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Soon, your car will be 
a lot lighter. On the road, 
and on your wallet. 
American cars must become smaller 
and lighter and less expensive to 
operate. Part of their diet to lose 
weight will be strong, lightweight 
aluminum alloys. 

Four aluminum parts alone could save 
345 pounds. This lighter car would 
burn less gas. We would also save on 
brake wear, tire costs and even regis­
tration in some states. 

Let's take a 3,600-pound automobile 

and put it on an aluminum diet. We'll 

change the hood, trunk, doors and 

bumper reinforcements from steel to 
aluminum. In steel they weigh 380 
pounds. In aluminum, only 150 pounds. 
That saves us 230 pounds. 

There's more. We could save an add i­
tional 115 pounds through lighter 

The reasons for using aluminum 
are found In aluminum itself. 

supporting components that wouldn't 
have to support so much weight in the 
first place. That brings our total weight 
savings to 345 pounds. And pares 

mALCOA 

the car down to a lightweight 3,255 
pounds. If the car had four doors, 
aluminum could save an additional 
105 pounds. 

Even after the car has served us and 
gone on to scrap, we could use it. Alu­
minum brings about $200 a ton as 
scrap, so it's worth recycling. And 
when more of it goes into our cars, they 
become more valuable as scrap. An 
additional incentive to recycle used­
up automobiles. 

If you'd like a more in-depth look at 
how aluminum in automobiles helps 
in the conservation of energy, please 
write for our brochure, Energy, 
Aluminum and the Automobile. We're 
Aluminum Company of America, 
352-E Alcoa Building, Pittsburgh, 
Pa.15219. 
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As your introduction to membership in the BOOK-OF-THE-MONTH CLUB® 

The lTIost cOlTIplete 
scholarly dictionary 
of the English 
language 
for only $15::;��7s 

THE SUGGESTED TRIAL, You simply agree 

to buy four Club choices within a year at substantial 
savings on most books you choose 

T
HE OXFORD ENGLISH DICTIONARY is generally 
regarded as the final arbiter of the meaning, 

origin, history and usage of words in the English 
language. Until now, it has been available only as 
a thirteen-volume set, priced at $350. Now , 
through the combination of an ingenious method 
of micrographic reproduction and a fine Bausch & 
Lomb optical lens, every single one of its 16,569 
pages, fifty million words and close to two million 
illustrative quotations appears, in easily readable 
form, in the two volumes of The Compact Edition. 

The NelV York Times book critic Christopher 
Lehmann-Haupt has said of this edition: "It is 
something of a miracle. . . . The Compact 
Edition is easier to work with than the original 
with its 13 separate volumes .... Even at $75, 
the set is an extraordinary bargain." 

Even more extraordinary, as a trial member of the 
Book-of-the-Month Club you may obtain The 
Compact Editioll of the Oxford English Dictionary 
for only $15. And as long as you remain a mem­
ber, you will receive the Book-of-the-Month Club 
News, a literary magazine announcing the coming 
Selection and describing other important books, 
most of which are available at substantial dis­
counts - up to 40% on more expensive volumes. 
All of these books are identical to the publishers' 
editions in content, format, size and quality. 

If YOli continue after this experimental member­
ship, you will earn, for every Club Selection or 
A Ite/'nate YOli buy , at least one Book-Dividend 
Credit. Each Credit, upon payment of a nominal 
sum, often only $1.50 - somewhat more for unusu­
ally expensive volumes or sets - will entitle you to 
a Book-Dividend® which you may choose from 
over 100 fine library volumes available over the 
year. This unique library-building system enables 
members to save 70% or more of what they would 
otherwise have to pay. 

CONVENIENCES OF MEMBERSHIP 

• You will receive the Book-of-the-Month Club 
News. a literary magazine published by the 
Club fifteen times a year. The News describes 
the coming Selection and scores of Alternates, 
and will be sent to you approximately every 
three and a half weeks. 
• If you wish to purchase the Selection, do 
nothing and it will be shipped to you automati­
cally. 
• If you do not want the Selection - or you 
would like one of the Alternates, or no book at 
all - simply indicate your decision on the repiy 
form always enclosed with the News and mail it 
so we receive it by the date specified. 

; If, because of late mail delivery of the News. 
you should receive a Selection without having 
had 10 days to decide whether you want it, that 
Selection may be returned at Club expense. 

BOOK-OF-THE-MONTH CLUB, INC. 
280 Park Ave . . New York, N.Y. 10017 
Please enroll me as a member of the Book� 
of-the-Month Ctub and send me The Compact 
EdiIion o/the Oxford English Dictionary. bill­
ing me $15 (in Canada $17.50 - publisher's 
price $82.50). I agree to buy at teast four Se­
lections or Alternates during the first year I 
am a member, paying in most cases special 
members' prices. My membership is cancel­
able any time after I buy these four books. A 
shipping charge is added to all shipments. 

MR. � 
MRS. .. 
MISS 

Address 

City .... 

State 

FEATURES 

• Boxed set of two volumes, 
9V. .. • x 13�" each 
• All 16,569 pages of 13-vol­
ume original included in the 
4,134 pages of The Compact 
Edition through a photo-re­
duction process which per­
mits printing of four pages 
of original on one page of 
new edition 

• Paper is 30-pound Special 
Dictionary White 
• Binding is library buckram 
- r e i n f o r c e d  a n d  gold­
stamped 
• Bausch & Lomb magnify­
ing glass included in special 
drawer of slipcase. 2" x 3%" 
lens scientifically designed 
to make reduced print easily 
readable 

4-A170-5 

(Please print plainly) 

.............................................. 54 

........................ Zip ................... . 
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A Mercedes-Benz door lock proves 
a poi nt about automotive safety with a 

daring television demonstration. 

Strength. That's what you're see­
ing demonstrated on this page. 

A Mercedes-Benz door lock, weigh­
ing little more than two pounds, 
lifts more than two tons - and 
could safely lift another ton. 

Why go to all this trouble to 
demonstrate the strength of a door 
lock? Because in an automobile, 
strength can be critical to your 
safety. The demonstration: the door 
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lock from this Mercedes-Benz 
450SE Sedan was used as the only 
link between the 4000-pound auto­
mobile and a lifting device. Latched 
and locked as it would be in the 
car's door, the patented safety cone 
door lock supports the car with 
ease. In all, over fifteen lifts were 
accomplished without incident. 

The safety cone door lock is 
only a part of the Mercedes-Benz 

safety story. The rigid passenger 
cell, the double collapsible steering 
system and the gasoline tank loca­
tion are some of the others. 

Features like these are often 
overlooked because they are out of 
sight. But, because they are impor­
tant to your safety, at Mercedes­
Benz they are never out of mind. 

Mercedes .. Benz ® 
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Tbe fully-ecpdpped 
LaDd-Rover. 

$4599; 
Mystique aDd all. 

The 4wd Land-Rover has been 
climbing mountains, fording rivers, 
crossing deserts, exploring jun­
gles-and starring in movies-for 
more than 25 years. 

That's why Land-Rover is con­
sidered indispensable equipment 
for every kind of exploration. 
From a camp-out on the Cape to a 
summer safari across the Sahara. 

The base price of a Land-Rover 
is $4599. And at $4599, it's fully­
equipped. Not stripped-down. 

Land-Rover has standard equip­
ment that some others provide 
as extra-cost options, if at all. Like 
4-speed transmission, power­
assisted brakes, corrosion resist­
ant all-aluminum body, hard-top, 
rear door, 3 power take-off pOints, 
all-purpose tires and a deluxe 
interior with fully upholstered 
seats for 7. 

Go test price a Land-Rover 
today. You'll discover more basics 
than you bargained for. 

For the name of your nearest 
dealer call: 800-447-4700. 
In Illinois call: 800-322-4400. 

*Manufacturer's suggested retail price. P.O.E. 
Does not Include Inland transportation, local 
taxes or preparation charges. 

Land-Rover 
British Leyland Motors Inc. 
Leonia, New Jersey 07605 

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

As always; Four wheel drive. Full length metal 
top. Body of corrOSion resistant aluminum alloy 
with sliding side windows. Side·hinged rear 
door. Seats for seven. Windshield ventilators 
with built in fly screens. Dual braking system. 
Windshield washers. Back-up lights. Fresh air 
heater and defrosters. 

THE COVER 
The illustration on the cover is a computer-generated architectural display 
showing the finished appearance of a university building that, at the time 
the display was made, had not been completed (see "Computer Graphics in 
Architecture," page 98). The building is the Herbert F. Johnson Art Mu­
seum at Cornell University. Under a program developed by Cornell and 
the General Electric Company the computer can be programmed to gener­
ate views of such a building from various perspectives and to simulate how 
it would look from different vantage points as one approached it on foot. 
The displays, which can offer 64 variations of color, appear on a tele­
vision screen. Computers can also generate working architectural drawings. 

THE ILLUSTRATIONS 
Cover photograph by Donald P. Greenberg, Cornell University 
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21-31 nil Arbel 93 Harry Koba, Massachu-
32 Martin Biddle, Win- setts Institute of Tech-
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34-39 Eric Mose Engineering Laboratory, 
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the Winchester Excava- 95 Enid Kotschnig (top); 
tions Committee Arthur W. Ruff, Jr. , 

43 Eric Mose National Bureau of 

45 National Zoological Park, Standards (bottom) 
Smithsonian Institution 96 G. H. Mills, National 
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47 Dunji Tagawa Glasgow (top); Enid 
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gawa (bottom) 101-102 Alan D. Iselin 
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63 George V. Kelvin Donald P. Greenberg, 

64 Den Rose Cornell University 

65-77 George V. Kelvin 
(bottom) 

79-86 Dan Todd 
104 Donald P. Greenberg, 
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Cornell University 

106 Saphier, Lerner, 
Engineering Laboratory, Schindler, Environetics, 
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Technology: Abandon, 

If you think we are living in an age of technology, 
you are perfectly right. If you think this is a phe­
nomenon of recent centuries, you are entirely 
wrong. 

Technology is simply the knack of doing things 
with objects that are not part of your body. If you 
try to crack a nut with your teeth, you are being 
natural. If you hit the nut with a rock, you are 
employing technology. 

Man's realization that he could adapt 
his material environment to enhance his 
own comfort gave birth to technology. 
The single most crucial step in 
man's history was his discovery that 
tame fire could furnish warmth and 
light. This use of fire represented the 
first absolute distinction between 
man and all other creatures. The 
technology allowed him to tailor 
the environment to his immediate needs. 

But fire, however efficiently and carefully 
used, produced undesirable side-effects which 
fouled the air. Many an early fire-user· must have 
longed for the clean air of a tent or cave not pol­
luted by smoke. 

The choices were to abandon the use of fire, en­
dure the pollution, or think of a way of making 
fire without pollution. 
The last option is surely the most reasonable, and 
it was, indeed, the one taken. Some chimney-like 
device was developed which would allow the 
smoke to escape into the open air where it was 
diluted and carried off. 

This is an example of how problems caused by 
technology are solved by additional technology. 
This, in turn, may produce new problems. Man's 
fires have, in fact, now increased in quantity and 
intensity to where the entire earth's atmosphere 

We believe in the promise of technology. 

� 
�� .. � 
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Technology has provided the solu­

tions to many of society's prob­

lems. It is also often blamed for 
them. Some people would have 

us believe that there's too much 

technology today - that this 

very abundance is the basis 

for so many of our ills. 
We believe the solutions 

to problems lie in the in-

telligent application of technology-that a misunderstand­
ing of technology's role in man's advancement can only 

lead to a diminution of his ability to provide solutions . 
Therefore, we're sponsoring a series of "white papers" 

to foster a clearer understanding of technology. Excerpts 
from the first of these papers are published above. If 

you'd like a copy of the complete text about technology's 
role in man's development, please write Gould Inc. 
"Technology," Dept. S, 8550 W. Bryn Mawr Avenue, 
Chicago, Illinois 60631. 
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endure or advance? 

threatens to be fouled by them. What do we do 
now? Abandon, endure, or move forward with 
new ingenuity? All history shows that only the 
third choice-new ingenuity and more advanced 
technology-is tenable. 

Agriculture, the greatest technological advance 
after the taming of fire, caused problems, too. 
Farming allowed man to be assured a supply of 
food. It allowed him to live in groups for mutual 
protection. It allowed members of society to spe­
cialize in roles other than food growing, and led 
to the development of modern society as we 
know it. 

But no technological advance can fail to have 
its undesirable side-effects. All kinds of vermin 
from rats to locusts multiplied, sometimes to the 
point where their depredations caused starvation 
for man. And the multiplication of man's own 
numbers also led to disease, contagion, and the 
great plagues. 

Farming tied man to the soil. He had to stay 
within reach of his unmoving plants, to care for 
them and defend them. The excess food he pro­
duced made it possible for courts and armies and 
cities to exist. The ruling groups saw to it that 
farmers worked as long and as hard as possible-

to the point where men found it practical to en­
slave other men. But there was no going back. 

The advance of technology meant an increase in 
population and the creation of new comforts. 
A retreat in technology would have meant a de­
crease of population (by mass starvation or kill­
ing) and the loss of those comforts. No farming 
community in history has voluntarily and en 
masse abandoned farming and resumed food 
gathering. 

This is also true for other major technological 
advances, such as writing, printing, the steam 
engine, and electronic communications. They 
may all have brought problems as fire and farm­
ing did, and there may be a longing for a return 
to the pre-industrial "simple life." But we cannot 
retreat to that any more than a farming commu­
nity could retreat to nomadic food gathering. 
This holds true for every important technological 
advance. 

We now have problems of overpopulation, of 
pollution, of diminishing resources, of the risk of 
totally-destructive weapons. But what is the solu­
tion? A retreat from technology? Impossible. 

Science and technology must answer our 
problems. If they don't, nothing else will. 

-} GOULD 
the proud inventors 
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LETTERS 

Sirs: 
As J. D. North points out in his excel­

lent article ["The Astrolabe," by J. D. 
North; SCIENTIFIC AMERICAN, January], 
the ancient mariners' astrolabe was "a 
crude device, serving chiefly to find the 
altitude of the sun, moon or stars." It 
may be of interest that a modern de­
scendant of the more versatile original 
astrolabe is still very much in use in the 
U.S. Navy, but for computations rather 
than for observations. 

Progress (sic) has replaced the beauti­
ful brass and gold filigree work with stur­
dy plastic, but the ancestry of the design 
remains. The rete is a white plastic sheet, 
with 57 stars located and identified in 
black, and is reversible for observations 
in the Southern Hemisphere. The cli­
mates are a series of transparent disks 
overprinted with fine almucantars and 
azimuth lines. The rete is bordered with 
a scale for sidereal hour angle that is 
used to orient the climate. 
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In its commonest use the rete is anno-

Scientific American, May, 1974; Vol. 230, No. 
5. Published monthly by Scientific American, 
Inc., 415 Madison Avenue, New York N.Y. 10017; 
Gerard Piel, president; Dennis Flanagan, vice· 
president; Donald H. Miller, Jr., vice·president 
and secretary; George S. Conn. treasurer; Arlene 
Wright, assistant treasurer. 

