc 

2 1 6  South Oxford Ave ' P O Box 74545 
los Anyeles, CA 90004 ' ( 2 1 3) 381  39 1 1  . Telex 6 7  3471 

important to the child than the details of 
facile pronunciation. Much later, after 
the phonological system has been ac­
quired, the details of pronunciation re­
ceive more attention. 

In the period following the babbling 
period the persisting phonetic facility 
gets less and less exercise. The vast ma­
jority of a child's utterances fail to re­
flect her real ability to pronOUIlce things 
accurately; they do, however, reflect her 
growing ability to pronounce things sys­
tematically. (For a child who grows up 
learning only one language the move­
ments of the muscles of the vocal tract 
ultimately become so overpracticed that 
it is difficult to learn new pronunciations 
during adulthood. On the other hand, 
people who learn at least two languages 
in early childhood appear to retain a 

greater flexibility of the vocal muscula­
ture and are more likely to learn to 
speak an additional language in their 
adult years without the "accent" of their 
native language.) 

In learning to pronounce, then, a child 
must acquire a sound system that in­
cludes the divergent systems of phonol­
ogy and phonetics. The acquisition of 
phonology differs from that of phonet­
ics in requiring the creation of a repre­
sentation of language in the mind of the 
child. This representation is ne'cessary 
because of the abstract nature of the 
units of phonological structure. From 
only the acoustic signal of adult lan­
guage the child must derive successively 
more abstract phonological units: first 
intonations, then syllables, then distinc­
tive features and finally consonant-and­
vowel segments. There are, for exam­
ple, few clear segment boundaries in 
the acoustic signal the child receives, 
and so the consonant-and-vowel units 
could hardly be derived if the child had 
no internal representation of language. 

At the same time that a child is build­
ing a phonological representation of 
language she is learning to manipulate 
all the phonetic variations of language, 
learning to produce each one precisely 
and automatically. The dual process of 
phonetics and phonology acquisition is 
one of the most difficult in all of lan­
guage learning. Indeed, although a great 
deal of syntactic and semantic acquisi­
tion has yet to take place, it is usually at 
the completion of the process of learn­
ing to pronounce that adults consider 
a child to be a full-fledged language 
speaker and stop using any form of care­
taker speech. 

Abnormal Language Development 

There seems to be little question that 
the human brain is best suited to lan­
guage learning before puberty. Foreign 
languages are certainly learned most 
easily at that time. Furthermore, it has 
been observed that people who learn 
more than one language in childhood 
have lln easier time learning additional 
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· The ON-l 
Compact SLR Camera. 

I t 's America's n u m ber one compact 
camera. 

I n  fact , before the OM-1 , there was no 
such th ing as a compact camera. Yet even 
today, years after it was i ntroduced , the 
OM-1 is sti l l  a marvel of teChnology that 
other SLR's haven't been able to copy. 

The OM-1 is smal ler and l ig hter than 
other, conventional SLR's.  But the viewfinder 
is  30% bigger. 70% brig hter. So focusi ng 
is easier. Faster. Sharper. 

When you buy an OM- 1 , you ' re not j ust 
buying a camera. You're buying a system. 

There are over 280 
com ponents from which 
to choose. Which makes 
the OM System the 
world's largest compact 
camera system.  

No wonder the  OM-1 
is Nu mber 1 . 

The 
Hundred Dollar Give-Away. 

America's number one compact camera 
brings you America's best camera buy. 

When you buy an OM-1 and prime lens 
(50mm f1 .8 ; 50mm f1 .4 or 55mm f1 . 2) 
between Oct. 1 , 1 978 and Jan . 31 , 1 979, 
you're el ig ible  for $ 1 00 worth of rebate 
certificates toward the purchase of 
selected Olympus Zu iko l enses and OM 
System components.  

J ust send us your  sales sl i p  and owner 
reg istrat ion card . Then we' l l  send you the 
OM-1 Hundred Dol lar G ive-Away rebate 
certificates, redeemable unt i l  Apri l  30,  1 979.  

So you' l l  have time to plan 
your  system carefuUy. 

See your camera 
dealer for detai ls or write: 
Olympus Camera 
Corporation , Woodbury, 
New York 1 1 797. Don't let 
this G ive-Away sl i p  away. 

1 07 
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ONCE YOU COULDN;T BUY CALIFORNIA WINE IN A BOTTLE. UNLESS IT WAS INGLENOOK. 
THE YEAR WAS 1 8 7 9  and there 
was no such thing as a premium 
California wine. Because California 
wine wasn't even sold in bottles. You 
had to bring your own. 

Our founder, Gustave Niebaum, 
realized that no matter how much 
pampering the grapes received, without 

Before Inglenook. when you bought bottling there could 
wine you had to bring your own bottle. be no guarantee 

of consistent quality. That's why Inglenook 
became the first California wine to be sold 
"exclusively in bottles: '  

Captain Niebaum understood that 
fine wine required more than just 
superior grapes. And after 1 00 years of 

making fine wine. we still understand. 

Inglenook Vineyards. Rutherford. Napa Valley. California 

SLIDES from rhe 
Kirr  Peal< Nar ional  
Observarory 

PRINTS and rhe 
Cerro Tal a l a  

POSTERS 
I n rer·American 
Observarary 

These "sister" observatories, Kirr Peak in 
Arizona and Cerro Tal a l a  i n  Chi le, operate 
twi n 4-meter ( 1 58-inch ) telescopes and 
other i nstru mentation capa b l e  of exp l oring 
the entire cel estia l  sphere. 
Now you can purchase J5mm (2" x 2") 
sl ides and black and white prints o f  celestia l  
objects photographed with these 
telescopes. Over 1 00 subjects are 
ava i l ab l e: nebu lae, galaxies and star 
clusters, as well as telescopes and 
observatory scenes. 
Selected subjects are a lso ava i l a b l e  as 
larger colar transparencies, color prints and 
posters. For an i l lustrated 44-page catal og 
contain ing a compl ete l isting and prices, 
send $ 1 . 00 to: 

Catalog-
Public Information Office 
IOtt Peak National Observatory 
P.O. Box 26625-SA 
Tucson, Arizona 85726 

108 

Celebrating 1 00 years 0/ Superior Winemaking. 
1819- 1919 

;(Jlave Disp�V 
I NSTR UCTORS' CALCU LATORS 

EACH MODEL has the usual small  red numerical readout on its 
built-in 'master' calculator; it  faces you as you operate it. I t  also has 
a BIG 'slave' d isplay with a wide view i n g  angle 1 1 300) and spectac­
ular legi b i l i ty at 60 FEET ! .  When AC power is  supplied, this 'slave' 
d isplay l ights up toward your audience and shows the same n umber 
as does the 'master' calculator. I t  rivets atte ntion - CLEAR TO 
THE BACK ROWI 

The COMPACT EduCALCS TM 40 GO incorporating TeKas I n strument's S R 4 0  scientific calculator 
with algebraic logic . . .  . . . .$295 

8A GO incorporating TeKlis Instrument's Business Analvst financial 
statistical calculator with algebraic logic . . . . . . . . . . . . .  .$295 

PG GO with the Programmer H E X A D E C I M AL-OCTA L-OEC I M A L  
Calculator/Converter .$345 

The F U L L -$I Z E D  EduCALCS including N E W C A A D PAOGAAMMABLES. 
your choice of 'master' c.lcul.tor determines the EduCALC price; 
TeK85 I nstrument Programmables, order model 59 GO. . . .$ 920 
Hewleu Packard master calculators, order model 29 C GD . $ 8 1 5  

6 7  G D  with 1 2-<1igit SMART D I SP L A  YTM. . $ 1 395 

ORDER YOURS TODA Y! ONE·YEAR FULL WA RRANTY 
DEL IVERY INCLUDED U.S. OR CANADA 

© 1 978 EDUCATIONAL CALCULATOR DEVICES, INC_ 
Post Office Box 974, Dept. SAl , laguna Beach,  CA 92652 

Telephone: 714 497-3600 

CALL OR WRITE FOR I N FORMATION ON OUA N E W  
H P S E R I E S  E OR M O D E L S  FOR THE V I S U A L L Y  IMPAIRED, 

Patent Pend ing 

languages in later years. It seems to be 
extremely important for a child to exer­
cise the language-learning faculty. Chil­
dren who are not exposed to any learna­
ble language during the crucial years. 
for example children who are deaf be­
fore they can speak. generally grow up 
with the handicap of having little or no 
language. The handicap is unnecessary: 
deaf children of deaf parents who com­
municate by means of the American 
Sign Language do not grow up without 
language. They live in an environment 
where they can make full use of their 
language. learning abilities. and they are 
reasonably fluent in sign language by 
age three. right on the developmental 
schedule. Deaf children who grow up 
communicating by means of sign lan­
guage have a much easier time learning 
English as a second language than deaf 
children in oral-speech programs learn­
ing English as a first language. 

The study of child language acquisi­
tion has made important contributions 
to the study of abnormal speech devel­
opment. Some investigators of child lan­
guage have looked at children whose 
language development is abnormal in 
the hope of finding the conditions that 
are necessary and sufficient for normal 
development; others have looked at the 
development of language in normal 
children in the hope of helping children 
whose language development is abnor­
mal. It now appears that many of the 
severe language abnormalities found in 
children can in some way be traced to 
interruptions of the normal acquisition 
process. The improved understanding 
of the normal process is being exploited 
to create treatment programs for chil­
dren with such problems. In the past 
therapeutic methods for children with 
language problems have emphasized the 
memorizing of language routines. but 
methods now being developed would al­
Iow a child to work with her own lan­
guage-learning abilities. For example. 
the American Sign Language has been 
taught successfully to several autistic 
children. Many of these nonverbal and 
antisocial children have learned in this 
way to communicate with therapists. in 
some cases becoming more socially re­
sponsive. (Why sign language should be 
so successful with some autistic children 
is unclear; it may .have to do with the 
fact that a sign lasts longer than an audi­
tory signal.)  

There are still many questions to be 
answered in the various areas I have dis­
cussed. but in general a great deal of 
progress has been made in understand­
ing child language over the past 20 
years. The study of the acquisition of 
language has come of age. It is now a 
genuinely interdisciplinary field where 
psychologists. neurosurgeons and lin­
guists work together to penetrate the 
mechanisms of perception and cogni­
tion as well as the mechanisms of lan­
guage. 

© 1978 SCIENTIFIC AMERICAN, INC



The best sources. 
Choose any one of these invalu­
able reference works and save up 
to 90% as your introduction to 
membership in the Book-of-the­
Month Club. You simply agree 
to buy 4 books within a year. 

The Club is the source for the best 
of the best sellers. Every Club book 
is of bookstore quality-or better. 
You never settle for the altered or 
inferior editions that some book 
clubs offer. And when you remain 
a member after the short trial 
period, each book you buy earns 
Book-Dividend® credits, which 
entitle you to discounts of at 
least 70% on significant current 
books. A wealth of sources awaits 
you in America's Bookstore. 

The complete fuur-miume set 

OXFORD ENGLISH 

DICTIONARY 
for 11750 Publisher's list price: �so 
The world's "most complete and most scholarly 
dictionary of the English language" - The 
Christian Science Monitor. Contents of this two· 
volume edition are identical to the original 
$395 thirteen-volume set. Bausch & Lomb 
magnifying glass included in special drawer of 
slipcase. "Endlessly browsable." -Newsweek. 

Facts About Membership. 
You receive the Book-ojthe·Month Club 

News,'" a literary magazine, 15 times a year 
(about every 3'h weeks). Each issue reviews 
a Main Selection plus scores of Alternates. 

If you want the Main Selection do noth· 
ing. It will be shipped to you automatically. 
If you want one or more Alternate 
books-or no book at all-indicate your 
decision on the reply form always enclosed 
and return it by the date specified. 

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

Cancellations. Your membership is 
cancelable at any time after you have 
bought 4 additional books. Simply notify 
Book-of-the-Month Club. 

AIl eleven volumes of 
THE STORY OF CIVILIZATION 
by Will and Ariel Durant for $20 Publisher's list price: $241 10 

This multi-volume history of all mankind-ancient and modem. Occidental and Oriental ­
traces the development o f  man's economic a n d  political organizations, science a n d  3rt. I t  
i s  one o f  t h e  great literary achievements o f  this century and deserves a place in every 
library. 

THE COMPLETE 

TOLKIEN LmRARY 
The entire seven-volume set for $1250 
Publishers' list 
prices total: $8285 
The Silmarillion edited by Christopher Tolkien. 
The Elder Days of Middle-earth. 
The Lord of the Rings. Second revised edition. 
3-volume boxed set. 
The To/kien Companion by J.E.A. Tyler. A com­
plete guide to Middle-earth. 
The Hobbit (Collector's Edition). Boxed. with 
paintings and drawings by the author. 
To/kien by Humphrey Carpenter. The only 
authorized biography. 

THE ENCYCLOPEDIA 
OF PHIWSOPHY 
The Compact Edition of the fo� S1750 
Publishers l ist price: $95 
Regarded as the most comprehensive encyclo­
pedia of philosophy ever published, this superb 
set -compiled in collaboration with the world's 
foremost philosophers-encompasses all aspects 
of ancient. medieval, modern. Eastern and 
Western thought. The four-volumes represent 
an essential aid for students and a reward ing 
reference source for home libraries. 

r - - - - - - - - - - - - - - - - - - - - - - - - - �  
Book-of-the-Month Club, Inc., Camp Hill, Pennsylvania 17012 8-A170-U 

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

Mr. 
Mrs . . . . . . . . . . . . .  . 
Miss 

8-32 

,--------,I IL-_---I 
Compact 
OED $17.50 Ency. of Philos. $17.50 Address . . . . . . . .  Apt . . . . . .  , . .  , . . .  . 

,--------,I I  L-_---I 
Tolkie" Library $12.50 The Story 

oleiv. $20 

City 

State . .  . . . . . . . .  Zip 

BOO�OF-11IE-MON1H CLUB® 
AMERICA'S BOOKSTORE� �m�e����Kmbooks 

� - - - - - - - - - - - - - - - - - - - - - - - - - � 
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Rich Clusters of Galaxies 
Some 10 percent of all galaxies belong to rich clusters, systems 

with thousands of members embedded in hot gas. Such a cluster is 

a gravitational maelstrom with giant galaxies close to its center 

by Paul Gorenstein and Wallace Tucker 

There appears to be a fundamental 
tendency in nature for all things of 
a given class to clump together, 

thereby forming units of a new class of 
higher order. In the nonliving world el­
ementary particles clump together to 
form atoms, atoms to form molecules, 
atoms and molecules to form stars and 
planets, and so on up the chain of being 
to galaxies and clusters of galaxies. At 
either end of the hierarchy are found the 
limits of human knowledge. It is possi­
ble that subatomic particles are associa­
tions of the entities known as quarks and 
that clusters of galaxies are bound into 
the still larger associations known as su­
perclusters. Clusters of galaxies are of 
particular interest because they are the 
last firmly established level at the top of 
the hierarchy. In the words of the as­
tronomer Fritz Zwicky, who helped to 
establish their existence, they are "the 
last stepping-stone to the study of the 
universe as a whole." They provide a 
laboratory several million light-years 
across for studying the interaction of 
gas, stars and galaxies on a grand scale. 
As a result they have attracted the close 
attention of astronomers observing at 
radio, light and X-ray wavelengths of 
the electromagnetic spectrum. 

Over the past half century large tele­
scopes have revealed thousands of rich­
ly populated clusters, each of which 
consists of thousands of galaxies made 
up of tens of billions of stars. In compar­
ison our own galaxy is a member of a 
very small system known as the local 
group, consisting of no more than two 
dozen galaxies, most of them much 
smaller than ours. Studies of several 
rich clusters have shown that most of 
the thousands of galaxies in them are 
swarming through space at thousands of 
kilometers per second. The high veloci­
ty of these galaxies and their dense dis­
tribution in space imply that they are 
bound together by gravitational forces 
much greater than those that can be ac­
counted for by the visible mass, that is, 
by the mass represented by the objects 
visible on photographic plates. 

Recent observations at X-ray and ra­
dio wavelengths have disclosed that the 
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space between the galaxies in rich clus­
ters is filled by hot gas and that in certain 
giant elliptical galaxies found at the cen­
ter of the clusters there have been titanic 
explosions that have ejected into the hot 
intergalactic gas vast clouds of high-en­
ergy subatomic particles. What causes 
these explosions? What is the origin of 
the hot gas? Where is the extra mass that 
is needed to keep the speeding galaxies 
from flying apart? Astronomers cannot 
yet supply definite answers to these 
questions, but in the past few years the 
outlines of a picture that shows promise 
of resolving them have taken shape. Ac­
cording to this picture, the conditions in 
rich clusters can be understood as result­
ing from the interaction of gas, stars and 
galaxies in a gravitational maelstrom 
generated by the dense concentration 
of galaxies at the center of the cluster. 
Quite recent observations have led to 
the extraordinary suggestion that the gi­
ant galaxy M87, located near the center 
of the large cluster in the constellation 
Virgo, may have in its nucleus a black 
hole with a mass equal to that of five 
billion suns. 

Tong before it was recognized that what 
L are now called galaxies were "island 
universes," or independent systems of 
stars, astronomers noted a tendency for 
"nebulae" to bunch together in groups. 
The bunching is apparent in a sky map 
representing the positions of more than 
1 1,000 nebular objects listed in J. L. E. 
Dreyer's New General Catalogue, pub­
lished near the end of the 19th century. 
By the 1920's it was clear that most of 
the objects listed as nebulas in the cata­
logue were indeed galaxies, and many 
are still best known by the NGC number 
assigned by Dreyer. The detailed sur­
veys that followed in the next decade 
disclosed that on a large scale the galax­
ies are distributed uniformly both in an­
gie around the sky and in distance. On 
the other hand, the apparent clustering 
of the comparatively nearby galaxies 
that was evident from the earlier maps 
of the sky persisted out to much greater 
distances. 

In 1933 Harlow Shapley published a 

catalogue of 25 clusters of galaxies and 
proposed that such clusters were not 
merely coincidences of position but 
were physical associations arising from 
evolutionary processes. In the same year 
Zwicky published a study of the distri­
bution of the galaxies in the large cluster 
in the constellation Coma Berenices im­
plying that the galaxies were perma­
nently bound by their mutual gravita­
tional attraction. Zwicky pointed out, 
however, that the amount of mass actu­
ally observed in the form of galaxies 
was not enough to account for the re­
quired strength of the gravitational 
field. The problem of "the missing 
mass" was therewith introduced into the 
study of clusters of galaxies. 

It is now generally believed that at 
least half of all the galaxies in the uni­
verse are members of a group or a clus­
ter of some size or other, ranging from 
galaxy-poor groups such as our own to 
rich clusters consisting of thousands of 
galaxies. The 20-odd galaxies in the lo­
cal group lie within a sphere that has a 
diameter of roughly two million light­
years. At opposite ends of the group are 
our galaxy and the Great Nebula in 
Andromeda, the galaxy M3 1. They are 
large spiral galaxies that together con­
tain about 70 percent of all the mass in 
the lOCal group. There is much empty 
space in the group; the probability of 
our galaxy's ever colliding with the An­
dromeda galaxy is close to zero. Small 
groups with much empty space are the 
commonest type of galactic association. 
Large clusters and rich clusters, both of 
which have 1,000 members or more, ac­
count for about 10 percent of all galax­
ies. A rich cluster is defined as a large 
cluster that has an unusually high densi­
ty of galaxies at its center. 

High-energy activity in the form of X­
ray and radio emissions is most evident 
in large cl usters. The nearest large cl us­
ter is the one in Virgo, about 60 million 
light-years away. It is irregular in shape 
and covers about 100 square degrees in 
the sky; a book of average size held at 
arm's length would just cover it. It con­
sists of at least 1,000 galaxies, most of 
them large spiral galaxies and dwarf el-
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CLUSTER OF GALAXIES in the constellation Virgo is typical of a 
large but irregular cluster containing more than 1,000 individual gal­
axies. In this negative print of a photograph made with the 48-inch 
Schmidt telescope on Palomar Mountain the galaxies can be recog­
nized by their fuzzy images. The pointlike images are produced by 
stars within our own galaxy. Only about a fifth of the cluster appears 

DETAIL OF VIRGO CLUSTER is shown in this positive print of a 
photograph made with the four-meter telescope at the Cerro Tololo 

.. 

• 

. , 

/ 
" 

in the photograph, which shows a region some 4.5 degrees across, 
equivalent to five million light-years at the distance of the Virgo clus­
ter (60 million light-years). The area within the larger rectangle is 
shown in the photograph at the bottom of the page. The large gal­
axy within the smaller rectangle is the giant elliptical galaxy M87, 
which emits strongly in the radio and X-ray regions of the spectrum. 

Inter-American Observatory in Chile, operated by Kitt Peak Nation­
al Observatory. Largest objects are elliptical galaxies M84 and M86. 
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TWO VIEWS OF M87, the giant elliptical galaxy in the Virgo cluster, reveal two remarkable 
aspects of one of the brightest galaxies known. The long-exposure photograph at the top, made 
with the four-meter Cerro Tololo telescope, reveals some of the more than 500 globular clus­
ters that populate the "halo" surrounding the galaxy. Each cluster is a spherical association of 
more than 100,000 stars. In the much shorter exposure at the bottom, made with the 120-inch 
telescope at the Lick Observatory, one can see a luminous jet 6,000 light-years long issuing 
from the center of the galaxy. Recent optical studies suggest the presence of a compact object, 
possibly a black hole, in tbe center of the galaxy with a mass five billion times tbat of tbe sun. 
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liptical galaxies. Its brightest members 
are giant elliptical galaxies. 

The giant elliptical galaxy' M87 is 
three times more luminous than our gal­
axy. which consists of at least 100 bil­
lion stars. Emanating from the nucle­
us of M87 is a peculiar jetlike feature 
about 6.000 light-years long. which is a 
strong source of nonthermal radio and 
optical emission. "Nonthermal" means 
that the emitted energy does not have 
the spectral characteristics of the ener­
gy emitted by a hot body. A common 
source of non thermal radio and optical 
emission is energetic electrons traveling 
in strong magnetic fields. 

The generally accepted explanation of 
the jet is that it was ejected from the 

nucleus of M87 in a violent explosion or 
series of explosions that began a million 
years before the epoch in which the jet is 
now observed. Strong nonthermal radio 
and optical radiation. X-ray emission 
and other evidence of explosive activity 
are now recognized as being a common 
feature of many elliptical galaxies and 
other peculiar astronomical objects. no­
tably the quasars. The origin of such ex­
plosive activity. in which energy is often 
released at a rate a trillion times that of 
the sun, is one of the major riddles of 
astronomy today. 

X-ray detectors carried above the 
earth's atmosphere by the Uhuru satel­
lite revealed that M87 is enveloped by 
an X-ray-emitting cloud nearly a mil­
lion light-years across. The spectrum of 
the X-ray source was subsequently ana­
lyzed by instruments aboard the British 
Ariel 5 satellite and by the OSO-8 sat­
ellite of the National Aeronautics and 
Space Administration. From the pres­
ence of certain emission lines of highly 
ionized iron it can be inferred that the X 
rays arise from a diffuse gas whose tem­
perature is about 30 million degrees 
Kelvin (degrees Celsius above absolute 
zero). At least the X rays, then, are gen­
erated by a source that is thermal rather 
than nonthermal. 

If a hot gas is not somehow confined, 
it tends to expand indefinitely. In the ab­
sence of a confining force the gas cloud 
around M87 would disperse in about 
100 million years. Although that may 
seem like a long time, it is only 1 percent 
of the t0tal lifetime of the galaxy. To 
account for the gas cloud as it is now 
observed there are three possibilities: 
some force is confining the gas to the 
galaxy, the gas is being continuously re­
plenished as it expands or the galaxy is 
at a special point in its history. before 
the gas has had time to dissipate. The 
third alternative is possible but rather 
improbable. The second not only re­
quires an exorbitant amount of energy 
but also

' 
implies that the hot cloud 

should be spread out in a much larger 
volume of space than the one it actually 
occupies. That leaves as the mos, like-
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ly explanation confinement by a force. 
namely gravity. 

From the distribution of the X-ray 
brightness of the surface of the gas one 
can estimate the distribution of the gas 
in space. From that distribution the 
mass needed for gravitational confine­
ment can be estimated to be at least 50 
trillion times the mass of the sun. This 
mass is several hundred times the mass 
observed in the disk of large spiral gal­
axies such as ours and the Andromeda 

galaxy and about 30 times larger than 
previous estimates of the mass of M87. 
There is other evidence that supports the 
conclusion that M87 is an extremely 
massive galaxy. In 1969 Gerard de Vau­
couleurs of the University of Texas at 
Austin and Halton C. Arp and Frances­
co Bertola at the Hale Observatories in­
dependently reported the detection of a 
faint optical "halo." or corona. around 
M87. The halo extends out to distances 
on the order of 500.000 to a million 

light-years from the center of the gal­
axy. Spectral evidence suggests that 
most of the optical radiation in the halo 
is coming from stars and not from a hot 
gas or a cloud of high-energy electrons. 
For these stars to be bound gravitation­
ally to the galaxy a galactic mass of sev­
eral tens of trillions of solar masses is 
required. which is consistent with the 
estimates derived from the X-ray obser­
vations. 

The assignment of very large masses 

X-RAY HALO AROUND M87 was recorded from a rocket carrying 
an X-ray telescope that had been designed by one of the authors 
(Gorenstein) and his colleagues at the Center for Astrophysics of the 
Harvard College Observatory and the Smithsonian Astrophysical Ob­
servatory. In this false-color computer presentation the lighter the 

color, the higher the X-ray intensity. The area that is covered by the 
image is about a million light-years across, or about a fifth the width 
of the entire region depicted in the top photograph on page 111. The 
central three-by-three block of squares corresponds roughly to the 
luminous mass of M87 shown in the top photograph on page 112. 
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to giant elliptical galaxies such as M87 
is important for cosmology in that it 
may provide a solution to the long­
standing problem of the missing mass in 
clusters of galaxies. The problem origi­
nally recognized by Zwicky in his study 
of the great cluster in Coma Berenices is 
common to all large clusters. The Coma 
cluster. which is about 400 million light­
years from our galaxy. exhibits a dense 
concentration of galaxies at its center. 
Moreover. careful study shows that in 
the Coma cluster. and in most similar 
clusters. the galaxies have swarmed to­
gether in the shape of a ball. 

This shape in itself presents a prob­
lem. On the one hand. it gives the ap­
pearance of a state of equilibrium hav­
ing been reached between the random 
motions of the galaxies and their mutual 
gravitational attraction. On the other 
hand. if one computes the total mass of 
all the galaxies in the cluster. one finds 
that it amounts to only 10 to 20 percent 
of the mass needed to provide gravita­
tional stability. Hence there is a para­
dox. If the gravitation of the cluster 
were really as weak as the galaxy count 
seems to indicate. then the galaxies 
would not be concentrated in a tight ball 
a few million light-years across but 
would be spread out irregularly over 
tens of millions of light-years. Astrono­
mers are reluctant to assume that new 
galaxies are continuously being created 
at the center of a cluster to maintain its 
observed central density or that an un­
known cosmological force is at work. 
and so they are compelled to believe 

most of the mass in the cluster has still to 
be discovered. Where is it? 

One long-standing suggestion was 
that the mass was hidden in the 

form of hot ionized gas and would be 
discovered as soon as X-ray observa­
tions of sufficient sensitivity were made. 
When the observations were finally con­
ducted with the X-ray satellites in the 
early 1970·s. X-ray emission was indeed 
discovered to be a common characteris­
tic of rich clusters of galaxies. As in the 
case of M87. spectral evidence points to 
a hot gas as the source of the X rays. In 
the Coma cluster. however. the X-ray­
emitting region has a diameter of some 
three million light-years. or more than 
three times the extent of the emission 
region of M87. The amount of mass in 
the hot gas was found to be comparable 
to the mass in the galaxies and therefore 
not nearly enough to bind the cluster. 
On the other hand. the X-ray observa­
tions do provide two additional pieces 
of indirect evidence that the missing 
mass is present. The first is that. as in the 
case of M87. the temperature and size of 
the hot gas cloud in the Coma cluster 
can be used to estimate the mass needed 
to confine it. That mass turns out to be 
on the order of the mass necessary to 
bind the cluster. 