Editorial correspondence should be addressed to 
The Editors, SCIENTIFIC AMERICAN, 415 Madisou 
Avenue, New York, N.Y. 100]7. Manuscripts urc 

submitted at the author's risk and will not he 
returned unless accompanied by postage. 

Advertising correspondence should be addressed 
to Harry T. Morris, Advertising Director, SCIEN­
TIFIC AMERICAN, 415 Madison Avenue, New York, 
N.Y. 10017. 

Offprint correspondence and orders should be 
addressed to W. H. Freeman and Company, 660 
Market Street, San Francisco, Calif. 94104. For 
each offprint ordered please enclose 25 cents. 

Change of address (or other subscription cor· 
respondence) should be addressed to Circulation 
Manager, SCIENTIFIC AMERICAN, 415 Madison 
Avenue, New York, N.Y. 10017. Please notify liS 

four weeks in advance of change. If possible, 
kindly furnish an address imprint from a recent 
issue. Send both old and new addresses or 
plete and mail Post Office Form 3578. 

o Please enter change of address. 

o Please enter subscription. 
U.S. and Canada: 

o 1 year, $12 02 years, $22 03 years, S30 
All other countries: 

01 year, $15 02 years, 827 03 years, S37 
NAME 

NEW ADDRESS 

OLD ADDRESS 

tated with current planetary positions (a 
modern addition). The appropriate cli­
mate is then selected and positioned for 
the sidereal hour angle of the next 
planned observation (for example an 
evening-star fix). The device is then con­
sulted by the navigator to select the best 
stars to "shoot" that evening, based on 
their calculated altitude and azimuth. A 
second important use is on evenings with 
scattered clouds. Here the stars are first 
observed, then their identity is deter­
mined with the device; thus it is not nec­
essary to see the entire constellation for 
identification. 

This modern descendant of the astro­
labe comes packed in a leatherette case 
with a rete, nine climates, a planet-plot­
ting device and instructions. It is avail­
able from the Naval Oceanographic Of­
fice in Washington (and sells for about 
$6) as the "Star Finder and Identifier, 
Principle of Rude and Collins." The 
horse has been replaced by a plastic peg, 
and the instructions make no mention of 
the instrument's heritage, but although it 
is a bit degenerate, it remains an astro­
labe. 

LT. COMDR. R. S. PETERSON 

U. S.S. Iwo lima 
At Sea 

Sirs: 
The simultaneous ending of the secu­

lar trend in age of menarche and the sec­
ular trend in body size, reported by Pro­
fessor Tanner ["Growing Up," by J. M. 
Tanner; SCIENTIFIC AMERICAN, Sep­
tember, 1973] for economically well-off 
populations, may be more than a coin­
cidence. The simultaneous cessation of 
both trends would be expected, because 
it has been shown that the weight de­
pendency of sexual maturation applies 
to the human female, as well as to rats, 
mice, pigs, cattle and other domestic ani­
mals, which also show a secular trend in 
age of coming into estrus, or first heat. 

Professor Tanner's explanation that 
better nutrition is most likely responsible 
for the secular trend in age of menarche 
follows from the weight-dependency re­
lationship. Charles Darwin noted the re­
lation of early maturation and fertility 
to abundant food supplies for domestic 
animals in The Variation of Animals and 
Plants under Domestication. Specific 
evidence for the same relationship in the 
human female comes from two sets of 
published data: (1) Chronically under­
nourished girls had menarche at the 
same mean weight as well-nourished 
girls of the same ethnic stock, but two 

years later than the well-nourished girls, 
and (2) the mean weight at menarche 
(about 47 kilograms) has not changed in 
western Europe or the U.S. in the past 
125 years, but the mean age of attaining 
that weight has fallen from 16.5 to 12.8 
years. 

These observations on the relation of 
weight and sexual maturation do not ex­
clude the possible modulating influences 
of other factors for man or animals, such 
as stress, temperature, pheromones or, as 
was suggested in 1790, sweet music. Dr. 
M. A. Raciborski, lauTl3at of the Acade­
my of Medicine in Paris, reported in 
1844 an admirably direct experiment in 
which members of the Paris orchestra 
were brought to the Paris zoo and placed 
behind a curtain at the elephant cage in 
order to test whether music hastened sex­
ual maturation. The orchestra played 
selections from Gluck's Iphigenie en 
Tauride, while the reactions of the two 
elephants were carefully noted. The ex­
perimental results were positive: the 
elephants reacted passionately, and they 
matured eight years earlier than ele­
phants in the wild. An alternative expla­
nation is that elephants, like other mam­
mals, have a weight-dependent sexual 
maturation, and elephants in :llOOS are 
better fed and move around less than 
those in the wild. 

ROSE E. FRISCH, PH.D. 

Center for Population Studies 
Harvard University 
Cambridge, Mass. 

ERRATUM 

In "The Cell Cycle," by Daniel 
Mazia (SCIENTIFIC AMERICAN, 

January), it is stated: "Max M. 
Burger of Princeton University 
was the first to find that the mem­
brane of contact-inhibitable cells 
reacts with those plant proteins 
that induce cycling in noncycling 
lymphocytes . ... Cells that are not 
contact-inhibitable are unaffected 
by the presence of the protein." 

The sentences should read: 
"Max M. Burger of Princeton Uni­
versity was the first to find that the 
membrane of cells that are not 
contact-inhibitable reacts with 
those plant proteins that induce 
cycling in noncycling lympho­
cytes. . .. Cells that are contact­
inhibitable are unaffected by the 
presence of the protein." 
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"My new BMW gives me a better kind of luxury. 
High performance with excellent gas mileage. 

That's great engineering!' 
These remarks from Senior Airlines 

Captain Stanley Adelman, of Westport, 
Connecticut, are typical of the feelings 
many BMW owners have for their cars. 

"As a veteran commercial pilot, I have 
profound respect for the truth that 
form follows function. For example, a jet 
aircraft looks sleek and clean-lined 
because these factors contribute to its 
performance. 

"And exactly the same principles 
apply to my 3-liter BMW. The car is fast, 
maneuverable, and amazingly sure­
footed. Its controls are light and very 
positive. And its aerodynamics were 
proven in wind-tunnel tests. 

"And incidentally, I regularly get over 
20 miles to a gallon. 

"I've owned a number of so-called 
luxury cars. But I think my BMW is the 
best-engineered car in the world:' 

At BMW, we build cars that above 
all are more efficient. 

Road & Track calls BMW's new 3-liter 
engine the most sophisticated in-I ine 
six in the world. Smooth, dependable, 
and brilliantly responsive, yet 
remarkably easy on fuel. 

Our fully independent four-wheel 
suspension gives BMW superior 
roadholding capabilities. 

Extraordinary handling character­
istics are but one of BMW's own 
demanding safety criteria. BMW safety 
features are built into the car's design, 
not just tacked on. 

T he fast, rugged, spirited 3-liter 
BMW is designed to achieve techno­
logical superiority in every aspect of 
automotive construction. In the highest 
tradition of the Bavarian Motor Works, 
it is more than a fine car. It is what 

luxury should be- the luxury of great 
engineering. 

BMW automobiles are available in 
a full range of two and four door models. 
Sole U.S. Importer: Hoffman Motors Corporation. 
375 Park Avenue, New York, N.Y. 10022; 
12541 Beatrice Street, Los Angeles, Calif. 90066. 
Dealers Coast to Coast. 
Advantageous European Delivery Program. 
Write for free brochure. Code No. 01 

Canada: East: BMW Distributors Eastern Canada, 
Ltd. Ontario. 
West BMW Distributors (Western) Co. 
British Columbia 

Bavarian Motor Works 
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1 Avoid paying extra installa tion charges when 
you order new phone service. Have all the 

work done at one time. Changing your mind later 
will mean extra visits and extra charges. So con­
sider carefully all the different colors and styles, 
how many phones you want and exactly where 
you want them installed. 

2 Ask one of our business office Service Repre­
sentatives to explain the different types of 

service offered by your local Bell Company. 
Choose the one which best fits your pattern of call­
ing. If you don't do a lot of calling each month, ask 
if "budget" or "limited" service is available in your 
area at a lower rate. 

� Ask the Service Representative for a rundown 
� on the specific rates and charges you can ex­

pect. Find out exactly what the regular monthly 
charges will be, and what the one-time-only pay­
ments are. Find out whether there are options in 
your area of paying on a monthly basis, or making 
a single one-time only payment, on certain items. 

4 Are you going to be away from home for any 
extended period of time? A business office 

Service Representative can tell you, based on how 
long you plan to be away, whether you could save 
money by temporarily suspending your telephone 
service. 

5 Moving to a new residence? Ask a Service 
Representative whether you are eligible for 

a credit on your bill if you take your present 
phones along with you to your new location. 

6 If you've never had a phone in your name be­
fore, or have never established credit, you 

may be asked to pay a deposit when you order tele­
phone service. But we don't like to keep deposits 
for long periods of time. In fact, if you establish 
good credit with us by paying on time, we'll return 
your deposit to you PLUS interest. Ask a Service 
Representative to explain the details which apply 
in your area. 

10 

20 ways to 
on your 

7 If a coin phone swallows your money but 
doesn't give you your call, you're entitled to 

a refund. Find a phone that works, dial "Operator" 
and explain what happened. You'll get a refund in 
the mail. P.S.We'd appreciate it if you'd also tell 
the operator the telephone number and location 
of the phone that's out of order so we can get it 
fixed as soon as possible. 

8 Reach a wrong number on a Long Distance 
call you just dialed? Don't just hang up. Ask 

for the area code and the number you reached in 
error. Then dial "Operator" and report what hap­
pened. The opera tor will have the charge removed. 

9 Get a poor connection on a Long Distance 
call, or get cut off in the middle of your con­

versation? Don't just hang up and call back. The 
person who placed the call should report what hap­
pened to an operator. The operator will issue a 
credit for the time your call was interrupted. 

10 Error on your bill, with a charge for a Long 
Distance call you didn't make? Call the 

business office. A Service Representative will ar­
range to get the charge removed. 

11 Save on Long Distance charges by cutting 
down on person-to-person calls. It's true you 

may not be able to reach the person you want on 
your first try with a station-to-station call. But in 
many instances you can make two (or even three) 
out-of-state station-to-station calls for what it 
would cost you to make that one person-to-person 
call. This is particularly true if you dial your own 
calls instead of going through an operator. 

12 Dialing your own out-of-state Long Dis­
tance calls is the least expensive way of all. 

If you don't know the number for a call you want 
to make to a distant city, you can obtain it at no 
charge to you by dialing the area code (when re­
quired) for that city, plus 555-1212, for Directory 
Assistance. Then dial direct and save. Save time 
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save mon� 
phonebill. 

in the future by recording the number in your 
personal number book. A listing of all area codes 
can be found in the information pages at the front 
of your local telephone directory. 

13 Make sure you know when dial-direct rates 
apply before you make your call. They 

apply on all out-of-state calls to anywhere in the 
United States (excluding Alaska) if they are com­
pleted from a residence or business phone without 
an operator's assistance. They also apply on calls 
placed with an operator from a residence or busi­
ness phone when direct dialing facilities are not 
yet available. 

14 But it's even more important to know the 
circumstances when direct-dial rates do 

NOT apply. They do not apply on person-to­
person, hotel-guest, credit card or collect calls, or 
on calls charged to another number, because an 
operator must assist on such calls. Direct-dial 
rates do not apply on calls made from coin phones, 
even those from which you dial the complete num­
ber yourself before the operator comes on. 

t5 While opera tor-handled calls cost you more 
than those you dial yourself, there is one 

exception. If you run into equipment trouble com­
pleting a Long Distance call you're dialing your­
self from a home or business phone, you're still 
eligible for the dial-direct rate even if you require 
an operator's assistance. Explain your problem to 
an operator. If you need help in getting the call 
through, or in making a satisfactory connection, 
confirm with the operator that it will be charged 
at the dial-direct rate. 

16 Dial direct, but save even more by making 
your out-of-state Long Distance calls with­

in the time periods when rates are lowest. The 
lower rates for out-of-state calls made in the eve­
ning, on the weekends or late at night are de­
scribed for you in the call guide in the front of your 
local directory. 

17 Don't get caught by surprise, or miss out 
on the money you can save on Long Dis­

tance calls you make within your state. The times 
when lower rates apply may be different than for 
your out-of-state calls. Check carefully in the call 
guide in the front of your local directory for a de­
scription of when to save on calls you make within 
your state. 

18 If you're concerned about avoiding added 
charges on your Long Distance calls in gen­

eral, don't guess how long you've been talking. 
Time yourself, so you can finish your call before 
overtime rates apply. To save even more time and 
money, jot down what you want to say before 
you dial. 

19 Before you go ahead and place a Long Dis­
tance call to a business, check first to see if they 
have a toll-free number. You can recognize it be­
cause it has an 800 prefix instead of a regular area 
code. If they have one, it's usually displayed in 
their advertising, or you may find it listed in your 
own local telephone directory. If so, the call's on 
them, and you save. 

20 The information pages at the front of your 
local telephone book are a good source for 

tips on how to place your calls and how to save 
time and money in using your telephone. Look in 
the book, and save. 

We hear you. 
@ 

II 
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Nail down 
your ideas 
in less time 

Command concentration. Communicate 
visually and orally to make ideas stick. 
Cut meeting time. Reduce listener ten­
sion. Stimulate Idea interaction. List 
best ideas for understanding and agree­
ment. Utilize executive techniques. 
Quality easel folds for desk top or carry­
Ing case. Call for fast action - 813/ 
822-4549 - or send coupon now. 
Immediate shipment. 

Orav6iinl 
Company, Inc. / Subsidiary of Shaw·Barton 

FREE 
44-page idea book shows 
175 color pictures, helps . 
improve presentations 
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Send Informallon on: 0 Easels 0 Speakers' 
lecterns 0 Wall mounted conference center 

I 
with pads, movie screen, chalkboard 
o Ruled pads for planning, scheduling and 
control 

Name Tille ____ _ 

I 
Company 

Street ____________ _ 

Clty ____________ _ \::t:.... 
_ 

..:. ___ _ 

12 

50 AND 100 

YEARS AGO 

MAY, 1924: "The atomic weight of 
hydrogen is not exactly 1 but by careful 
measurement is found to be 1.0077. In 
this slight discrepancy an immense store 
of possible energy is indicated, which 
someday, when we have learned how, 
may become accessible for good or ill 
to the human race. If the whole of any 
perceptible portion of matter disap­
peared, the energy resulting would be 
prodigious, being multiplied by a factor 
equal to the velocity of light. When hy­
drogen is packed into helium, the whole 
runs not the slightest risk of disappear­
ing, but seven or eight parts in every 
10,000 do disappear. The 1.0077 be­
comes 1.0. And though the disappearing 
fraction is small, the total of which it is 
a fraction is so gigantic that the result 
would put all our other sources of en­
ergy to shame. If ever the human race 
should get hold of a means of tapping 
the energy contained in the atom, the 
consequences will be beneficent or de­
structive according to the state of civili­
zation at that time attained." 

"The basis of nervous activity is 
formed by the so-called reflexes or in­
stincts. Food, for example, stimulates the 
food reflex, which consists of certain 
movements in animals and the secretion 
of saliva. Professor 1. P. Pavlov of Petro­
grad reports that if some indifferent 
agent, which previously had nothing in 
common with feeding, is repeated many 
times with the feeding, after a time it 
begins to stimulate the food reflex when 
used alone. Thus if we produce some 
distinct musical sound at a given fre­
quency and always at the same time feed 
a dog, after a while this sound, used 
alone, will produce the same food reac­
tion as the food itself. In this way, be­
sides the reflexes or instincts that are 
inborn, some reflexes are acquired dur­
ing the life of the individual. The inborn 
reflexes we call unconditioned and the 
acquired reflexes we call conditioned." 

"In 1899 Sir William Crookes pointed 
out that the world's food supplies are 
dependent on a supply of nitrogenous 

fertilizers to the soil. Each crop takes so 
much out of the soil that unless this es­
sential material is replaced the yield per 
acre steadily drops. There is an inex­
haustible store of nitrogen in the air, but 
nitrogen as such is one of the most inert 
of materials. It is only when it has been 
made to combine with other elements, 
such as hydrogen, that it becomes avail­
able as plant food. The problem consists 
in taking from the two abundant sources, 
air and water, the constituent nitrogen 
and hydrogen and combining them to 
form a new substance, ammonia. At the 
beginning of the present century there 
was no known method for any such fix­
ation of nitrogen, but as a result of ap­
plying pure research there are now many 
industrial methods. The first problem 
was to find the conditions under which 
the equilibrium point of the reaction 
would be most suitable. This was done 
when it was found that the production 
of ammonia is increased by the applica­
tion of 200 and even 1,000 atmospheres 
of pressure. The ammonia must be pro­
duced at a practical rate and to bring this 
about substances known as 'catalyzers' 
are employed. By applying these prin­
ciples the Germans have succeeded in 
producing ammonia at the rate of more 
than 1,000 tons a day." 

MAY, 1874: "Babbage, in speaking of 
his analytical engine, has suggested that 
a machine might be made that would 
play a game of combination, such as 
draughts, provided the maker of the ma­
chine himself would work out perfectly 
the sequences of the game. Professor 
Fairman Rogers finds that the sequences 
of tit-tat-toe are easily tabulated, and 
hence an automaton may be made that 
will play the game as follows: The op­
ponent to the automaton makes the first 
move in the game and in so doing causes 
a certain cylinder to change its position. 
This causes the automaton to make that 
play which the proper sequence of the 
game requires. The next play of the op­
ponent moves another cylinder, and so 
on throughout the sequence. If the play­
er plays perfectly, the game will be 
drawn; if the opponent makes a mistake, 
the automaton will take advantage of it 
and win the game." 

"The bicycle, after going entirely out 
of fashion as a toy, is now being put to 
some practical use. Messengers, called 
'veloce men,' thus mounted convey dis-
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patches in Paris from the Bourse-or 
stock exchange-to the central telegraph 
bureau. The distance is about six miles 
and is accomplished in 25 minutes, at a 
charge of 50 cents. A company is being 
formed to place a very large number of 
velocipedes on the streets and to supply 
messengers to go to any part of the city. 
The Parisian journals are also using the 
bicycle to obtain quick reports. The dis­
tance from the palace of Versailles to 
Paris-about 13 miles-can be made in 
45 minutes, faster than the ordinary 
trains on the railroad." 

"Experiments performed by Professor 
Arthur W. Wright of Yale College will 
probably set at rest the moot question as 
to the nature of the zodiacal light. This 
faint nebulous radiance is seen in certain 
seasons, especially in the Tropics, in the 
west after twilight has ended or in the 
east before it has begun. Professor 
Wright, employing a new apparatus of 
his own design, has determined that the 
light is polarized in a plane passing 
through the sun and thus has proved it is 
reflected and derived originally from the 
sun. Confirming this view, it was found 
that the spectrum of the light is the same 
as that of the sun, except in intensity. 
Professor Wright concludes that the light 
is reflected from matter in the solid state, 
from innumerable small bodies revolving 
around the sun in orbits, of which more 
lie in the neighborhood of the ecliptic 
than near any other plane passing 
through the sun." 

"The question of the disposition of the 
dead by burning the bodies, after the 
manner of the ancients, has for some 
years been under discussion in scientific 
circles in Europe. The reader unversed 
in the process will naturally think of the 
ancient pyre and will probably suppose 
that it is the intention of the advocates 
of the plan to burn the bodies on huge 
piles of variously scented wood. Little 
would be gained in an aesthetic or even a 
sanitary point of view if such were the 
system, for the gases and fumes evolved 
would be far from healthful. The body of 
the poet Shelley was thus destroyed, and 
his biographer tells us that, so far from 
being the beautiful and poetic rite in­
tended, the process was a very disagree­
able and nauseous operation. Science 
provides a better plan for reducing ashes 
to ashes: an apparatus devised by Pro­
fessor Brunetti especially for the pur­
pose. It consists of an oblong furnace 
lined with fireproof brick. By means of 
this apparatus, at the expense of about 
150 pounds of wood, complete crema­
tion can be effected in two hours." 
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Energy. 
Good help is hard to find, so the saying goes, 
and that's a stark reality when it comes to our 
greatest helper, energy. 

We're in the business of helping people make 
better use of energy, wherever and whenever it's 
found. And we have been, ever since petroleum 
was first "cracked" from crude, some sixty years 

ago. (One of our founders patented that process, 
and we now own some 10,000 unexpired patents, 
most dealing in petroleum science and petro­
chemicals.) 

UOP processes are designed for obtaining 
more usable energy, more efficiently, from 
available resources. Including grass roots 
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refineries. With or without an energy problem, 
there's still going to be a widespread need for 
that expertise. 

We're ready to meet that need, with a deep, 
broad team of technology management. And with 
a background of sixty years' experience in 
research and development, including the 

fathering of Platforming® and 34 other licensed 
processes. 

Energy is an entire industry for UOP-and also 
a matter of a better life. Our energy projects are 
investments in tomorrow. To obtain more infor­
mation about our company and sharing in that 
investment, write UOP, Des Plaines, Illinois 60016. 

Where.:.eUon .re8ti1ts in ��better life. 
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Dual protects your precious records, 
which may well be the most expensive 
"component" in your entire stereo 
system. 

Serious music lovers, such as 
the readers of the leading music 
magazines, know all this. Which is 
why they own more Duals than any 
other make of quality turntable. 
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THE AUTHORS 
BARRY E. CARTER ("Nuclear Strat­

egy and Nuclear Weapons") practices 
law in Washington as an associate of the 
firm of Wilmer, Cutler & Pickering. Be­
fore joining the firm in 1972 he had 
worked for several years as a Govern­
ment official concerned with internation­
al affairs. For a year starting in 1969 he 
was a program analyst in the NATO and 
Genenll Purpose Division of the Office 
of the Assistant Secretary of Defense for 
systems analysis. From October, 1970, 
to June, 1972, he was on the staff of 
the National Security Council, working 
mostly on the Strategic Arms Limitation 
Talks. From June to December of 1972 
he was a research fellow in the Institute 
of Politics of the John Fitzgerald Ken­
fledy School of Government at Ha-rvard 
University. Carter was graduated from 
Stanford University in 1964. He ob­
tained his master's degree in economics 
and public affairs at the Woodrow Wil­
son School of Public and International 
Affairs of Princeton University in 1966 
and his law degree from the Yale Law 
School in 1969. 

MAHTIN BIDDLE ("The Archaeol­
ogy of Winchester") is director of the 
Winchester Research Unit of the Win­
chester Excavations Committee. "My 
main interests," he writes, "lie in two 
areas: the formation of medieval Europe 
from the aftermath of the Roman empire 
in the West, that is, the period from 
the third century to the 12th century, 
and the introduction of Henaissance ar­
chitectural and artistic ideas to northern 
Europe and particularly England in the 
first half of the 16th century." He is also 
involved in efforts to prevent the de­
struction of archaeological evidence by 
"trying to get governments to take ac­
tion before events have removed the 
future from our past." Biddle received 
his bachelor's and master's degrees from 
the University of Cambridge in 1961 
and 1965 respectively and his second 
master's degree from the University of 
Oxford in 1967. From 1961 to 1963 he 
was Assistant Inspector of Ancient Mon­
uments in the .Ministry of Public Build­
ing and Works. He then spent four years 
as lecturer in medieval archaeology at 
the University of Exeter and one year 
as a visiting fellow at All Souls College, 
Oxford. 

H. W. GUILLEHY ("Visual Pathways 
in Albinos") is professor in the anato�y 

department of the University of Wis­
consin Medical School. Born in Ger­
many, he was educated in England, re­
ceiving his bachelor's degree and Ph.D. 
at UniverSity College London in 1951 
and 1954 respectively. He taught anato­
my at University College London for 11 
years before moving to the University of 
\Visconsin in 1964. Guillery wishes to 
acknowledge the assistance of Graysol1 
Scott, Elaine Langer and Barbara Yelk 
and grants from the U.S. Public Health 
Service. 

FERREN MAcINTYRE ("The Top 
Millimeter of the Ocean") is a Dyason 
Fellow in Environmental Studies at the 
University of Melbourne. His degrees 
are in chemistry, a subject to which he 
turned after a certain amount of explor­
ing. "I worked for eight years in the real 
world," he writes, "as lumberman, ma­
chinist, machine designer and loftsman 
before retiring to college." He obtained 
his bachelor's degree at the University 
of California at Riverside in 1960 and 
his Ph.D. from the Massachusetts Insti­
tute of Technology in 1965. He has 
worked at the Scripps Institution of 
Oceanography and the Marine Science 
Institute of the University of California 
at Santa Barbara. 

NATHAN SHARON ("Glycopro­
teins") is a professor at the Weizmann 
Institute of Science in Israel. He recent-
1y became head of the department of 
biophysics in succession to Ephraim 
Katzir-Katchalski, who is now president 
of the State of Israel. Sharon's avocations 
include writing popular science and 
swimming. He writes that he is "happily 
married to a schoolteacher, and both of 
our grown-up daughters would like to 
choose science as their career." 

DOUGLAS SCOTT, WILLIAM W. 
SEIFERT and VERNON C. WEST­
COTT ("The Particles of Wear") are re­
spectively head of the metallurgy section 
of the National Engineering Laboratory 
in Scotland, professor of electrical en­
gineering and of engineering and civil 
engineering at the Massachusetts Insti­
tute of Technology and chairman of the 
board of Trans-Sonics, Inc. Scott, who is 
editor of the journal Wear, was with the 
Ministry of Supply for 10 years before 
joining his present laboratory in 1950. 
Seifert, who was graduated from Rens­
selaer Polytechnic Institute in 1941, has 
been at M.I.T. since going there as a 
graduate student. He received his mas­
ter's degree in 1947 and his Sc.D. in 
1951. Westcott was graduated from 
RP.I. and was employed for several 
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years by the Raytheon Manufacturing 
Company until in 1948 he founded (with 
Edward T. Rigney) Trans-Sonics, which 
he served as president from 1948 to 
1960. The authors wish to acknowledge 
support by the Office of Naval Research 
and the Advanced Research Projects 
Agency of the U.S. Department of De­
fense. 

DONALD P. GREENBERG ("Com­
puter Graphics in Architecture") is pro­
fessor in the department of architecture 
at Cornell University and director of the 
university's program of computer graph­
ics. He was graduated from Cornell in 
1958 and took his Ph.D. there (in struc­
tural engineering) in 1968. Greenberg 
wishes to thank the General Electric 
Corporation for enabling him to use its 
Visual Simulation Laboratory and to ac­
knowledge assistance from R. Rougelot, 
E. E. Carey, W. Hartmann and W. 
Gannon of General Electric and David 
Simons, Robert Hastings, William Cun­
ningham, Thomas Fridstein, Marc Le­
voy, Nicholas Lindabury, David Mc­
Neil, David Montanari, John Nicolls, 
Alfreda Radzicki, David Ross, Stephen 
Snyder, Diego Suarez-Betancourt and 
Nicholas Weingarten of Cornell. 

JAY M. PASACHOFF and WIL­
LIAM A. FOWLER ("Deuterium in the 
Universe") are respectively at Williams 
College and the California Institute of 
Technology; Pasachoff is director of the 
Hopkins Observatory and assistant pro­
fessor of astronomy and Fowler is In­
stitute Professor of Physics. Pasachoff 
was graduated from Harvard College 
in 1963 and also received his master's 
and doctor's degrees at Harvard. Fowler 
obtained his bachelor's degree in engi­
neering physics at Ohio State University 
in 1933 and then went to Cal Tech as a 
graduate student. Except for periods as 
a Guggenheim Fellow at the University 
of Cambridge and as a visiting lecturer 
at a number of institutions in the U.S. 
and Europe, he has remained at Cal 
Tech ever since. He received his Ph.D. 
there in 1936, spent three years as a re­
search fellow and then was appointed to 
the faculty. When he won the $25,000 
Vetlesen Prize in 1973 "for outstanding 
achievement in the sciences resulting in 
a clearer understanding of the earth, its 
history, or its relation to the universe," 
the citation read: "It is probably fair to 
say that almost all of our quantitative in­
formation about the basic nuclear proc­
esses that enter into stellar energy gen­
eration and element synthesis is due to 
Fowler or to work directly instigated by 
him." 

Minolta helps you 
enjoy lunch with friends. 

It takes a quick eye and a responsive camera to see the pictures that 
are everywhere. 

If you have the insight, a Minolta SR·T could be the camera. This is a 
35mm reflex you'll be comfortable with from the moment you pick it up. 
It lets you concentrate on the picture, because the viewfinder shows all the 
information needed for correct exposure and focusing. You never have to 
look away from the finder to adjust a Minolta SR-T, so you're ready to 
catch the one photograph that could never be taken again. 

And when subjects call for a different perspective, Minolta SR-T cam­
eras accept a complete system of interchangeable lenses, from "fisheye" 
wide angle to super-telephoto. 

Next time you come across some friends, be ready with a Minolta SR-T. 
For more information, see your photo dealer or write Minolta Corporation, 
200 Park Avenue South, New York, N. Y. 10003. In Canada: Anglophoto 
Ltd., P.Q. 

Minolta SR-T 101/Minolta SR-T 102 

When identified by a factory·sea/ed "M" tag, Minolta 3Smm reflex cameras are warranted by Minolta 
Corp. against defects in workmanship and materials for two years from date of purchase. excluding ... 
user· inflicted damage. The camera will be serviced at no charge provided it is returned within the war­
ranty period, postpaid. ,secure/y packaged. including $2.00 for mailing, handling and insurance. 
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MEASUREMENT�COMPUTATION: changing things for the better -------

Teach your students on the 
equipment they'll probably use 
as professionals. 