The second piece of evidence follows 
from the difficulty in understanding how 
the gas cloud came to contain the 
amount of iron that shows up in the X­
ray emission spectrum. As far as is 
known. iron can be manufactured only 

inside a star and can enter the interstel­
lar medium of a galaxy only when it is 
expelled by the explosion of a superno­
va. Conceivably the explosion could 
spew iron and other heavy elements out 
into the vast space between the galaxies. 
but such elements might also be swept 
out by the pressure of the "wind" creat­
ed by the motion of the galaxy through 
the cluster or pulled out in tidal disrup­
tions resulting from encounters between 
galaxies. Estimates of the efficiency of 
such processes. made on the basis of the 
conventional values for the masses of 
the galaxies. indicate that the hot gas 
cloud should contain less than a third as 
much iron as is observed. One can ac­
count for the discrepancy rather simply 
by assuming that the total mass in the 
form of stars is actually much larger 
than the conventional estimate. so that 
the quantity of iron supplied by the stars 
is correspondingly larger. An idea gain­
ing favor is that the additional stars'are 
distributed in massive halos Of very low 
surface brightness around supergiant 
galaxies. as is the Cl}se in M87. 

In 1964 Thomas A. Matthews. Wil­
liam W. Morgan and Maarten Schmidt 
of the Hale Observatories showed that a 
common characteristic of many rich 
cl usters of galaxies. particularly those 
harboring strong radio sources. is the 
existence of a centrally located supergi­
ant elliptical galaxy with an extended 
halo. Recently it has become evident 
that it is precisely those galaxies that are 
associated with X-ray-emitting clusters. 
An excellent example is the cluster A 

TENDENCY OF GALAXIES TO FORM CLUSTERS was already 
evident in the 19th century before it had been demonstrated conclu­
sively that each galaxy is an independent star system. In 1921 C. V. L. 
Charlier produced this sky map by plotting 11,475 nebular objects 
listed in J. L. E. Dreyer's New General Catalogue, published in the 

1890's. Here the equator corresponds to the central plane of our gal­
axy. Near the central plane extragalactic objects are heavily obscured 
by dust, making it appear that the galaxies increase in number toward 
the poles. Actually galaxies are assumed to be more or less uniformly 
distributed in all directions, except for a tendency to form clusters. 
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2 199 (No. 2. 199 in the catalogue of clus­
ters compiled by George O. Abell of the 
University of California at Los Ange­
les). The dominant bright galaxy at the 
center of the cluster is NG.C 6 166. 
Astronomers classify galaxies such as 
N GC 6 166 as cD galaxies. The D stands 
for a galaxy with a bright elliptical core 
surrounded by an extended envelope. 
which in the case of NGC 6 166 has a 
diameter of more than two million light­
years. Thee stands for supergiant. a no­
tation taken over from schemes for the 
classification of stars. NGC 6 166. which 
encompasses a !p.uch greater volume 
than the Andromeda galaxy does and 
has several hundred times more stars. is 
one of the largest galaxies in the uni­
verse. The rich cluster A 2 199 is a strong 
X-ray source. similar to the Coma clus­
ter source. The X-ray-emitting cloud 
surrounds the cD galaxy.. which is also a 
strong radio source. 

The Perseus cluster of galaxies is an­
other well-studied cluster. but it is 

not a well-understood one. It too har­
bors a centrally located supergiant el­
liptical galaxy. which is a strong radio 
source and is surrounded by an X-ray­
emitting cloud and a massive halo of 
stars. The X-ray source is centered on 
the giant elliptical galaxy NGC 1275 
and extends over a region with roughly 
the same dimensions as the halo of the 
stars: three million light-years. As in the 
case of the Coma cluster and M87. the 
X-ray spectrum indicates that a hot gas 
with a normal cosmic abundance of iron 
is responsible for the X-ray emission. 
The mass of hot gas required to explain 
the X-ray emission is about four times 
the mass of the galaxies in the cluster. 
and so the problem of producing the 
iron from the galaxies is even severer 
than it is in the Coma cluster. The miss­
ing mass problem is severer too. The 
mass required for equilibrium is about 
20 times the mass that is observed in 
the galaxies. 

The Perseus cluster includes several 
strong radio sources. Roughly speaking. 
the radio contours map out those re­
gions of space where magnetic fields of 
high density coincide with large popula­
tions of high-energy electrons. a combi­
nation that results in strong nonthermal 
radio emission. Two of the prominent 
radio galaxies exhibit a head-tail shape. 
which suggests the interaction of the 
source and an intergalactic wind or. 
what is equivalent. the motion of the 
galaxies through a stationary gas. Sub­
sequent study of head-tail sources by ra­
dio astronomers at the Westerbork ra­
dio-astronomy observatory in the Neth­
erlands has led to the development of a 
model in which the swept-back contours 
are produced by the motion of an active 
radio galaxy through a hot gas at speeds 
of thousands of kilometers per second. 
The pressure in the hot gas is consistent 
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with the density and temperature re­
quir"ed to explain the X-ray emission. As 
might be expected, head-tail sources are 
not unique to the Perseus cluster but 
are found in a number of other clus­
ters, many of which have been detected 
as X-ray sources. 

In summary, the following three facts 
about rich clusters of galaxies are 

well established. First, the mass re­
quired to keep the clusters gravitational­
ly bound is about 10 times greater than 
the mass observed in the main body of 
the galaxies. Second, X-ray studies show 
that rich clusters hold a considerable 
amount of hot gas; the existence of the 
hot gas is supported by the observed 
head-tail structure of the radio galaxies 
in such clusters, and the confinement of 
the hot gas implies masses on the order 
of the amount needed to bind the clus­
ters. Third, many rich clusters contain a 
centrally located supergiant galaxy sur­
rounded by an extended halo of faint 
stars, and such galaxies tend to be strong 
radio sources. 

The view of a growing number of as­
tronomers is that all the observed prop­
erties of the rich clusters are the conse­
quence of a gravitational maelstrom. 
The typical rich cluster has three major 
components: galaxies, additional stars 
that form a halo around a central super­
giant galaxy and hot gas. The galaxies in 
a cluster are in orbit around their center 
of mass in much the same way that the 
planets of the solar system are in orbit 
around the sun. In a rich cluster the gal­
axies are so large, so numerous and so 
densely packed that some of them inevi­
tably encounter other galaxies. In most 
of the encounters the galaxies do not 
meet head on but are deflected only 
slightly as they go past each other. 

The cumulative effect of these many 
encounters is an equipartition of ener­
gy among the galaxies; that is, galaxies 
moving in the same gravitational force 
field have the same kinetic energy, or 
energy of motion. The kinetic energy 
is proportional to the mass times the 
sq uare of the velocity, and so a galaxy 
that is more massive than the average 
moves more slowly than the average. As 
a result of the equipartition of energy 
the speed of a massive galaxy is not 
great enough for it to maintain its origi­
nal orbit, and so it spirals inward toward 
the cluster's center of mass. The acceler­
ation of gravity speeds it up, but contin­
ued encounters prevent it from picking 
up enough speed to stabilize its orbit, 
and so it inexorably falls toward the cen­
ter of mass. 

Eventually the gravitational forces 
that bind the stars to the infalling galaxy 
are overwhelmed by the combined grav­
ity of the galaxies in the core of the clus­
ter. Just as the ocean is pulled away 
from the shore at ebb tide by the moon, 
so are the stars pulled away from their 
parent galaxy. The outermost stars are 

M31 NGC 185 
M330 <i" '.NGC147 

NGC 221 � NGC 205 

• LEO A 

LOCAL GROUP OF GALAXIES is the one that includes our own. Consisting of some 20 gal­
axies of various sizes and shapes within a radius of three million light-years, the local group is 
typical of small clusters. About 70 percent of the mass of the group is contained within our gal­
axy and the Great Nebula in Andromeda, M31, two similar galaxies. This projection of the 
group onto a plane was made by Gerard de Vaucouleurs of the University of Texas at Austin. 

RICH CLUSTER OF GALAXIES, depicted schematically, consists of more than 1,000 sepa­
rate star systems that are bound together by gravity within a radius of about three million light­
years. The density of galaxies increases toward the center. So does the density of hot gas (color), 

which emits X rays (wavy lilies). In a rich cluster spiral galaxies account for only about 20 per­
cent of the total number of galaxies; the majority of the galaxies are elliptical ones. At the very 
center of a rich cluster there are usually giant elliptical galaxies, or cD galaxies. A rich cluster 
may also contain what are called head-tail radio galaxies (see bottom il/ustratioll 011 page 122). 
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COMA CLUSTER, a rich cluster of galaxies in Coma Berenices, is 
seen in this photograph made with the four-meter telescope at the 
Kitt Peak National Observatory. In 1933 Fritz Zwicky presented evi­
dence that the galaxies in this cluster were held together by their mu-
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RICH CLUSTER A 2199 (No. 2,199 in the catalogue compiled by 
George O. Abell of the University of California at Los Angeles) has 
near its center the supergiant elliptical galaxy NGC 6166, the largest 
object in this photograph made with the 200·inch Hale telescope on 
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toal gravitational attraction. The amount of mass present as visible 
matter, however, falls far short of the amount needed for gravitation­
al stability. It now seems that most of the "missing mass" is in the 
extended halos of faint stars surrounding the large elliptical galaxies. 
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Palomar Mountain. NGC 6166 contains several hundred times as 
many stars as either our galaxy or the Andromeda galaxy. It is one of 
the largest of all galaxies. Roughly 600 million light-years away, it 
emits strongly in both the X-ray and radio regions of the spectrum. 
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the first to go. Theories of the formation 
of galaxies indicate that the outer stars 
will be faint ones with a mass substan­
tially less than that of the sun. (The 
heavier stars will have sunk toward the 
center of the galaxy through the same 
process that causes the galaxies to sink 
toward the center of the cluster.) Conse­
quently the faint outer stars will be left 
behind as the galaxy descends into the 
maelstrom, losing more and more stars 
along the way. Eventually the entire gal­
axy will be torn apart by tides, and those 
stars that remain will become attached 
to the halo of a large galaxy at the center 
of the cluster. 

In the course of the 10 billion years of 
the cluster's existence a galaxy at the 

bottom of the gravitational potential 
well at the center of the cluster could 
have grown to a colossal size by assimi­
lating the wreckage of a hundred other 
galaxies. That seems to be the most like­
ly explanation for the extensive halo of 
stars around cD galaxies. The tidal strip­
ping of stars is a gradual process, al­
though it becomes more intense as the 
infalling galaxy approaches the core of 
the cluster. One would not expect all the 
wreckage to be captured in the immedi­
ate vicinity of the central cD galaxy. 
Some of it would be taken up by other 
large galaxies. By the same token one 
would expect the halo of the cD galaxy 
not to cut off abruptly but to gradually 
decrease in density with distance away 
from the core of the cluster. Recent pho­
tographic surveys of the central region 
of rich clusters suggest that this is the 
case. The halos around cD galaxies may 
extend out a million light-years or more 
to the edge of the cluster itself. The 
missing mass may have been found, hid­
ing in quadrillions of low-mass stars that 
have been torn from galaxies, attached 
to the halo of the cD galaxy and spread 
throughout the cluster. Since they are 
distributed in this way, the low-mass 
stars are less visible than they would be 
if they were concentrated in the main 
body of the galaxies. 

The association of X-ray emission 
with the cD galaxies would seem to be a 
natural consequence of the conditions in 
rich clusters. As a result of the high con­
centration of galaxies in such clusters 
two conditions arise that lead to the cre­
ation of an X-ray source. One condition 
is the injection of large amounts of gas 
from the galaxies into the intracl uster 
medium. The other is the growth of the 
cD galaxy at the center of the cluster 
from the accumulation of the wreckage 
of other galaxies. The X-ray source is 
created when gas is heated by compres­
sion as it falls into the gravitational well 
around the cD galaxy at the center of the 
cluster. 

Although this process is most effec­
tive at the center of clusters, it could 
operate on a smaller scale anywhere a 
large galaxy exists. An example is an 
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PERSEUS CLUSTER OF GALAXIES is located 17 degrees away 
from the central plane of oor galaxy, which accounts for the large 
number of star images in this photograph made with the 48-inch 

Schmidt telescope. The cluster has a central supergiant elliptical gal­
axy, NGC 1275 (see map below), a strong radio source surrounded 
by a large X-ray-emitting cloud of hot gas and by a halo of stars. 

3C 831B 

NGC 1265 3C 831A 

.NGC 1275 
3C 84A 

STRONG RADIO SOURCES IN PERSEUS CLUSTER are identi­
fied on this map, which covers the same area as that in the photograph 
at the top of the page. The supergiant elliptical galaxy NGC 1275 is 
the most intense radio source. The radio contours of two other galax-
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ies, NGC 1265 and IC 310, exhibit the distinctive bead-tail shape, 
which indicates relative motion between them and the intergalactic 
medium. Map was made by Simon Mitton and Martin Ryle of Mul. 
lard Radio Astronomical Observatory of University of Cambridge. 
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irregular cluster such as the Virgo one. 
A galaxy that is fairly large to begin 
with. such as M87. will strip the stars 
from galaxies passing it at close range 
and will assimilate them into an extend­
ed halo. In the same way gas could be 
captured and heated as it fell into the 
galaxy. creating an X-ray source. The 
source would not be as strong as one at 
the center of a rich cluster because it 
would have a smaller reservoir of gas on 
which to draw. 

The association of strong radio galax­
ies with rich clusters and supergiant gal­
axies would seem at first to contradict 
this picture. Radio galaxies show unmis­
takable signs of explosive activity that 
has thrown matter violently outward. 
whereas the theory of supergiant galax­
ies and X-ray sources involves matter 
falling inward. Can the two be recon­
ciled? Can collapse lead to explosion? A 
growing number of astronomers think it 
can. There are indications that if the 
density of stars in the nucleus of a gal­
axy gets high enough. the stars will be­
gin to coalesce and drift to the center of 
the galaxy. forming a supermassive ob­
ject in much the same way that supergi­
ant galaxies are thought to form at the 
center of clusters. The difference is that 
in the nucleus of galaxies the supermas­
sive object may be a black hole. a region 
of space-time where the gravitational 
fields are so strong that matter is liter­
ally crushed out of existence. Inside a 
black hole stars. atoms and even nuclear 
particles are torn apart by enormous 
gravitational forces. It has been suggest­
ed that a black hole having a mass of 
100 million suns may lie at the center of 
active galaxies. Such a black hole grows 
at the rate of one solar mass per year as 
it captures nearby matter and pulls it in. 

In possible confirmation of this au­
dacious hypothesis quite recent studies 
of M87. the galaxy with the jet. have 
shown that both the optical brightness 
of the galaxy and the velocity of the 
stars in it increase rapidly toward the 
center. The observations indicate that a 
compact object with a mass equal to 
that of five billion suns. possibly a black 
hole. is present in the core of the galaxy. 

Since matter captured by a black hole 
cannot escape. a black hole would 

not seem particularly useful in account­
ing for an explosion. The answer to this 
objection may lie in the resistance that 
develops to the matter being crushed. 
As the matter swirls toward the black 
hole the magnetic fields accompanying 
it ,-,:ill be twisted and amplified. The re­
sulting buildup of energy could then 
give rise to the observed explosive activ­
ity. Examples of a similar process oc­
curring on a smaller scale can be found 
within our galaxy. There is an X-ray­
emitting binary system in the constella­
tion Cygnus known as Cyg X-I that 
probably consists of a black hole of a 
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"I am vitally interested in the future, because I am going to spend the rest of my life there." 
- Charles F. Kettering 

You are invited to step into the future -
your future - to savor every aspect of 
it, as it unfolds before you through the 
pages of a bold, new magazine - so 
visually stunning ... so intellectually 
exciting ... so extraordinary an 
experience ... that nothing remotely 
like it has ever existed before I 

OMNI 

What makes OMNI so special­
so unique? 

THE MOST BRILLIANT SCIENTISTS, THINK­
ERS, AND WRITERS IN THE WORLD. 

Each stunning issue of OMNI will be 
bringing into your home - and into your 
life - the thoughts, the dreams, the ac­
complishments of the men and women 
who have changed the course of history 

and transformed the world we live in. 
The roster of international luminaries who 
will be writing for OMNI or captured in 
revealing and candid interviews will 
include such notables as 

ALVIN TOFFLER, THOR HEYERDAHL 
FREEMAN DYSON, RENE DUBOS, 
JACQUES-Y VES COUSTEAU, DAVID 
BROWER, BARBARA

' 
MARX HUBBARD, 

ALTON BLAKESLEE, 
LEWIS THOMAS, U GOOD, DAN 
GREENBERG, EDMUND 0 WILSON, 
BUCKMINSTER FULLER, 
MARGARET MEAD. 

OMNI- THE FIRST MAGAZINE TO 
COMBINE SCIENCE FACT WITH 
SCIENCE FICTION . 

Each issue will also bring you the 
superb science fiction of recognized 
masters such as 
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ISAAC ASIMOV ... L. SPRAGUE 
DE CAMP ... FRANK HERBERT 
... RAY BRADBURY . . HARLAN ELLISON 
... AND AE. VAN VOGT 

as well as the best of the exciting new 
writers. 

THE ULTIMATE IN MODERN 
ILLUSTRATION AND PHOTOGRAPHY 

Visually OMNI will be a truly ex­
travagant feast for the eye Printed on 
heavy enameled paper, it will repro­
duce the genius of world-renowned 
illustrators and photographers - all in 
colors so true, so alive, that they will 
seem to Jump off the page. 

You'll find OMNI provides a window 
opening on the strange and exciting 
world of Space Colonies, Cloning, Machine 

Intelligence, Regeneration; Lasers, 
Computers, Extrasensory Perception, 
Black Holes, The Origin of Life, Genetic 
Engineering, Fusion, Solar Power, 
l1me Dilation, Aging, Life After Death, 
Ultrasonics, Chemical Learning, 
Transplants, Geothermal Energy, Be­
havior Modification, UFO's and Other 
Extraterrestrial Phenomena, Tachyons, 
Holography, Weather Control. Anti- Matter, 
Superconductivity, Bionics, 
Microsurgery, Artificial Galaxies, 
MagnetiC Bubbles, Future Farming, 
Dreams, Transmutation, Immortality, 
Molecular Clouds, Undersea 
Habitats, Interspecies Communication, 
CybernetiCS, Nuclear Wastes 
Storage Coding, Natural Pain Killers, 
Cosmology, Extraterrestrial Life 

Come into the future with OMNI. 

CLAIM YOUR COPY OF THE PREMIER 
ISSUE. 
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few solar masses in close orbit around a 
giant star. Matter flows from the outer 
envelope of the star into the region of 
intense gravitation around the black 
hole ; gravitational energy fuels the gen­
eration of turbulent shock waves and 
viscous heating. The result is a rapidly 
fluctuating X-ray source and a variable 
radio source. Processes such as these op: 
erating on a galactic scale may explain 
the jets. double radio sources and other 
signs of explosive activity in active gal­
axies. 

Now let us turn to the place of clusters 
in the larger scheme of things. Does the 
clumping hierarchy of the universe end 
with clusters or does it extend to yet an­
other level. and another. and another? 
The case for the existence of physical 
associations of clusters of galaxies into 
superclusters is not nearly as convincing 
as the one for clusters. but it does seem 
to be improving. De Vaucouleurs has 
argued that the distribution and orien­
tation of galaxies in a region of about 
1 00 million light-years around the lo­
cal group indicate the existence of a lo­
cal supercluster that includes the local 
group. the Virgo cluster and as many as 
1 00 other groups of galaxies.  Analyses 
of Abell's catalogue of clusters have dis­
closed other statistically significant ex­
amples of superclusters with a diameter 
of hundreds of millions of light-years. 

Recently evidence for the existence of 
superclusters has come from X-ray ob­
servations. Investigators analyzing data 
from the Uhuru satellite have identified 
X-ray emission from several directions 
in the sky showing six or more rich clus­
ters of galaxies.  The most reasonable in­
terpretation of their analyses appears to 
be that the X-ray emission is coming 
from a diffuse hot gas in which the clus­
ters are embedded . The mass in the hot 
gas may be enough to gravitationally 
bind the clusters into a single system and 
thus provide a physical basis for the ex­
istence of this next step in the hierarchy. 

F inally we should mention the role of 
clusters of galaxies in determining 

the ultimate fate of the universe. In large 
measure that fate will be determined by 
the amount of mass the universe holds. 
If the mass density is larger than a cer­
tain critical value. the expansion of the 
universe that began with the initial "big 
bang" will not continue forever but will 
slow down. and the universe will col­
lapse. An alternative "closed" universe 
is one that would go through an unend­
ing cycle of expansion. collapse and 
reexpansion. On the other hand. if the 
mass density is too low. the universe will 
expand forever; it will be "open." Cur­
rent estimates indicate that the density 
of matter in the universe falls short of 

X-RAY EMISSION FROM PERSEUS CLUSTER was recorded with an X-ray telescope 
aboard a rocket by one of the authors (Gorenstein) and his colleagues. The region covered, 
which is six million light-years across, correSponds roughly to the region in the photograph 
and radio map on page in. The hottest spot in the X:ray image is produced by NGC 1275. 
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the critical density by a factor of 1 0  or 
more , implying that the universe will in­
deed expand forever. 

The study of clusters of galaxies may, 
however, have provided an important 
new clue to the mass of the universe. As 
we have seen, several lines of argument 
based on recent X-ray , radio and optical 

observations indicate that the mass of 
galaxies in rich clusters is about 10 times 
larger than had been thought. If this is 
true of galaxies in general , and there 
is growing evidence that it may be, the 
mass density in the universe represented 
by galaxies is 10 times greater than the 
former estimates, and the universe may 

be closed after all. The issue of the final 
state of the universe is still in doubt, but 
the place of clusters of galaxies in mod­
ern astronomy is not. They have proved 
to be one of the most important outposts 
from which one can venture beyond the 
current frontiers of high-energy astro­
physics and cosmology. 

MOST POWERFUL RADIO SOURCE KNOWN is a giant ellipti. 
cal galaxy in the center of a rich cluster in the constellation Cygnus. 
The source, designated Cygnus A, is the fuzzy spot appearing just to 
the left of the center of this photograph made with the ZOO·inch Hale 
telescope. The galaxy's curious butterfly.shaped image was initially 

interpreted as being two galaxies in collision, in the belief that only 
some such cataclysm could account for the object's intense radio out· 
put. It is now thought the bifurcation in the image is caused by dust, 
which may indeed obscure much of the entire galaxy because the ob· 
ject is not as bright as many of the neighboring elliptical galaxies. 
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RADIO MAP OF CYGNUS A reveals that the radio emission i s  con· 
centrated in two lobes extending some 500,000 light-years on each 
side of the galaxy. The contours in the radio map suggest that electri. 
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cally charged matter has been violently ejected from the galaxy and 
is moving outward at high velocity. Cygnus A is also a source of X 
rays. The radio map was made at the Mullard Radio Observatory. 
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The Age of Affordable Personal 
Computing Has Finally Arrived. 
Ohio Scient i f ic  has made a major breakth rough  i n  smal l  com­
puter technology which d ramat ica l ly  reduces the cost of per­
sonal computers. By use of custom LSI m i c ro c i rcu i ts ,  we have 
managed to put a complete u l t ra h igh  performance computer 
and al l  necessary in terfaces, i nc lud ing  the keyboa rd and power 
supply, on a s ing le  p r i n ted c i rcu i t  boa rd.  This new computer  
actua l ly  has more featu res and h igher  performance than some 
home or  persorial  computers that  are  s e l l i n g  today for u p  to 
$2000. I t  i s  more powe rfu l than computer systems wh ich  cost 
over $20,000 in  the ear ly 1 970 's .  

Th is new mach ine can enterta i n  you r  who le  fami ly  wi th  spec­
tacu la r  video games and ca rtoons ,  made poss ib le  by i ts u l t ra 
h igh  reso lut ion g raphics and super fast BAS IC.  It can he lp  you 
with you r personal  f inances and budget p la n n i n g ,  made poss ib le  
by i ts  dec imal  ar i thmet ic  ab i l ity and cassette data storage capa­
b i l i t ies.  I t  can assist you in  school or industry as an u l t ra powerfu l 
sc ient i f ic  ca lcu lator ,  made poss ib le  by i ts advanced sc ient i f ic  

'" 

math funct ions  and b u i l t - i n  " i mmed iate"  mode w h i c h  a l l ows 
complex problem solv ing without programm i n g ! This computer 
can actua l ly  enterta i n  you r c h i ldren whi le i t  educates them i n  
topics rang ing  f r o m  naming the Presidents o f  the U n ited States 
to tutor ing  t r igonometry al l  poss ib le  by i ts fast extended BASIC ,  
g raph ics and data storage ab i l ity. 

The mac h i n e  can be econom ica l ly  expanded to ass ist i n  you r 
bus iness ,  remotely control  you r  home,  com m u n i cate wi th  other  
computers and perform many o ther  tasks via the broadest l i n e  o f  
expans ion accessor ies i n  the m i c rocomputer industry .  

Th is  machine is super  easy to use because it com m u n icates 
natu ra l ly  in BASIC,  an Eng l i sh - l ike prog ramming  language.  So 
you can eas i ly  instruct it or p rog ram it  to do whatever you want,  
but you don 't have to. You don ' t  because i t  comes with a com­
p lete softwa re l i b ra ry on cassette i n c l ud ing  prog rams for each 
a p p l i c a t i o n  s t a t e d  a b o v e .  O h i o  S c i e n t i f i c  a l so o f f e r s  you 
h u n d reds of  inexpens ive p rog rams on ready-to- run cassettes.  
Prog ram it you rself  or  j u st enjoy i t ;  

'
the choice i s  you rs .  
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Ohio Scientific offers you this remarkable new computer two ways. 
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Challenger 1 P $349 
F u l ly packaged with powe r 
supply. Just plug in a 
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video monitor or TV 
t h rough an RF con­
verter to be up and 
running.  

Superboard I I  $279 
For e lectron ic buffs. Fu l ly  
assembled and tested .  Re­
qu i res + 5V. at  3 Amps 
and a video monitor  or  TV 
with R F  converter  to be up 
and runn ing .  

Standard Features ____________ -.. 

• Uses the u l t ra  powe rfu l  6502 mic roprocessor 
• 8 K  M i crosoft BASIC- in·  ROM 

F u l l  feature  BAS IC runs faster  than c u r rent ly  ava i lab le  
persona l  computers and a l l  8080-based bus iness com­
puters .  

• 4 K  stat ic RA M on boa rd expandable to 8K 
• Ful l  53-key keyboard with upperllower case and user 

p rog rammabi l i ty  
• Kansas City standard audio cassette in te rface for h igh 

re l iab i l i ty  
• Fu l l  machine code monitor  and I / O  u t i l i t ies in  ROM 
• Di rect access v ideo display has 1 K of ded i cated memory 

(besides 4K user memory), featu res upper case,  lower 
case, g raphics and gaming cha racters for  an effect ive 
sc reen resolut ion of up to 256 by 256 poi nts .  Normal  TV' s  
w i t h  overscan display about 24 rows o f  24 characters :  
wi thout ove rscan up to 30 X 30 characters .  

Extras 
• Avai lab le  expander boa rd features 24K static RAM (addi ­

t ional ) ,  dual  m in i - f loppy i n terface,  port adapter for p r in ter  
and modem and a n  OS I 48 l i ne  expansion in terface.  

• Assembler /ed i tor  and extended mach ine code moni tor  
ava i l able.  

I n terested i n  a b igger  system? O h i o  Sc i e n t i f i c  offers 1 5  
other  models  o f  m i c roco m p u t e r  s y s t e m s  rang i n g  f rom 
s ing le  board un i ts  to 74 m i l l ion  byte  hard d i s k  systems. 

...O R D E R  FO R M  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ..... 
Order d i rect or from you r  local  O h i o  Sc i e nt i f i c  dealer .  
o I ' m  in terested.  S e n d  me informat ion on you r :  

o Personal  Computers 0 Bus iness Systems 

o Send me a Superboard I I  $279 enc losed 

o Send me a Cha l lenger  1 P $349 enc losed 

o I n c l ude 4 more K of RAM (8K Tota l )  $69 more enc losed 

Name 

Add ress 

City __________ State  ______ Z ip  ___ _ 

Payment by: BAC (V ISA) _Master  Charge  _ Money Order  

Credi t  Ca rd Accou n t  If _______________ _ 

Exp i res  ____ I n t e rbank If( Master  Cha rge)  
O h i o  Residents a d d  4 % S a l e s  Tax 

TOTAL CHARGED OR ENCLOSED 
A l l  o r d e r s  s h i pped i n s u red U PS u n l ess  o t h e rwise requested .  F O B  Aurora.  O H  

L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  J 

America's  Largest Fu l l  L i ne M i c rocomputer Com pany 

1333 S.  Chi l l icothe Road • Aurora, Ohio 44202 (216) 562-3101 

1 29 
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In Bell's "Photophone," sunlight 
was bounced from a reflector through 
a lens to a mechanism that vibrated in 
response to speech. This caused the 
light beam to vary in intensity. At the 
receiving end, a selenium detector 
translated these variations into 
electrical current to recreate speech 
through a telephone receiver. 
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77 years before we 
invented the laser, 
Professor Bell had a 
perfect application for it. 