When it comes to providing practical job­
training, many technical educators choose 
Hewlett-Packard test and measuring equipment 
for their classrooms and training labs. 
Because of its excellent performance at fair 
prices HP equipment is widely used in most 
technical disciplines-practically every 
employment situation your students are likely 
to encounter. 

Of the more than 3,000 products manufactured 
by HP, a number are well-suited for classroom 
usc. These include power supplies, oscillo­
scopes, voltmeters, counters, signal sources, 
recorders, and calculators. Complete descrip­
tions of these instruments are brought together 

in our new catalog, "Electronic Test 
and Measuring for Technical Education." This 
catalog is free to educators for the asking. 

A Hands-On Way to Learn Digital Electronics 

One of the educational instruments featured 
in our catalog is the new HP Logic Lab. 
Designed for hands-on instruction, the Logic 

Lab is a complete course in digital electronics 
including textbook, lab workbook and a fully 
equipped portable laboratory. 

Your students learn to assemble a variety of 
functioning digital circuits using the bread­
board, components and interconnecting wiring 
supplied. With the Logic Lab, circuit assembly 
is no longer a grueling process of soldering 
and un-soldering IC's and wires because the 
student uses solderless connection techniques 
for assembling components and wires on the 
plug-in breadboard. 

To make his circuit come to life, the student 
simply places the breadboard in the laboratory 
station mainframe. All the essentials needed 
to stimulate the circuits are built-in: power 
supply, logic state indicators and programmers, 
and pulse sources. 

Now the student can verify his circuit's oper­
ation using professional quality digital test 
instruments-the HP Logic Probe, Logic PulseI' 
and Logic Clip. In doing so, he not only learns 
how to troubleshoot a digital circuit, but also 
sees visual evidence of the behavior of the 
components and can make sense of their inter­
actions. In the final analysis, this is where he 
learns what the 1's and O's mean. 
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Even if your student is caught by the bell in 
the middle of assembling or testing a circuit, 
the Logic Lab is always ready for the next 
class. One student's breadboard is easily 
removed and replaced by another without 
disturbing the circuits. 

Written by a team of experienced educators 
and industry engineers, the Logic Lab text is 
arranged in a modular format that results in 
an effective self-learning package. Your student 
can start on a level and learn at a pace that 
suits his individual needs. 

The complete Logic Lab package is available 
for $650.* 

The first fully programmable 
pocket-sized computer calculator. 

The new HP-65 does what many still find hard 
to believe of an 11-ounce instrument that fits 
in the palm of your hand. It not only makes 
single complex calculations but also performs 
the complete sequence of calculations neces­
sary to solve a problem. All you do is enter 
the raw data and a pre-recorded program. 
The HP-65 remembers and executes the correct 
sequence of keystrokes for solving the problem 
and gives you the answer automatically. 

The program is recorded on a magnetic card 
the size of a small stick of gum. Each program 
can consist of as many as 100 steps, and each 
step can be any of the calculator's 51 arith­
metic, logarithmic, trigonometric and other 
transcendental keystroke functions. These can 
be combined with branching, logical com­
parison and conditional skip instructions, using 
the HP-65's four-register operational stack and 
nine addressable memory registers. 

You can write, edit and record your own 
programs on the HP-65. It couldn't be easier; 
push the keys in the same sequence as you 
would use to solve the problem manually, with 
the programming switch in the W/PRGM 
position. Then switch to WRITE to record 
these steps on the magnetic card. Next time 

HEWLETT iIJ PACKARD 

Sales and service from 172 offices in 65 countries. 
Palo Allo, Callforma 94304 

you want to solve the same problem, turn the 
switch to RUN and insert the card. 

If you don't want to write your own programs, 
use ours. Six pre-recorded packages, called 
Application Pacs, are available now; more are 
on the way. Each Pac contains up to 40 pro­
grams in disciplines such as mathematics, 
statistics, surveying, medicine, and electrical 
engineering. The Math Pac I, for example, 
includes pre-recorded programs for hyperbolic 
functions, first order d i ti'eren tial eq uations, 
solving simultaneous equations in three 
unknowns and 37 other calculations. Each 
Pac costs $45.* 

The HP-65 is priced at $795* including one 
standard Application Pac with representative 
programs and blank cards, handbook, battery 
pack. AC adapter/recharger. carrying case 
and travel case. 

For more information on these products write 
to us. Hewlett-Packard, 1504 Page Mill Road, 
Palo Alto, California 94304. 

-Domestic USA prices only . 00411 

........................................•...... . . ,'. 
Mail 10: Hewlett-Packard, 1504 Page Mill Road, Palo Alto, CA 94304 '

. 
• Please send me information on: 0 HP 65 Computer/Calculator 

o "Electronic Test and Measuring for Technical Education" Catalog 
o HP Logic Lab 

Name ________ Title _______ _ 

Company' _______________ _ 

. 
: Address : 

•
• • 

City State Zip .: 
. ....•...................................... ..

.. 
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Nuclear Strategy and Nuclear Weapons 

The "improved counter force capability" proposed by the Administration 

is viewed as not only unnecessary and potentially costly but also likely 

to undercut the SALT negotiations and increase the risk of nuclear war 

" 

S
hOUld a President, in the event of 

a nuclear attack, be left with the 
single option of ordering the 

mass destruction of enemy civilians, in 
the face of the certainty that it would 
be followed by the mass slaughter of 
Americans? Should the concept of as­
sured destruction be narrowly defined 
and should it be the only measure of our 
ability to deter the variety of threats we 
may face?" 

The questions asked in the preceding 
quotation, taken from President Nixon's 
first foreign-policy report in 1970, have 
been cited repeatedly in the past few 
months by Administration spokesmen in 
an effort to explain and justify some sig­
nificant changes that are being made in 
U.S. policy regarding its strategic mili­
tary forces. The new strategy, spelled 
out most clearly in Secretary of Defense 
James R. Schlesinger's annual report for 
the fiscal year 1975, released in March, 
seeks "to provide the President with a 
wider set of much more selective tar­
geting options," and hence greater "flex­
ibility," in choosing an appropriate re­
sponse to "any kind of nuclear attack." 

As the opening quotation illustrates, 
much of the official rhetoric concerning 
this new development in U.S .  strategic 
policy has been more misleading than il­
luminating. To criticize the "assured de­
struction" doctrine of the past decade or 
so as planning only for massive retalia­
tion against Russian cities ignores the 
fact (belatedly acknowledged by Schle-
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by Barry Carter 

Singer) that U.S .  strategic forces have for 
years had the capability, both in weap­
ons and in planning, for a "flexible re­
sponse." More important, the broad hy­
pothetical issues invoked by such public 
statements have tended to obscure the 
more immediate real issues presented by 
this Administration's recent actions. 

The real issues are serious ones . The 
primary operational question at present 
is whether or not the U .S .  should de­
velop missiles with an improved capa­
bility for attacking "hardened" targets 
in the U.S .S .R .  The main rationale of­
fered for developing such an improved 
"counterforce" capability (so called be­
cause it is aimed at an opponent's mili­
tary forces) is that it is "impermissible" 
for the U.S .  not to "match" certain Rus­
sian counterforce developments. There 
is also the suggestion that these missiles 
would minimize "unintended collateral 
damage." 

The preceding question in turn raises 
the subtler issue of how the active pro­
motion of such programs for improved 
counterforce capabilities affects the sta­
bility of the strategic nuclear deterrent 
and hence the likelihood that there will 
be a nuclear war. Before one can ad­
dress these two issues one must under­
stand why public debate should prop­
erly focus on such questions and not (at 
this time anyway) on the kind of ques­
tions posed in President Nixon's 1970 
remarks. 

In the late 1950's and early 1960's 

U .S .  strategic policy went through a se­
ries of transformations .  By 1962 Ameri­
can military planners recognized that the 
U .S .  would have many more missiles 
than the U.S .S .R .  could have for several 
years and in fact many more missiles 
than were required to devastate every 
major city in the U.S. S .R. A counter­
force strategy therefore held out the at­
tractive option of limiting damage to 
U.S .  cities by destroying a substantial 
part of the Russian strategic forces. In 
language that sounds remarkably fa­
miliar today, Secretary of Defense Rob­
ert S. McNamara said in a speech in 
Ann Arbor, Mich .: "The United States 
has come to the conclusion that, to the 
extent feasible, basic military strategy in 
a possible general nuclear war should be 
approached in much the same way that 
more conventional military operations 
have been regarded in the past. That is 
to say, principal military objectives, in 
the event of a nuclear war stemming 
from a major attack on the alliance, 
should be the destruction of the enemy's 
military forces, not of his civilian popu­
lation." 

The Russians, however, continued to 
deploy land-based intercontinental bal­
listic missiles (ICBM's) and submarine­
launched ballistic missiles (SLBM's) . As 
a result, even if the U.S .  sought to limit 
damage to itself by the partial destruc­
tion of the Russian strategic forces, there 
would still be more than enough Rus­
sian forces left to kill tens of millions 
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of Americans. Recognizing this fact, Mc­
Namara increasingly emphasized by the 
mid-1960's the concept of "assured de­
struction," which he said in 1968 meant 
the "ability, even after absorbing a well­
coordinated surprise first strike, to in­
flict unacceptable damage on the at­
tacker." This criterion he defined ex­
plicitly: "In the case of the Soviet Union, 
I would judge that a capability on our 
part to destroy, say, one-fifth to one­
fourth of her population and one-half of 
her industrial capacity would serve as an 
effective deterrent." 

Few concepts have been as maligned or 
misunderstood as that of assured de­

struction. Critics label it genocide or use 
the acronym of "mutual assured destruc­
tion" to call it MAD. In fact, the concept 
seems well designed to serve two pur­
poses. First, by planning the size of U.S.  
forces on the basis of the "worst case" 
scenario of an all-out Russian surprise 
attack, it ensures that the U.S. possesses 
the ultimate threat: to be able to wipe 
out the U.S.S.R.  or any attacker in retali­
ation. Second, since the destruction cri­
terion is reasonably precise, the concept 
provides a useful basis for limiting stra­
tegic-weapons procurement and for 
evaluating arms-control proposals. 

While retaining the assured-destruc­
tion concept, McNamara and his succes­
sor, Clark Clifford, supervised the devel­
opment of the wide array of weapons 
that constitutes today's U.S. strategic 
arsenal. Both the numbers and the char­
acteristics of many of these weapons 
were consistent with the assured-de­
struction concept, partly because the 
U.S. possesses a "triad" of strategic of­
fensive forces and partly because of the 
hedge against the "highest expected 
threat ." The triad approach seeks to 
maintain a major retaliatory capability 
in each component of our strategic of­
fensive forces: ICBM's, SLBM's and 
long-range bombers. Justified on the 
grounds that each component presents a 
different problem for an attacker, diffi­
cult and costly problems for his defense 
and a hedge against unexpected failures 
in one or both of the other components, 
the net result of the triad approach is to 
provide in the aggregate a high degree 
of confidence that the assured-destruc­
tion mission could be carried out. 

The hedge against the highest expect­
ed threat, as projected in the National 
Intelligence Estimates, meant that weap­
ons would be developed and sometimes 
procured as a cushion against Russian 
developments that, although not con­
sidered likely, were possible. The pre-

dictable result was that the U.S. came 
to possess much more powerful forces 
than were shown by subsequent events 
to be required for assured destruction. 
For example, one of the main justifica­
tions offered for developing multiple in­
dependently targeted reentry vehicles 
(MIRV's) was to hedge against a great­
er-than-expected Russian deployment of 
an anti-ballistic-missile (ABM) system, 
on the theory that increasing the number 
of incoming warheads would enable the 
U.S. offense to penetrate the Russian de­
fense more easily. 

Of course, some of the development 
and procurement decisions also reflected 
in�vitable political and bureaucratic 
pressures. For example, faced with pres­
sures from the military and from Con­
gress, McNamara apparently thought he 
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could not ask for fewer than 1,000 Min­
uteman ICBM's. 

Finally, the proponents of the assured­
destruction concept in the latter half of 
the 1960's quietly subscribed to second­
ary strategic objectives, in particular 
the desire to retain some ability to re­
spond flexibly in the case of an actual 
attack. If the U.S. were subjected to a 

"limited" nuclear attack-possibly with 
a small number of missiles or because of 
an accidental launch-most thought the 
President should have a range of options 
from which to choose. This factor helps 
to explain why, for example, the Minute­
man II warhead, which was first de­
ployed in 1966, could be programmed 
for up to eight alternative targets, and 
why there was flexibility in the actual 
targeting plans. 
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STRATEGIC NUCLEAR ARSENALS of the U.S. and the U.S.S.R. are compared here in 

terms of two key indicators: the number of individually targetable nuclear warheads, in­

cluding bombs (top) and the number of delivery vehicles (bottom). Each pair of bars rep­

resents the total operational strategic forces projected for both sides as of mid-1974 (gray) 

and 1977 (color), based on data provided by the U.S. Government. The delivery-vehicle 

bars are broken down into segments representing land-based intercontinental ballistic mis­

siles (ICBM's), submarine-launched ballistic missiles (SLBM's) and long-range bombers. 

As the bars show, the U.S. is at present either ahead of or in rough parity with the U.S.S.R. 

in these two categories and is expected to remain so for at least the next few years. This 

purely numerical representation of the military balance between the two superpowers does 

not, of course, take into account such important factors as qualitative differences in weap­

ons technology, the larger size of the Russian ICBM's or the thousands of U.S_ "tactical" 

nuclear weapons in Europe, Asia and aboard forward-based ships. More important, regard­

less of the exact numerical .elation of the two arsenals, each side now has, and for the fore­

seeable future will continue to have, a secure retaliatory capability, that is, more than 

enough strategic forces to absorb even an all-out nuclear attack by the other side and still be 

able to retaliate by carrying out a wide variety of limited nuclear attacks or by inflicting an 

unacceptable level of "assured destruction" on the population and industry of the attacker. 
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As a result the U.S. ended up with 
strategic-war capabilities considerably 
greater than the assured-destruction con­
cept required. That this situation was 
rarely acknowledged publicly was a seri­
ous mistake, the results of which we are 
now reaping in public misunderstanding 
of the policies of the past and, more im­
portant, in the sometimes surprising ig­
norance about the present capabilities 
of the U.S. strategic forces. The simple 
fact, which cannot be stressed too 
strongly, is that the U.S. strategic forces 
are now capable of carrying out a large 
array of alternative missions, far in ex­
cess of assured destruction. 

To begin with, assured destruction 
does not require many forces. Assuming 
zero or low Russian ABM levels (a rea­
sonable assumption given the 1972 Mos­
cow Treaty limiting ABM systems),  the 
delivered warheads of 220 Minuteman 

1. TO DEVELOP TERMINALLY GUIDED 
MANEUVERABLE REENTRY 
VEHICLE (MARV) 

2. TO IMPROVE GUIDANCE 
SYSTEM OF MINUTEMAN III 

3. TO IMPROVE ACCURACY OF SLBM's 

4. TO DEVELOP NEW ICBM 

5. TO INCREASE YIELD OF MINUTEMAN III 
WARHEADS �OT INCLUDING COSTS IN 
ATOMIC ENE GY COMMISSION BUDGET) 

6. TO DEVELOP MISSILE PERFORMANCE-
MEASUREMENT SYSTEM FOR MINUTEMAN 

7. TO DEVELOP AN ADVANCED BALLISTIC 
REENTRY SYSTEM 

8. TO DEVELOP EVASION MARV 
FOR NAVY TRIDENT PROGRAM 

9. TO DEVELOP EVASION MARV 
FOR AIR FORCE 

10. TO TEST MINUTEMAN II WITH LARGER 
NUMBER OF SMALLER WARHEADS 

11. TO DEVELOP NAVSTAR GLOBAL-
POSITIONING SYSTEM 

III ICBM's could kill about 21 percent of 
the Russian population from immediate 
effects alone and destroy about 72 per­
cent of the Russian industrial capacity. 
The delivered warheads from 170 Posei­
don missiles (which is fewer than the 
total carried by 12 submarines) could 
cause a similar level of damage [see il­
lustration on page 24]. Projections of 
bomber survivability vary greatly, but 
most experts would estimate that enough 
B-52' s could reach their targets to sa tis­
fy easily the traditional assured-destruc­
tion criterion. 

The total of U.S.  strategic forces is, 
of course, much larger. There are at 
present 1,054 ICBM's, of which 1,000 
are Minuteman missiles and 54 are the 
older, larger Titans. Of the Minuteman 
missiles 550 have been or are in the 
process of being converted to the Min­
uteman III, which can carry up to three 
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SELECTED ITEMS from the record military-budget request for fiscal year 1975, submitted 

recently to Congress by the Department of Defense, reveal a sharp across-the-board increase 

in the amount of money projected to initiate or expand programs that would increase U.S. 

"counterforce" capability against military targets in the U.S.S.R. (Colored bars are for the 

fiscal year 1975, gray bars for fiscal year 1974.) Items 1 through 6 refer to programs that will 

directly affect U.S_ counterforce capability by improving the accuracy of land-based and 

sea-based missiles and by increasing the explosive yield of nuclear warheads_ Items 7 

through 11 refer to programs that involve indirectly related improvements in missile guid­

ance, warhead multiplicity and warhead yield_ Because this list was compiled from several 

different sources, there is some possibility that programs were double-counted or overlooked. 
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warheads .  These MIRV's are estimated 
to have an accuracy of 1,500 feet or less 
(expressed in terms of "circular error 
probable," which means that 50 percent 
of the warheads are expected to fall 
within a radius of 1,500 feet of the tar­
get) .  The explosive power, or yield, of 
each warhead is equivalent to between 
170 and 200 kilotons of TNT, or at least 
11 times the size of the 15-kiloton bomb 
dropped on Hiroshima. Rapid retarget­
ing of the Minuteman III will be possible 
soon witll tlle advent of new computer­
software systems, such as the Command 
Data Buffer system. (All estimates of the 
numbers and characteristics of U.S. 
forces used in this article are taken from 
the statements of U.S. officials, from 
publications of the International Insti­
tute of Strategic Studies and from other 
reliable publications. )  

In  addition the U.S. arsenal includes 
656 SLBM's, 496 of which are scheduled 
to become Poseidon missiles. The Posei­
don can carry up to 14 MIRV's, but it is 
usually deployed with 10. Although ac­
curacy might be reduced by uncertain­
ties about the submarine's location, it 
still is probably less than 3,000 feet. 
Moreover, even though each warhead is 
smaller than Minuteman's, there are 
many more of them and each is still 
about three times the size of the Hiro­
shima bomb. Like the Minuteman III 
warheads, the Poseidon warheads can be 
retargeted quickly. 

Bombers are often viewed as the step­
child of the U.S.  strategic triad. The ap­
proximately 400 B-52's and 65 FB Ill's 
are unaccountably ignored in many com­
parative tables of American and Russian 
strategic forces, notably in President 
Nixon's first three foreign-policy reports. 
This is surprising given the fact that an 
estimated 40 percent of the U.S. budget 
for strategic offensive forces is spent on 
bombers. Moreover, from the standpoint 
of nuclear strikes the per-sortie attrition 
rate of about 3 percent suffered by the 
B-52's in their attacks on heavily defend­
ed Hanoi demonstrated high survivabil­
ity. Indeed, most places in the U.S.S.R. 
would not be as heavily defended as 
Hanoi, the B-52's would not be making 
the more vulnerable high-altitude at­
tacks they made there and the bombers 
would use nuclear warheads to silence 
air-defense batteries. Each B-52 carries 
between four and 24 nuclear weapons, 
the load being a variable mix of gravity 
bombs and air-to-surface missiles. The 
bombs can be in the megaton range 
(that is, equal to 1,000 kilotons) and can 
be delivered with very high accuracy. 

(This accounting of the U.S. strategic 
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forces does not include the extensive 
U.S. "tactical" nuclear forces, many of 
which could attack targets in the 
U.S.S.R. In addition to the more than 
7,000 tactical nuclear weapons in Eu­
rope, many such weapons are deployed 
in Asia and on forward-deployed ships in 
the Atlantic and the Pacific. ) 

In short, the U.S. already has a con­
siderable potential for "limited" strategic 
strikes. Exactly how much capability de­
pends on the critical assumption of who 
strikes first and how, as well as on one's 
assumptions about the nature of the Rus­
sian threat. In any case three important 
factors should be remembered about po­
tential targets in the U.S.S.R. : 

1. There are many nonmilitary, in­
dustrial targets outside urban centers 
that would require only one or two 
nuclear warheads each; such targets 
include manufacturing plants, power 
plants and the two construction yards 
for missile submarines. 

2. Except for "hardened" targets, most 
military targets could be destroyed by 
only one or two warheads each; such tar­
gets include air-defense sites, military 
airfields, major army bases and sub­
marine bases. 

3. Even for hard targets such as mis­
sile silos, nuclear-weapons storage fa­
cilities and command posts, the use of 
small numbers of warheads will create a 
high probability of destruction. For in­
stance, three Minuteman III warheads 
delivered against three Russian missile 
silos with a "hardness" about the same as 
that of the U.S. silos when they were 
first built would have approximately an 
80 percent chance of destroying one 
silo, whereas seven Minuteman III war­
heads would have a similar 80 percent 
probability of knocking out one silo three 
times as hard. Presumably many Rus­
sian missile silos have a hardness in this 
range. 

As a result, even with existing mis­
siles a limited strike by the U.S. that 
employed 100 missiles or fewer could 
do substantial damage to the U.S.S.R. 
and could knock out some Russian 
ICBM's. 

In calculating the sufficiency of our 
strategic forces, one should not forget 
the Chinese. For any conceivable "cri­
sis scenario" the total expenditure of 
U.S. warheads against China could easi­
ly come from the present surplus exceed­
ing the weapons needed for the assured­
destruction mission against the U.S.S.R. 
Not only could the U.S. destroy most of 
the nascent Chinese nuclear forces, but 
also it has been estimated that a few 
warheads detonated over 50 Chinese ur-

ban centers would destroy half of the 
urban population (more than 50 million 
people), more than half of the industrial 
capacity and most of the key govern­
mental, technical and managerial per­
sonnel. Indeed, against fixed targets such 
as cities the U.S. could use its B-52's, 
which could return to their bases for 
other missions. 

Not only does the U.S. have this mul­
tifaceted capability but also its nuclear 
strategy has always included plans for 
attacks other than massive ones on Rus­
sian cities. This conclusion is logically 
inescapable when one realizes that the 
U.S.  has had thousands of strategic war­
heads since the mid-1960's, has about 
7,500 now and is expected to have al­
most 10,000 by 1977. There are only 
about 200 major cities in the U.S.S.R. 
Either the U.S. has aimed a superfluous­
ly large number of warheads at each 
major city or it has planned for other tar­
gets all along. Any doubts on this score 
were resolved by Secretary Schlesinger's 
statement in March that "our war plans 
have always included military targets." 

president Nixon has made it very clear 
from the early days of his Adminis­

tration that he wanted changes in U.S. 
strategic policy. Neither he nor any oth­
er high official, including Secretary 
Schlesinger, has ever rejected the as­
sured-destruction concept. Rather they 
have defined assured destruction nar­
rowly to mean only massive retaliation 
against cities and have said that more 
options are needed. To date the Nixon 
Administration has really presented two 
different sets of what "more" is needed. 
First there were the "suffiCiency crite­
ria," which were publicized in the peri­
od from 1970 to 1972. This past year 
has seen the emergence of a new set of 
criteria. 

The sufficiency criteria, which Presi­
dent Nixon first hinted at in 1970, were 
spelled out by Secretary of Defense Mel­
vin R. Laird in 1971. They are: 

1. "Maintaining an adequate second­
strike capability to deter an all-out sur­
prise attack on our strategic forces." 

2. "Providing no incentive for the So­
viet Union to strike the United States 
first in a crisis." 

3. "Preventing the Soviet Union from 
gaining the ability to cause considera­
bly greater urban/industrial destruction 
than the United States could inflict on 
the Soviets in a nuclear war." 

4. "Defending against damage from 
small attacks or accidental launches." 
These four criteria have been explained 
further, including the fact that the de-

terrence is for the benefit of U.S. allies as 
well as the U.S. 

The publication of the sufficiency cri­
teria at least moved the public debate off 
the misleading view that U.S. policies 
and forces only envisioned massive re­
taliation against cities, but beyond that 
there is little new in the criteria. This is 
partly because they were never clearly 
explained; accordingly they remained 
more Delphic than definitive. 

The first criterion is simply a basic 
statement of the assured-destruction 
concept. The third is a result of the as­
sured-destruction assumption at mean­
ingful levels of destruction ; beyond the 
ability of either side to inflict 75 mil­
lion fatalities and between 50 and 75 
percent industrial damage-levels that 
would finish either country as a viable 
society-relative differences in the abil­
ity to inflict urban or industrial damage 
seem insignificant. Besides, much high­
er levels of destruction can only be 
achieved with considerable difficulty, 
since either country soon reaches a point 
of rapidly diminishing returns in terms 
of urban or industrial destruction per ad­
ditional warhead. 

The fourth criterion was clearly jus­
tification for the Safeguard ABM system. 
Without getting into the debate over 
such issues as whether or not the advan­
tage of damage limitation against small 
attacks or accidental launches outweighs 
the disadvantage of the Russians' mis­
interpreting the purposes of any ABM 
deployment, suffice it to say that the Ad­
ministration as early as May, 1971, was 
committed to insignificant ABM levels in 
the ongoing Strategic Arms Limitation 
Talks (SALT). The fourth criterion thus 
became "inoperative ." 

That leaves the second criterion. It 
clearly enunciates a desirable objective 
in strategic policy: to avoid strategic 
forces or actions that would be destabi­
lizing in a crisis . Although this objective 
was not explicit before, it was inherent 
in the assured-destruction objective of 
providing highly survivable forces that 
would thereby reduce the incentive for a 
first strike. The second sufficiency cri­
terion fails to delineate what more, if 
anything, was needed. 

The criteria are silent about the kinds 
of option other than assured destruction 
that the President was so concerned 
about. Moreover, should the U.S. react 
to protect its allies (still undefined) in the 
same way that it would to protect its 
own territory? And what are U.S. strate­
gic objectives with regard to China? In 
short, except for the flirtation with the 
ABM possibility, the sufficiency criteria 
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only hinted at new strategic policies 
rather than establishing them. 

Instead of trying to amend the suffi­
ciency criteria, the Administration de­
cided about a year ago simply to scrap 
them and to start anew in redefining 
strategic policies. This time Secretary 
Schlesinger has been the principal 
spokesman. After some of his press con­
ferences late in 1973 and early in 1974 
led to confusion among journalists and 
other observers as to what the new poli­
cies encompassed, the appearance of 
Schlesinger's annual report in March 
clarified the issues considerably. At one 
place in that report the "Principal Fea­
tures of the Proposed Posture" (a pos­
ture Schlesinger clearly likes to refer to 
as "essential equivalence") are listed: 

l. "a capability sufficiently large, di­
versified, and survivable so that it will 
provide us at all times with high con­
fidence of riding out even a massive sur­
prise attack and of penetrating enemy 
defenses, and with the ability to with­
hold an assured destruction reserve for 
an extended period of time." 

2. "sufficient warning to ensure the 
survival of our heavy bombers together 
with the bomb alarm systems and com-

mand-control capabilities required by 
our National Command Authorities to 
direct the employment of the strategic 
forces in a controlled, selective, and re­
strained fashion." 

3. "the forces to execute a wide range 
of options in response to potential ac­
tions by an enemy, including a capabil­
ity for precise attacks on both soft and 
hard targets, while at the same time 
minimizing unintended collateral dam­
age." 

4. "the avoidance of any combination 
of forces that could be taken as an effort 
to acquire the ability to execute a first­
strike disarming attack against the 
USSR." 

5. "an offensive capability of such size 
and composition that all will perceive it 
as in overall balance with the strategic 
forces of any potential opponent." 

6. "offensive and defensive capabili­
ties and programs that conform with the 
provisions of current arms control agree­
ments and at the same time facilitate 
the conclusion of more permanent trea­
ties to control and, if possible, reduce 
the main nuclear arsenals." 

These factors plus the accompanying 
text in the report provide the best a vail-
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able insight into the proposed new poli­
cies. The first factor, combined with the 
second's requirement of bomber surviva­
bility, constitutes essentially a restate­
ment of the assured-destruction con­
cept. It needs no further elaboration 
here except to note that assured destruc­
tion does not require immediate re­
sponse; indeed, the emphasis on a "sec­
ond strike" capability and on the sur­
vivability of U.S. forces reRects the goal 
of having time in which to consider what 
the appropriate response should be. 

Skipping brieRy to the fourth, fifth 
and sixth factors, they raise a host of 
diverse issues-touching on all offensive 
and defensive strategic programs. There 
is not sufficient space to treat them com­
prehensively here; instead the focus will 
be on their impact on the Administra­
tion's concepts of strategic Rexibility and 
limited nuclear war. 

The third factor and the balance of 
the second address the questions of Rexi­
bility and limited strategic war directly. 
The underlying questions can best be 
summarized as follows: (1) Should the 
U.S. have a number of response options? 
(2) Should the U.S. develop missiles with 
improved counterforce capabilities? (3) 
Should the U.S. actively promote the 
idea of improving counterforce capabili­
ties for fighting, if necessary, a limited 
nuclear war? Since the first question is 
essentially noncontroversial, the remain­
ing two define the immediate issues. 