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

In 1880, only four years after 
he invented the telephone, 
Alexander Graham Bell received 
a patent for a remarkable idea­
using light, rather than wire, 
to carry phone calls. 

Professor Bell built an experi­
mental "Photophone" that 
transmitted his voice over a 
beam of sunlight. It didn't work 
very well, however. 

Sunbeams are scattered by 
air, rain and fog. In any event, 
the sun doesn't always shine. 
The Photophone, unfortunately, 
was an idea whose time had not 
yet come. 

A new kind of light 
By the 1 950's, scientists again 

were looking for a way to use 
light for communications. 

In September, 1 957, Charles 
Townes, a Bell Labs consultant, 
and Bell Labs scientist Arthur 
Schawlow conceived a way of 
producing a new kind of light­
extremely intense, highly direc­
tional, and capable of carrying 
immense amounts of information. 

Townes and Schawlow 
received a basic patent on their 

invention-the laser. 
Since then, Bell Labs scien­

tists have invented hundreds 
of lasers, including many firsts­
gas and solid-state lasers capable 
of continuous operation, high­
power carbon dioxide lasers, 
liquid dye lasers that produce 
pulses shorter than a trillionth 
of a second, and tiny semi­
conductor lasers that work 
reliably at normal temperatures. 
Some of these, no larger than 
grains of salt, may emit light 
continuously for 100 years. 

Getting the light to the 
end of the tunnel 

While we were developing 
lasers to generate light, we also 
looked for a way of shielding it 
and guiding it for long distances 
and around curves. 

Extremely transparent glass 
fibers, perfected at Bell Labs 
and elsewhere, provide the 
answer. These hair-thin fibers 
can carry light many miles 
without distortion or the need 
for amplification. 

In 1977, the Bell System took 
lightwave communications out 

of the laboratory and put it to 
work under the streets of down­
town Chicago. The system, the 
first to carry phone calls, 
computer data, and video signals 
on pulses of light, is working 
successfully. 

Spin -off 
Laser light is now used in 

many other ways-to perform 
delicate eye surgery, detect air 
pollution, read product codes 
at supermarket checkouts, and 
do a variety of manufacturing 
tasks. Western Electric, the 
Bell System's manufacturing 
and supply unit, was the first 
company to put the laser to 
industrial use back in 1965. 
Hundreds of applications in 
many industries have followed. 

Sometimes, it takes a lot of 
work and a long time to make a 
bright idea-like Professor 
Bell's-a reality. Often, the 
things we invent, such as the 
laser, benefit not only Bell System 
customers, but society in general. 

Bell Laboratories 
600 Mountain Avenue 
Murray Hill, N.J. 07974 

@ Bell Laboratories 

We work for the phone company. And you . 

1 3 1  
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The Mechanisms 
of Abrasive Machining 

Much machining is done not by cutting but by abrasion. 
How the abrasive grains do their work is investigated 
so as to improve the efficiency of the abrasion process 

I
t is seldom possible to make a finished 

metal part. particularly for a ma­
chine consisting of many parts. sim­

ply by casting it or forging it. The part 
usually needs further finishing by one of 
the processes that come under the broad 
heading of machining. One might sup­
pose that finishing of this kind would be 
done by means of sophisticated cutting 
tools. and indeed much of it is . Much 
of it is done. however. by the brute­
force techniques of grinding and polish­
ing. which can be described as abrasive 
machining. 

One advantage of abrasive machining 
is that it can work with metals that are 
too hard or too tough to be machined 
with single-point tools. The common 
abrasives are much harder than the 
hardest metal. Alumina (aluminum ox­
ide). silicon carbide and diamond. 
which are the most widely used abra­
sives. are among the hardest substances 
known. Another advantage of abrasive 
machining is that it is better than most 
other machining processes at producing 
parts with superior dimensional accura­
cy and good surface finish. The process 
is also quite flexible : abrasives can be 
employed in a variety of ways for differ­
ent objectives . 

As a result of its advantages machin­
ing with abrasives is a major industrial 
process. Grinding and polishing ma­
chines constitute about a fourth of the 
dollar value of the machine tools sold 
annually in the U.S. The process has 
therefore been much studied from the 
engineering point of view. Rarely. how­
ever. has what might be called the phys­
ics of it been examined. By this I mean 
studies that examine the interaction of 
the individual abrasive particles and the 
surface of the workpiece (the part being 
machined). that consider the abrasive 
particles as individual cutting tools and 
that enable their effects to be summed so 
that a sound mathematical analysis of 
the process can be developed. This is the 
kind of work my colleagues and I in the 
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by Leonard E. Samuels 

Materials Research Laboratories of the 
Australian Department of Defence have 
been doing. In particular I should like 
to acknowledge the contribution of my 
late colleague Thomas Mulhearn. who 
was responsible for the basic concepts 
of our approach. 

One might wonder what the need is 
for such studies. apart from scien­

tific curiosity. Most straightforward ma-
. chining processes can be analyzed satis­

factorily by assuming that the volume of 
material swept out in the workpiece by 
the tool is removed from the workpiece. 
This might be called 100 percent effi­
ciency of removal of material. -The 
swept volume can be calculated simply 
enough. even for a complex machining 
process such as grinding. Much indirect 
evidence suggests. however. that the effi­
ciency of abrasive machining is a great 
deal less than 100 percent. in which 
event the calculations are of limited val­
ue unless the efficiency can be deter­
mined at least approximately. More­
over. it would clearly be helpful to know 
what factors control the efficiency of 
material removal so that they could be 
optimized in a rational way . 

Other important practical problems 
that need to be considered are that the 
abrasive points wear rapidly and that 
the surface of the workpiece undergoes 
much more heating in abrasive machin­
ing than in conventional machining. so 
that the effect on the part when it is in 
service can be unfavorable . Abrasive 
machining cannot be improved in any of 
these respects (except by trial and error) 
until the processes that occur when an 
abrasive particle sweeps across a metal 
s urface are understood. 

The trouble is that the process is ex­
tremely complex. primarily because of 
the irregular shape of abrasive particles . 
Only a small portion of such a particle 
actually cuts into the metal. The shape 
of that portion is all that really matters. 
the dimensions and shape of the rest of 

the particle being almost immaterial. 
Certainly the bulk of the particle is nec­
essary to transmit forces to the active 
point. just as a lathe tool must have not 
only a cutting point but also a shank by 
which it can be gripped. Moreover. a 
new. active point might form in the bulk 
material if the original point broke off in 
service. The diameter of the particle 
limits the number of particles that can 
be packed into a given volume. and 
hence the diameter has an effect on the 
number of active points that can touch a 
given area of the workpiece. These are 
secondary matters. however. and one 
can safely concentrate first only on the 
shape of the point that will be interact­
ing with the workpiece. 

Since the shape of an active point is 
most irregular. the first step in develop­
ing a model of the action of the point is 
to choose a simple shape to represent 
the point. The simplified shape must be 
both adequately realistic and simple 
enough to make it possible to analyze 
the process. A sphere is perhaps the sim­
plest first choice and has been adopted 
by some investigators. 

My colleagues and I think. however. 
that a sphere is not sufficiently realis­
tic to be acceptable as a model. Vari­
ous experiments suggest that spherical 
points would not remove material by 
producing ribbonlike chips. whereas all 
forms of abrasive machining undoubt­
edly remove chips of this type in profu­
sion. A simple experiment demonstrates. 
what I mean. Prepare a well-polished 
surface of a soft metal and place it 
against paper coated with an array of 
small glass spheres. Apply a normal 
force between the two and move the 
specimen laterally . Separate the paper 
and the metal workpiece carefully and 
examine the ends of the grooves that 
have been made in the surface of the 
metal. A bulge of metal (called a prow) 
will be found to have formed ahead of 
each groove. No groove will be found to 
terminate in a machining chip. A model 
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WORK AREA of a grinding machine (top) shows the abrasive wheel 
at the right, grinding a workpiece, in this case a ball-bearing spindle 
hub for three makes of automobile manufactured by the General 
Motors Corporation. The abrasive wheel is made of aluminum oxide. 
The metal surface with spokelike lines is a magnetic fixture that holds 
and rotates the workpiece, and the metal structures that abut the 
workpiece on the left and the bottom right hold the part in place. The 
dark tube that rises from the bottom left supplies a coolant liquid dur-

ing grinding. In the bottom photograph the grinding wheel and the 
workpiece are in motion in a simulated grinding operation. (In a real 
grinding operation the work area would be covered by safety guards 
that would conceal the wheel and the workpiece.) The coolant was 
withheld for the sake of photographic clarity. This machine is an ex­
ternal grinder made by the Bryant Grinder Corporation for the New 
Departure-Hyatt Bearings Division of the General Motors Corpo­
ration. A loading arm and clamp have been retracted for clarity. 
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Loudspeakers WORKPIECE 

� INDEX � designed for 
your room 

ALLISON 
Room maldwd 

iOtldspeakpr sys/ellls 

Au.lSO:-.J ACOUSTICS he 

Al l ison Acoustics has consol idated, in 
a new publ ication, information on al l  
Al l ison loudspeaker systems with a 
descr i pt ion of the roo m-match ing 
pr inci ple. 

An introductory section explains why 
l o u d s p e a k e r s  d e sig n e d  f o r  f l a t  
response in anechoic chambers (the 
usual procedure) cannot be flat in a lis­
tening room, and how the design of 
Al l ison Room-Matched™ speaker sys­
tems enables them to generate flat 
power output in a real room. 

An entirely new class of d irect-radia­
tor drivers has been developed for use 
as mid-range and tweeter units in Al li­
son systems. They employ convex di a­
phragms d riven central ly. In the case of 
the tweeter, the d iaphragm is forced to 
flex in a manner s imulat ing the motion 
of a pulsating hemisphere. This yields 
h igh acoustic output combi ned with 
almost perfectly un iform dispersion up 
to 20 kHz. The operative principle is 
descri bed in the catalog for the first 
t ime. 

The rest of the catalog is devoted to 
descriptions of the four Al l ison models, 
a statement of Fu l l  Warranty for Five 
Years, and what we bel ieve to be the 
most co mprehensive set of m echani­
cal , electrica l ,  and performance speci­
f icat ions ever p u b l i shed on loud­
speaker systems for consumer use. 

A free copy of the catalog, review 
reprints, and a list of Allison dealers are 
available on request. 

ALLISON ACOUSTICS 
7 Tech Circle. Natick. Massachusetts 01760 
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STRAIGHT GRIND 

TAPER GRIND 

ROTARY WORKTABLE 

WORKPIECE 

GRINDING OPERATION involving work on the inside of a nozzle body is depicted schemat­
ically. The machine works on two parts simultaneously. In one operation (right) a straight 
grinding wheel finishes a cylindrical bore that has been made in the workpiece. In the other 
operation (le/t) a conical grinding wheel extends through the bore and grinds a tapered seat for 
a nozzle valve. Both grinding wheels are then withdrawn and the rotary worktable is turned 
180 degrees, so that the finished part (the one at the right) is brought around for removal and 
the part still needing to have a cylindrical bore ground is positioned for grinding. A loader arm 
picks up the finished part and positions an unground one on the left side of the worktable. 

that does not incorporate this funda­
mental feature of abrasive machining 
(the production of chips) seems to us to 
be of little value. 

The next-simplest possibility is to rep­
resent the abrasive point by a pyramid. 
This is the model my colleagues and I 
have been exploring, starting with the 
simplest case, in which the pyramid 
moves in a direction perpendicular to 
one of its faces. Two facts define the 
pyramid. The first one is the peak angle, 
projected in the direction of motion. (It 
is the angle a face of the pyramid makes 
with a vertical line through the peak of 
the pyramid.) Together with the depth 
and length of cut this angle determines 

the volume swept out in the workpiece 
when the point traverses it. 

The second fact is the angle of inclina­
tion between the advancing face of the 
pyramid and the surface of the work­
piece. This angle determines whether 
the volume swept out in the surface of 
the workpiece is actually removed. In 
other words. it is a fundamental factor 
in the efficiency with which the abrasive 
removes material from the workpiece. 

The pyramid is analogous to a simple 
V-point tool employed in an ordi­

nary machining operation such as plan­
ing. The angle of inclination of the 
working face can therefore be described 

NOZZLE BODY finished internally by the grinding operations depicted at the top of the page 
is shown in a cutaway view. The nozzle body Is used in an automotive fuel-injection system. 
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ABRASIVE PAPER was photographed in silhouette in the scanning electron microscope. The 
paper had a coating of silicon carbide abrasive particles, which appear at an enlargement of 
300 diameters. In an abrasive operation relatively few of the particles wonld be in contact with 
the surface of the workpiece at any time, and only the tip of such a particle wonld be involved. 

ABRASIVE PARTICLE of silicon carbide appears at an enlargement of 250 diameters in this 
scanning electron micrograph. The author and his colleagues study abrasion by cementing such 
a particle to a disk, operating the one-particle disk as though it were a grinding wheel and ex· 
amining the fragments of metal thrown off from the surface of a workpiece. In such an opera· 
tion the rake angle of the particle is crucial. If one imagines a workpiece being moved from left 
to right against this particle, the rake angle lies between the left·hand face of the peak and a 
vertical line through the peak. Many long, ribbonlike chips are removed when the rake angle is 
more positive than a critical value for a given metal, whereas only a few small blobs of metal 
(termed "prows") are removed when the rake angle is more negative than the critical value. 
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by terms that are standard in machin­
ing practice: the clearance angle (the 
amount by which the rear face of the 
pyramid is raised from the surface of the 
workpiece) and the rake angle (the angle 
between the advancing face of the pyra­
mid and a vertical line). The clearance 
angle is not of fundamental significance 
provided that it is more than zero de­
grees. The rake angle. however. is of 
great significance. Note that in the stan­
dard convention it can be either positive 
or negative [see illustration on page 138]. 

An experiment simulating a pyrami­
dal abrasive point can be done with a V­
point tool. Set up a pyramidal point 
made of a hard material (much harder 
than the workpiece but not so hard that 
it will break easily) so that it can be in­
dented into the surface of the workpiece 
by a controlled amount and so that the 
rake angle can be varied. Then move the 
point across the workpiece for a certain 
distance with a known rake angle. Re­
tract the point and examine the groove 
that has been produced. Repeat the ex­
periment for a range of rake angles. 

Grooves produced by pyramids that 
have positive rake angles always termi­
nate with a long. ribbonlike chip. One 
can assume for the moment that all the 
volume of workpiece material swept out 
by the point is now in this chip and that 
all the material (that is. the entire vol­
ume of the groove) would be removed 
from the workpiece if the chip broke off. 
The chip is certain to break off when the 
tool reaches the edge of the workpiece; 
it will probably break off much sooner. 
As a first approximation. then. the effi­
ciency of removal of material is 100 per­
cent. One can say that the point is oper­
ating in a cutting mode. 

Grooves that have been produced by 
pyramidal points with sufficiently nega­
tive rake angles terminate in a prow. 
Ridges form at each side of the groove. 
so that the size of the prow is constant 
no· matter how far the point has moved. 
The volume of material swept out in the 
workpiece by the point is now in the 
prow and the ridges. The point is oper­
ating in a plowing mode. and the effi­
ciency of removal of material is zero 
unless the prow or the ridges break off. 

In the cutting mode material moves 
continuously upward past the rake face 
of the tool. separating a ribbon of mate­
rial from the surface. In the plowing 
mode material first moves upward in ad­
vance of the rake face and then moves 
around the face into the side ridges. re­
sembling the bow wave formed in front 
of a ship. The important point is that 
material is merely moved on the surface 
but is not detached. It can be removed 
only through some secondary process: 
the prow fractures or is pushed off an 
edge of the workpiece or the side ridges 
break off. All these things happen in 
practice. but the efficiency of removal of 
material is at best low. 

The transition from the cutting mode 
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BUSINESS IS 
CHANGING THE WAY 

IT DOES BUSINESS. 
It's been said that you could take a 19th-century clerk, 

put him in a 20th-century office, and he'd have very little 
trouble adapting. 

That's because while technology was leaping into 
almost every other area of business, it was barely creeping 
into the office. 

Leaving offices underequipped to handle the 72 billion 
new documents that arrive yearly. 

But all that's changing now. Technology is finally 
finding its way into the office. 

And at Xerox, it's our business to help you manage that 
change. 

Not just with better copiers and duplicators. 
But with electronic typing systems that let you create, 

edit and store information. Telecopier transceivers that 
transmit it. 

Computer services that give you the benefits of a 
computer without having to own one. 

Even electronic printers that let you take information 
directly from a computer-and then print it out in all the 
ways you want it. 

By designing systems to help businesses manage 
information, Xerox is actually doing something even more 
important: 

Namely, helping offices leap right into the present. 

XEROX 
XEROX� and TElECOPIER® arc trademarks of XEROX CORPORATION. 
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TOOL 

0' 

TOOL 

MOVEMENT 

TOOL 
0' 

POSITIVE ____ -+--. 
RAKE 

NEGATIVE AND POSITIVE RAKE ANGLES are depicted for 
single-point cutting tools, which are in principle much like single 
abrasive particles. If the workpiece were made of steel, the critical 
rake angle, that is, the angle that is the dividing line between efficient 
and inefficient removal of material, would be zero degrees. A cutting 

point or an abrasive point with a rake angle more positive than a criti­
cal value will cut a chip, whereas a point with a rake angle more nega­
tive than the critical value will merely plow a groove. The critical 
rake angle for a given metal can be changed by heat that develops on 
the surface of the workpiece and by liquids employed as coolants. 

to the plowing one in these simulation 
experiments occurs over a fairly narrow 
range of rake angles for most metals. 
One can therefore define a critical rake 
angle for each metal and can assume 
that points with rake angles more posi­
tive than the critical value cut a chip. 
whereas points with rake angles more 
negative than the critical value merely 
plow a groove. 

The reality of this model can be tested 
first with what is perhaps the simplest 
abrasive-machining process. in which a 
workpiece is moved in one direction 
across the surface of abrasive paper. 
Such paper is made by cementing a thin 
layer of abrasive particles on a paper 
backing. the particles usually being de­
posited in such a way that their long axis 
is roughly perpendicular to the plane of 
the paper. As a result the workpiece is 
likely to be in contact with a sharp point 
on most particles. It will become evident 
that this is a favorable situation. 

One can now carry out with real abra­
sive paper the type of experiment 

described above for simulated paper 
with spherical particles. The chips and 
prows produced in the workpiece by 
points with a range of rake angles are 
remarkably similar to the ones pro­
duced by the model V-point tool. Evi­
dently a model that represents an abra­
sive point by a pyramid has a degree of 
realism. 

The implication then is that the effi­
ciency of removal of material in an 
abrasive-machining process will be de-
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termined by the proportion of abrasive 
points in contact with the workpiece 
that have a rake angle suitable for cut­
ting a chip. One can test this implication 
by again employing the simple process 
of unidirectional abrasion on coated 
abrasive paper. First it is necessary to 
estimate the rake angles of the abrasive 
points that will be in contact with the 
surface of the workpiece. One way to do 
this is to photograph the abrasive paper 
in silhouette in a scanning electron mi­
croscope and to measure on the photo­
graph the angle of inclination of the 
faces of points that seem likely to be in 
contact with the workpiece. 

By making many such measurements 
one can prepare a distribution curve for 
the rake angles of the active abrasive 
points. This curve is a basic characteris­
tic of the particular abrasive device. For 
a paper coated with 220-mesh silicon 
carbide abrasive. and with steel as the 
workpiece material. about 25 percent of 
the points have a rake angle more posi­
tive than zero degrees (the critical rake 
angle for steel, as determined in a simu­
lation experiment with V-point tools). 
Hence about 25 percent of the points 
can be expected to operate in a cutting 
mode; the rest will plow. The efficiency 
of removal of material should therefore 
be about 25 percent. 

These estimates can be supported by 
examining a number of groove termina­
tions produced in the experiments de­
scribed above and estimating how many 
have a chip attached to them. The agree­
ment between the two estimates is al-

ways good. Moreover. these principles 
can be developed into a mathematical 
model of the abrasion process. Pre­
dictions based on the model agree well 
with measurements of abrasion rates 
obtained in fully practical abrasion op­
erations. 

The general conclusion is that the effi­
ciency of an abrasion device is deter­
mined by the proportion of chip-cutting 
abrasive points. One could improve the 
efficiency by using an abrasive that has a 
higher number of acute points. Abrasive 
points fracture easily in service. howev­
er. and the more acute they are the more 
readily they fracture. Therefore one re­
sorts to a compromise shape that gives 
optimum performance. It is possible to 
improve the abrasion efficiency by tilt­
ing all the abrasive particles in one di­
rection. but the gain of efficiency in that 
direction would be matched by a reduc­
tion in the other one. 

Another irnportant factor in the effi­
£\. ciency of abrasion is the value of 
the critical rake angle. The more nega­
tive the angle. the larger the proportion 
of the points in an abrasive paper that 
will cut a chip. The value of the critical 
angle is a characteristic of the workpiece 
material, but at present it is not possible 
to say categorically what basic proper­
ties of the material determine the value 
of the critical angle. Most probably it is 
determined chiefly by friction phenome­
na between the chip and the rake face of 
the abrasive point. Friction. however. is 
such a complicated matter in machining 
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CUSTOMER INFORMATION FROM GENERAL MOTORS 

ROW TO SAVE ON AUTO INSURANCE 
A GOOD DRIVING RECORD CAN LOWER YOUR PREMIUMS. SO CAN HIGHER DEDUCTIBLES. 

In many parts  o f  the 
country the average cost of 
car insurance has risen over 
50% in the past five years. 

Liability insurance pro­
tects you against the claims 
of others. Its cost, like that of 
any insurance, is based on 
what the insurance company 
has to pay in claims plus its 
overhead. And the cost 6f 
everybody's individual liabil-

moving traffic violations and 
no "chargeable, at fault" ac­
cidents within the past three 
years. Their premiums may 
be as much as 25% lower. 

You can often cut your 

premiums for collision and 
comprehensive �y 25% to 
50% by raising your deduct­
ible. Many people still choose 
full-coverage comprehensive 
and $100 deductible collision 

value of your car on the used­
car market, and your own 
financial situation. If your 
car is more than five years 
old, it may not pay to buy any 
collision insurance. If you do 
have an accident, casualty 
losses over $100 that are 
not reimbursed by insurance 
coverage are tax deductible, 
in many instances, providing 
you itemize your tax return. 

ity insurance is inflated by I------------..... -----------� 
large court settlements and TYPICAL INSURANCE PREMIUMS FOR A FULL-SIZE 1978 MODEL GM CAR� 
exaggerated claims. Full-coverage comprehensive 5200 deductible comprehensive 

Al though liability insur- I--------+--==.;..:.:..:....:..=::.:..:..:..-=:.:::.....--l---=.::..:.:.:.:..::==::.:.::..:==:.:::.....-I and $100 deductible collision and 5500 deductible collision 

Standard Safe Driver Sale Driver 
ance is required by law in 
many states, in light of the 
trend toward higher settle­
ments, you should be sure 
that your coverage is ade­
quate. 

But in the "voluntary" 
parts of your car insurance­
collision and comprehensive 
(fire and theft}-that cover 
physical damage to your own 
car, there are some things 
you can do to lower your 
insurance bill. 

Safe drivers pay lower 

premiums for both liability 
and collision coverage. In­
surance rates are set that 
way because drivers with a 
good past history are less 
likely to have accidents in the 
future. Many insurance com­
panies define "safe drivers" 
as those with two or less 

ATLANTA $267 $201 $111 
CHICAGO $947 $711 $395 
LOS ANGELES $476 $358 $197 
SANTA FE $412 $311 $172 
WINNETKA. ILL. 
(suburb 01 Chicago) 

$372 $280 $154 

*Insurance premiums are based on many factors, including your age, the kind of car you own and where 
you live. Rates vary from company to company. The ligures above do not include liability coverage. 

coverage. That means they 
pay the first $100 on collision­
related damages and the in­
surance company pays the 
rest. But just look what hap­
pens when you increase the 
d e d u c t i b l e s  t o  $200 o n  
comprehensive and $500 on 
collision: In Los Angeles, for 
example, the typical annual 
premium for a safe driver 
will drop from $358 to $197. 
The higher the deductible, 
the lower the premium. (See 
the chart for more examples.) 

Of course, you assume 
more of the risk by choosing 
higher deductibles. It's a per­
sonal decision that should be 
based on a thorough evalua­
tion of the age of your car, the 

We believe that if you 
have enough information· 
you won't have to spend as 
much money to own and 
maintain a car. And that'll be 
good for you and good for us. 

This advertisement is part of 
our continuing effort to give 
customers useful information 
about their cars and trucks and 
the company that builds them. 

General Motors 
People building transportation 

to serve people 
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You 11 look letter-perfect in this soft crew­
neck pullover of pure Shetland wool with 
our new round monogram. Sizes 34-40. 
From Robert Scott in heather blue, bluebell, 
navy, heather green, emerald, grass, tartan 
green, pink, raspbeny, red, hot pink, yellow, 
flame, persinunon, mocha, heather beige, 
brown, heather grey, charcoal, or cream. 
$26. Monogram in navy, white, red, brown 
or green. $5. (please specify color and under­
line last initial.) Add $2.25 for postage. 
Order by mail, or phone 617-749-7830. 
Master Charge, Visa or American Express 
accepted. Send for our free catalog. 

f!.IQIIOOTS 
Dept. B F, Hingham, Massachusetts 02043 

Stores in Hingham, Acton, Duxbury, 
Lenox, Osterville. So. Hamilton, Mass. 

Avon, Hamden, Ridgefield and Westport. Conn. 

If you have 
a special 
little niece, 
a grandson 
or other 
favorite chi Id 
Give the gift 
that turns on 
a child's mind. 
Give HIGHLIGHTS, the world's most hon­
ored magazine for children 2 to 12. Eleven 
big issues a year, each at least 42 pages 
and illustrated in color. Stories, games, 
articles, crafts, hidden pictures . . .  fun. 
But fun w ith a purpo se: to help pre­
readers to pre-teens learn to read and 
reason. 

Giii7at; :::iirl i::' i2i'25 i'7S-:-;;e7r (i ii;;;;;j . 
$11.95 + 10,/copy postage & handling ($1 . 10) 
= $13.05. (Postage & handling: Canada, 20,/ 
copy; other foreign, 30�/copy.) 

�ighlights®.or Child .. " 

2300 W. 5th Ave., P.O. Box 269, 
Columbus, Ohio 43216 

Please send HIGHLIGHTS as my gift to: 

child name(s) and age(s) 

address 

city state zip 

Sign gift card "From ____ --,-,--__ 
11 • NSZN 

your name 

your address 

your city state zip 

$ ___ endosed 0 Bill me (no need to pay 
till Jan. 1) 

��2� __________ ���� 
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that it cannot at present be analyzed 
even for the simplest case of a normal 
machining tool., Nevertheless, the impli ­

cation is that the efficiency with which 
material is removed can be expected to 
vary with different metals in a way that 
cannot be related directly to anyone of a 

particular metal's simple physical prop­
erties. 

The hypothesis that frictional effects 
are involved is supported by the critical 
rake angle's being affected by the pres­
ence of an effective lubricant. Liquids 
are frequently used in abrasive-mach in-

MACHINED PARTICLES in aluminum appear in these micrographs. In the four micro­
graphs at the left the aluminum was machined with a V-point tool at rake angles of 20, 0, -20 
and -60 degrees, reading from the top. Tools with rake angles more positive than zero degrees 
cut a chip; tools with negative rake angles plow a groove. The photographs at the right show 
the termination of grooves produced in aluminum with abrasion by silicon carbide paper. The 
rake angle of each particle can be judged approximately by its imprint at the end of the groove. 
The chips and prows formed are quite similar to the ones produced by the model V-point tools. 
The enlargement of the micrographs at the left is 125 diameters; of those at the right, 500. 
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ing systems and are often referred to as 
lubricants. In many instances their main 
role is as a coolant. but nonetheless 
some of them appear to perform a genu­
ine lubricating function. 