Schlesinger reports that most of the 
targeting options in the past have in­
volved "relatively massive responses." 
He wants to provide the President with 
a "wider set of much more selective tar­
geting options." There is general agree­
ment among strategic analysts that the 
U.S. should have a variety of response 
options other than massive retaliation 
against cities. These options could be 
useful, for example, in deterring a lim­
ited strategic attack. As Paul C. Warnke, 
a former Assistant Secretary of Defense, 
has put it: "There can . . .  be little objec­
tion to the concept that our targeting 
plans should be sufficiently Rexible to 
provide the President with a variety of 
options in the event of a nuclear attack." 
Warnke believes "we might be better 
positioned to deter a less than all-out 
Soviet attack if we have the refinement 
of command and control to push only 
one or a few buttons rather than the en­
tire console . . .  to respond with less than 
our Sunday punch." 

This broad consensus includes those 
options that draw on the capabilities of 
present forces and those already well 
along in development. As we have seen, 
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our present forces already have the ac­
curacy-yield combinations to be used 
effectively to destroy almost anything 
except hard targets. Even against such 
hard targets as ICBM silos these forces 
could destroy large numbers of targets, 
but they would not do it "efficiently." 

Schlesinger makes it clear, however, 
that he wants more than flexibility, that 
he wants counterforce option"s that re­
quire new or improved weapons. The 
incremental options are ones "minimiz­
ing unintended collateral damage" and 
providing a hard-target kill capability 
that "matches" that of the Russians. To 
be able to achieve these options Schles­
inger seeks programs to develop missiles 
with improved counterforce capabilities. 

The proposed defense budget for the 
fiscal year 1975 includes a number of 
such programs. The programs appear to 
fall into two categories. 

First, there are the short-term pro­
grams, the ones that involve relatively 
minor changes and for which initial de­
ployment might easily begin by the late 
1970's. The major programs in this cate­
gory include procurement of more Min­
uteman III missiles ; refinement of the 
existing guidance system of the Minute­
man III to increase accuracy (probably 
from 1,500 feet down to 700 feet or 
less) ;  a higher-yield warhead for the 
Minuteman III identical in configura­
tion with the existing warhead, and a 
general program to improve and mea­
sure the accuracy of SLBM's. The pro­
posed budget also includes funds to 
flight-test a Minuteman III with a larger 
number of smaller reentry vehicles. 
Whether this program will increase 
counterforce capabilities or not depends 
on the accuracy and yield of the new 
warheads. 

Second, there are two major long-term 
programs. Both will require considerable 
development time, and initial deploy­
ment would seem unlikely before 1980. 
Advanced development will be initiated 
for a terminally guided "maneuverable 
reentry vehicle" (MARV) for possible 
"retrofit" into both ICBM's and SLBM's. 
Although a MARV warhead has been 
programmed for some time for the ad­
vanced Trident I SLBM, it is not to be 
terminally guided, being designed for 
evasion of ABM interceptors rather than 
for improved accuracy. A new termi­
nally guided MARV, however, will pre­
sumably have an accuracy of a few 
hundred feet. This would give even 
warheads the size of the Poseidon's a 
very effective hard-target kiiI capability. 

Further research and development is 
needed to decide exactly how the new 

MARV will work. By definition, after the 
MARV has separated from the "bus," or 
postboost vehicle, that holds all a mis­
sile's warheads, it can maneuver almost 
up to impact in order to correct its flight 
path. The corrections could be accom­
plished in two ways. The most likely de­
velopment is the homing MARV, what 
some call the true MARV [see illustra­
tion on page 28]. A sensor in the war­
head would acquire an image or images 
of the target or of prominent terrain fea­
tures nearby (or perhaps would simply 
acquire an "altitude profile" of the ter­
rain along its fljght path). An on-board 
matching device would match this infor­
mation with a map stored in its memory. 
The warhead's flight path would then be 
corrected either by gas jets or by aero­
dynamic vanes. 

An alternative approach is to use an 
inertial guidance system in the warhead 
as well as in the bus. Since the reentry 
vehicle often separates from the bus 
early in its flight, an on-board guidance 
system would allow much later changes 
in trajectory. The information on posi­
tion would come, however, from the sys­
tem's gyroscopes, from stars or even 
from satellites and not from the target 
area itself. As a result this approach in 
theory would probably not be as accu­
rate as the homing approach. 

The second long-term program is the 
development of an entirely new ICBM 
for the 1980's. This missile, which may 
even be an air-mobile missile, would in­
clude a new guidance system (presum­
ably a terminally guided MARV), which 
Schlesinger says would give it "a very 
good capability against hard targets." 

l-Iow reasonable or necessary is it to 
develop missiles with improved 

counterforce capabilities in order to 
minimize collateral damage or to match 
the Russians' hard-target kill capability? 

It is particularly difficult to under­
stand how these missiles will minimize 
collateral damage. The warheads Secre­
tary Schlesinger is proposing will prob­
ably have at least the yield of the present 
Minuteman III and Poseidon warheads. 
Such warheads would cause extensive 
damage over a wide area. For example, 
a "small" 100-kiloton bomb exploding in 
the air over a target would cause sub­
stantial fatalities and damage from im­
mediate effects alone over a circle with a 
radius of 2 .5  miles. Since the possible im­
provement in accuracy for the r-iimlte­
man, for example, is at most about 1,000 
feet even in the long run, the number of 
civilian fatalities will hardly be reduced 
significantly if a warhead at least three 

to 11 times the size of the Hiroshima 
bomb lands a few hundred feet closer to 
the intended target. 

A substantially smaller warhead that 
still provides an improved hard-target 
kill capability is unlikely to be ready for 
deployment until the 1980's, since a very 
accurate terminally guided MARV is 
needed to allow a significant "trade-off" 
between lower yield and higher accura­
cy. Furthermore, the value of much 
smaller warheads in saving lives must be 
put in perspective. 

First, the way to minimize fatalities, 
if nuclear weapons must be used, is care­
ful target selection, in other words aim­
ing at targets distant from urban centers. 
Air-defense sites or air bases in the Arc­
tic and isolated army posts or industrial 
sites are good examples. For a very lim­
ited exchange the differences in fatality 
levels from an attack on such targets 
with warheads of, say, 50 kilotons as 
against five kilotons would not be sig­
nificant. 

Second, if there is a large-scale nu­
clear exchange, then there simply is no 
way of keeping civilian damage at a low 
level. The effects not only of immediate 
blast but also of radioactivity would kill 
millions. 

Third, in an actual nuclear exchange 
the successful continuation of a u.S. 
policy aimed at minimizing civilian 
casualties depends in large part on what 
the Russians do, and the Russians have 
never seemed much attracted to this 
objective. Their strategic warheads have 
always been large. Even though they 
necessarily reduced the size of individual 
warheads on their ICBM's in order to 
deploy MIRV's on them, some if not all 
of the warheads are still in the megaton 
range. 

Schlesinger's main justification for the 
new counterforce programs is that the 
U.S. needs an "efficient" hard-target ca­
pability to match that of the U.S.S.R. 
This seems a questionable refinement of 
the broader theme of "essential equiva­
lence." Schlesinger has on occasion de­
fined essential equivalence to suggest 
overall balance. For example, he recent­
ly testified: "We do not have to have a 
match for everything in their arsenal. 
They do not have to have a match for 
everything in our arsenal." 

Whether or not such an overall bal­
ance exists today and for the foreseeable 
future is a question that deserves public 
debate; a good case can be made for the 
affirmative. Most important, both the 
u.S. and the U.S.S.R. have a high-con­
fidence ability to carry out a wide variety 
of retaliatory options. In terms of static 
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indicators the Russians do have more 
missiles and greater missile "throw 
weight." The U.S., however, has more 
bombers, more warheads (now and for 
the rest of the decade) and about equal 
overall throw weight (if bombers are in­
cluded in the calculations). In terms of 
qualitative factors U.S. missile subma­
rines are much quieter and hence harder 
to find than the Russian ones, and U.S. 
bombers are more modem. Finally, to 
maintain or even enhance some of its 
capabilities, the U.S. already has a num­
ber of strategic programs well along: the 

a 

conversion of older missiles to larger 
Minuteman III and Poseidon missiles, 
the B-1 bomber and the Trident subma­
rine with its advanced missiles. 

Schlesinger, however, avoids the com­
plex question of whether the general 
U.S.-U.S.S.R. strategic picture is one of 
overall balance-of essential equiva­
lence. Rather, he selectively focuses on 
relative counterforce capabilities against 
ICBM silos. Selective vision is not ex­
actly a new tactic in military analysis. 
The "missile gap" of 1960 is a classic 
case; the heated debate over the num-

ber of U.S. ICBM's compared with the 
number of Russian ICBM's ignored the 
massive U.S. bomber force. Schlesinger's 
selective vision is even blurred within 
its own field. Although the Russians are 
clearly developing new missiles and 
MIRV's, they apparently have not pur­
sued the accuracy aspect of a counter­
force strategy with much zeal. As Gen­
eral George S. Brown, the chief of staff 
of the Air Force, recently remarked 
about the new Russian programs, 
"MIRVing alone won't [take out the 
Minuteman force]. Accuracy is the other 

MULTIPLE-WARHEAD MISSILES come in several varieties. 

The U.S. Polaris A3 missile was equipped with multiple reentry 

vehicles, or MRV's; it released its warheads simultaneously at a 

comparatively early stage in the missile's flight; the separate war­

heads then continued, unpowered and unguided, along the mis· 

sile's initial hallistic trajectory, falling in a tight pattern (a). The 

more advanced Minuteman III and Poseidon missiles, now being 

deployed by the U.S., are equipped with MIRV's (b). These war­

heads are carried on a "bus," which is capable of changing its direc-

tion in flight; after each such change the bus can release another 

warhead, which then continues, again unpowered and unguided, 

along that ballistic trajectory. The warheads can fall on widely sep­

arated targets. (The Russians started testing MIRV's on some of 

their missiles last summer, and it is estimated by the U.S. Depart­

ment of Defense that they could begin deploying them in 1975.) 

The U.S. now proposes to develop maneuverable reentry vehicles, 

or MARV's, with terminal guidance (c). Each of these warheads 

will be capable of greater accuracy (see illustration on page 28). 
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key element and we haven't seen evi­
dence of accuracy improvement in their 
work which we would expect to see ,"  

Is there 
'
some reason why the U.S .  and 

the U,S .S .R .  should have essential 
equivalence in the capability to destroy 
missile silos? The arguments against this 
course of action seem persuasive. There 
is no benefit in terms of traditional stra­
tegic analysis in being able to kill effi­
ciently very large numbers of the other 
side's silos. As we have established, the 
U.S. can already destroy some silos, al­
though at a cost of a few U.S.  missiles 
each. Inefficient, limited destruction of 
silos should suffice for the war scenarios 
that some envision, in which the U.S. 
feels it necessary to destroy silos as a 
way of showing its "resolve." Killing 
many more silos would not minimize 
damage to the U.S . ;  everyone agrees 
that the U.S.  cannot expect to destroy a 
large enough fraction of the silos or other 
strategic offensive forces of the U.S.S ,R. 
to limit damage to this country in any 
meaningful way. 

Finally, a critical assumption under­
lying the preceding discussion is that the 
silos will have missiles in them when 
they are destroyed. In fact, the flight 
time of a Minuteman missile to the Rus­
siim missile fields is about 30 minutes . If 
the Russians were to deploy early-warn­
ing satellites, they could detect almost 
instantaneously the launch of U.S.  mis­
siles, which means that the U.S.S ,R. 
could probably have the option of 
launching many, if not all , of its missiles 
before the U.S.  warheads arrived. Using 
U.S. warheads against empty silos in 
empty fields seems a particularly ques­
tionable policy. 

The full cost of these new programs 
is unclear. Much depends on the size of 
the deployments and the extensiveness 
of the modifications. A useful bench­
mark is the Minuteman III program; the 
conversion of 550 older Minuteman mis­
siles into Minuteman Ill's will cost be­
tween $5 billion and $6 billion. Although 
the costs of some of the new counter­
force programs might be comparatively 
small, the total cost of all the new pro­
grams would greatly exceed the Minute­
man III costs. 

Added to the questions about the ana-
lytical reason for the new counter­

force programs and the inevitable costs 
must be the distinct possibility that these 
programs will be destabilizing and will 
make arms limitations more difficult to 
negotiate. 

Assuming a crisis situation, a subs tan-

tial U.S. counterforce capability against 
, Russian ICBM's is more likely to create 
an incentive for the U.S ,S ,R. to adopt 
a hair-tri gger, launch-on-warnin g pos­
ture ; the TI.ussian leadership would fear 
that the U ,So  might attack first in an at­
tempt to limit damage to itself. These 
fears would make it even more likely for 
the U .S .S .R.  to attack first in a crisis in 
order to destroy some of the U,S.  ICBM's 
that had become more tempting targets 
as a result of the new U,S.  counterforce 
programs.  

Schlesinger deplores this instability 
(as in his fourth feature, cited above, of 
the new posture), but he and other high 
officials say that the new U.S. programs 
are not extensive enough to create such 
Russian fears . The conceivable accuracy 
and yield improvements on 1 ,000 Min­
uteman missiles, however, even without 
the terminally guided MARV, could give 
the U.S .  the capability, on paper at 
least ,  of desh'oying between 80 and 90 
percent of the Russian ICBM force. The 
deployment of the MARV or the use of 
improved SLBM's against the Russian 
missiles would push that percentage 
even higher. 

The Russian leadership, moreover, 
might be more conservative than the 
U.S. leadership in assessing Russian 
strengths and weaknesses. This con­
servatism would be based at least partly 
on the fact that, unlike the balanced re­
liance in the U.S. on all three elements 
of the strategic triad, in the U.S.S .R. 
ICBM's are the primary component of 
the strategic offensive forces. The 
U.S ,S .R.  is allowed up to 1 ,6 18  ICBM's 
under the SALT I Interim Agreement 
(compared with 1 ,054 for the U,S .), and 
the Russians are actively developing four 
new ICBM's . Moreover, these missiles 
are under the command of the Strategic 
Rocket Forces, which since it was cre­
ated in about 1960 has been one of the 
most important branches, if not the most 
important one, of the Russian military. 
Unlike the U.S. Air Force, which has re­
sponsibility not only for ICBM's but also 
for bombers and many tactical forces, 
the primary responsibility of the Stra­
tegic Rocket Forces is the Russian ICBM 
force ; consequently this organization has 
every incentive to enhance its role in 
strat�gic planning . The Long Range 
Aviation command, which has responsi­
bility for the Russian bombers, has never 
had the bureaucratic strength of the 
Strategic Rocket Forces, and the Russian 
navy has responsibility for a number of 
other forces besides missile submarines. 

The strategic-planning emphases of 
the U.S. and the U.S .S .R. differ particu-

larly on the subject of bombers. At pres­
ent the U.S. has more than 450 inter­
continental bombers, about a fourth of 
which are kept on "ready alert" at a large 
number of air bases (so that they can 
avoid being destroyed even in case of 
surprise attack). The Russians have 
about 140 long-range bombers. These 
are qualitatively inferior even to the 
B-36 bombers deployed by the U.S .  in 
the 1950's, are not kept at as high readi­
ness and are located at just a few air 
bases. Although a new Russian bomber 
(named the Backfire by the Pentagon) is 
just beginning production, it seems pri­
marily intended for targets on the pe­
riphery of the U.S.S.R. In any case it is 
not certain how many Backfires will be 
built, and the plane appears to lack the 
critical range and low-altitude capabili­
ties of the B-52' s. 

As for SLBM's, the U.S ,S .R .  is build­
ing new missile submarines and is al­
lowed more boats and SLBM's than the 
U.S.  under the terms of the SALT agree­
ments. In contrast to the active U.S.  
MIRV programs for both ICBM's and 
SLBM's and the new Russian MIRV 
programs for ICBM's, however, the Rus­
sians have not begun testing multiple 
warheads on their new SLBM. The 
U.S.S .R . ,  moreover, usually keeps only 
five or six missile submarines on patrol 
at any one time, compared with 40 per­
cent of the 41 U.S. boats .  In sum, the 
U.S.S ,R. does not seem to give missile 
submarines the same priority in strategic 
planning as the U.S.  

Schlesinger essentially hinges his de­
nial that first-strike fears by the U.S.S .R .  
would be enhanced by the planned U.S. 
improvement in its capabilities against 
ICBM's on the relative invulnerability 
of the Russian missile submarines. Com­
pared with the U.S.  missile submarines, 
however, the Russian boats are noisier­
an impOltant qualitative disadvantage­
and must operate in ocean areas where it 
is easier for the U.S. to locate and detect 
them. In addition the U.S.  has under 
way a large, aggressive antisubmarine­
warfare program for tactical and stra­
tegic uses. It has been reliably estimated 
that U.S. expenditures in the fiscal year 
1972 for antisubmarine warfare were 
$2.5 billion and that by 1974 they would 
rise to more than $4 billion. The Russian 
leaders might well fear, at some future 
crisis point, that the U.S. had developed 
a significant antisubmarine-warfare ca­
pability, making Schlesinger's suggested 
ultimate reliance on their missile subma­
rines less than completely reassuring. 

One "crisis scenario" that is often con­
cocted to show the danger of the grow-
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ing Russian counterforce capability 
against Minuteman and to justify devel­
oping improved U.S .  counterforce capa­
bilities is an attack or threat of attack by 
the U.S.S.R. against U.S .  ICBM's. The 
scenario envisions the following chain of 
events : ( 1 )  a real or threatened Russian 
attack against Minuteman: (2) a realiza­
tion by the U.S .  leadership that it is left 
or will be left with no more than a ca­
pacity to attack Russian cities : (3) major 
concessions or even surrender by the 
U.S. 

This scenario has an obviously fantas­
tic quality. Even if the internal logic of 
the scenario were accepted, it still does 
not justify improving U.S. counterforce 
capabilities. It does not matter whether 
the U.S. missiles destroyed are highly 
accurate or not. What matters is what 
other U.S. forces can do if these missiles 
are destroyed. Indeed, as we have seen, 
by presenting an increased threat to the 
U.S.S.R. , U.S. development of highly 
accurate missiles might actually make 
the Russians more likely to attack, thus 
making the scenario less implausible. 

More important, the underlying logic 
of the scenario is simply wrong, as should 
be evident to both the U.S. and the Rus­
sian leadership. First, the Russians 
would have to consider that Minuteman 

might be launched against Russian tar­
gets in the 30-minute warning time be­
tween the launch of the Russian ICBM's 
and their arrival at the Minuteman silos. 
Second, even if a surprised or reasonably 
cautious U.S. leadership did not launch 
on warning, a few Minutemen would 
sUIvive even the most careful attack. 
Also surviving would be at least the 
bombers on alert and most if not all of 
the U.S .  missile submarines in the wa­
ter. (If the attack occurred after an ini­
tial crisis period, more bombers than 
usual would be on alert and more sub­
marines would be in the water. ) These 
combined forces would provide the U.S.  
with the capacity to carry out a number 
of limited strikes while still retaining an 
assured-destruction hedge. 

Finally, some U.S. retaliation would 
seem very likely to the Russian leader­
ship since tens of millions of Americans 
would be killed in any "Minuteman 
only" attack. In attacks against silos the 
bombs are set to explode as close to the 
ground as possible, thereby picking up 
much dirt and debris. The fallout from 
the explosion of thousands of megatons 
of nuclear weapons over the Minuteman 
fields would be tremendous, and winds 
would carry the lethal contamination 
over many major U.S.  cities [see illustra-

tion on page 30] . Such calculations of 
fallout do not even include the possibil­
ity of a few Russian warheads going off 
course and directly hitting populated 
areas, nor the collateral damage by Rus­
sian attacks against other targets, such as 
bomber bases, many of which are near 
cities [see illustration on page 31 ] .  

Even not assuming a crisis, the con­
sequence of these new U.S. counterforce 
developments might be to push the 
U.S.S .R. toward accelerating or expand­
ing existing programs, or starting new 
ones. The arms race is not as mechani­
cally "action-reaction" as some have 
suggested, but a substantial new U.S.  
capability against the primary strategic 
offensive force of the U.S.S.R. will sure­
ly fuel justifications within the Russian 
burea ucracy for some kind of reaction.  
This should be particularly true when 
U.S. antisubmarine-warfare programs, 
noted above, are also considered. 

If the U.S. counterforce programs are 
allowed to continue beyond the rhet­

oric of announcing them, these programs 
would operate to undercut any progress 
at SALT. Of course, if announcing these 
programs is just a short-term ploy de­
signed to strengthen the U.S. bargaining 
position for the impending SALT II  

MOST LIKELY CANDIDATE for the proposed termin ally guided 

MARV is the "homing" MARV, depicted in this idealized drawing. 

(The homing MARV is sometimes referred to as a "true" I\IARV 

to distinguish it from another type of terminally guided MARV 

that would rely on a comparatively straightforward, on·board iner· 

tial-guidance system.) The homing MARV would operate by means 

of an on-board sensor capable of acquiring an image or images of 

the target area or of some nearby, prominent terrain feature. (AI· 

ternatively, the sensor could operate by obtaining an "altitude pro­

file" of the terrain features along its flight path.) It is still unclear 

what kind of sensor will be used ; radar and optical systems are con­

sidered among the leading possibilities. Once the target or other 

feature has been acquired the warhead would be maneuvered un­

der the control of an on-board computer on the basis of feedback 

information from the sensor. The actual terminal maneuvering 

could be accomplished by means of gas jets or aerodynamic vanes. 
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agreements, then little real harm will re­
sult. There is no evidence, however , that 
top Administration officials intend to 
turn these programs off quickly . And 
even if there are such intentions, new 
weapons programs tend to gain a mo­
mentum of their own once they are an­
nounced. High-level officials become 
publicly committed to rationales for 
them, rationales that include more than 
the systems' just being "bargaining 
chips ."  Bureaucracies are created with a 
vested interest in the continuation and 
expansion of these programs . Moreover , 
improvements in accuracy and yield 
would be particularly difficult to limit 
explicitly in SALT, making it harder 
to rationalize publicly any subsequent 
termination of the program. 

Accuracy improvements are generally 
accepted as being among the most diffi­
cult weapons characteristics to limit in 
an arms-control agreement, because of 
problems of both definition and verifica­
tion. Drafting a workable, direct l imit on 
accuracy seems impossible, since the 
counterforce potential of a warhead de­
pends on the accuracy-yield combina­
tion. Moreover, a simple numerical limit 
on accuracy would not be verifiable. A 
photograph of a silo or even the missile 
gives little clue to the kind of small but 
important differences in accuracy that 
are being considered here. Closer ex­
amination through on-site inspection, 
even if such inspection could be negoti­
ated, would be insufficient. On-site in­
spection could indicate whether the war­
head was a terminally guided MARY, 
but this would not establish any par­
ticular accuracy. Moreover, on-site in­
spection includes a heroic assumption 
that the latest warheads are on the mis­
sile and not stored nearby in an area ex­
cluded from the on-site inspection pro­
visions. 

Surveillance of Russian missile-test­
ing may give some indication of accura­
cy. The indication, however, is indirect 
and not conclusive. Test data tell one 
about the ballistic coefficient (or point­
edness) of the warhead, its reentry speed 
and similar information, all of which 
helps in estimating accuracy. An outside 
observer, however, can never be sure 
what the actual target is . Similarly , 
course corrections by the warhead would 
indicate a maneuvering capability but 
not necessarily terminal guidance or par­
ticularly high accuracies. 

An indirect way to limit or impede ac­
curacy improvements through SALT 
would be by placing a strict limit on the 
number of missile tests. This would make 
it more difficult to develop advanced 

guidance techniques and to test them 
often enough so that the military would 
have confidence in them. The low limits 
necessary seem nonnegotiable, however , 
since they represent a direct challenge to 
all new strategic programs.  Even with­
out accuracy improvements the Penta­
gon will want to do extensive research 
and development and operational test­
ing of the new Trident missile and fur­
ther operational testing of the Minute­
man and Poseidon missiles. Similarly, 
the Russians will want to flight-test ex­
tensively their four new ICBM's and 
their new SLBM as well as their existing 
arsenal of missiles. 

Limits in SALT on the yield of war­
heads might be more possible, but they 
would be of uncertain significance . The 
two sides could limit yield by an agree­
ment that warheads not be larger than a 
given yield or a given weight. The effect 
of any such limitation could be circum­
vented, however, by increasing the num­
ber of warheads and by increasing their 
accuracy. Moreover , it would be difficult 
to verify the exact yield of a warhead . 
Even elaborate on-site inspection would 
not ensure that "advanced" warheads 
were not hidden nearby. Surveillance of 
flight tests only gives an estimate of the 
size of the warhead, and yield per pound 
of warhead can be varied by warhead 
design and the richness of the nuclear 
"fnel" used. 

In short, the practical difficulties of 
fashioning limitations in SALT on the 
type of counterforce improvements now 
planned by the U.S .  make such limita­
tions unlikely and will instead presum­
ably create strong pressures in the 
U.S .S .R. to expand old programs or to 
start new ones that either match or com­
pensate for the U.S.  programs. This in 
turn can only work against other limita­
tions on strategic arms . 

1\ llied concerns about the credibility 
ft of the U.S .  deterrent are another 
reason offered for developing missiles 
with improved counterforce capabilities . 
Occasionally a specific scenario-a Rus­
sian attack in central Europe-is given as 
a justification for such improvements. 
Neither the scenario nor the more gen­
eral invocation of allied claims is per­
suasive.  

The European scenario supposedly 
demonstrates that the U .S .  needs the 
ability to respond with nuclear weapons 
in order to show its resolve and to de­
stroy some of the attacking Russian 
forces. There are, however, already 
sizable U.S .  forces in Europe that could 
accomplish both of those objectives. 

Even if the U.S.  decided to employ stra­
tegic weapons, existing U.S .  forces could 
carry out a wide variety of selective at­
tacks. 

As for the broader claims of allied 
concerns, Morton Halper in , an authority 
on nuclear strategy, has remarked : "The 
credibility of the U .S. deterrent to an 
Ally is primarily a result of the overall 
U.S. -Ally relationship, which includes 
economic and political considerations as 
well as military. To the extent that Al­
lied leaders evaluate U.S .  military capa­
bilities, they look especially to the U .S .  
conventional and nuclear forces in that 
particular theater of operations. Fine 
distinctions in the U.S. -Soviet strategic 
balance or in U.S .  strategic policy are 
unimportant to Allied leaders. Among 
those Allied analysts who care, opinion is 
probably split between those who favor 
the U.S.  possessing an efficient silo-kill 
capability and those who do not ."  

Among the European strategic ana­
lysts who oppose such deployments is 
Ian Smart, formerly assistant director of 
the London-based International Institute 
of Strategic Studies. Smart writes: "Pro­
ducing and deploying much more accu­
rate strategic missiles . . .  is to be regret­
ted and even feared since . . .  it can only 
reduce the stability of the strategic bal­
ance in any period of acute tension." At 
least part of this European concern can 
be attributed to the fact that , in a stra­
tegic exchange, the industrialized Euro­
pean countries are very likely targets­
if only because of the U .S. forces de­
ployed in or near those countries. 

Finally, even assuming that the allies 
(or even the American people) accord 
considerable political significance to fine 
distinctions in the "strategic balance," 
Schlesinger's proposed counterforce im­
provements are not very helpful politics. 
The supposedly important distinctions 
are usually visible ones such as the num­
ber of delivery vehicles, the number of 
warheads or the throw weight. Schles­
inger's accuracy and yield improvements 
do not affect these indicators, except pos­
sibly in the counterproductive way of 
reducin g the number of warheads in or­
der to allow larger ones. 

On balance, then, there seem to be 
strong arguments against developing 
missiles with improved counterforce ca­
pabilities. Collateral damage can best be 
minimized by shifting targets, not im­
proving accuracies by a few hundred 
feet. The ability to destroy efficiently 
large numbers of missile silos in order to 
"match the Russians" seems not only 
unnecessary and expensive but also de­
stabilizing. SALT might well be under-
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cut, and the supposed concerns of our 
allies about the U.S. deterrent are not 
answered by such programs. 

It one gets caught up in considering 
nuclear-war scenarios and nuclear­

weapons capabilities there is a danger­
ous tendency to forget that the primary 
objective of nuclear strategy is to avoid 
nuclear wars, not to fight them. 

Given the destructive power of nu­
clear weapons and the world's lack of 
experience in using them, crossing the 
"nuclear threshold" would be a pro­
foundly destabilizing event. It is a de­
lusion to believe one country could 
employ nuclear weapons, even on a 
limited scale, and have a high degree of 
confidence that the response by another 
nuclear power would be predictable and 
proportionate. The particular first use 
might be estimated by the opposing 
country's observers to be greater than 
it actually was, or the use might have 

created more damage than expected (for 
example through greater-than-expected 
fallout). The opposing country might 
not have readily available weapons of 
the same yield or similar targeting op­
tions and decide to escalate. The politi­
cal reaction in the opposing country 
m ight lead to escalation. In short, the 
possible causes for matters getting out 
of hand are endless. 

To make deterrence work, a country 
must carefully consider its public at­
titude toward nuclear war and cautious­
ly select its retaliatory options. This does 
not mean that the U.S. should have only 
the single strategic option of massive re­
taliation against cities. This country al­
ready has ample capabilities for lesser 
options, and it seems appropriate to 
have the flexibility, at a minimum, for 
possible responses to accidental or limit­
ed launches. 

The Nixon Administration, however, 
is going beyond this. It is seeking the 

additional capability to attack efficient­
ly large numbers of Russian missile silos. 
Not only might this counterforce option 
be destabilizing in itself but also the Ad­
ministration's promotion of the option 
and its general public advocacy of a 
counterforce strategy might have a per­
vasive, if subtle, tendency to reduce the . 
inhibitions against the use of nuclear 
weapons-in effect, to lower the "nuclear 
threshold." New bureaucracies, with 
vested interests in the hardware and ra­
tionales of a counterforce strategy, are 
created. In trying to gain public approv­
al of new policies and programs, leaders 
find themselves taking more simplistic 
positions than the uncertainty of nuclear 
warfare warrants. In this climate some of 
the risks of nuclear war are downplayed. 
Unrealistically precise calculations sug­
gest that limited nuclear war can be kept 
limited and even result in positive gains.  