Carbon tetrachloride is an example of 
a good genuine lubricant. at least at low 
cutting speeds. Although it can be used 
(with care) in laboratory experiments. it 
is too toxic to be employed in industry. 
Among other things. it makes the crit­
ical rake angle more negative. For ex­
ample. it changes the critical angle for 
steel from zero degrees to - 20 degrees. 

Although this effect has been explored 
only in a preliminary way. it may repre­
sent a means of exploring the effective­
ness of the lubricants employed in in­
dustrial abrasive machining. where lu­
brication is at present largely a black art. 

The critical angle for steel (but not for 
other common metals) is also affected 
by the temperature of the surface layers 
of the workpiece. For example. the crit­
ical angle of steel is improved to -40 
degrees when a temperature of 450 de­
grees Celsius is exceeded. Such a tem­
perature could easily be reached in the 

d 

surface layers of a steel workpiece in 
industrial grinding. 

It is probable also that the critical an­
gie for most metals is affected by the 
shape of the abrasive point as it is pro­
jected in a plane perpendicular to the 
direction of motion. For example. the 
critical rake angle for brass is about 
-40 degrees for a V-point tool; a point 
with a rectangular shape has the less 
favorable value of - 10 degrees. The 
shape of real points is somewhere be­
tween the V point and the rectangle. 

So much for simple abrasion proces-

ABRADED MATERIAL indicates by its shape the mechanism by 
which the material was removed. A chip (0) produced by turning steel 
on a lathe is ribbonlike and curved. One surface of the ribbon is fairly 
smooth, perhaps showing longitudinal score marks; it is the face that 
rubbed against the rake face of the tooL The other surface shows reg­
ularly spaced serrations. The particles removed when steel is ground 

(b) or abraded (c) have the same characteristics but are smaller and 
more irregular. The particles removed when copper is polished (d) are 
even smaller, but they ,are undoubtedly ribbons and seem to have the 
periodic structure typical of a machining chip. Evidently grinding, 
abrasion and polishing are all similar abrasive-machining processes. 
Enlargements are respectively 90, 520, 472 and 70,800 diameters. 
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The fastest 
facsimile 
in the 

Mitsubishi Electric offers the most efficient 
innovation in facsimile equipment in years. tv1ELFAS 

Using ordinary telephones with two 
tv1ELFAS FA-330A facsimiles, a document can be 
recreated within 20 seconds on the other side of 
the country, or the other side

' 
of the globe. 

The tv1ELFAS FA-330A breaks speed records 
without the slightest sacrifice of clarity. Thanks to 
our exclusive method of digital compression, the 
classified picture-element pattern. 

Even at the top speed of 20 seconds, the 
resolution for a document approximately 10 X 14 
inches is an impressive 100 lines/inch. 

This is more than adequate for most docu­
ments. But tv1ELFAS facsimiles rise to the demanding 
occasion. For ultrafine-line graphics, the resolution 
can be doubled by sacrificing some speed. tv1ELFAS 
lets you set your own priorities. 

This isn't all. 
tv1ELFAS facsimiles are fully automatic. 
Transmission begins at a 30-document auto-

matic hopper. In rapid succession, the documents 
are loaded, transmitted, and received at the other 
end. And the received documents are automatically 
cut to appropriate sizes. 

If telephone transmission conditions deterio­
rate, a built-in sensor automatically halves the speed 
of transmission. The cyclic redundancy code that 
controls the sensor may have to reduce speed below 

• 

the ideal of 20 seconds, but it saves time in the 
long run by eliminating the need for retransmission. 
And if transmission conditions fall below tv1ELFAS's 
standards, transmission is automatically halted and 
an alarm sounded. Advanced features like these make 
error-free, unattended reception possible. 

Further quality assurances include the electro­
static copy itself, which faithfully recreates fine 
details and contrasts. The newly developed heater 
that dries the copy perfectly, and saves energy by 
automatically cutting out when not actually drying. 
And the conveniently compact size that helps save 
space in any office. 

Compared to slower, larger facsimile equip­
ment, the savings in telephone bills alone are enough 
to pay for installation. 

Start saving time and money now. For com­
plete information about faster facsimile transmission, 
write to us at the address below. 

• MITSUBISHI 
.... ELECTRIC 

MITSUBISHI ELECTRIC CORPORATION, 2-3. Marunouchi 2-chome. Chiyoda-ku. Tokyo 100. TELEX: J24532 Cable: ME LeO TOKYO 

143 

© 1978 SCIENTIFIC AMERICAN, INC



Plant a THINK TANK anywhere 
and watch the minds grow! 

home-olflce-school-park-club-churches-Iaboratory 

WFF 'N PROOF (logic) 13.00' 
QUERIES 'N THEORIES (sci. & lang.) 13.00' 
EQUA TlONS (mathematics) 10.00' 
ON-SETS (set theory) 10. 00' 
PROPAGANDA (social studies) 11.00' 
ON-WORDS (word structures) 10.00' 
CONFIGURA TlONS (geometry) 6.75' 
TRI-NIM (problem solving) 5. 75' 
REAL NUMBERS (arithmetic) 2. 25' 
WFF (beginner's logic) 2.25' 
QWIK-SANE (topology puzzle) 2.25' 
TAC-TICKLE (pure strategy) 1. 75' 
TEACHERS MANUAL 1.25' 
MEDtTATION 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·TN South Blvd., Ann Arbor, Mi. 48104 

Fully guaranteed. Dealer inquiries inVited . 

Gllfs that are a COMPLIMENT to rece,ve' 

Authors ... 
LOOKING 
FORA 
PUBLISHER? 
Learn how to have 
your book published. 
You are invited to send for a free ill us­
trated guidebook which explains how 
your book can be published, promoted 

a n d  marketed. 
Whether your 
subject is fic­
tion. non-fiction 
or poetry. sci­
entific, scholar­
ly. specialized, 
(even contro­
versial) t h i s  
handsome 52-
page brochure 
will show you 
how to arrange 
for prompt pub-
lication, 

Unpublished authors. especially. will 
find this booklet valuable and inform­

ative, For your free copy, write to: 
VANTAGE PRESS, Inc, Dept_ F-53 
518 W. 34 St., New York, N,Y. 10001 
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CUTTING 

CUTTING AND PLOWING are portrayed for a V-point tooL In cutting (top) a ribbon of 
material is separated from the surface of the workpiece. The material moves upward past the 
rake face of the tool continuously. In plowing (bottom) the material first moves upward ahead 
of the rake face and then moves around it and into side ridges. Cutting is an efficient method 
of removing material; if any material is removed in plowing, the process is highly inefficient. 

ses. The real practical interest lies in 
grinding and specifically in the grinding 
of steeL The basic characteristic of a 
grinding operation is that a disk or 
wheel composed of abrasive particles 
bonded together is rotated at high speed_ 
The workpiece is moved past a surface 
of the disk. usually the cylindrical sur­
face. The abrasive points typically make 
contact with the workpiece at a speed of 
about 30 meters per second (67 miles 
per hour). The depth of interaction of 
an abrasive point and the workpiece is 
small. amounting to a few micrometers. 
The points merely flick the surface of 
the workpiece, 

Phenomena that occur as the abrasive 
enters and leaves the workpiece could 
now Qe significant. They probably can­
not be safely ignored. as they can be in 
unidirectional abrasion. Another im­
portant difference from simple abrasion 
is that the abrasive particles in a grind­
ing wheel are cemented together in a 
random array. The surface of the wheel 
is periodically dressed. or machined. to 

the desired shape with a tool of a hard 
material. usually diamond, This ma­
chining entails a fracturing of the indi­
vidual abrasive particles. As a result the 
active abrasive points are in general 
much blunter than the points in a coated 
abrasive. 

. . 

The distribution of the rake angles of 
the abrasive particles touching the sur­
face of the workpiece can be determined 
by the same methods I have described 
for coated abrasives. The points gener­
ally have more highly negative angles 
than the particles in a coated abrasive. 
Our simple model would then predict 
that only a few percent at most of the 
abrasive points would operate in a cut­
ting mode on steel. provided the critical 
rake angle was indeed the zero degrees 
determined in the simulation experi­
ments with V-point tools. The implica­
tion. then. is that the efficiency of re­
moval of material would be extremely 
small. 

As I have indicated. however. it is par­
ticularly difficult to establish a value for 
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Get the inside story ••• 
on software, hardware, simulations, computer games, robotics, 
computers and calculators, languages and compilers, custom 
system� d�sign and scores 

R d BVTE® of applications. ea I ., • 
BYTE, the leading magazine in the 
personal computer field, will keep 
you aware of fast-paced changes 
in the ever growing world of micro­
processors. You'll find BYTE tutorials 
invaluable, reports on home com­
puter applications instructive, and 
the reviews of computer products 
stimulating. 

experienced computer user. BYTE's 
editorial content explores the fun 
of using and applying computers 
for personal satisfaction in activities 
from electronic music to electronic 
mail, from games to pragmatic 
personal business. In BYTE is found 
authoritative yet easily read cov­
erage of principles of computer 
hardware and software design, 
approaches to novel applications, 

and essentials of proven interest 
to personal computer enthusiasts. 

Tutorial information in BYTE is of 
interest to both the beginner and 

Each month serious computer 
users read BYTE. They're rewarded 
with timely articles by profes­
sionals, computer scientists and 
competent amateurs. Isn't it time 
you got the inside story? Subscribe 
now to BYTE, the Small Systems 
Journal. 

,-------------------Fill in and mail the coupon today. BYTE Subscription Dept. P.O. Box 590 Martinsville, NJ 08836 
Read your first copy of BYTE. I Please enter my subscription for 
If it is everything you expected, 
honor our invoice. If it isn't, just I 
write ·Cancel" on the invoice and I mail it back. You won't be billed 

o One year $15 (12 issues) 0 Two years $27 0 Three years $39 
o Send group rate information 
o Check enclosed entitles me to 13 issues for price of 12 (North America only) 
o Bill Visa 0 Bill Master Charge 0 Bill me (North America only) 

and the first issue is yours at no I 
charge. Card Number ______________ Expiration Date ______ _ 

Allow 6 to 8 weeks for process- I 
ing. If you have any questions, I Signature 

dial toll free 800-258-5485. Address 

Name (please print) 

This is the number of the BYTE I 
Subscription Department. 
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BYTE and BYTE logo are trade- I Foreign Rates (To expedite service, please remit in Us. Funds) 
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the critical rake angle of steel. because 
the value is affected markedly both by 
lubricants and by the temperature at­
tained in the surface layers of the work­
piece. It may also be affected by the 
speeds attained in grinding. by the 
smaller depth of the cut and by the dif-

ferences in the geometry of the inter­
action. Indeed. it would seem that the 
entire concept of the critical angle re­
quires validation under conditions of 
real grinding. 

We have done experiments of this 
kind by cementing a single abrasive par-

ticle to the periphery of a metal disk. We 
measure the rake angle of the particle 
and make up disks in which the points 
have a range of rake angles. We then 
"grind" a workpiece with such a disk 
under conditions that are otherwise the 
same as the ones in industrial grinding. 

VARIETY OF PARTS given their final shape by grinding appear in 
these photographs. At the top is an aircraft yoke, at the center a 
crankshaft for a refrigerator compressor. At the bottom are a ball 
cage for a universal joint that functions in a front-end drive for auto-

mobiles (left) and a bevel gear for an aircraft (right). The yoke, the 
crankshaft and the gear were ground on machines made by Cincinnati 
Milacron, Inc.; the ball cage was ground on a machine made by Bry­
ant Grinder Corporation. Yoke is 8.5 inches (21.6 centimeters) long. 
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Look into the DYNAMAX" 
Multipurpose Telescope 
See What You're Missing 

Imagine the incredible 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 1 0  feet to infinity. 
VISually or photographicaUy. 
Imagine high-power images so bright and 

sharp. so minutely detailed. you'll feel like you 
can touch them. 

Whatever the subject. 
From the air bubbles in a dewdrop 

at 50 feet to the rings of Saturn. 
From the face of a pilot at a 

quarter of a mile to the deserts of Mars. 
From the antlers of a deer a mile 

away to galaxies millions of 
light-years away. 

Imagine the DYNAMAX® 
Multipurpose Telescope. 

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

free color catalog. 
Prices start at $61 0. 

CRITERION SCIENTIFIC INSTRUMENTS 
Dept. SA -11. 620 Oakwood Ave • •  West Hartford. CT 061 1 0 

Telephone (203) 247- 1696 
© CSi 

How to burn wood & 
fight rising fuel bi l ls 

Glass Door Thermograte® heater 
boosts net fireplace output 1 0  times! 

When i t 's co ld outs ide,  b u r n i n g  in a typ ical  
f i replace can act u a l l y  resu lt  i n  a net heat loss. 

New G lass Door TH ERMOGRA TE Heaters 
dramat ica l l y  red uce this heat loss and, u t i l i z ­
i n g  the scient if ic pr inc ip le  o f  natu ral convec­
t ion , produce a consta nt  f low of warm air i n to 
yo u r  room . . . even without electricity ! 

FREE PUBLICATION OFFERED 
I f  you're interested i n  sav i n g  money and 

energy i n  your own home, write for the 
FREE f u l l -color publ ication : " How to B u r n  
Wood & F ight  R is ing Fuel  B i l ls"  

� 1 978 TEl  5 t .  P a u l  MN 551 1 3. A l l  rights reserved. 

1 48 

HOW IT WORKS: 
<:=j '::IDl� 

By natural  convect ion,  
cool  a i r  is  d rawn i n  
at the bottom, 
heated and 
ret urned to 
the room. 

It really works ! 

• Unequaled output • • •  to 100,000 BTU/hr. 
with auxiliary blower. 

• 50+ sizes to assure proper fit. 
• Extremely simple to install. 
• Durably welded. Stainless Steel tubes. 
• Performance & Satisfaction Guarantees. 
Write to: THERMOGRATE ENTERPRISES, I NC. 

P.O. Box 43021 Dept. SA 1 1 8  
St. Paul, MN 55164 
Or call TOLL fREE: 1-800-328-0882 

� TnermOGRATE 
U.s.  Pat . 0247 .973. Other patents pending. 

and we collect the fragments of work­
piece material that are thrown off. 

The experiments show that ribbonlike 
chips are indeed produced only when 
the abrasive points have rake angles 
more positive than a certain value. 
which is a characteristic of the work­
piece material. The angles so deter­
mined are similar to the ones found in 
simulation experiments. For example, it 
is - 45 degrees for brass, which is the 
same as it is in the simulation experi­
ment, and - 1 0 degrees for steel, which 
is only a little more negative than it is in 
the simulation experiment. This new 
value for steel predicts that about 10 
percent of the abrasive points in the 
grinding wheel I have described would 
operate in a cutting mode with steel. 

A second important result obtained in 
these experiments is that some frag­
ments are thrown off when the rake an­
gle is more negative than the critical val­
ue. They are . however. small. chunky 
particles that seem to be prows that have 
broken off where the abrasive point 
leaves the s urface of the workpiece. In 
both steel and brass these particles are 
produced with rake angles down to 
about - 70 degrees. This finding implies 
that a large proportion of the abrasive 
points in a grinding wheel do remove 
material. but as a result of prow forma­
tion in a plowing mode. The removal of 
material by such a mechanism would 
still be highly inefficient and would con­
sume much energy. but it does represent 
a method of removing material even if 
no points are operating in a cutting 
mode. The prow type of removal would 
be difficult to analyze because of the 
difficulty in predicting the volume of 
the prow formed under given circum­
stances. In any event the advantage of 
arranging the conditions of grinding so 
that the largest possible number of abra­
sive points operate in the cutting mode 
is still apparent. 

W· hat we really need to be able to 
do to validate our model is to de­

termine under real grinding conditions 
the proportion of points that operate in 
a cutting mode and the proportion that 
operate in a plowing mode. as we have 
done for simple abrasion. We could then 
compare the figures with predictions 
made by the model. It is unfortunately 
quite difficult to do these things experi­
mentally .  but we are pursuing certain 
promising approaches. 

One thing that can be done is to col­
lect the fragments of workpiece materi­
al thrown off by the grinding wheel in a 
practical grinding operation. When steel 
is being ground. this debris always con­
sists of a mixture of long ribbons. which 
are certainly chips. and small chunky 
particles, which are probably prows. We 
need to determine the proportion of the 
two in order to check our model. 

Nevertheless. the model does seem. at 
least in principle. to be applicable to 
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Fill out this coupon 
and save the children 
Complete this simple questionnai re,  and befriend a needy chi ld through Save the Chi ldren. For only 

fifty-two cents a day, your money, combined with that of other sponsors, can breathe new l i fe into an 

impoverished vi l lage . . .  help hardworking people in their fight for dign ity . . .  turn despair into hope for a 

chi ld who has known only disaster. Fifty-two cents may not buy much where you l ive. But for the poorest 

of the poor where the need is so desperate, it can work mi racles. SA 1 1 /8 

My Name Is (please print) 
Address ________ . ______________________________________________________ __ 

City _____________ State ____________ Zip 

Tel l  us how you want to help, by answering these q uestions : 
1 .  What kind of chi ld would 

you l ike to help? 
D Boy 0 Girl 0 No preference 

2. What geographical area are you 
interested in? 
Urgent need exists i n  a l l  the areas l isted below, especially 
overseas. If you have a strong preference for a particular 
location, check the area of your choice. If not, won't you 
please let us assign a child where the need is greatest? 

o Certain ly. Choose a child for me in an area 
of greatest need. 

I strongly 0 Domin ican 0 Inner Cities (U.S. )  prefer:  Republic 0 Israel 

5. Would you l ike information about 
the child's com mun ity? 
Several times a year you can receive detailed reports on 
the activities and projects being undertaken in the com­
munity to benefit your sponsored chi ld. These community 
reports show how your money is being used most effec­
t i v e l y  for pe r m a n e n t  i m p rove m e n t s  to t h e  c h i l d ' s  
environment-for health care, education, food produc­
tion, nutrition, and community training. Would you like to 
receive such information? 

D Yes 0 No 

6. How do you wish to send your  
sponsorship contribution? 
Enclosed is m y  check for .,$ ______ _ 

o Monthly, $1 6 0 Semi-annually, $96 D Appalachia 0 Honduras 0 Korea 
(U.S . )  0 Indian (Latin 0 Lebanon 

D Bangladesh America) 0 Mexico 
o Quarterly, $48 0 Annually, $ 1 92 I 

D Chicano (U .S . )  0 Indian (U.S.)  0 Rural South (U .S . )  
D Colombia 0 Indonesia 0 Upper Volta 

3. Would you l ike a picture of you r  
sponsored chi ld? 
Shortly after w e  select a child for you, w e  can 
send you a photograph and brief per sonal 
h istory, if you desire. 

D Yes 0 No 

4. Wou ld you l ike to exchange 
correspondence? 
If desired , correspondence can 
build a meaningful one-to-one 
relationship and provide a unique 
educational experience for the 
sponsored child. In areas where 
i l l iteracy is high, a vi l lage 
representative wi l l  keep you 
informed of the progress your 
child is making. Translations, 
where necessary, are 
supplied by Save the 
Chi ldren. 

D Yes O No 

l'iJT1 �VE THE CHLOREN FEDERATION, fI.C 

7. Do yo u wish verification of 
Save the Chi ldre n  credent ia ls? 
Save the Chi ldren is indeed proud o f  the handling o f  its 

funds. Based on last year's audit, an except ionally 
large percentage (77.3% ) of each dollar spent 

was used for program services and direct aid 
to chi ldren and the i r  communities. Due to 

volunteered labor and materials, your do­
nat ion provides your sponsored chi ld  
with benefits worth many t imes your total 

gift. Would you like to receive an in-
formative Annual Report ( including 

a: summary financial statement)? 

D Yes 0 No 
(A complete audit statement is avail­
able upon request.) 

Wou ld you rather 
m a ke a contribution 
than become a sponsor 
of an individ u a l  chi ld  
a t  this t i me? 

o Yes,  e n c losed i s  my 
cont r i b u t i o n  of $ ______ . 

D Check here for  general  
i n f o r m a t i o n  about  o u r  
u n iq u e  p r o g r a m s  for  
a id ing i m pover i shed 
c h i l d ren.  

Establlsned 1932. The original 

L _ _ _ _ _ _ _ _  -r ... ..,... 

agency. Member of the American Council of Voluntary Agencies for Fore ign Service. 

photo Bentley Kassal I - - - .- - - - - - - - - � - - - - - - -� 
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grinding . Certainly it seems to point the 
way to minute features of the grinding 
process that warrant further study. It 
suggests, for example, that one could 
profitably study methods of obtaining a 
more favorable distribution of rake an­
gles in a grinding wheel, either by im­
proving the abrasive or by improving 
the wheel-dressing practice . It would 
also be interesting to establish how a 
favorable distribution of rake angles 
could be maintained when the abrasive 
points fracture in use. Another possible 
approach could be to determine the con­
ditions that ensure the most favorable 
possible value for the critical rake angle. 
This knowledge might improve not only 
the efficiency of grinding but also the 
control of the process, which is some­
times even more important. 

Abrasion can be said to lie at the center 
Il.. of the spectrum of abrasive ma­
chining, and grinding can be positioned 
at the coarse end . At the fine end lie a 
series of processes that can be termed 
mechanical polishing . They employ 
abrasive particles of small diameter that 
are not cemented together but rather are 
held loosely on a soft backing. In a typi­
cal process an abrasive powder is mixed 
with a liquid to form a slurry, which is 
applied to a cloth disk held on a rotating 
wheel. The workpiece is held against the 
cloth under a light load, and the two are 
rotated relative to each other. In another 
typical process, which is quite common 
in the metal-finishing industry, the abra­
sive is held by a soft wax on the pe­
riphery of a rotating disk composed of 
layers of cloth stitched together. The 
objective of all the processes is to pro­
duce a bright, mirrorlike surface. 

One tends to think of a polished sur­
face as being quite different from an 
abraded or a ground one, but it is not. 
Lord Rayleigh, who developed the theo­
ry of the diffraction of light, pointed out 
many years ago that the only require­
ment for a surface to reflect light like a 
mirror is that the roughness of the sur­
face be small compared with the wave­
length of the incident light. This result 
can be achieved in many ways. In my 
view fine cutting is one of them; more­
over, I believe it is the dominant mech­
anism for polishing methods that em­
ploy abrasives in the manner I have de­
scribed. 

There can no longer be any doubt on 
the first point. It is now possible to pro­
duce highly reflecting surfaces with a 
precisely controlled geometry by lathe 
turning. Certain precautions are re­
quired : the lathe must be rigid and must 
operate at a high speed with a low level 
of vibration, and the cutting tool must 
have a diamond point with carefully 
prepared cutting edges. The fact re­
mains that the process is lathe turning, 
which removes material by cutting a 
chip. The precautions are necessary 
only to ensure that the machining marks 
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are exceptionally shallow and closely 
spaced. In fact, the marks are so shallow 
and closely spaced that they can scarce­
ly be detected by the best microscopy. 

Polished surfaces produced by the ac­
tion of abrasives have closely spaced 
shallow grooves differing only in degree 
from the grooves produced by grinding 
and abrasion. Moreover, material is re­
moved at a significant rate; again the 
difference is only one of degree. 

We have been able to obtain evi­
dence of two kinds to show that 

the material removed in polishing re­
sults essentially from the chip-cutting 
process I have described for abrasion 
and grinding. First, termination of the 
grooves produced in the surface of a 
workpiece by a polishing operation can 
be examined by the technique described 
for abrasion. Many of the grooves do 
end in a chip, which differs only in di­
mensions from the kind of chip pro­
duced by abrasion (or by lathe turning).  

Second, the debris that collects on a 
polishing cloth can be extracted and ex­
amined. The transmission electron mi­
croscope reveals that the particles have 
most of the characteristics of machining 
chips from the same type of metal. 
Again the difference between polishing 
on the one hand and grinding and abra­
sion on the other is only one of degree . 
The essential difference, we suggest, is 
that the abrasive particles in a polishing 
operation are characteristically held in 
such a way that only a very small load 
can be applied to each one. Hence the 
point of each particle goes only a small 
distance into the surface of the work­
piece, producing an exceedingly shallow 
groove. 

Since most of the particles are quite 
loosely held, it is probable that few of 
the many particles in a polishing mix­
ture do anything useful. The implication 
is that the efficiency of polishing opera­
tions could be greatly improved if a way 
could be found to hold more of the abra­
sive particles against the surface of the 
workpiece in a cutting attitude while 
still making certain that each one can 
cut only a shallow groove. We have 
achieved some success in this direction 
with an ordinary grinding wheel in 
which the depth of cut is kept to an ap­
propriately small value. 

Our model, which simplifies the shape 
of an abrasive point as a pyramid, there­
fore takes us a certain distance toward 
an understanding of the physics of an 
entire spectrum of abrasive-machining 
processes. It certainly seems to be capa­
ble of identifying the factors of major 
importance and the ones that warrant 
further study with the objective of im­
proving the machining techniques. Still, 
abrasive machining emerges as a most 
complicated process, which will be diffi­
cult to understand fully even in the long 
term. 
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The Reward System of the Brain 
Two decades ago it was discovered that the· brain has "pleasure 

centers. " These centers are now seen as belonging to a system 

of path ways that appear to play a role in learning and memory 

N
euroscientists have learned much 

about the anatomy. physiolo· 
gy and chemistry of the brain. 

Does this knowledge relate to human 
learning. pleasure and mood? Is it pos­
sible that these complex processes are 
mediated by specific brain pathways 
and specific chemical substances? The 
answer appears to be yes. largely as a 
result of an intriguing but puzzling dis­
covery made some 20 years ago at 
McGill University by James Olds and 
Peter Milner. They demonstrated that a 
rat with an electrode inserted into a cer­
tain area of its brain would press a trea­
dle to stimulate itself [see "Pleasure 
Centers in the Brain." by James Olds; 
SCIENTIFIC AMERICAN. October. 1956]. 
Olds. a pioneer in the study of the rela­
tion between brain function and behav­
ior. died in a swimming accident in 
1976; his death was particularly tragic 
because he was engaged in exciting new 
explorations of brain physiology. 

The phenomenon discovered by Olds 
and Milner. which is now referred to as 
brain reward. can be localized in partic­
ular nerve cells and their fibers. The 
brain-reward system is affected by drugs 
that interact with the substances secret­
ed by these nerve cells. The fact that 
only certain nerve-fiber pathways are 
implicated in brain reward suggests that 
these pathways have a specific function. 
This parallels what is known of the visu­
al system and the movement system. 
each of which has a specified set of com­
ponent pathways. 

Olds. fir�t at the University of Califor­
nia at Los Angeles and then at the Uni­
versity of Michigan. took the initial 
steps toward identifying the pathways 
that support brain reward. He con­
firmed that self-stimulating behavior in 
laboratory animals is prompted only by 
the stimulation of particular brain areas 
and is not a general effect due simply to 
the electrical stimulation of brain tissue. 
For example. stimulation of the medial 
forebrain bundle. a group of nerve fibers 
that pass through the hypothalamus. 
gave rise to the highest rates of treadle­
pressing in response to the lowest elec­
tric currents: shocks from electrodes in 
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this area could produce response rates 
of more than 100 presses a minute. 
There were also areas characterized by 
milder effects; for example. stimulation 
of the septal area caused the animals to 
respond only about 10 times a minute. 

In 1962. while working in Olds's labo­
ratory. I became interested in these 

different response rates for stimulation 
of different brain regions and set about 
studyihg them. A rat was given a choice 
between two treadles. one delivering re­
warding brain stimulation and the other 
delivering the only food available to the 
animal during the experiment. I found 
that the animals would forgo food es­
sential to their survival in order to ob­
tain brain stimulation. This behavior 
was observed. however. only if the elec­
trode was within the medial forebrain 
bundle. If the electrode was as little as 
half a millimeter away from this area. or 
in other areas whose stimulation yielded 
a reward. such as the septal area. the 
animals pressed both the food-deliver­
ing and the brain-stimulation treadles 
and were able to maintain their body 
weight and survive. 

I wondered whether an animal more 
intelligent than the rat. if it were placed 
in the same situation. would show the 
same maladaptive behavior or whether 
its more highly developed cerebral cor­
tex would enable it to achieve a balance 
between self-stimulation and feeding. 
Eliot Gardner and I were able to demon, 

strate self-starvation in the rhesus mon­
key, an animal with a cortex far more 
advanced than that of the rat. This pow­
erful effect implies that higher primates. 
perhaps even human beings. will stop 
eating in order to obtain rewarding 
brain stimulation. Such results suggest 
that the neural mechanisms subserving 
self-stimulation exert a powerful and 
perhaps dominant influence on behav­
ior. particularly activities of the mo­
ment. Since the behavior is so compul­
sive. one wonders whether the reward 
system may play a role in drug addic­
tion. For example. there is some evi­
dence that certain regions of the brain 
that are sensitive to morphine and con­
tain the morphinelike substance enkeph­
alin are in the same location as the re­
gions supporting brain reward. 

The brain's functioning is obscured by 
its enormously complex array of nerve 
cells and their fibers. and so in order to 
identify the cells involved in self-stimu­
lation it is necessary to combine the 
study of brain reward with the study 
of brain anatomy. In my laboratory at 
Northwestern University we have been 
pursuing this approach by making le­
sions with the stimulating electrode un­
der light anesthesia at brain sites in rats 
where self-stimulation has been demon­
strated. Within a few days the neural 
elements near the tip of the stimulating 
electrode begin to degenerate. We then 
perfuse the animals with formaldehyde. 
use a special stain for degenerating tis-

TWO TYPES OF NERVE FIBERS in the frontal cortex of the human brain are revealed in the 
fluorescent micrographs on the opposite page. The images were obtained by chemically treat­
ing thin sections of brain tissue so that the neurotransmitter substances in the nerve fibers fluo­
resced when they were illuminated with ultraviolet radiation. This technique has been an essen­
tial tool in mapping the neural pathways that mediate brain reward. The micrograph at the top 
shows a nerve fiber containing the neurotransmitter dopamine. The green-fluorescent dopa­
mine fiber is typically thin and sinuous, with irregularly spaced spindle-shaped swellings. (The 
bright yellow blobs in the background represent not neurotransmitter but granules of the fatty 
pigment lipofuscin, which are present in many cell types and fluoresce in the absence of.chem­
ical treatment.) The micrograph at the bottom shows a nerve fiber containing the neurotrans­
mitter norepinephrine. This fiber too has a green glow, but it can be distinguished from the 
dopamine fiber by the closely spaced swellings, which are intensely ftuorescent. Botb the dopa­

mine and the norepinephrine pathways in the frontal cortex have been implicated in the re­

ward system of the brain. These micrographs, magnified approximately 1,000 diameters, were 

made by Brigitte Berger of Neuropathology Laboratory at Pitie-Salpetriere Hospital in Paris. 
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SKINNER-BOX APPARATUS is utilized to study the behavioral effects of brain reward. A 
metal electrode'is implanted in the reward system of the rat, and the animal is allowed to trigger 
an electric stimulus to its brain by pressing the treadle. The curve on the oscilloscope screen 
indicates the delivery of the stimulus. If the stimulating electrode is implanted in the medial 
forebrain bundle of the hypothalamus, the rat will stimulate itself nearly continuously for days, 
neglecting food, water and sleep. Other parts of reward system give rise to less dramatic effects. 

sue and see which neural elements are 
associated with the reward effects. 

An example of this approach linking 
self-stimulation to specific pathways is 
provided by our study of the cerebral 
cortex in the frontal lobe of the brain. 
Although it had been doubted that the 
frontal cortex was important to brain 
reward, there are two regions of it in the 
rat that we have found to support self­
stimulation. We made lesions at frontal­
cortex self-stimulation sites and traced a 
pathway through the caudate nucleus 
and the internal capsule on its medial 
side. At the level of the hypothalamus 
this pathway is intermingled with the 
medial forebrain bundle. This work of­
fers evidence that brain reward in the 
medial forebrain bundle results from 
stimulation of these frontal-cortex fi­
bers. There is reason to believe from 
other work that this system may be only 
one of several brain-reward systems 
passing through the medial forebrain 
bundle. 

The involvement of the frontal cortex 
in brain reward has been demon­

strated in monkeys as well as in rats. 
Edmund Rolls of the University of 
Oxford has discovered self-stimulation 
points in the frontal cortex of the squir­
rel monkey similar to the regions that 
have been mapped in the rat. Even 

though the brain locations where self­
stimulation has been observed are simi­
lar in a rodent (the rat) and a primate 
(the squirrel monkey), the great dif­
ference among species in the size of 
the frontal cortex creates the potential 
for great variation in the significance 
to a given species of brain-reward stim­
ulation. 

Brain reward can be found not only in 
the frontal cortex and the hypothalamus 
but also deep within the brain stem: in 
the pons and the medulla. Such findings 
indicate that although brain reward is 
present only at specific locations, it ex­
tends from the forebrain to the midbrain 
and into the hindbrain. In 1969 Charles 
Malsbury and I showed that self-stimu­
lation could be obtained with electrodes 
positioned in the output pathway of the 
cerebellum and at sites in the dorsal 
pontine tegmentum of the brain stem. 
Some of these regions were also close to 
newly discovered pathways that were 
associated with catecholamine neuro­
transmitters: substances that transmit 
the nerve impulse from one nerve cell to 
another. We therefore began to suspect 
that neurotransmitters of this type were 
involved in self-stimulation. 

In 1971 Urban Ungerstedt of the 
Karolinska Institute in Stockholm de­
scribed new catecholamine pathways 
in the forebrain, the midbrain and the 
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hindbrain. He worked with the tech­
nique known as histofluorescence. in 
which the location of specific substances 
in a tissue is revealed by inducing them 
to emit light of a characteristic color. 
The technique was developed in 1962 
by B. Falck of the University of Lund 
and N .-A. Hillarp of the Karolinska In­
stitute. who built on earlier work by 
O. Eranko of the University of Helsinki 
and Arvid Carlsson of the University of 
Goteborg. In 1974 Olle Lindvall and 
Anders Bjorklund of the University of 
Lund applied more sensitive techniques 
to establish the existence in the central 
nervous system of mammals of several 
pathways associated with the catechola­
mine norepinephrine and several path­
ways associated with another catechola­
mine. dopamine. 

To obtain histofluorescent micro­
graphs of brain tissue the tissue is first 
treated with aldehyde or glyoxylic acid. 
which react with catecholamines to 
form fluorophores. substances that 
fluoresce when they are excited by ultra­
violet radiation. When a thin section of 
the tissue is exposed to ultraviolet in the 
fluorescence microscope. the fluoro­
phore is excited and emits light. With 
the aid of a special wavelength detector 
norepinephrine can be seen to emit in 
the green-yellow region of the spectrum 
and dopamine in the green region. Al­
though the color difference is difficult to 
determine without a special detector. 
the shape of the nerve fiber containing 
one substance or the other is different. 
Thus when the fluorescent fibers are ob­
served in a histofluorescent micrograph. 
they reveal the anatomical location of 
the chemical substance. The histofluo­
rescence technique is therefore based 
on histochemical principles: it is chem­
ical in that it reveals brain pathways 
through a chemical reaction with neuro­
transmitters and histological in that the 
reaction takes place in a thin section of 
brain tissue on a microscope slide. 

The existence of catecholamine path­
ways has been confirmed by the applica­
tion of histofluorescence to the human 
brain. Working with tissue from an un­
viable fetus. Lars Olson. L. O. Bon�us 
and Ake Seiger of the Karolinska Insti­
tute and Hospital have found the analo­
gous catecholamine brain pathways in 
humans that have been observed in the 
brain of rats and monkeys. 

The evidence for the similar location 
of catecholamine pathways and ar­

eas of self-stimulation is not the sole 
reason for supposing there is a connec­
tion between catecholamines and the 
brain-reward system. The rate at which 
rats with an electrode implanted in their 
brain will press a treadle to stimulate 
themselves is affected by certain drugs 
that are known to interfere with the func­
tion of catecholamines. The same drugs 
are also known to affect mood in hu­
man beings; indeed. they are sometimes 
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administered to control anxiety and psy­
chotic behavior. Since thet:e is a connec­
tion between these mood-altering drugs 
and the catecholamines and also be­
tween the catecholamines and the brain­
reward system, there would seem to be 
one between the brain-reward system 
and mood and personality. 

Norepinephrine and dopamine are 
two major catecholamines that have 
been identified as neurotransmitters in 
the brain. When a nerve cell in a cate­
cholamine system is activated, it releas­
es one of these substances. The neuro­
transmitter crosses the synapse, the gap 
between the axon terminal of one nerve 
cell and the cell body of the next nerve 
cell. In so doing it changes the perme­
ability of the membrane of the second 
nerve cell to ions in the extracellular 
fluid and so changes its excitability. The 
catecholamine is then either destroyed 
by an enzyme or is taken back into the 
axon terminal of the first cell. 

Drugs that manipulate the catechola­
mine system have a powerful effect on 
mood. It is generally believed such 
drugs act to modify catecholamine 
transmission at the synapse, thereby al­
tering the neurotransmitter's ability to 
influence other nerve cells. Studies in­
volving a variety of drugs that modi­
fy catecholamine synaptic transmission 
have revealed a straightforward rela­
tion: agents that elevate catecholamine 
levels or mimic the action of catechola­
mines facilitate self-stimulation; agents 
that lower these levels depress self-stim­
ulation. For example, the drug d-am­
phetamine potentiates both the action 
of catecholamines and self-stimulation. 
The drug chlorpromazine blocks the ac­
tion of catecholamines and also blocks 
self -stim ulation. 

Chlorpromazine has been effective 
as an antipsychotic agent, and so a 

link has been suggested between psy­
choses and the catecholamine-connect­
ed self-stimulation pathways. It seems 
possible that because of either genetic or 
environmental factors abnormalities in 
the brain-reward pathways could lead to 
permanent changes in mental state. Lar­
ry Stein and C. David Wise of the Wyeth 
Laboratories have suggested that the 
cause of schizophrenia is an enzymatic 
deficiency that allows the production of 
a toxic substance, 6-hydroxydopamine, 
which destroys norepinephrine path­
ways thought to be associated with brain 
reward. They argue that these pathways, 
which can be seen in histofluorescent 
micrographs, are essential for adaptive 
behavioral responses. In support of their 
hypothesis they have demonstrated that 
synthetic 6-hydroxydopamine injected 
directly into the brain of a rat reduces 
the rate at which the rat presses a treadle 
to get a brain reward. This hypothesis is 
of special value because it explicitly re­
lates schizophrenia to abnormalities in 
particular brain-reward pathways that 
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PATHWAYS OF REWARD in the rat brain are outlined schematically in this longitudinal 
section, The pathways extend in both directions from nerve-cell bodies in the hindbrain, the 
midbrain and the frontal cortex, passing through the medial forebrain bundle in the hypothal­
amus. The circles indicate the locations of the cell bodies; the rectangles indicate regions where 
reliable self-stimulation behavior has been obtained in studies with the Skinner-box apparatus. 
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NEUROTRANSMITTER PATHWAYS implicated in the reward system of the rat brain were 
mapped by fluorescence microscopy. The nerve cells that secrete dopamine (top) have their 
cell bodies concentrated in the substantia nigra and the ventral tegmentum of the midbrain; 
their axons project primarily to the caudate nucleus, the frontal cortex and the entorhinal cor­
tex. The nerve cells that secrete norepinephrine (bottom) have their cell bodies localized pri­
marily in the locus coeruleus of the brain stem; they project to the cerebellum, the cerebral cor­
tex and the hypothalamus. Both the norepinephrine and the dopamine systems overlap much 
of the area that gives rise to self-stimulation behavior in rats. The dopamine fibers are found 
only in areas that mediate brain reward, whereas the norepinephrine fibers extend into other 
regions. This and other evidence points to a more critical role for dopamine in brain reward. 
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REWARD SYSTEM OF THE HUMAN BRAIN has been roughly localized in the regions 
shown in color. These areas correspond to the parts of the rat brain tbat support self-stimula­
tion behavior. As in rodent brain, tbe patbways extend between hindbrain and frontal cortex. 
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DOPAMINE TRANSMISSION across the synapse, the tiny gap between the terminal of one 
cell and the receptive surface of another, can be enhanced or inhibited by psychoactive drugs. 
Thus the effects of these drugs on self-stimulation behavior shed some light on the neurochem­
ical mechanisms underlying brain reward. Inhibitory drugs are shown in black, enhancers in 
color. Dopamine transmission can be inhibited by agents that block its synthesis (a1pha-methyl­
tyrosine), prevent its storage in vesicles (reserpine, tetrabenazine), prevent its release (alpha­
hydroxybutyrate) or block its attachment to receptor sites on the postsynaptic membrane (per­
phenazine, haloperidol, chlorpromazine). Dopamine transmission is enhanced by drugs that 
increase its release (amphetamine, cocaine), facilitate receptor activation (apomorphine) or in­
hibit reuptake of dopamine into the terminal from the synapse (amphetamine, benztropine). 

160 

contain a particular transmitter sub­
stance. 

A question that has generated much 
interest among investigators of brain 
reward has to do with possible differ­
ences among the roles played by dif­
ferent catecholamines. Various hypoth­
eses have been put forward: that self­
stimulation is mediated solely by either 
norepinephrine or dopamine, that they 
are both involved but independently, or 
that they act in concert. Ronald M. Cla­
vier and I have approached the problem 
anatomically. We examined the contri­
bution made to self-stimulation by two 
major norepinephrine systems known as 
the dorsal and ventral bundles. First we 
demonstrated that self-stimulation in 
the brain stem is associated with the dor­
sal norepinephrine bundle. We made le­
sions at sites that supported self-stimu­
lation and found they gave rise to a 
change in the histochemical fluores­
cence of the dorsal bundle, indicating 
that this region is associated with path­
ways that mediate brain reward. Similar 
changes in the histochemical fluores­
cence of the ventral bundle resulted only 
from lesions in brain areas that were not 
involved in self-stimulation. Therefore 
whereas the ventral bundle is not associ­
ated with brain reward, the dorsal nor­
epinephrine bundle does appear to be 
associated with it. 

Even though the dorsal bundle is as­
sociated with self-stimulation, is it an 
essential component of the brain-re­
ward system? If brain reward results 
from an activation of the axons in the 
dorsal bundle, one would expect that the 
destruction of the nerve-cell bodies of 
these axons, which are found in an area 
called the locus coeruleus, would reduce 
self-stimulation. Clavier and I found 
this did not happen: the almost total de­
struction of the locus coeruleus had lit­
tle effect on the rate of self-stimulation 
in rats. Interestingly enough, however, a 
lesion limited to the medial forebrain 
bundle drastically reduced self-stimula­
tion. This effect may be related to the 
medial forebrain bundle's acting as a 
"pleasure relay station" for other brain 
pathways that do not contain norepi­
nephrine. 

These results indicate the norepineph­
rine pathways may not be critical to self­
stimulation. That a dopamine system 
plays a more crucial role is suggested by 
the fact that the lesion in the medial 
forebrain bundle reducing self-stimula­
tion also damaged two components of 
the dopamine system in the midbrain: 
the ventral tegmentum and the substan­
tia nigra, pars compacta. Olds and 
Ephraim Peretz had shown in 1960 that 
the ventral tegmentum could support 
self-stimulation, and Malsbury and I, 
surveying the midbrain, the pons and 
the anterior medulla, had demonstrated 
in 1969 that the highest rates of self­
stimulation were obtained from elec­
trodes placed in the ventral tegmentum. 
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We also discovered brain reward in 
the other component of the dopamine 
system, the substantia nigra, pars com­
pacta. Yung H. Huang, who was then a 
graduate student in my laboratory, dem­
onstrated the involvement of the sub­
stantia nigra by means of low currents 
delivered through electrode wires that 
were considerably smaller than tliose 
implanted in earlier experiments. C. L. 
E. Broekkamp of the University of Nij­
megen has shown that self-stimulation 
in the substantia nigra is blocked by 
the injection into the caudate nucleus of 
the drug haloperidol, which selective­
ly blocks dopamine transmission. Self­
stimulation is increased by the injection 
of amphetamine, which enhances dopa­
mine transmission. These results indi­
cate that the drugs influence brain re­
ward by acting on nerve cells in the 
caudate nucleus. They also indicate an 
important role for dopamine systems 
in self-stimulation mechanisms. 

• I t has been learned only recently that 
both norepinephrine and dopamine 

systems send their axons into the cere­
bral cortex. This finding is a critically 
important one because it· relates the 
cerebral cortex to primitive structures 
deep within the midbrain and hindbrain 
that arose much earlier in the evolution 
of the brain. It raises the possibility that 
the highly complex and intricate pat­
terns of intellectual activity in the cortex 
are influenced by evolutionarily primi­
tive catecholamine systems. 
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By exploiting recent improvements in 
the sensitivity of the fluorescence tech­
niq ue it is now possible to distinguish 
between norepinephrine axons and do­
pamine axons in the cerebral cortex of 
both experimental animals and man. 
There are differences in the visual ap­
pearance of the two networks: the nor­
epinephrine fibers are thicker and have 
more swellings than the dopamine fi­
bers, which are thin and sinuous. 

Although both catecholamine sys­
tems are found at self-stimulation sites, 
the norepinephrine system is distributed 
evenly throughout the layers of the fron­
tal cortex and is found in areas where 
self-stimulation cannot be demonstrat­
ed. The dopamine system, on the other 
hand, has been shown by Brigitte Ber­
ger, Ann-Marie Thierry and Jacques 
Glowinski of the College de France to 
be unevenly distributed, with its highest 
concentration of axons and axon termi­
nals located in the medial and sulcal cor­
tex: precisely those areas in the fron­
tal cortex where brain reward was ob­
served. Recently Timothy Collier and I 
have studied islands of dopamine fluo­
rescence in the entorhinal cortex, a re­
gion of the temporal lobe where we have 
demonstrated brain-reward effects. 

The involvement of certain regions of 
the cerebral cortex in self-stimulation 
may therefore be related, at least in part, 
to their input from dopamine systems. It 
is tempting to think that dopamine­
affecting drugs that manipulate mood 
and alleviate psychotic behavior may 
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achieve part of their effect through those 
catecholamine systems of the cortex 
that support brain reward. 

The fact that our recent brain-reward 
studies have implicated the entorhinal 
cortex as an area supporting self-stimu­
lation is one of considerable interest. Fi­
bers in this region project to the hippo­
campus, a brain structure thought to be 
involved in the formation of memory 
and recently shown to be connected with 
memory of spatial relations. A connec­
tion between brain reward and learning 
has been recognized since 1961. when 
Olds and his wife Marianne E. Olds 
showed that the stimulation of reward 
sites disrupted learning in experimental 
animals. Since then neuroscientists have 
gained in their understanding not only 
of the link between reward and learning 
but also of the role played by the self­
stimulation pathways in memory for­
mation. 

I have speculated that the pathways of 
brain reward may function as the 

pathways of memory consolidation. By 
this I mean that when something is 
learned. activity in the brain-reward 
pathways facilitates the formation of 
memory. If these pathways are electri­
cally stimulated in the course of the 
learning process, in effect jamming the 
circuits and altering the normal phys­
iological activity associated with the 
process, one would expect memory of 
what is being learned to be impaired. 
This expectation has been confirmed 
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EFFECTS OF BRAIN LESIONS on self-stimulation behavior in the 
rat were determined in experiments performed by the author and 
Ronald M. Clavier in the author's laboratory at Northwestern Uni­
versity. An electrode was implanted in the dorsal brain stem of the 
rat, and the animal was allowed to stimulate itself by pressing a trea­
dle in a Skinner box. Lesions in the ventral bundle of the norepineph-

rine system (a) had no effect on self-stimulation behavior 10 days 
after surgery, nor did removal of the locus coeruleus (b), where the 
norepinephrine cell bodies giving rise to the dorsal bundle are con­
centrated. On the other hand, destruction of the medial forebrain bun­
dle (c) resulted in a dramatic decline in self-stimulation, suggesting 
that the dopamine fibers in this region are essential for brain reward. 
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DOPAMINE FIBERS in the frontal cortex of the rat brain are revealed in this montage of 
fluorescent micrographs. The surface of the brain is at the top of the montage, with the deep 
layers at the bottom. Only dopamine fibers appear, because several weeks before the micro­
graphs were taken a lesion was made in the locus coeruleus of the animal that destroyed all the 
norepinephrine fibers in the frontal cortex. Note that density of dopamine fibers is greatest in 
deep layers of the cortex. Microg{aphs �ere made by OIle LindvaIl of the University of Lund. 
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to a remarkable degree by work I have 
done with Elaine Bresnahan. Nancy 
Holzman and Rebecca Santos-Ander­
son. We found that continuous stimula­
tion of brain-reward regions in the me­
dial forebrain bundle, the substantia ni­
gra or the frontal cortex applied in the 
course of learning a simple task disrupts 
the ability of an experimental animal to 
remember the task 24 hours later. On 
the other hand, stimulation of the locus 
coeruleus, which apparently is not in­
volved in brain reward, had no effect on 
the retention of the task. 

The involvement of the substantia ni­
gra in memory processes is surprising 
because it is usually associated with the 
control of movement. (A malfunction 
of the substantia nigra has been specifi­
cally related to Parkinson's disease.) 
Haing-Ja Kim has shown in my labora­
tory, however, that injections of sub­
stances specifically over activating the 
substantia nigra cause the release of do­
pamine and lead to the disruption of 
memory. It seems likely that the sub­
stantia nigra system plays a role in be­
havioral processes beyond the control 
of movement and that the system is also 
important in the formation of memory. 

Collier and I found that the entorhinal 
cortex plays an interesting part in the 
relation between self-stimulation and 
memory formation. Artificial stimula­
tion applied to this area during learning 
has no effect on memory, but.when it is 
applied after learning, it impairs memo­
ry. The finding is remarkable because it 
means brain stimulation does not have 
the same effect on memory in all brain 
areas and at all times. The evidence 
from our research on the entorhinal cor­
tex suggests that stimulation must be ap­
plied both in the appropriate brain re­
gion and at the right moment in the 
learning process in order to hinder 
memory. 

One puzzling question raised by this 
research is that if the brain stimula­

tion is rewarding, why does it impair 
learning rather than enhance it? The 
problem is currently being investigated, 
and it seems the effect is related, at least 
in part, to how the stimulation is admin­
istered. Norman White of McGill has 
shown that if animals are given the op­
portunity after learning to press a trea­
dle to get rewarding brain stimulation, 
rather than receiving it continuously 
as in our memory-reward experiments, 
they remember the task better. The 
improved learning may be due to the 
fact that the animals self-regulate the 
amount of stimulation, thereby self-re­
inforcing their behavior. Other work 
also supports a view held in my labora­
tory, namely that this enhancement of 
memory is to a large extent mediated 
by the dopamine system of the substan­
tia nigra. 

The role of self-stimulation pathways 
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NEUROTRANSMITTERS EFFECT ON SELF-
EFFECT ON 

DRUG TRADE NAME MODE OF ACTION LEARNING 
AFFECTED STIMULATION AND MEMORY 

ALPHA- METHYL - DOPAMINE INHIBITS SYNTHESIS 
DECREASES RATE IMPAIRMENT TYROSINE 

-
NOREP INEPHRINE OF CATECHOLAMINES 

RESERPINE SERPASIL DOPAMINE PREVENTS STORAGE DECREASES RATE IMPAIRMENT 
NOREP INEPHRINE OF CATECHOLAMINES 

DOPAMINE KILLS NERVE CELLS 
6-HYDROXYDOPAM I N E -

NOREPINEPHRINE CONTAINING DECREASES RATE IMPAIRMENT 
CATECHOLAMINES 

CHLORPROMAZINE THORAZINE 
DOPAMINE BLOCKS CATECHOLAMINE 

DECREASES RATE IMPAIRMENT NOREPINEPHRINE RECEPTORS 

DOPAMINE ENHANCES RELEASE 
FACILITATION 

AMPHETAMINE DEXEDRINE 
NOREPINEPHRINE OF CATECHOLAMINES INCREASES RATE 

(AT LOW DOSES) 
INTO SYNAPSE 

DOPAMINE 
P REVENTS REUPTAKE UNCERTAIN 

IMIPRAMINE TOFRANIL NOREPINEPHRINE 
OF CATECHOLAMINES INCREASES RATE (INSUFFICIENT 
FROM SYNAPSE INFORMATION) 

BLOCKS ALPHA-
PHENOXYBENZAMINE DIBENZYLINE NOREPINEPHRINE NOREPINEPHRINE DECREASES RATE UNCERTAIN 

RECEPTORS 

BLOCKS BETA 
PROPRANOLOL INDERAL NOREPINEPHRINE NOREP INEPHRINE DECREASES RATE UNCERTAIN 

RECEPTORS 

CLONIDINE CATAPRES NOREPINEPHRINE 
DECREASES NOREPI-

DECREASES RATE UNCERTAIN 
NEPHRINE RELEASE 

HALOP ERIDOL HALDOL DOPAMINE 
BLOCKS DOPAMINE 

DECREASES RATE IMPAIRMENT RECEPTORS 

A P OMORPHINE - DOPAMINE 
STIMULATES DOPAMINE 

INCREASES RATE 
FACILITATION 

RECEPTORS (AT LOW DOSES) 

EFFECTS OF PSYCHOACTIVE DRUGS on self-stimulation be­
havior and on learning and memory in the rat are summarized in this 
table. Drugs that enhance transmission at dopamine and norepineph-

rine synapses tend to potentiate self-stimulation behavior; blocking 
drugs tend to inhibit it. The drugs seem to have parallel effects on 
learning and memory, although in some cases data are inconclusive. 

in learning and memory remains a 
strong interest of several investigators 
of brain reward. Before his death Olds 
had been recording the activity of single 
nerve cells throughout the brain during 
learning in freely moving rats. and this 
research is being continued by Mar­
ianne Olds. James Olds had discovered 
certain nerve cells .that "fire" 20 milli­
seconds or less after the presentation of 
a cue the animal has learned earlier is a 
signal for food. A number of these cells 
were in the substantia nigra. the region 
my research had connected with brain­
reward pathways. 

The evidence clearly shows that the 
brain-reward pathways play an impor­
tant role in learning and memory. Much 
of the research strategy in the study of 
brain reward itself can be applied in this 
area. including the anatomical analysis 
of brain pathways and the use of drugs 
that affect the function of specific neuro­
transmitters. In this connection it is of 
considerable interest that certain am­
phetaminelike compounds potentiating 
the self-stimulation system are the prin­
cipal therapeutic drugs prescribed for 
children with neurological disorders of 
attention and learning. These considera-
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tions suggest that as more is learned 
about self-stimulation pathways and 
their relation to learning new therapeu­
tic tools for assisting people with learn­
ing and memory disabilities may be dis­
covered. 

To sum up. new information about 
the catecholamine-fiber system has 

made it possible to chart the brain path­
ways of self-stimulation as explicitly 
as the pathways of well-known sensory 
and motor systems. Evidence for the re­
ward effects of localized electrical stim­
ulation. for the control of brain reward 
by psychoactive drugs and for the asso­
ciation of reward pathways with memo­
ry formation indicates that the neural 
substrates of self-stimulation play a vi­
tal role in the guidance of behavior. And 
it has been shown that reward systems 
are present at all levels of the brain. 
from the medulla oblongata to the cere­
bral cortex. 

Since the time when the medial fore­
brain bundle alone was designated as 
the pleasure center. the boundaries of 
the brain-reward system have been ex­
tended deep into the brain stem and far 
forward into the cortex of the frontal 

lobe of the cerebrum. All Jhe reward 
systems do. however. have pathways 
through the medial forebrain bundle. 
suggesting that this region of the hypo­
thalamus may be described as the relay 
station through which the brain-reward 
pathways course. 

It would obviously be highly desirable 
if brain-stimulation technology and the 
information derived from the study of 
the anatomy of the reward system could 
be applied to the alleviation of neuro­
logical diseases caused by disorders of 
the reward system. Such applications. 
however. have been misused in the past. 
All neuroscientists share the responsi­
bility for limiting the use of brain-stimu­
lation techniques in human beings to 
therapeutic purposes. and for guarding 
against the unwarranted or unethical 
applications of those techniques. Yet 
neuroscientists must also be prepared 
to communicate the positive character 
of their work in a society suspicious of 
"mind control." The potential value to 
society of applying such knowledge to 
physiological disorders of personality 
and mental function calls both for con­
tinued basic research and for efforts to 
build bridges to the clinic. 
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JAL introduces 
"The Thinking Man's Flights" to Tokyo. 

And beyond. 

If you think all airlines are pretty much alike, think again. 
If you think there's any other airline like Japan Air Lines, you 
simply don't know Japan Air Lines. 

T hese are our flights. Note their exclusive benefits. 
From Los Angeles: Nonstop to Tokyo every day on the 

only full·sized 747 flying this route nonstop. 
From San Francisco: Nonstop to Tokyo every day on our 

747 Garden Jet. Our 2 :30PM departure time can liter· 
ally save you half a day-or more. And 4 more flights 
a week via Honolulu. All on 747 Garden Jets. 

From New York: Daily service to Tokyo; 
4 times a week on a wide· body De1O. You touch 
down in Anchorage for a fresh crew and fresh food. 

From Honolulu: Our 747 Garden Jets fly 18 
nonstop flights a week to Tokyo. Plus 3 nonstop 
flights a week to Osaka in addition to daily flights 
via Tokyo. And all on 747 Garden Jets. 

From Vancouver: 4 nonstop 747 Garden 
a week to Tokyo. And the only Saturday departure. 

From Mexico City: 3 flights a week to Tokyo 
via Vancouver on 747 Garden Jets. 

And we fly from Tokyo to more cities in the 
Orient more often than any other airline. 

We created the Executive Service Program to help the busi­
nessman do business in Japan. It offers, among other things, 
bilingual business cards and books on doing business in Japan 

and the Orient. And our Executive Service Lounge in the 
Imperial Hotel in Tokyo can serve as your "office" away 

from the office. 

T he hospitality you enjoy on JAL isn't the usual 
airline kind. It isn't learned in any stewardess school­
or in any school, for that matter. 

In Japan you don't learn hospitality: it's part of 
the culture. It's what you'd expect from people whose 
word for "passenger" also means "honored guest." 

Now you know why we call our flights to 
Tokyo and beyond "T he T hinking Man's Flights." 

We never forget (6) 
how important you are. 

JAPAN AIR LINES • 
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The Wright Brothers' 
Flight-Control System 

The Wrights' gliders and powered "Flyers" had an elevator in front 
instead of in the rear. The system has seemed inherently unstable, 
but it appears that the Wrights had good reasons for selecting it 

Wilbur and Orville Wright in­
vented the controllable air­
plane. Until they first flew in 

public in 1908 it was believed a powered 
aircraft would be similar in its behavior 
to an airship. a stable vehicle that could 
be steered right and left by a rudder and 
up and down by a horizontal rudder. or 
elevator. One could expect to mount 
such a craft and fly it without previously 
acquired skills. and that was what was 
invariably attempted until the Wrights 
showed how it should be done. . 

In contrast. the Wrights. who were 
builders of bicycles. conceived the air­
plane from the beginning as being a ve­
hicle that like the bicycle depended on 
its operator not only for its direction 
but also for its equilibrium. It therefore 
seemed perfectly natural to them that 
before one could hope to successfully 
operate a powered aircraft one needed 
to develop both the aircraft and the 
skills necessary for operating it. 

The dictionary definition of stability. 
as applied to aircraft. is: a characteristic 
of an aircraft in flight that causes it. if 
disturbed from its condition of equilib­
rium or steady flight. to return to that. 
condition. There are degrees of stability. 
and although nearly all aircraft today 
have sufficient stability to recover their 
equilibrium after small disturbances. 
none has sufficient stability to ensure 
its equilibrium under all possible con­
ditions. The aircraft must maintain its 
equilibrium with respect to the air. and a 
highly stable airplane requires still air in 
order to progress evenly; the highly sta­
ble airplane is the servant of the wind. 
not of its pilot. There are also degrees of 
instability. The bicycle is unstable. but 
the instability is such that it is readily 

by Frederick]. Hooven 

overcome by the high degree of control 
the operator has over the machine's 
equilibrium. Once the operator has ac­
quired the necessary skill. control be­
comes instinctive and equilibrium is not 
a problem. The Wrights' early aircraft 
were unstable. and it was not until 1905 
that they achieved a powered machine 
with a low enough degree of instability 
combined with a high enough degree of 
control to enable them to learn the need­
ed skills and accomplish their objective 
of practical controlled flight. 

An aircraft's  flight calls for three kinds 
.f\.. of control. corresponding to its 
three axes of rotation: roll. yaw and 
pitch. Roll is rotation about the longitu­
dinal horizontal axis ; it determines the 
lateral attitude of the aircraft (left wing 
up or right wing up). Before the Wrights 
there was no concept of lateral control. 
It had been found in the flying of models 
that giving the wings a dihedral angle. 
that is. raising the wing tips above the 
wing roots. would provide sufficient sta­
bility to maintain equilibrium about the 
longitudinal horizontal axis in straight­
away flight. The Wrights. who were 
careful students of soaring birds. no­
ticed that although some birds (pigeons 
and turkey vultures. for example) use 
the dihedral. many do not. and that all 
soaring birds make subtle changes in the 
configuration of their wings to control 
their lateral equilibrium. 

The Wrights therefore were the first to 
conceive the idea of increasing the lift 
on one side of the aircraft while simulta­
neously decreasing it on the other as a 
means of accomplishing lateral control. 
They finally had the idea of twisting the 
wings so that one wing presented itself 

TYPE "A" WRIGHT FLYER, the model demonstrated in the U.S. and abroad in 1908, is seen 
in the photograph on the opposite page. Orville Wright is piloting the machine above the parade 
ground at Fort Myer, Va., during a demonstration for the Department of War on September 9, 
1908. In France that month Wilbur Wright established world altitude and endurance records. 

to the wind at a greater angle than the 
other one. Today this is accomplished 
by ailerons. small flaps along the trailing 
edge of the wing that modify its lift char­
acteristics to achieve the same end. 

Changes in yaw. that is. rotation 
about the vertical axis. determine the di­
rection of the flight path to the left or the 
right. Yaw control is effected by a rud­
der. a vertical control surface placed at 
the rear of the machine by the Wrights 
as it had been in all other floating or 
flying craft. Bicyclists are accustomed to 
"banking" as they round a corner. which 
is of course accomplished by the lateral 
control; thus the lateral and yaw con­
trols are closely interrelated. Working 
out this interrelation was one of the 
Wrights' triumphs in achieving control 
and learning to fly. 

Pitch. or nose-up. nose-down. control 
stands alone and can be regarded as be­
ing substantially independent of the oth­
er two controls. Pitch control present­
ed unexpected problems to the Wrights 
that did not materialize until they had 
built and flown powered aircraft. and it 
was the solution of these problems that 
occupied much of the two-year period 
between the first powered flight in 1903 
and the final achievement of practical 
flight two years later. Pitch control is 
accomplished by the elevator. or stabi­
lizer. which is normally placed behind 
the wings but which was placed in front 
of the wings by the Wrights in all their 
aircraft built before 1910. 

An aircraft is balanced by distributing 
its weight along its longitudinal axis so 
that its center of gravity coincides as 
nearly as possible with the center of lift 
of the wing. In this way the machine is 
balanced on its center of gravity much 
as the beam of a scale is balanced on its 
fulcrum. In flight. however. the weight 
shifts. as when passengers move about 
or fuel tanks are emptied. and some 
auxiliary means is obviously needed to 
lift up or push down on the nose or the 
tail of the machine to balance it. An-
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other disturbing influence is the fact 
that the fulcrum. the wing's center of 
lift. moves with changes of the plane's 
flight attitude. 

When the Wrights began their work. 
existing data indicated that the move­
ment of the center of lift was such as to 
cause the machine to be stable in flight. 
What this means is that any change 
of attitude from equilibrium would be 
such as to induce a change of attitude 
tending to restore the original equilibri­
um. If the plane were to be caused to 
assume a more nose-up attitude. and if 
that change of attitude were to result in 
a rearward movement of the center of 
lift. the machine would be stable. since 
such a movement would cause the nose 
of the machine to drop. What the 
Wrights found instead was that when 
the wing was cambered. the center of lift 
over much of the range of attitudes was 
in the opposite direction. causing the 

a 

c 

machine to be unstable. Hence the oper­
ator was required not only to use the 
elevator to effect changes in the plane's 
attitude and direction but also to manip­
ulate it in a constant balancing act to 
maintain its attitude. j ust as the rider of 
a bicycle uses the handlebars both for 
direction control and for balancing the 
machine. 

In their first man-carrying glider. 
flown in 1900. the Wrights discovered 
they could overcome this instability by 
placing the elevator to the rear of the 
wings. which they did simply by flying 
the glider backward. Yet they decided to 
keep the elevator in its forward position 
in spite of the instability. Being bicycle 
riders. they found the instability was 
no problem. They persisted in this prac­
tice not only with all their gliders but 
also with their powered machines built 
before 19lO. when they adopted the 
conventional rear elevator for the first 

d 

planes they manufactured in quantity. 
The front-elevator configuration lat­

er came to be known as the canard. be­
cause of its fancied resemblance to a 
duck. It has been generally shunned by 
aircraft designers as unstable. and the 
Wrights have been criticized by histori­
ans for persisting in its use on their pow­
ered machines. Why did they do it? To 
answer the question it is necessary to 
go back to the beginning of the Wrights' 
interest in manned flight. 

Before the Wrights the only heavier­
than-air flights had been made by 

hang-glider pilots. of whom the first and 
greatest was Otto Lilienthal. He was a 
successful German engineer for whom 
the Wrights had great admiration. and 
he was the compiler of the best aero­
dynamic tables before those of the 
Wrights. Lilienthal was killed in 1896 
when a gust of wind caused his machine 

-s' - - -" 
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MOTION AROUND THREE AXES must be controlled in flight. 
At a the three.axes (pitch, yaw and roll) are seen. At b motion around 
the pitch axis, nosing down (1), is seen; equilibrium is restored by 
moving elevator to a nose-up position (2). At c motion around the yaw 

axis, a turn to the left (1), is seen; equilibrium is restored by moving 
the rudders to a right-turn position (2). At d motion around the roll 
axis, lowering the left wings (1), is seen; the Wrights restored equi­
librium by warping the wings (2a, 2b) into a left-wing-up position. 
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Here's the test. First, visit your 
Marantz dealer and listen to a 
pair of Marantz floor standing 

speakers placed in a normal 
listening position .  Then, with your 

eyes closed, have the speakers 
turned until they're facing each other. 

We're betting you won't be able to 
hear even a slight change in the sound 
... because there won't be any! Unlike 

,.. .. 

conventional speakers that tend 
.to beam certain frequencies in a 
narrow corridor (so you have to 

. be directly in front of them to hear 
all the sound), the Marantz speak­
ers disperse all the frequencies 
oyer a 180 degree listening pattern. 
Re'sult: You'll hear the entire sound 

wherever you are in the room. Take 
, the test at your Marantz dealer now . 

-.. 
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InSaronno, 
all we think about is love. 

That's all we've been thinking about for 450 years. Because this is where the 
drink of love began. With Amaretto di Saronno. If what you're drinking 

doesn't come from Saronno, how do you know it's love? 

DON!lT CHANGE LENSES. 
ZOOM WITH 

SIGMA! 

From aSmm 
. ..to BDmm 

With the ultra-small, extra-light Sigma 
Mini-Zoom lens, you might never change 
lenses again ... because it gives you 
wide-angle, normal,telephoto and zoom 
capabilities all in onel You can zoom 
and focus in a flash, and make exciting 
close-ups at every focal length. 

Try the surprisingly affordable 
Sigma 39-80mm Mini-Zoom at 
better camera counters everywhere. 
It comes complete with carrying case 
and lens shade, in models to fit all pop 
ular 35mm sir cameras. While you're 
there, ask to see the Sigma Mini-Zoor.1 
camera case ... it holds and protects 
your camera and zoom lens. Or, write 
for LitlPak P84 for complete information 
on the total Sigma system of advanced 
technology lenses. Unitron/PPD, a 
subsidiary of Ehrenreich Photo-Optical 
Industries, Inc , Woodbury, NY 1179mlJdil 
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SIGmR 
Unique Features 
Advanced Technology Design 

to lose flying speed and plunge to the 
ground. This loss of flying speed is what 
is known today as a stall. It  is almost 
always followed by a dive, and if the 
aircraft has enough altitude, the dive en­
ables it to regain flying speed. Since a 
hang glider is normally flown at low alti­
tude, there is seldom room for such a 
maneuver . 

The news of Lilienthal's death attract­
ed the attention of the Wrights, and soon 
afterward they began to think about 
gliding as a sport. From the beginning 
they thought about making their glider 
controllable by changing the angle of 
the elevator. They decided to put the 
elevator in front of the wing in the belief 
that it would prevent the dive following 
the stall. Lilienthal and his followers 
had put fixed elevators at the rear of 
their machines, and what control they 
had was achieved by the operator's 
shifting his weight. This provided little 
control over the machine's attitude and 
almost none over its direction; it simply 
went where the wind took it. 

In 1899 the Wrights built a biplane 
kite with a five-foot wingspread that em­
bodied their wing-twisting roll control. 
They found it responded to their con­
trol. They then proceeded to plan their 
1900 machine and to search for a place 
where there would be winds steady 
enough for them to fly it as a kite and 
sandy hills for them to glide and land it 
without damage. They settled on the 
sand dunes near Kitty Hawk, N.C. 

The Wrights' first machine had no 
rudder. It depended on the tilting of the 
wings to the right or left in the expecta­
tion that it would turn in the direction in 
which it was tilted, much as the experi­
ence of the hang-glider pilots had been . 
Its control system achieved an impor­
tant improvement over the hang gliders 
in that the operator, no longer being re­
quired to shift his weight for control. 
was able to lie prone on the lower wing, 
thereby greatly reducing the head resist­
ance of his body. The Wrights also re­
alized that their control system would 
work on machines that were much too 
heavy to be controlled by the operator's 
shifting his weight: machines that would 
be powered.  

They first flew their glider as  a kite, 
carefully measuring the forces of lift 
and drag while they measured the veloc­
ity of the wind with a hand-held ane­
mometer. Their meticulous calibration 
of the anemometer and their painstak­
ing measurements of the angles of the 
ropes that held the machine eventually 
enabled them to make fundamental cor­
rections in the aerodynamic data then 
available . From the beginning they be­
gan to doubt the accuracy of Lilienthal's 
tables, which they applied to the design 
of their 1900 and 190 1 gliders. 

The Wrights also flew the machine as 
a glider, experimenting by rigging it 
with a dihedral angle . They discovered 
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THE CLASSIC 
GRAY'S ANATOMY 

3POUND.,1.,257-PAGE 
COLLECTOR'S 

DELUXE EDITION 
NOW ONLY $6.95! 

AN EXTRAORDINARY PUBLISHING TRIUMPH-(ORIGINAL I'}OI EDITION WORTH $200.00 OR MORE IF YOU CAN FIND ONE!) 

For today's men and women truly interested in their own body and its functions. For students, 
artists and the medically curious-for everyone. The most fascinating book ever published! 

IF you ever wanted to know how any .part of 
your body really works, if you want to ex­
perience the same magic feeling a young 

medical student feels as the mysteries of the 
body are revealed for the first time, then this 
landmark edition of Gray's Ana/omy is for 
you. 

Considered one of the greatest texts of 
our time, Gray's Ana/omy has been used .by 
nearly every living physician and every phy­
sician has been exposed to it. But its appeal is 
not only to physicians, but to everyone, in­
cluding students, artists, and collectors of 
classic books. Dr. John Crocco, Chief of 
Pulmonary Services, St. Vincent's Hospital 
and Medical Center of Ne\\\; York, writing in 
his new Introduction states: 

"This stellar book represents the acme of 
anatomical description over the last century 
and will probablY still be the premier text in 
anatomy over the next one hundred years." 

Just what is Anatomy? Anatomy is the 
gateway to medicine and the queen of basic 
sciences. It is the parts and the whole of the 
human body and a prerequisite for entry into 
the field of human biology. In this, his master­
piece, Henry Gray unquestionably found the 
best method of imparting this knowledge to 
other minds. 

To those interested, we say that this is 
an unprecedented opportunity to acquire a 
magnificent classic at the fantastically low 
price of only $6.95. 

The book itself is divided into 16 main 
sections, with hundreds of major subdivisions. 

The text incl udes: 

The Male Organs of Generation. 14 
pages on the prostate glands, penis, testes, etc. 

The Female Organs of Generation. 15 
pages on the clitoris, vagina, ovaries, preg­
nancy, etc. 

The Surgical Anatomy of Hernia. 20 
pages including scrotal and femoral hernia. 

General Anatomy or Histology. 73 pages 
on the animal cell, nutritive fluids, blood, 
the skin, secreting glands and much more. 

Embryology. 66 pages on the embryo, 
fetus, ovum, and development of a baby. 

The above list of contents is by the limi­
tation of space just a mere summation. The 
actual content of Gray's Ana/omy is so mas­
sive that the table of contents in the book 
needs 16 entire pages with 1,932 separate 
category entries. And the index of this master­
work covers 41 pages with 8,541 separate 
listings. 

Again, as Dr. Crocco states, "There have 
been many imitations. there have been ana­
tomical narratives, dissection manuals and 

The Skeleton. 181 pages covering all 
aspects of the 200 bones of the body. 

The Articulations. 76 pages describing 708 movements of joints, ligaments, cartilages, etc. III t to The Muscles: .158. pages covering every US ra Ions 
muscle from the tIDIest'" the eye to the largest °th 172 in leg with every detail of their action and use. WI 

pictorial atlases with exquisite photographs. 
H owever, there is only one Gray's Ana/omy. 
Gray's is the book all students turn to. " 

The medical contents alone makes this 
book invaluable. but the writing style makes 
it a true literary masterpiece. It combines 
both technical genius with a beautiful prose­
like quality usually associated with a great 
novel. The 708 illustrations. including 172 
original full color plates have never been sur­
passed for their authenticity and clarity . 

O riginally published more than 100 years 
ago. this classic edition is now available 
complete and in a new format that is out­
standing for both its visual beauty and the 
unprecedented low price of only $6.95. 

----- �- " .  
Here is an :; 1 � q;)heeL.t!$tCed!l.�EJi!''''m e x t r aordinary }1�.r' .... 

J Gfl A� opportunity to . ' � ,[\..l"l.L_ � acquire one of ' :It::' A 1\0..1 A�MY t h e  gr e a t e s t  J� l"\J. �.1 "-,, 
b o o ks of a l l  t� 
time. To order, • 
Simply fill out � 
form below and ,. 
enclose check ; 

K __ �:_�_�y_�_e:_Pf_;_i;_�:_�_ 1 
•.........• ""-I I CLARIDGE BOOKS. Dept. 26 : 120 Smith Street, Farmingdale, N.Y. 1173S 
• Gentlemen. Please send rne ____ copies I of the Classic Collector's Edition of Gray's I Anatomy at the introductory prices shown g II below. I enclose check or money order for 

The Blood-Vascular System. 167 pages 
° F 11 describing circulation, arteries and ve.ins. A In u 

veritable book within a book. Color 
-:1 $------

•. � ... "l!:'..._u_-... 
;;;;:;. .. - 0 I _Copies of Deluxe Heavy Laminated Soft 

U I 'Cover Edition @ only $6.9S each plus 
The Lymphatics. 14 pages on every 

lymph gland in the body from sex glands to 
neck and face glands. 

The Nervous System. 171 pages on the 
brain, the extremities, the spinal cord, etc. 

The Organs of Special Sense. 56 pages on 
the tongue. nose, eyes and ears. 

The Organs of Digestion. 85 pages start­
ing with the teeth and including the salivary Yb'V'';;'Vj./d';, 
glands, stomach, intestines, liver, etc. 

The Organs of Voice and Respiration. 67 
pages on the larynx, trachea, lungs, etc . 

Fig. 283-Surgical anatomy of the arteries of the 
neck, showing the carotid and subclavian arteries. 

I 9S� for postage and handling. � I _Copies of Special Hard Cover Library ;: I Edition @ only $8.9S each plus 9S� post-
o!! I age and handling. UI �I Nwme __________________________ _ �I !: Address ________________________ __ 

.�: City __________________________ _ 

8: S
tate

N. Y. Res. Add Applicab�i�ales Tax. 0 •••••••• _________ ••• •••••• 
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Plant a THINK TANK anywhere 
and watch the minds grow! 

home-oflice-school-park-club-churches-Iaboralory 

WFF 'N PROOF (logic) 13.00' 
OUERIES 'N THEORIES (sci. & lang,) 13.00' 
EOUATIONS(mathematics) 10.00' 
ON-SETS (set theory) 10.00' 
PROPAGANDA (social studies) 11.00' 
ON-WORDS (word structures) 10.00' 
CONFIGURATIONS (geometry) 6.75' 
TRI-NIM (problem solving) 5.75' 
REAL NUMBERS (arithmetic) 2.25' 
WFF (beginner's logic) 2.25' 
OWIK-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-KitTHINK TANK & Teachers Manual 

with Bookends 96.50' 
without Bookends 86.50' 

'includes postage and handling charges 

Order from: WFF 'N PROOF 
1490·TN South Blvd .. Ann Arbor. Mi. 48104 

Fully guaranteed, Dealer inquiries invited . 

G,lts that are a COMPLIMENT to rece,ve' 

Historic pictures taken by NASA's 
planetary missions, by Astronauts, or with 
giant telescopes are now available 
expertly mounted and ready to hang. 
These colorful wall hangings combine 
science and technology with exploration, 
conquest, and imagination into a product 
worthy of America's space·achievements. 
Beautiful and decorative for home or 
office. Satisfaction Guaranteed. Send 
$1.00 for color folder. 
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Space Art 
P.o. Box 448 

South Laguna, Ca 92677 

� /"""----

DIHEDRAL ANGLE (POSITIVE) 

-------- ANGLE OF ATIACK 

AIRFOIL TERMINOLOGY is defined in this diagram of a stylized glider wing of the 1900's, 
Wingspan is the total distance from wing tip to wing tip; chord is the distance from the leading 
edge to the trailing one, Multiplying the chord by the span yields the total airfoil area, The as­
pect ratio of the ·wing is the ratio of the span to the chord. A long, narrow wing has a high as­
pect ratio and a short, wide wing has a low one, If the wing consists of two planes, the angle 
formed where they meet is a dihedron; in this example the dihedral angle is positive, A wing 
with a curved cross section, as seen here, is said to be cambered, The angle at which the wing is 
inclined to the direction of motion is the angle of attack; if too steep, loss of lift causes a stall, 

that this caused it to react to every cross 
wind, thus interfering with the opera­
tor's choice of direction. It was this ma­
chine they flew backward with the el­
evator at the rear, learning that such a 
system increased stability. Since they 
valued freedom from dives more than 
stability, however, they left the elevator 
in the front. 

I t was a good start. Their control sys­
tem had worked well, their plan of 

flying the machine as a kite had worked 
out as they had planned, even though 
some of their data did not agree with 
existing tables, and their brief experi­
ence at gliding had been both promising 
and fun. They began at once to plan a 
new and larger glider for 1901. It had 
290 square feet of wing area (as com­
pared with 165) and more deeply cam­
bered wings. It proved to be a disap­
pointment. It was so unstable that it was 
difficult to control. and it had a steeper 
glide angle than the 1900 glider. 

The Wrights rebuilt the wings to re­
duce their camber, and they modified 
the wing to improve the streamlining of 
its leading edge. These changes com­
pletely solved the problem of stability 
and improved the glide angle. The shape 
of the wing section after the modifica­
tion can be seen clearly in a photograph 
of the glider in flight [see bottom illustra­
tion on page 174]. The reverse curvature 
visible in the rear half of the wing profile 
is characteristic of the sections designed 
to avoid the unstable movement of the 
center of lift of cambered wings. From 
this it can be inferred that the 1901 ma­
chine was actually stable. a conclusion 
that is confirmed by a note entered in the 

diary of E. C. Huffaker. a visitor to the 
Wrights' camp in 1901. He watched the 
Wrights make several flights in the ma­
chine with its elevator fixed. 

The Wrights did a great deal of flying 
in this glider. and it provided them with 
two particular sources of satisfaction. 
Their lateral control system performed 
well. They had twice found themselves 
in the same kind of stall that had killed 
Lilienthal. and instead of diving their 
machine had just settled to the ground. 
This confirmed the wisdom of their 
choice of the front elevator . 

The 1901 machine also convinced 
them that since the Lilienthal tables 
of aerodynamics were seriously wrong, 
they would have to make their own mea­
surements if they were going to build a 
successful powered machine . Once back 
home in Dayton. Ohio. they proceeded 
with measurements of the aerodynamic 
characteristics of more than 60 model 
wings of various cambers. shapes. as­
pect ratios and thicknesses. singly and 
in biplane form. In these studies they 
worked with a small wind tunnel of their 
own devising. With much wisdom they 
decided not to try to measure the minute 
forces on their models. Instead they 
measured the ratio between two wind 
forces within the airstream by finding 
the direction of the resultant of the two 
forces. For this purpose they used two 
different parallelogram linkages inge­
niously contrived of bicycle spokes. One 
linkage measured the lift on the model 
wing by comparing it with the resistance 
of a flat plane at right angles to the air­
stream. The other linkage measured the 
drag by comparing it with the lift. The 
forces on a full-sized wing could then be 
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What your home could have in common 
with the Met, the Tate-, and the Louvre. 

Marc ChagaU's Double Portrait, original 

lithograph. Signed limited edition of 50. 

Salvador Dati's The Reapers, original etching. 
Signed limited edition of 450. 

In your own home, you can exhibit 
original work by artists who are repre­
sented in the world's great museums and 
galleries. 

Artists like Calder. Chagall. Dali. 
Miro. Picasso. 

At the Original Print Collectors 
Group, we offer moderately priced lim­
ited edition prints by these and other 
well-known artists. 

� '�r"" 
"",,�.�¥ • 

Tina Mackler's Marcel Marceau, original 
lithograph. Signed limited edition of 195. 

Fanch Ledan's Chez I'Artiste, original 

lithograph. Signed limited edition of 250. 

Arnold Iger's Calandula and Fern, original 
etching. Signed limited edition of 250. 

Our offerings include signed origi­
nal etchings, engravings, lithographs, 
woodcuts, and silkscreen prints. 

Each print we offer is signed and 
numbered by the artist. Custom-framed. 
Accompanied by a certificate of authen­
ticity and a full money-back guarantee. 

And each print has been chosen not 
only for its beauty but for its invest­
ment value. 

(Works by the artists we offer tend 
to appreciate, sometimes as much as 
30% in a single year. Perhaps that's why 
The Wall Street Journal, Business 
Week, Money, AP and UPI have quoted 
us as an authority on investing in art.) 

Marcus Uzilevsky's Solitary Places, original 
serigraph. Signed limited edition of 250. 

For more information, send in the 
coupon. There's no obligation. 

You'll find out about the special 
pleasure of owning original art, instead 
of just visiting it. 

joan Mira's 45 Rue Blomel, original 

lithograph. Signed limited edition of 100. 

Paul Ambille's Regales Bleues, original 

lithograph. Signed limited edition of 125. 

---------------� 

: Original print coIledors group, Ltd. 4' : 
I 120 East 56th Street, Dept.SA-15, New York, N.Y.10022 I 
I 0 PLEASE SEND ME YOUR FREE COLOR BROCHURE, I LATEST NEWSLETTER AND MEMBERSHIP INFORMATION. 
I I 
I Name I 
I Address I 
I City State Zip I 
L _______________ J 

Jacques Deperthes' Bouquet d'Arbres, 

original lithograph. Signed limited 
edition of 150. 
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GLIDER OF 1900, seen in flight as a kite in this photograph, had 
only two controls: wing-warping to maintain equilibrium around the 
roll axis, and a forward elevator-stabilizer, barely visible at this an· 

GLIDER OF 1901, seen in this photograph with Wilbur Wright as 
the pilot, also had only two controls: wing-warping for roll-axis con· 
trol and a movable forward elevator-stabilizer for pitch-axis controL 

174 

gle, to maintain equilibrium around the pitch axis. The wings have 
been rigged to assume a slightly negative dihedral angle. As this near· 
profile view shows, the wings were constructed with little camber. 

The elevator's single surface had a low aspect ratio. The 1901 wings 
were at first constructed with more camber than the 1900 wings but 
were later flattened, as is visible here, in order to improve stability. 
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predicted by comparing them with the 
force on a full-sized flat plane measured 
by the Wrights' meticulous procedures 
in the steady wind of Kitty Hawk. In this 
way they avoided the worst pitfalls of 
model testing on a small scale: the dif­
ficulty of measuring small and proba­
bly unsteady forces and effects of scale 
that result from the viscosity of the air 
(which the Wrights probably were not 
even aware of). 

Working with their own tables this 
time, the Wrights designed the 1902 
glider. It was still larger, with a 32-foot 
wingspan instead of the 22-foot one of 
the 1901 machine but with a wing chord 
of only five feet instead of the seven feet 
of the earlier machine. It weighed more 
than 100 pounds. Nothing that large had 
ever flown before. The wing area, 320 
square feet against the 290 of the 1901 
glider, was not much greater, but the 
increased aspect ratio, with a span of 6.4 
times the chord, provided considerably 
more lift. For the first time the machine 
included a pair of fixed vertical surfaces 
behind the wings to stabilize motion 
about the yaw axis. 

This glider was a success from the 
start, and the Wrights soon broke all rec­
ords for endurance and flatness of glide 
path. The vertical fin in the rear proved 
to be an advance over previous gliders in 
its development of the complex interac­
tion of yaw and lateral controls in turn­
ing. The Wrights had found that their 
method of turning by tilting up one side 
of the machine did not work as they had 
expected. For example, to make a left 
turn they would raise the right wing, but 
then instead of turning to the left the 
machine would exhibit a tendency to 
turn to the right, because the right wing, 
having the greatest lift, would also have 
the greatest drag, and that would keep 
the right wing from moving ahead as 
expected. Being thus banked for a turn 
without making the turn, the machine 
would simply move sideways down­
ward to the left, and the flight would end 
as the machine hit the ground. 

The fixed rear fin had tended to cor­
rect this condition by causing the ma­
chine to turn in the direction of the 
sideslip. The correction, however, was 
too little and too late, and in the middle 
of the season the Wrights conceived the 
idea of converting the fixed fin into a 
rudder that would turn as they warped 
the wings, helping to get the turn started. 
In this change the double surface be­
came a single one. At that point the 
Wrights had in place for the first time all 
the control surfaces needed for com­
plete three-axis control. This arrange­
ment lasted until the middle of the 1905 
season, when they at last separated the 
rudder control from the wing warping 
and had the three independent controls 
all aircraft have had since. 

After the 1902 season the Wrights 
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Garden came ... 
CALCULATORS 
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Hewlett Packard 
HP 10 ......... $137.95 

HP 19C ......... 236.50 
HP 31 E .......... 49.50 
HP 32E .... ..... :65.50 
HP 33E . .... ..... 82.50 
HP 37E .. ....... . 61.50 

HP 29C ......... 139 .50 
HP 67 .......... 352.00 
HP 92 ......... . 485.00 
HP 97 ... .. ..... 584.50 
HP 38E ..... . .... 98.50 
ALL PACS AVAIL 28.95 

Texas Instruments 
T.I. 57 ......... $ 47.95 
T.I. 58 . ...... . . . 87.95 
T.I. 59 ...... . . '.209.00 
T.I. 51 I I  .... .... 39.50 
PC 100 A ... . . . . 145.00 

T.I. 5040 ......... 87.50 

T.I. 5050M ....... 69.95 

NEW' MBA PROGRAMMABLE . $59.95 
SOFTWARE AVAILABLE 

Prices subject to We accept 
change without notice _ �. 

Speed your order VISA' 
TOLL FREEl - -- ' 

can I (800) 221·1810 
Or lend pOltlge and handling to 

CiUIPIN (MIIIIA 
14S Seventh Avenue, N.Y., N.Y. 10001 

New York, Aluh & H�w�ii C�II: 
Tel: (212)81>8-1420 Open Weekd�ys 8:»6:00 
OPEN SUNDAYS 1G-4p.m. Clos .. d S.lurd.ys. 

VICTORIAN 3-D VI EWER SETS 

Invented in 1859 by Oliver Wendell 
Hoi mes, our hand-crafted Stereoscope is a 
handsome reproduction of his famous 
instrument. 
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knew they were ready to build a pow­
ered machine. They designed their 1903 
"Flyer" along the same general lines as 
the 1902 glider, with a 40-foot span 
and a 6.5-foot chord. having 510 square 
feet of wing area to carry the extra 
weight of the power plant and the pro­
pUlsion system_ After vainly seeking an 
engine from automobile manufacturers 
they designed and built their own four­
cylinder in-line horizontal engine . It 
weighed some 200 pounds with the nec­
essary fuel and cooling auxiliaries and 
developed 12 to 13 horsepower. 

In some ways the development of the 
Flyer's  propellers was the most remark­
able of all the Wrights' accomplish­
ments_ They developed a theoretical 
analysis of the screw propeller for the 
first time. and they produced the first 
efficient air propellers that had ever 
been made. How they did it is a secret of 
the unrecorded dialogue between the 
two brothers,  but the figures are there. 
These propellers were about 70 percent 
efficient. a figure that would do credit to 
a modern designer under the same cir­
cumstances. They were pushers. large 
(eight feet across), slow-turning (380 
revolutions per minute) and driven in 
opposite directions of rotation by bicy­
cle chains. They thus canceled any twist­
ing reactions that might have complicat­
ed lateral control. 

While the Wrights were assem­
bling the 1903 Flyer at Kitty Hawk 

in the fall of that year they took time off to 
make many flights in the 1902 glider. 
They became skilled at soaring. and be­
fore the end of the season both brothers 
had exceeded one minute in flight: Or­
ville soared for 71 % seconds and Wil­
bur for 691/. seconds. These were new 
records for duration of flight. 

After a series of disheartening trou­
bles with the propulsion system the Fly­
er was ready on December 14. Wilbur, 
who had won the toss. was the pilot. The 
new machine proved to be unexpectedly 
hard to control in pitch. Immediately 
after takeoff it darted into the ground , 
breaking the elevator and ending flying 
for that day. 

Determined to get home for Christ­
mas, the Wrights launched the Flyer 
again on December 17, in spite of a 
gusty wind of more than 20 miles per 
hour. this time with Orville at the con­
trols. The machine was unstable. tend­
ing to dart up and down, a condition that 
was aggravated by the wind gusts and by 
an elevator that tended to go to the ex­
tremes of its travel. Having to accustom 
himself to new and difficult controls in 
the face of a gusty wind. Orville did well 
to remain in the air for 12 seconds. dur­
ing which time he covered only 120 feet. 
Each brother made two flights that day. 
and on the last flight Wilbur stayed in 
the air for 59 seconds. covering 852 feet. 
This flight was terminated by a down­
ward plunge that once again damaged 
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GLIDER OF 1902, with Wilbur Wright again as pilot, had a three-axis control system: wing­
warping for roll control, single elevator (of higher aspect ratio and set farther forward) for 
pitch control and a single vertical rudder for yaw control. The Wrights first placed a fixed rud­
der well to the rear of the wings. The movable rudder was installed in place of the fixed rudder 
at Kitty Hawk to improve control over the interacting roll-axis and yaw-axis motions. The 
Wrights now for the first time had attained potential control over all three flight motions. 

the front elevator frame and ended the 
day's flying. As the brothers were stand­
ing by the Flyer discussing the flights 
the wind overturned the machine and 
wrecked it. It never flew again. 

With power the Wrights no longer 
needed Kitty Hawk. and in 1904 they 
arranged to fly their machine on the 
farm of their friend Torrence Huffman. 
near their home in Dayton. They began 
building two new machines that spring, 
both substantially duplicates of the 
1903 Flyer. One of these became the 
1904 Flyer and the other the 1905. They 
also built a new and more powerful en­
gine. which developed 16 horsepower at 
the start of the 1904 season. Its power 
increased as it became better broken in. 
and at the end of the 1905 season. run­
ning at a somewhat higher speed.  it de­
veloped 20 horsepower. 

The limited area of the Huffman farm 
required that the Wrights make 

sharper turns than they had been mak­
ing in the gliders at Kitty Hawk. and this 
proved to be a problem. They finally 
learned to j uggle the controls so that 

they could make circles within a rather 
small field,  but now a new difficulty ap­
peared that puzzled them. Every so of­
ten the machine would lose control and 
simply sideslip into the ground. This 
condition. which I shall call a stall turn. 
was still a puzzle at the end of the 1904 
season. 

The machine also shared its predeces­
sor's tendency to " undulate ,"  as Wilbur 
put it. in pitch attitude. In J uly, 1904. it 
was rebuilt. The engine. the fuel tanks 
and the radiator were moved so that the 
center of gravity was shifted to the rear 
by three inches. Now. however. the ma­
chine was so much more unstable that it 
was practically unflyable. Rather than 
rebuild it again to move its center of 
gravity forward. the Wrights ballasted it 
with 70 pounds of iron on the front 
elevator frame. bringing the center of 
gravity forward by eight inches. or five 
inches ahead of where it had been. Al­
though the machine still undulated,  it 
was more flyable. It finished the season 
in this condition and was then scrapped, 
with the engine and propulsion system 
being saved. 
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FLYER OF 1903, the Wrights' first powered machine, is seen in pro­
file after its final assembly at Kitty Hawk. The single forward eleva­
tor of the 1902 glider has been replaced by a double elevator and 

FLYER OF 1908, the Wrights' Type A, is seen undergoing inspec­
tion by officials of the Department of War. The demilunar vertical 
surface between the elevators is one of twin "blinkers" the Wrights 

180 

the single rudder by a double rudder. The wing area was enlarged 
to accommodate the weight of the machine's engine, cooling system 
and propeUers. Note that the wings are rigged for negative dihedral. 

first added to their 1905 Flyer to improve yaw-axis equilibrium. Both 
the forward elevator and the rear rudder were set farther from the 
wings than in 1903-4; the change greatly improved controllability. 
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The 1905 Flyer began its life almost 
exactly like the 1904 model except for 
the addition of "blinkers," small vertical 
surfaces placed on the elevator frames 
to decrease the tendency of the machine 
to turn into a sideslip or a cross wind. It 
flew much as its predecessor had , having 
the same tendency to undulate. Its insta­
bility resulted in a crash in July, from 
which Orville emerged miraculously 
unharmed. After that it was rebuilt with 
a larger elevator at a greater distance 
from the wings, more than doubling its 
control effectiveness. Meanwhile the 
drooping wings of the 1903 machine 
had proved unnecessary on the powered 
machines, and they had disappeared by 
early in 1904. The 1905 machine was 
rigged with a slight dihedral, providing 
for the first time a small degree of lateral 
stability. As the season progressed the 
rudder was enlarged and was moved far­
ther outward,  and finally it was made 
independent of the lateral control. The 
machine was ballasted with 28 pounds 
of iron to bring the center of gravity 
forward another four inches. 

With the changed elevator the real fly­
ing began, and with more flying experi­
ence the Wrights found that their stall 
turn problem could be solved by simply 
putting the Flyer's  nose down to gather a 
little additional speed for the turn; they 
realized that the centrifugal force, add­
ed to the plane's  weight, required more 
speed and power than straight flying. 
The final flights increased in length, the 
longest of them lasting for 38 minutes 
and covering 24 miles. This one flight of 
October, 1905, represented more flying 
time than the total of the 104 flights of 
the 1904 Flyer. The Wrights now knew 
they were ready to put their machine on 
the market. The 1905 Flyer was the cul­
mination of their development of air­
craft control. It was the world's  first 
practical airplane, and it had flown rou­
tinely before anyone else's  heavier-than­
air machine had even left the ground. 

The Wrights did not fly again until 
1908. They spent the intervening time 
on finding a market for their machine, 
developing a new and more powerful 
engine of about 30 horsepower and 
building a number of new machines ba­
sically the same as the 1 905 model. In 
1908 they put a new engine in the 1905 
design and made the world's first flights 
with two people. For the first time they 
were seated on the lower wing instead 
of lying prone. Thereafter they went on 
to their well-known triumphs of 1908 
in France and in Washington. They nev­
er did, however , progress beyond their 
1905 model, and by 1910 their competi­
tors had caught up with them. 

We are left with several questions 
about the Wrights' pitch-control 

system. Why did they persist in mount­
ing the canard elevator on the powered 
Flyers?  Were they still concerned about 

the stall dive or did they j ust not want 
to change horses in the middle of the 
stream ? Why did they have so much 
more trouble with the Flyers' pitch sta­
bility and control than they had had 
with the gliders? Why did they make the 
highly uncharacteristic blunder of mov­
ing the center of gravity of the 1904 ma­
chine to the rear when it should have 
been moved forward? 

In seeking answers to these questions I 
found that no study had ever been made 
of the pitch stability and control charac­
teristics of the canard-type Flyers. At 
the Thayer School of Engineering of 
Dartmouth College I have made such a 
study, determining the Flyers' static sta­
bility from existing aerodynamic data, 
from the Wrights' own notebooks and 
from measurements of the still-existing 
1905 Flyer. I then explored the ma­
chines' dynamic stability by simulating 
their flight on a computer. 

I have found that the Flyers were in­
deed unstable as they were flown but 
that their instability decreases as the 
center of gravity is moved forward. 

CENTER OF STABILITY 

Each machine has a certain position of 
the center of gravity that marks the di­
viding line between stability and insta­
bility, with a range of positions forward 
of the point for which stable flight is 
possible. As the center of gravity moves 
forward, more of the weight is carried 
by the elevator, and for the 1903 and 
1904 machines with their small eleva­
tors there remains little usable margin 
of elevator lift for control purposes. 
Hence the stable flight range is only of 
academic interest. 

The table below lists the position of­
the center of gravity of each version of 
all the canard Flyers, including the sin­
gle small-wing machine built in 1909 
for the Army Signal Corps. It also lists 
the position of the boundary line be­
tween stability and instability. It can be 
seen from the table that the Wrights 
gradually approached pitch stability as 
their machines evolved, until they final­
ly reached the point at which instability 
is readily overcome by control. Then 
they went no further. 

In reconstructing the flight of the ma-

LOADED 
FLYER WEIGHT G RAVITY THRESHOLD NOTES 

(POUNDS) (PERCENT (PERCENT 
OF CHORD) OF CHORD) 

1 903 750 30.8 23 FOUR FLIGHTS ONLY 

1 904 830 3 1 .2 23 

1 904 830 35.0 23 
REBUILT TO MOVE CENTER OF G RAVITY 
TH REE INCHES TO REAR 

1 904 900 26.3 23 
70-POUND BALLAST ADDED 
TO ELEVATOR FRAM E 

1 905 830 31 .9  23 

1 905 897 1 8 .8 8 
REBUILT TO ENLARGE 
AND EXTEN D  ELEVATOR 

1 905 925 1 2 .8  8 
28-POUND BALLAST ADDED 
TO ELEVATOR FRAME 

1 908 1 ,046' 20.3 13 

1 908 1 , 1 96" 1 8 .3  13  

1 909 885' 20.7 5 

1 909 1 ,035" 1 8.6  5 

1 909 903' 1 7 5 
1 8-POUND BALLAST ADDED 
TO ELEVATOR FRAME 

1 909 1 ,053" 1 5.3 5 

SUCCESSIVE MODELS of the Wright Flyers showed variations in two criteria of pitch-axis 
stability, One criterion is the position of the center of gravity, here expressed as a percent of the 
chord, that is, the distance behind the leading edge. The other criterion is the threshold of stabil­
ity, a function of the relative areas of elevator and wing multiplied by the distance between the 
two. This is also expressed as a percent of the chord. When the center of gravity is ahead of the 
stability threshold (a condition never achieved by the Wright Flyers), the aircraft will be stable 
over its normal range. When it is not ahead, instability is increased in proportion to the in­
creased distance between the center of gravity and the stability threshold. The Wrights pre­
ferred controllability to stability, although they used ballast to narrow the gap. One asterisk 
indicates that one man was aboard the machine; two asterisks, that two men were aboard. 

1 8 1  
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This November the Editors of SCIENTIFIC AMERICAN 
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This new Index embraces all the issues published 
under the present editorial direction, recording 30 
momentous years of intellectual history. 
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An encyclopedia of science 
For libraries, scholars, scientists, engineers 

and all who have an active concern in the 

work of science the Index will prove a produc­

tive research and reference tool. It will mul­

tiply many times the value and the usefulness 

of the collected issues of the magazine. 

Indeed, the I ndex will transform these issues 

into an encyclopedia of the work of science in 

the last three decades. 

The Index consists of these eight indepen­

dent parts: 

Index to Topics 

A rotated key word index that offers access 

to the subject matter of all articles and Sci­

ence and the Citizen items ( see /acinK paw'). 
Index to Proper Names 

The names of all persons mentioned in the 

articies or Science and the Citizen items and 

of places and institutions featured in a pri­

mary role. 

1 82 

Listing of Tables of Contents 

A chronological listing of the contents of all 

362 issues that pennits ready identification, 

by titles and authors, of the articles cited in 

the two foregoing indexes. 

Index to Authors 

An alphabetical listing of all authors of 

articles. 

Index to Titles 

An alphabetical listing of all articles by the 

first key word in the title and by the other 

key words in the title. 

Index to Book Reviews 

A listing of the longer book reviews in three 

parts :  authors of books reviewed, titles of the 

books and reviewers. 

Index to Mathematical Games 

ship of Martin Gardner. 

Index to The Amateur Scientist 

A listing of the projeCts, experiments and 

demonstrations presented in this department 

from April 1952 through February 1976 
under the editorship of the late C. L. Stong 

and from July 1977 through June 1978 under 

the editorship of Jearl Walker. 

Save at the pre-publication price 

The regular price of the Cumulative Index, 

upon publication in November, will be $45 
(plus shipping) . You are invited to order now 

and to save 20 percent at the special pre­

publication price of only $36 (plus $2 .50 for 

shipping) . If you enclose payment with your 

order, we will absorb the cost of postage and 

handling. 

A listing of the puzzles, games and diver- Please send your order to: SCIENTIFIC 
sions presented in this department since its A M E R I C A N ,  I ndex Dept . ,  P. O .  Box 5947, 
inception in January 1957, under the editor- New York, N.Y. 10017. 
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How the Index to Topics provides 
direct access to subject matter of 362 issues of 

SCIENTIFIC AMERICAN • . . and how to use it . 
The Index to Topics is a rotated key-word index. That is: The topics cited 

in a given article are entered together in a cluster: 

DNA, genetics, molecular structure, x-ray crystallography, DNA double helix 
resolved 1954 Oct. p. 54-61 1 5 1  

Each o f  these "key words" takes its tum as the first term i n  the cluster in 
its entry and re-entry' down through the alphabet of the I ndex to Topics: 

DNA, genetics, molecular structure. x-ray crystallography, DNA douhle helix 
resolved 1954 Oct. p. 54-61 1 51 

genetics, DNA, molecular structure, x-ray crystallography, DNA double helix 
resolved 1954 Oct. p. 54-61 1 5 1 

molecular structure, DNA, genetics, x-ray crystallography. DNA double helix 
resolved 1954 Oct. p. 54-61 1 5 1 

x-ray crystallography, DNA, genetics, molecular structure, DNA double 
helix resolved 1954 Oct. p. 54-61 1 5 1 

In most cases, a secondary citation, highlighting some aspect of the arti­
cle, rides along with the rotating primary citations (In the example above: 
DNA double helix resolved) .  Each entry serves, therefore. as a "mini abstract" 
of the original. The alphabetical sequencing of the key words. in tum. brings 
together in chronological order references to each key word from various 

Index to Topics 

issues of the magazine. A portion of the grouping of clusters for "x-ray 
crystallography" follows: 

x-ray crystallography, DNA. genetics. molecular structure. DNA double 
hel ix  resolved 1954 Oct. p. 54-61 [51  
amino acids, myoglobin, proteins, 3-D structure of protein molecule 

1%1 Dec. p. 96-1 10 [ 121 1 
crystal structure. solid state, semiconductors 1%2 Dec. p. 39-48 [ 249) 
Bragg's law, crystal structure, diffraction, fourier series 

1968 July p. 58-70 [ 325) 
photoelectric effect, x-ray absorption 1976 Apr. p. 96-103 
Articles are referenced by first and last page. numbers. Thus, the entry 

for x-ray crystallography informs the reader that first appearance of the term 
is in  the October 1954 issue, pages 54-61 . Reference to the Listing of Tables 
of Contents discloses that the article is "The Structure of the Hereditary 
Material" by F.H.C. Crick. 

References to about one-third of the articles close with a bracketed 
number. This is the offprint number and identifies articles republished as 
offprints. Thus, the Crick article in the example is identified as Offprint #5. 

Reference to the I ndex to Authors will disclose. as well. all of the articles 
written for SCIENTIFIC AMERICAN by F.H.C. Crick. 
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A solar cooker for fuel-short parts of the 
world. Cement made from coral and bread­
fru it wood. A wind m i l l  bui lt of bam boo. A 
methane dig ester from an o i l  drum. 

This is the technology which is  appro­
priate to many deve loping areas of the world. 
It uses local materials,  local ski l ls.  It's labor 
i ntensive, provi d ing jobs whi le  increas ing 
productivity. It conforms to the trad itions and 
cu lture of  the people it serves. 

Devis ing this appropriate techno logy is 
no s i m p l e  task. To apply the most advanced 
results of modern science to the problems of 
these developing areas in  a form that can be 
adopted by the people there requ i res the 
ski l l s  of the best scient ists, eng ineers, farm­
ers, businessmen-people whose jobs may 
i nvolve creating so l id  state systems or farm­
ing 1 000 acres, but who can also design a 
solar-powered grain drier or an imal-drawn 
cult ivator for areas where that is the appro­
priate technology. 

Such are the profess ionals who donate 
their free t ime to Vol unteers in Techn ical As­
s istance (VITA), a 1 5  year o ld  non-profit or­
gan ization dedicated to answeri ng technical  
questions from indiv iduals and deve lopment 
agencies i n  the rural U. S. and throug hout the 
world. 

6000 VITA Vo lunteers respond to over 
1 00 requests a month, by m a i l  and usual ly  
without charge. 

Vol unteer responses and VITA's publ ica­
tions in the past have resu lted in new designs 
for pumps and wel l dri l l i ng eq u i pment, farm 
imp lements, the solar cooker shown above 
and many others . 

Join us.  

Contact 
Because there's so 
much to be done. 

3706 Rhode Island Avenue, Mt. Rainier, Maryland 20822 
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MODERN AIRCRAFT with an elevator in front is the Swedish Viggen, a shori-takeoff-and. 
landing aircraft with a speed above Mach 2. Such a configuration is known today as a canard. 

chines I have simulated the 1905,  1908 
and 1909 Flyers in their stable modes, 
with the center of gravity forward of its 
real-life position. The simulations show 
that it was quite feasible to fly the ma­
chines with stable and well-damped be­
havior with a fixed elevator. Indeed, the 
Flyers could have been taken off, flown 
and landed without touching the eleva­
tor control; the landing could have been 
accomplished by shutting off the engine 
and allowing the machine to glide to the 
ground. When the elevator is left free 
for conventional operation, however, 
the plane's behavior is flawed. Any at· 
tempt to fly it at a high angle of attack 
will result in what is known as a ham­
merhead stall, in which the elevator, op­
erating at a higher angle of attack than 
the wing, stalls and drops, putting the 
machine into a dive not unlike that of a 
normal stall but having shorter duration 
and quicker recovery. This proves that if 
the canard is made stable by moving 
weight forward, it no longer serves to 
protect against the stall dive. Hence as 
long as the Wrights used the canard they 
were right in staying within the unstable 
range. I have further concluded that in 
view of the continual trouble they had 
with stall behavior in the 1903-5 devel­
opment period they were wise to contin­
ue to use the canard, with its inherent 
protection against the stall dive. If it had 
not been for the forward elevator, the 
numerous stall turn episodes might have 
been fatal stall dives. 

To simulate the flight of the machines 
in their unstable modes an automatic pi­
lot has been programmed to perform 
the necessary balancing act with the ele­
vator. The actual flights of the 1903 ma­
chine can be simulated with convinc­
ing realism by adding simulated random 
wind gusts to the flight program. I have 
been able to imagine myself in Orville's 
place as the machine bucks and darts in 
response to the gusts and as the elevator 
is manipulated to keep the machine as 
nearly level as possible. The simulated 

flights end when the machine darts into 
the ground, just as the prototype did in 
1903, and the flights last anywhere from 
seven 'seconds to 70 seconds. The four 
actual flights lasted from 111/2 seconds 
to 59 seconds. 

Why did the powered machines pre­
sent such unexpected problems of pitch 
control? I have concluded that the 
Wrights were lulled by the relative sta­
bility of their gliders, forgetting the un­
stable behavior of the 1901 machine 
with its initial deep camber. The gliders 
all had a moderate camber, which de­
creased as the season went on and the 
single-strip wing ribs gradually straight­
ened themselves out. The 1901 machine 
has been seen to have been positively 
stable because of the way the wing was 
flattened out in its rebuilding. The Fly­
ers, on the other hand, had more deeply 
cambered wings, and they were heavier 
and faster than the gliders. They needed 
a firm hand and strong control, which 
they did not get until the final enlarge­
ment of the forward elevator of the 1905 
Flyer. 

Why did the Wrights make the blun­
der of moving the center of gravi­

ty of the 1904 machine to the rear? It is 
clear they were preoccupied with the 
complex roll-yaw problems and never 
gave the subject of pitch control the ben­
efit of their keen analysis. I believe this 
was in part because they were lulled by 
the docile behavior of the gliders. As a 
matter of fact, it may be said that after 
1903 the Wrights ceased to be keen ana­
lytical scientists and became busy build­
ers. After their 1903 triumph there are 
no further examples of their fine analy­
sis. They never recaptured their early 
scientific or innovative capabilities, and 
by 1912 they were clearly outstripped 
by their competitors. Wilbur died that 
year, and the marvelous symbiosis of 
the brothers died with him. It would 
have been the same if Orville had died. 
They had done enough. 
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Serious fun with Polyox, Silly Putty, 
Slime and other non-Newtonian fluids 

by J earl Walker 

Viscosity is the measurable resist­
ance of a fluid to flow. The viscos­
ity of water is fairly low; that of 

honey and syrup is considerably higher. 
With most common fluids the viscosity 
can be altered only by changing the 
temperature of the fluid. Viscosity is re­
duced by raising the temperature and 
increased by lowering it. Such fluids are 
called Newtonian. 

In another class of fluids, called non­
Newtonian, the viscosity can be altered 

Water level 

by other means, primarily by shearing 
the fluid as it is stirred, poured or 
spread. Many household fluids are in . 
this class, and their usefulness depends 
in large measure on their non-Newtoni­
an character. The behavior of three gen­
eral types of non-Newtonian fluid is my 
topic for this month. 

In the first type of fluid the viscosity is 
suddenly changed by the application of 
a shearing force but immediately re­
gains its normal value when the force is 

Wate.r level 
drop!'> 

Squeez.e 
here 
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Initial 
close. packing 

Dilation when 
side:. are squeezed 

Richard E. Berg's demonstration oj a dilatant fluid 

removed. If the shearing causes the vis­
cosity to increase, the fluid is said to be 
shear-thickening. Common examples 
include starch solutions, quicksand, wet 
sand on the beach, some printer's inks 
and some paints. If the shearing causes 
the viscosity to decrease, the fluid is 
called shear-thinning. Mayonnaise and 
some paints and inks display this behav­
ior. The advantage of shear-thinning is 
perhaps most apparent in ink. You want 
the ink in your ball-point pen to flow 
freely (by being sheared) as you write, 
but you do not want it to flow when the 
pen is in your pocket. 

The higher the rate is at which a shear­
thickening fluid is sheared, the greater 
the viscosity will be, until finally the 
fluid may offer tremendous resistance to 
being moved. This type of behavior was 
first examined in detail by Osborne 
Reynolds beginning in 1885. when he 
explained fluids such as a wet sand mix­
ture that dilates (expands) when it is 
sheared. Although most shear-thicken­
ing fluids appear to be dilatant, the con­
nection is not conclusive. It does, how­
ever, provide a simple model to explain 
the general nature of shear-thickening 
fluids. 

Some years ago Richard E. Berg of 
the University of Maryland showed me 
a simple demonstration of Reynolds' . 
model for dilatant fluids. He had me 
squeeze a 500-milliliter plastic bottle fit­
ted with a stopper and a clear tube at the 
top. He had partly filled the bottle with 
sand (you could also use marbles. but 
the effect is more difficult to see) and 
then had added water until the water 
level was in the tube at the top. When I 
gently squeezed the flexible sides of the 
bottle, the mixture inside offered con­
siderable resistance. When I suddenly 
squeezed hard, the resistance was so 
great that I could not make the bottle 
collapse significantly. The water level 
also changed when I squeezed the bottle, 
but the initial change was not what one 
would intuitively expect: the water level 
went down rather than up, dropping sev­
eral inches in the tube. 

Reynolds had explained these fea­
tures (for sand) by pointing out that at 
first the grains are packed as closely as 
they can be, too close to enable the sur­
face tension of the water to pull water 
into all the space between grains. Berg 
makes certain of this close packing by 
tapping the bottle several times. A yield­
ing of the mixture when it is squeezed 
necessarily means that some of the 
grains move over one another and so are 
typically farther away from their neigh­
bors than they were initially. The total 
volume occupied by the grains therefore 
increases, leaving enough room between 
them for water to flow between the 
grains. Although the sides of the bottle 
are pushed slightly inward. this flow of 
water between grains decreases the wa­
ter level in the container. 

Reynolds' model also explained the 
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Newtonian 
fluid 

i:: ::: 
" . .. : 

Non- Newtonian 
fluid 

The phenomenon of die swell 

increase in resistance to squeezing. At 
the moment of a sudden squeeze and the 
corresponding dilation the amount of 
water between the,grains is not enough 
to lubricate the grains that would other­
wise slide. Hence a sudden shearing pro­
duces additional friction between the 
grains and an increase in the apparent 
viscosity of the suspension. The faster 
the shearing is applied, the faster the 
grains try to move over one another and 
out of their closely packed state and the 

:. : 

Self-siphoning in a viscoelastic fluid 
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less sufficient the lubrication is. The 
mixture resists squeezing even more. 
Low shearing rates, on the other hand, 
allow water to move into the additional 
space between the grains to keep the 
friction low. 

A similar example can be seen at the 
seashore. Walk across a stretch of sand 
that is wet but not so wet that the grains 
are floating. Your footsteps will look 
dry and relatively white for a short time, 
provided you have kept your foot in 
place briefly. If you leave your foot in 
place longer, the effect is lost. 

In a brief step your weight shears the 
sand under your foot. Since that sand 
was already closely packed, it can be 
moved only if it goes into a less close­
ly packed arrangement. That in turn 
means it occupies more volume: it ex­
pands upward under your step, leaving 
the water level a small distance below 
the surface. The surface then looks dry. 
Eventually the water climbs up through 
the raised grains and on reaching the 
surface makes the sand look wet again. 

You can easily set up this demonstra­
tion in a sandbox. To see the sand be­
come dry under stress you could lay a 
thick glass plate on the sand and then 
carefully press down on the plate. I sug­
gest you use a plumber's plunger to push 
on the glass so that you will not be cut if 
the glass breaks. 

Quicksand is another shear-thicken­
ing fluid. A suspension of sand in water 
is quick when the water is under pres­
sure from a small influx of water below 
the surface, such as from a natural 
spring. If the additional water pressure 
at any depth is equal to or slightly great­
er than the pressure of the sand at that 
depth, the sand grains are slightly sepa­
rated and well lubricated. A heavy ob­
ject placed on the top will sink to the 
bottom because of the low friction from 
the suspension. 

If the suspension is rapidly sheared, 
the viscosity increases because the 
grains are initially in almost their closest 
packing and the shearing dilates the 
body of sand somewhat. As before, a 
sudden dilation leaves those grains less 
lubricated and therefore offering more 
resistance to the shearing. If the object is 
already submerged, as your leg might be 
in quicksand, the dilatancy would also 
press the quicksand more tightly about 
the object, making its motion even more 
difficult. Quicksand is not as dangerous 
when the influx pressure of water is 
high, because the grains are then well 
separated and the sand is not dilatant. It 
may even be washed away by the water 
current. Sand does not become quick 
without an influx of water, because any 
extra water separates out on top of a bed 
of closely packed sand, creating a situa­
tion similar to the ones encountered on 
the beach and in the demonstration with 
a bottle. 

You can make your own quicksand. 
Fill a large container with sand and set 

up a garden hose so that it delivers water 
to the bottom of the container. By ap­
propriately adjusting the water pressure 
from the hose you can lift the grains 
slightly to make the sand quick. If the 
water pressure is too low, a fairly heavy 
object placed on top of the sand will stay 
there. When the pressure is sufficient to 
make the sand quick, the object will 
slide through the sand to the bottom. 

Most people do not know the best way 
to escape from quicksand. When they 
are caught in it, they respond by strug­
gling. The more they struggle, however, 
the more they shear the quicksand and 
the greater are its dilatancy and appar­
ent viscosity. If you ever step into quick­
sand, try to move as slowly as you can to 
free yourself. (Of course, you do not 
want to move too slowly or this entire 
argument will become academic.) If you 
have sunk up to your knees, you should 
lie down backward on the surface (so as 
to float), spread your arms and then 
slowly free your legs. Once they are on 
the surface, roll or crawl to shore, keep­
ing your weight spread over as much of 
the surface as possible. If you crawl, you 
should push back quickly with your 
hands and feet, so that the shear thicken­
ing provides you with a firmer fluid. 

The easiest example of a shear-thick­
ening fluid that you can whip up in the 
kitchen is a simple mixture of water and 
cornstarch (or any common starch). 
Add water to the starch until the mix­
ture is somewhat thick. When you pour 
this mixture or scoop it up with your 
hand and allow it to run back into the 
bowl, you will notice that it flows fairly 
easily and with an apparently low vis­
cosity. Now punch your fist down into 
the mixture. If the viscosity remained at 
its previous low value, the mixture 
would splash all over you. The sudden 
shearing of the fluid, however, so greatly 
increases the viscosity that there is virtu­
ally no splashing, even if you hit the 
mixture as hard as you can. There is also 
little splashing if you hurl some of the 
fluid at the floor. This mixture is obvi­
ously great fun for the children. 

If the container is fairly small, you 
can lift it briefly by inserting a rod into 
the mixture and then quickly lifting the 
rod. The rapid shearing increases the 
viscosity during the lift so that the mix­
ture adheres to the rod. 

Theories other than the one involving 
dilatancy have been advanced to explain 
shear-thickening fluids composed of 
suspended particles. One of the theories 
has the particles rubbing against one 
another and thereby acquiring electric 
charge. The increase in the viscosity is 
then due to the electrical attraction be­
tween individual particles. 

Some shear-thickening fluids are sus­
pensions or solutions of long-chain mol­
ecules (polymers) that are kinked and 
coiled. When the fluid is put under 
shear, the molecules are stretched and 
aligned perpendicular to the direction 
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energy crunch, but Garrett is doing 
something about it Garrett's 
unique combination of high-speed 
turbomachinery and heat transfer 
technologies requires a deep 
understanding of energy uses and 
efficiencies. 

From the very beginning, 40 
years ago, Garrett engineers under­
stood that a well-designed piece 
of machinery is more fuel efficient, 
gives greater power output, and 
lasts longer. So, reliability and 
efficiency were the first two spec­
ifications for virtually everything we 
made . As space and weight 
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we became expert at reducing them 
while retaining dependability and 
efficiency. 

Today, Garrett has outstanding 
capabilities in the key high-speed, 
high-temperature, high-efficiency 
technologies that will help us 
better utilize and conserve energy 
generated by fossil fuels and 
nuclear systems . And we also 
know ways to harness the power 
of the sun-the only inexhaustible 
source of energy there is. 

Some of our answers include 
a gas centrifuge for uranium enrich­
ment, a battery/flywheel electric­
powered passenger car, a high-

--., rn 
The Garrett Corporation 

One of The Signal Comrxmies III 

o . .. . . . . •• • • • • • ••• •••••••••••• 
.. .. - -•. .. •• • • 

•• ••••••••• •• •• • •• •• • • • • • • • • • • • •• • ••••• • •• .. .. ... 

-
. . - : : 

� 
•. 

temperature ceramic turbine, 
a ceramic heat exchanger, a solar 
assisted heat pump, and even 
a down-to-earth automotive turbo­
charger. 
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to energy problems, write: 
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of flow. thereby increasing the appar­
ent viscosity by inhibiting the flow. The 
alignment occurs almost immediately. 
and it disappears almost immediately 
when the shearing is removed. 

More information on the several 
models of shear-thickening fluids and 
other non-Newtonian fluids can be 
found in a series of articles by A. A. 
Collyer of the Sheffield City Polytechnic 
in Britain. His publications. which are 
listed in the bibliography of this issue 
[page 198]. are the source of many of my 
demonstrations. 

Examples of shear-thinning fluids are 
not as easy to find. Collyer points out 
that you can make such a fluid by mix­
ing distilled water and polyethylene ox­
ide (often called Polyox. a registered 
trademark of the Union Carbide Corpo­
ration) in a .0 1 percent solution. ("Per­
cent" refers to the weight of the solute 
with respect to the weight of the entire 
solution.) For the demonstrations I shall 
describe Polyox WSR-30 1  is best. It is 
composed of polymers with thousands 
of CH2 links and with a very large mo­
lecular mass (about four million atom­
ic-mass units). Polyox dissolves slowly 
in water. Collyer recommends building 
alternating layers of the Polyox powder 
and water. For three or four days keep 
the container covered and occasionally 
stir the mixture. but do not stir it vigor­
ously or you might rupture the long­
chain molecules. (The Union Carbide 
Corporation has generously given me a 
supply of Polyox WSR-30 1. For a small 
sample of the powder send a mailing 

j; . : � 
�""'" �jL;;;;; �'o�, � 

Elastic recoil in a fluid stream that has been cut 

label and $2 to cover postage and han­
dling to me at the physics department. 
Cleveland State University. Cleveland. 
Ohio 44 1 15.) 

The faster a shear-thinning fluid is 
sheared. the lower its viscosity becomes. 
Eventually the shearing rate is fast 
enough so that the viscosity levels off at 
a low value. As soon as the shearing is 
removed the viscosity regains its former 
value. When the fluid is poured. por­
tions of it appear lumpy compared with 
other portions. apparently because the 
shearing is nonuniform through the 
moving fluid and hence the viscosity is 
nonuniform too. 

One explanation for shear-thinning is 
that under shearing the asymmetric par­
ticles or the long molecules in the fluid 
become aligned parallel to the stream­
lines and offer less resistance to the flow. 
the least viscosity resulting when all 
the particles or molecules are aligned. 
The degree of alignment depends on the 
shearing rate. and so therefore does the 
viscosity of the fluid. 

Another class of non-Newtonian 
fluids is quite similar to the class of 
shear-thinning and shear-thickening 
ones except that the viscosity depends 
not only on the rate of shearing but also 
on how long the shearing has been ap­
plied. Once the shearing is removed a 
measurable amount of time is needed 
for the viscosity to regain its initial val­
ue. These fluids are therefore time-de­
pendent. 

If the viscosity decreases with shear­
ing. the fluid is said to be thixotropic; if 

the viscosity increases. the fluid is nega­
tively thixotropic. Examples of the lat­
ter are few. but thixotropic fluids in­
clude margarine. some paints (such as 
one-coat paints). shaving cream and cat­
sup. Margarine. for example. has a fair­
ly high viscosity that is decreased when 
it is sheared across toast. If it did not 
behave this way. it would be more diffi­
cult to spread. 

No one theory explains the change in 
viscosity of all thixotropic fluids. If the 
fluid consists of asymmetric molecules 
or particles. the viscosity may be de­
creased when they become aligned par­
allel to the streamlines of the sheared 
fluid. This model would differ from the 
one for shear-thinning fluids only be­
cause the bonds between molecules or 
particles would take longer to break or 
because the strength of the bonds would 
vary through the fluid. 

For suspensions of particles of such 
substances as clay other theories are 
favored. The initial structure before 
shearing could be considered a gel in 
which the suspended particles are held 
in place by an ordered structure. by elec­
trical forces between particles or by wa­
ter lying between the particles. Under 
shearing the gel is transformed to a sol 
(a less solid colloidal fluid) as one of 
these structures is destroyed. If the thix­
otropic fluid is composed of polymers. 
one again considers alignment along 
the streamlines as being responsible for 
the change in viscosity. In addition the 
shearing may uncoil. disentangle and 
stretch the polymers to decrease the vis-

191 
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cleverly. YOU must make the decisions. 

Now, a new book, by Richard R. Sylvester, 
Ph,D., clearly explains the choices, the Dew 
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zero 1ues with high yield. Contents include 
strategy, tactics for 1u exempt piDI, non-cash 
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$34.85. Book only $14.95. Calif. residents 
add 6% sales tax. Mail: add $1 postage/ 
handling. 
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cosity. Negative thixotropic fluids might 
be explained with a model in which 
the number of intermolecular bonds 
increases in the course of the motion. 
Therefore the viscosity would increase 
as the fluid began to gel. 

Catsup can give you experience with a 
thixotropi.c fluid. If it is stirred or mixed 
for a few minutes, its viscosity decreas­
es; eventually the substance becomes 
runny. You may have noticed this effect 
if you have poured catsup from a bottle 
just after someone has shaken it vigor­
ously. 

I tested the thixotropic nature of cat­
sup with a simple arrangement, filling 
a beaker with it, allowing the fluid to 
stand for five minutes and then dropping 
small steel balls into it and timing their 
fall to the bottom. Since I could not see 
through the catsup, I put the beaker on a 
plastic sheet laid on a ring stand. By 
looking up through the plastic I could 
see the balls when they reached the bot­
tom. I allowed five minutes between 
each fall. 

After timing five falls I changed the 
arrangement by stirring the catsup for 
one minute just before each fall. The 
average time with no stirring was 27 sec­
onds; with stirring it was 13 seconds. 
The stirring did decrease the viscosity of 
the catsup, and the viscosity of undis­
turbed fluid was not regained until sev­
eral minutes after the stirring had been 
stopped. 

The third general class of non-Newto­
nian fluids I shall discuss includes fluids 
that are elastic in addition to being fair­
ly viscous. Examples are silicone put­
ty, STP Oil Treatment, some condensed 
soups, some motor oils and the thick 
portion of egg white. In general the elas­
ticity is due to the coiling of the poly­
mers in the fluid. Shearing and stress can 
compress or extend these long-chain 
molecules, which then behave some­
what like springs. 

Silicone putty, which is such a visco­
elastic fluid, is derived from dimethyl 
silicone oil. (A laboratory procedure for 
its preparation was published in Journal 
0/ Chemical Education, Vol. 50, 1973, 
page 434. One type of silicone putty is 
sold as Silly Putty.) This substance has 
three interesting ranges of stress and 
shearing. If you shear it slowly, the put­
ty flows like a highly viscous fluid. For 
example, if you suspend it from a rod, 
it will slowly droop downward. A some­
what faster shearing, however, causes 
the putty to behave like a rubber ball. 
Roll a ball of the putty and bounce it on 
the floor; its elastic recovery is fairly 
high. With even faster shearing the put­
ty has almost no elasticity. If you sud­
denly pull on a piece, it fractures much 
as a metal rod does when it is stretched 
under tremendous strain. 

By stuffing a quantity of silicone putty 
into a tube and pushing it through the 
tube you can display another interesting 
feature of certain elastic liquids. When 
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the putty emerges at the other end of the 
tube, it expands in what is called die 
swell. This expansion is a nuisance in the 
manufacture of synthetic fibers, which 
also exhibit die swell when they are be­
ing spun from an orifice. because the 
orifice must be designed to allow for die 
swell in order to give the fiber the de­
sired size and shape. Die swell can also 
be demonstrated with a Polyox solution 
of about 1 percent concentration. 

The swelling appears to be a sudden 
recoiling against the shearing and stress 
of the fluid when it is being forced 
through the tube and the exit opening. In 
the tube the long-chain molecules are 
contracted because of the forcing. When 
they emerge from the tube, they sudden­
ly expand to relieve the internal stress. If 
you leave the putty in the tube for a 
while before pushing it on through the 
opening, it does not expand as much. 
Apparently under those circumstances 
the stress is relieved in some other way. 

Elastic recoil can also be seen in 
stirred solutions of Polyox and in cer­
ta.in condensed soups. For the Polyox. 
Collyer recommends a 2.5 percent solu­
tion. I tried a diluted solution of Camp­
bell's tomato soup, following a sugges­
tion by Peter Murphy of Centre College 
in Kentucky, who first pointed out the 
effect to me. Add one can of water to 
one can of condensed soup. Smoothly 
stir the solution with a spoon and then 
remove the spoon. Just as the swirling is 
about to die out, the direction of swirl­
ing reverses. The reversal is a recoil 
against the stresses and shearing that the 
swirling has set up in the elastic fluid. 

Some elastic fluids can siphon them­
selves out of a beaker once you initiate a 
falling stream. For this demonstration 
Collyer recommends a Polyox solution 
of .8 percent. The fluid is elastic enough 

a 

c 

so that once you have a long length of it 
hanging from the lip of an elevated 
beaker, the falling length will pull more 
of the fluid from the beaker up to the lip 
and then over the side. You can reverse 
the direction of flow by decreasing the 
length of the hanging fluid. For exam­
ple, allow the falling fluid to collect in 
another beaker and then slowly raise the 
second beaker to decrease the length of 
the fluid falling between the two. 

You can see a similar climbing tend­
ency if you suck Polyox from a beaker 
into a hypodermic syringe. First dip the 
syringe into the fluid surface and then, 
as you slowly pull back on the plunger, 
lift the syringe. The fluid continues to be 
drawn into the syringe even when you 
have raised the needle from five to 10 
centimeters above the Polyox surface in 
the beaker. The fluid moves along that 
surface, reaches the thin stream to the 
syringe, climbs it and enters the syringe. 

A stream of a 2.5 percent Polyox so­
lution can be cut with a pair of scissors. 
Coat the scissors with Vaseline to elimi­
nate sticking and then cut the stream a 
few centimeters below the lip of the 
beaker from which it is being poured. 
Once the cut is made, the top portion 
of the stream recoils upward and back 
into the beaker. 

This effect can also be demonstrated 
conveniently with Slime, a new toy from 
the MatteI Corporation. It is a green vis­
coelastic fluid that displays die swell, 
self-siphoning, the ability to be cut and 
elastic recoil. It is somewhat like Silly 
Putty in that it has three distinct types of 
response to shearing and stressing. Slow 
shearing enables it to flow like a high­
ly viscous fluid. After somewhat faster 
shearing it recoils like a rubber surface. 
Fast shearing causes it to fracture. 

You can demonstrate two of these re-

b 

d 

A leaping fluid showing the Kaye effect 
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sponses by dropping a steel ball onto the 
surface of Slime. The ball penetrates the 
surface slightly, causing the surface to 
oscillate as a rubber surface would. 
Then the ball slowly sinks into the sur­
face and to the bottom of the Slime. 
Slime, which is available in most toy 
stores, is probably a polymer solution 
much like a Polyox solution. (A similar 
fluid called Super Liquid is available 
from the Edmund Scientific Company, 
7875 Edscorp Building. Barrington, 
N.J. 08007.) The fluid is an almost irre­
sistible toy for children and adults alike, 
partly because the feel and behavior of a 
viscoelastic fluid are so different from 
the feel and behavior one associates 
with an ordinary fluid. 

To me one of the strangest effects of 
some of the elastic fluids is their behav­
ior when they are stirred with a central 
rotating rod. Centrifugal force would 
cause a normal fluid stirred in that man­
ner to form a concave surface with its 
lowest point in the center of the contain­
er. When an appropriate elastic fluid is 
stirred in this way, it does just the oppo­
site: it moves to the center and climbs 
the rod in what is called the Weissenberg 
effect (after K. Weissenberg, who stud­
ied the phenomenon in the 1940's). Sev­
eral fluids display this behavior: gelatin, 
some condensed milks, certain types of 
honey such as heather honey, STP Oil 
Treatment, some types of oils, Polyox 
and the thick portion of egg white. For 
Polyox, Collyer recommends a 2.5 per­
cent solution. 

The demonstration with gelatin was 
described in this department in January, 
1965. After the gelatin was mixed with 
hot water at about 130 degrees Fahr­
enheit. it was Newtonian until it had 
cooled to 86 degrees. From then until 
the gel point of 82 degrees was reached 
the mixture's climbing tendency in­
creased as the temperature decreased. 

Why does a viscoelastic fluid behave 
so strangely? When it is sheared in one 
direction, its structure causes additional 
forces to arise perpendicularly. In the 
Weissenberg effect the shearing set up 
by the turning rod creates a force radial­
ly inward toward the rod, pushing the 
fluid to and then up the rod. The greater 
the shearing rate is. the stronger the ra­
dially inward force is and the higher the 
fluid climbs. You can consider the sur­
face as being a system of concentric 
elastic bands. When the bands turn at 
different speeds because of the fluid's 
viscosity. they I;reate shearing forces be­
tween themselves, which in turn create 
the radial forces that attempt to make 
the elastic bands contract toward the 
center. 

The same results are obtained if the 
rod does not rotate but the container 
does. Again shearing around the central 
rod forces fluid inward. If the rod is 
replaced by a hollow tube. the fluid 
will climb up through the tube; the fast­
er the container is rotated, the higher 
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"Sailing across the Atlantic we observed 
oil pollution on 43 out of 57 days" 

Tllor Heyerdahl, Ra Voyage, 1970 

"When I was sailing � 
across the Atl�ntic 
on a reed boat I had 
my nose literally in . 
the w ater. I saw 
things no one can 
see who travels by 
fast boat. 

"Fifty miles off the bulge of Africa 
we found we could not brush our 
teeth in the seawater - it was cov­
ered with oil. We sailed through this 
mess for two days, and a week later 
ran into more. 

Oil pollutes the fish we eat 
"On a second raft trip we sailed 

through water filled with lumps of 

oilfor 43 out of 57 days. 
Great whales and many fish 

which swim with their mouths 
open, filtering their food, are swal­
lowing this pollution. Some of those 
fish we shall eat. 

The seas will suffocate 
"There are people who tell you that 

oil does not matter, that the sea can 
absorb and recycle all this pollution, 
I call them the Sandmen-they want 
to put you to sleep with calming 
words. Don't listen! 

"U nless you and I -air of us -act 
now to stop the seas being over­
loaded with poisor(ous refuse, they 
will suffocate and die." 

. � 
World Wildlife Fund 

That was 1970, but it goes on 
today - Nantucket, Cape Cod and 
Delaware Bay - and you don't see 
it, except in the press. 

That is why World Wildlife Fund 
is campaigning to save the life and 
resources of the seas - for our own 
sakes and those of our children. 

You can help 
Send for our free infonnation kit or 
send your tax­
deductible contri­
bution to: World 
Wildlife Fund, I\Ii\lS1' 
DepartmentSA.l, a.1\IE 
1319 18th Street, Northwest, 
Washington, D.C. 20036 . 
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says John H. Krowles, M.D., Presi­
dent of The Rockefeller Founda­
tion. "SURGERY will be of invaluable 
assistance in helping a patient 
play an active, intelligent role in 
selecting the method of treat­
ment most appropriate for him or 
her. .. lt deserves a wide audience:' 
-William A. Nolen, MD., author of 
The Making of a Sur�eon. A Book­
of-the-Month Club lternate; $7.95 
at bookstores 
A Merloyd Lawrence Book 
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the fluid climbs. A row of tubes placed 
across the diameter of the fluid surface 
clearly shows the climbing tendency: the 
climbing heights increase from the tube 
at the rim to the tube at the center. This 
effect is best seen if the tubes are un­
der partial vacuum. In certain circum­
stances the central object can be a flat 
disk held by a central rod from the top. 
If the disk is first lowered to the surface 
of the rotating fluid and then slowly lift­
ed, it can draw the fluid up under itself. 

Writing in Journal 0/ Fluid Mechanics, 
Gordon S. Beavers and Daniel D. Jo­
seph of the University of Minnesota re­
cently reported obtaining the Weissen­
berg effect in STP Oil Treatment in a 
.novel way. Several centimeters of the 
liquid were floated on a deeper layer of 
water. and a central rotating rod stirred 
both layers. The STP fluid is viscoelastic 
and normally displays the Weissenberg 
effect. but in addition to climbing up the 
rod into the air it also climbed down 
the rod into the water. Since gravity 
aids in pulling the STP fluid downward. 
the downward bulge around the rod 
was more pronounced than the upward 
bulge. If the water were replaced by a 
fluid with a density closer to that of STP. 
the downward bulge would turn out to 
be even larger. 

If you would like to produce the We is­
senberg effect. you might use a mixing 
bowl mounted on a turntable. You 
could also mount a small container on 
an inverted hand drill as was described 
in this department in the 1965 article on 
the Weissenberg effect in gelatin. If you 
prefer a central rotating rod. you could 
use a rod clamped into a power drill, but 
you should be careful not to shatter the 
container or splash liquid int� the motor 
of the drill. Such a mishap could cause 
serious injury or even death. 

I worked with a common kitchen mix­
er that had a variable speed control. 
With a hacksaw I removed the blades 
from a beater so that only the central 
rod remained. I smoothed the rod with a 
file. After stripping the other beater in a 
similar way. I glued a flat disk to the end 
of the beater so that I could try the disk 
demonstration. To control the speed 
better I plugged the mixer into a vari­
able voltage control so that I could eas­
ily change the voltage to the mixer. but 
because this procedure might damage 
some mixers I would not recommend it 
in general. 

I had little luck with Borden Eagle 
Brand condensed milk (which showed 
a small climb). Carnation evaporat­
ed milk (no climb) and partly dilut­
ed Campbell's condensed tomato soup 
(small climb). Egg white. however. gave 
a noticeable climb at the highest speed 
of the mixer. (Separating the egg white 
from the yolk is easy with an egg separa­
tor commonly sold in kitchen-supply 
stores.) STP worked well. climbing both 
up and down in the arrangement report­
ed by Beavers and Joseph. At the high-

est speed of my mixer the climb into the 
air was about a centimeter. 

In studying the Weissenberg effect 
you might like to try other common 
fluids such as different grades of motor 
oil and different types of elastic fl uids 
such as honey. Different fluids could 
also be substituted for STP and oil in 
the climbing demonstration. You might 
correlate the depth of the downward 
climbing with the difference in the den­
sity of the two fluids. A third fluid (in­
stead of air) could be added on top. In 
any of the Weissenberg demonstrations 
it would be interesting to plot the climb­
ing height against the rotational speed 
and concentration of the fluid. 

In 1963 A. Kaye. who is now with the 
Institute of Science and Technology in 
Manchester. noticed that when a visco­
elastic solution of polyisobutylene in 
dekalin is poured from a height of 25 
centimeters into a dish of the fluid. a 
thin stream occasionally leaps upward 
from the point of impact. This effect. 
now named after Kaye. operates as fol­
lows. The falling stream first creates a 
small heap of fluid at the point of im­
pact. Soon a thin stream develops and 
flows outward from the heap in a low 
trajectory. eventually collapsing. Why 
the flui,d leaps in this way was not initial­
ly understood. 

Recently Collyer and P. J. Fisher 
pointed out that the leaping stream is 
actually a loop of the fluid. After exam­
ining high-speed motion pictures of the 
leap in order to slow down the motion 
they were able to propose an explana­
tion for the Kaye effect. Because the 
fluid in the initial heap is moving slowly 
its viscosity is fairly high and the heap is 
therefore quite rigid. As the fluid in the 
stream falls its shearing rate is low and 
its viscosity is high. On impact. howev­
er. the shearing rate suddenly increases 
and the elastic fluid thins enough by 
shearing so that it can bounce upward 
from the rigid surface of the heap. 

Collyer recommends mixing the poly­
isobutylene into the dekalin by chop­
ping the polyisobutylene into small 
pieces before adding it to the liquid. Af­
terward the mixture must be left cov­
ered for about three weeks to complete 
the mixing. Collyer has written me that 
the Kaye effect can be demonstrated 
more conveniently with some types of 
hair shampoo. although the leaping may 
not be as pronounced. I tried Prell Con­
centrate (both in the concentrated form 
and in a diluted version) and Gold Cir­
cle baby shampoo. The Prell gave no 
effect but the Gold Circle gave occa­
sional leaps of two or three centimeters. 

The leaps last about a second. so that 
you must watch for them carefully or 
make high-speed photographs of them. 
To generate the leaps you should adjust 
the height of the shampoo container so 
that the stream pouring out of it is fairly 
narrow. Within a certain critical range 
of fall the stream will leap for you. 
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Many companies don't call 
AMP until they need electrical 
connectors or switches. But 
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can help you save money. A 
lot of money. 
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tougher for the people who 
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Each of the dozens of different 
wires has to be stripped and 
connected, one at a time, to fonn 
wiring harnesses. 

Fortunately, AMP has found a 
better way. 

We've invented a new way of 

connecting wire harnesses 
automatically. It's eight times faster 
than previous methods, virtually 
eliminates handling errors, and 
saves 15¢ per connector. 

It's called Mass Termination 
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stereos, washing machines, 
televisions and dozens of other 
applications requiring high 
technology electronics. 

Can we produce the same 
kind of savings for you? 
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electrical/ electronic products, the 

ANiP 
INCORPORATED 

AMP has a better way. 
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early. 
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Early Involvement. 
At AMP, we call this approach 

to solving our customers' 
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It's our better way. And it's what 
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Ask for a copy of our brochure, 
"AMP Has A Better W ay." Call 
(717) 564-0100, Ext. 8420. 
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Harrisburg, PA 17105. 
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