There are some disturbing parallels 
here to the vogue of limited conventional 

RUSSIAN PLANNERS MUST CONSIDER that a hypothetical 

"limited counterforce" attack against the U.S. Minuteman ICBM 

fields (such as the one shown here in the vicinity of Whiteman Air 

Force Base in Missouri) would create an enormous cloud of lethal 

radioactive fallout that would presumably extend for hundreds of 

miles dowuwind of the target area, killing or injuring millions of 

exposed civilians in nearby cities and towns and thereby making 

massive U.S. retaliation seem very likely. (For comparison, a single 

15·megaton nuclear explosion at Eniwetok in 1954 contaminated an 

area of some 7,000 square miles, extending 300 miles downwind and 

20 miles upwind; to be at all effective, any contemplated counter· 

force attack against a Minuteman field would require the ground. 

level explosion of hundreds of megatons of nuclear warheads and 

would accordingly produce a much larger area of radioactive con· 

tamination.) The Minuteman field at Whiteman, one of six such 

fields in the north· central U.S., has 150 Minuteman missiles ar· 

ranged in 15 "flights" of 10 missiles each ( irregular colored 

shapes) ; the missiles are installed in hardened underground 

"launch facilities," or "silos" ( white dots), with each flight of mis· 

siles having its own "launch control facility" ( white triangles). 

The concentric scale rings are centered on the main airfield at 

Whiteman and are drawn at 100·mile radial intervals. Gray lines 

are principal roads. Black lines are major rivers. Gray areas are 

main metropolitan regions. Black dots are smaller cities and towns. 
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war in the early 1960's. In pushing for 
changes in conventional strategy and 
new procurement, advocates of limited 
conventional war ignored some of the 
pitfalls and costs of such a strategy. The 
searing national experience of the war 
in Vietnam was needed to demonstrate 
these oversights. 

Exactly where the line should be 
drawn on "selective targeting options" is 
not at all clear. It seems most inadvis­
able, however, to take the gamble of 
developing missiles with improved coun­
terforce capabilities, whether this is to 
match a specific Russian capability or 
for any other reason. 

Opponents of U.S. counterforce im­
provements, nonetheless, must recog­
nize certain practical limits to their argu­
ments. Even if Congress declines to fund 
the new and accelerated development 
programs Schlesinger is proposing, con­
tinued U.S. testing of strategic missiles 
and various research-and-development 
efforts already under way inevitably will 
lead to some improvements in missile ac­
curacy. (As Schlesinger has pointed out, 
some refinements in existing guidance 
systems will occur almost as a matter of 
course-through better software pro­
grams, greater purity in rocket fuel, bet­
ter measurement of the earth's gravita­
tional field and numerous other factors .  
The development of a terminally guided 
MARV, something further beyond the 
state of the art, requires more of a con­
scious bureaucratic decision to proceed .) 
Besides U.S. advances, moreover, Rus­
sian counterforce improvements are like­
ly to continue, raising serious questions 
about Russian intentions. 

Faced with these likely developments, 
the solution is still not to follow the 

Schlesinger approach. Rather, the solu­
tion should be to seek actively to nego­
tiate for limits on MIRV's and for the 
reduction of vulnerable strategic forces. 

Limits on MIRV's would be deSigned 
to slow the perceived threat to U.S .  
ICBM's, a Russian threat that many con­
sider destabilizing. In return for the U.S.  
slowing certain of its strategic programs, 
for example, the U.S.S .R. might agree to 
limits on the deployment of the SSX- 18,  
the "follow on" missile to the large SS-9. 
This would push at least a few years fur­
ther into the future the time when ana­
lysts would estimate that only a particu­
lar level of Minuteman could survive a 
Russian counterforce attack. 

Negotiating missile reductions repre­
sents another approach: to limit not only 
the threatening forces but also the 
threatened ones. This approach would 

"UNINTENDED COLLATERAL DAMAGE" resulting from a "limited counterforce attack" 

against a military target such as a large airfield would also be considerable, particularly 

since many such targets arc located near major cities. For example, Logan airport near 

Boston, shown on this map, must be considered a military target, since strategic bombers 

are likely to use it in a war. ( B ·52's were reportedly stationed there during the Cuban mis­

sile crisis.) A lOO·kiloton nuclear w arhead exploding directly over Logan would create an 

"overpressure" of between three and four pounds per square inch out to a radius of about 

2)� miles (smaller colored circle) ; a one·megaton warhead would create the same over­

pressure out to five miles ( larger colored circle). This overpressure would kill many peo­

ple in the area and w ould cause severe to moderate damage to most structures. (For a sur­

face explosion the damage rad ius would be about three.quarters of that for an airburst of 

the same yield, but the fallout w ould be greater.) An improvement in missile accuracy of a 

few hundred feet or so would clea rly not alter the position of these large circles by much. 

essentially mean bilateral reductions in 
ICBM's, presumably in a way that would 
retire the more threatening ICBM's, so 
that the remaining ICBM's would be less 
vulnerable. Some asymmetrical reduc­
tions might also be considered. For in­
stance, the U.S. could reduce its ICBM's, 
whereas the U.S.S.R. (having less to fear 
in the short run about the vulnerability 
of its ICBM's) could reduce some 
ICBM's plus other forces.  

Reductions in the land-based missiles 
of both sides would reduce the impor­
tance of this strategic strike force. It 
would thereby undercut the rationale for 
an expensive contest of matching coun­
terforce improvements.  l\lore important, 
it would reduce the greatest potential 
source of instability in a crisis. Both 
countries would ha

'
ve less incentive to 

adopt an unstable, launch-on-warning 
posture or to launch an attack out of 
fear of a preemptive strike. 

The reductions approach has received 
support recently from such diverse 
sources as the Federation of American 
Scientists and Fred C. Ikle, director of 
the Arms Control and Disarmament 
Agency. It was even accorded the status 
of a possibility in Schlesinger's recent an­
nual report. 

Rather than focusing on how to match 
the U.S .S .R.  in a particular capability 
when such matching does not bode well 
for either country, the strategic debate 
in the U .S .  in the coming months should 
focus on l\HRV limits, force reductions 
and other measures designed to mini­
mize the chances of nuclear war and to 
decelerate the arms race. 
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SITE OF OLD MINSTER, the principal cathedral church of the 

Anglo·Saxon kingdom of Wessex, is seen under excavation (left) in 

32 

this aerial photograph. The excavation lies to the north of the ca· 

thedral built by the Normans following their conquest of England. 
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The Archaeology of Winchester 
This English cathedral city was faced with the loss of its past 

as a result of urban rede(Jelopl11ent. Excavation has now re(Jealed 

the pattern of its growth since its birth S01ne 2,000 years ago 

How is a city born and how does it 
grow? If it is long dead, like 
Troy or royal Ur, archaeology 

can readily provide some of the answers. 
If the city is still very much alive, like 
Rome or London, the evidence is harder 
to obtain. Nonetheless, over the past 12 
years an intensive archaeological cam­
paign has uncovered the early periods 
and amplified the recorded history of 
one such city. The site was a major de­
fended settlement during the latter part 
of the British Iron Age, was the island's 
fifth-largest town in Roman times, was a 
prosperous bishopric from the seventh 
century, was a royal seat until well after 
the Norman Conquest and is today one 
of England's leading cathedral cities, 
with a population of 33,000. The city is 
Winchester, and what more than a dec­
ade of urban archaeology has revealed 
about it is a fair indication of how much 
can be achieved elsewhere in the world 
when the work is begun before the past 
is irretrievably destroyed. 

The River Itchen, the trout stream 
made famous by Izaak Walton in The 
Compleat Angler, rises in central Hamp­
shire and flows south through a range of 
chalk downs on its way to Southampton 
Water, behind the Isle of Wight. Since 
remote antiquity the river valley and the 
grassy downs have provided natural 
lines of communication, the one north­
south and the other east-west. At the 
point where the two routes cross and the 
alluvial valley floor is narrowest a spur of 
the chalk downs slopes more gently than 
elsewhere toward the riverbank. 

A mile or so southeast of this spur the 
valley of the Itchen is commanded on its 
opposite eastern side by an Iron Age hill 
fort: St. Catharine's Hill [see illustration 
on page 35]. Built during the third or 
second century B.C. and enclosing an 
area of more than 20 acres, the defenses 
give evidence of having been recon-

by Martin Biddle 

structed several times before being 
burned in the first century B.C. By then a 
settlement had appeared on the western 
side of the valley, on the same chalk spur 
where Winchester would later lie. In 
about the middle of the first century B.C. 
the new settlement was formally defined 
by the construction of a rampart and 
ditch that enclosed an area of just over 
40 acres, or nearly twice the area of the 
eastern hill fort. This enclosure was 
the dominant feature of the valley in the 
later Iron Age. It lay astride the east­
west route and commanded the river 
crossing. 

Although little is known of the interior 
of the western settlement, its central area 
seems to have been densely occupied. 
The economy of the inhabitants was 
based on agriculture, but there is also 
evidence for Ion g-distance trade connec­
tions. Fragments of southern Italian wine 
amphoras of the first century B.C. have 
been found, and the enclosure and its 
immediate vicinity have produced nine 
large bronze Ptolemaic coins of the third 
century B.C. from Egypt. These, of 
course, may have been imported for the 
value of their metal long after the time 
when they were first minted. 

The size of the western enclosure is 
impressive, but there is not yet enough 
evidence to suggest that it contained an 
urban or even a proto-urban community. 
Moreover, the settlement appears to 
have been a false start; there is a break 
of as much as 100 years in its habitation. 
When the area was reoccupied soon after 
the Roman conquest of Britain in A.D. 
43, the settlement was on the valley floor 
near the river, outside and downhill from 
the Iron Age enclosure. 

Much of what we know about the 
growth of the settlement in Roman 

times is the result of emergency excava­
tions first undertaken in 1961, when 

preparations were being made for the 
building of a new hotel in the center of 
the city. The rescue excavation soon re­
vealed two facts. The first was the im­
mense and virtually untapped wealth of 
Winchester's archaeological record. The 
second was the rate at which that record 
would be destroyed by the modern de­
velopments then planned for the decade 
ahead. 

The city today is an important admin­
istrative, judicial, military, ecclesiastical 
and business center. The pressures gen­
erated by these urban functions find ex­
pression in plans for new roads and 
buildings, all potentially destructive of 
the buried remains of the city's past. A 
special body, the Winchester Excava­
tions Committee, was set up in 1962 to 
deal with the problem of investigating 
and recording the archaeological evi­
dence before its destruction. During the 
next 10 years the committee adminis­
tered the largest program of urban exca­
vation yet undertaken in Britain (or else­
where in Europe for that matter). For 
seven years the work has been a joint 
Anglo-American venture, done in collab­
oration with the University of North 
Carolina and Duke University and sup­
ported by government and foundation 
funds from both sides of the Atlantic. 

The project had from the start the 
principal objective of studying the origin 
and changing character of the urban 
community throughout its entire exis­
tence, from the first permanent settle­
ment down to the emergence of the mod­
ern city in the reign of Victoria. The city 
itself was to be the subject, rather than 
any one period or aspect of its past. We 
hoped to try to grasp the totality of the 
urban phenomenon and the interaction 
of the city and its setting, both at dis­
tinct moments in time and between one 
period of its development and another. 

The project involved not only rescue 
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excavations on threatened sites but also 
excavations on unthreatened ones, some 
of them large enterprises that yielded in­
formation essential to any balanced con­
cept of the City's evolution. The project 
also required the integrated utilization of 
all the available evidence, whether it 
was from archaeology, from the natural 
sciences or from written records (in 
which the city is immensely rich from the 
12th century on). 

In 1968 the Winchester Research Unit 
was set up to prepare this large body of 
material for publication. A series of per­
haps 12 volumes of Winchester Studies 
is planned. They will come from the 
Clarendon Press at Oxford and the U ni­
versity of North Carolina Press. The first 
volume will appear late this year or early 
in 1975. 

The new Romano-British settlement 
on the Itchen was peopled not by Ro­
mans from Italy but by Romanized Celts. 
Their settlement may have grown up in 
a rather formless way at the junction of 
the new Roman roads that met close to 
the old river crossing. These roads, built 
shortly after the Roman conquest, were 
perhaps protected by a detachment of 
troops housed in a fort at or near their 
junction. If the fort ever existed, and the 
evidence is still unclear, its life was no 
more than 20 years. The development of 

. :, 

the civil settlement was in contrast rapid: 
by the end of the first century it had be­
come a walled city with a chessboard 
street plan and public buildings. The 
earth-and-timber ramparts of the city de­
fenses enclosed an area of more than 143 
acres. Their line was followed by all sub­
sequent walls of the city down to the 
end of the Middle Ages. 

The size of the enclosed area made 
Winchester the fifth-largest city in 

Roman Britain. Two long-distance Ro­
man roads formed the axes of the recti­
linear street system that divided the city 
into insulae, or blocks. A central block 
was occupied by the forum and basilica, 
constructed by about A.D. 100 to house 
the judicial, administrative and principal 
commercial functions of the city. The 
city was now known as Venta Belgarum. 
As "Venta" may imply, it was the market 
center of its region, and as "Belgarum" 
indicates, that region was populated by 
the Celtic tribesmen known as the Bel­
gae, from among whose principal land­
owners the city's chief citizens were 
drawn. 

Little is known of the detailed devel­
opment of Roman Winchester. At first 
its houses, even if they were provided 
with such amenities as glazed windows, 
painted walls, tiled roofs and mosaic 
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WINCHESTER LIES beside the River Itchen near the center of Hampshire, some 12 miles 
to the north of Southampton and 60 miles southwest of London, the city that eclipsed it. 
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Hoors, were built of timber. Increasing 
prosperity in the later second century led 
to their being rebuilt in stone. About A.D. 
200 the defenses, which must long have 
been out of repair, were totally remod­
eled. Within a generation the earth-and­
timber perimeter was strengthened by 
the addition of a stone wall that was to 
stand for 1,500 years. The inHuence of 
the stone ramparts is still reHected in the 
traffic problems of the modem city. 

The Romano-Britons left behind one 
common kind of archaeological evi­
dence: the remains of their dead. In the 
Roman fashion the cemeteries lay along 
the roads outside the city gates. Here in 
the mid-fourth century, among the buri­
als of the native population, is found the 
first clear evidence of the arrival of aliens 
at Winchester. Some graves, distin­
guished by the leather belts with bronze 
fittings they contained, are apparently 
those of soldiers. Their equipment is of 
a kind well known along Rome's fron­
tiers on the Rhine and the Danube. 

During the second half of the fourth 
century, following the barbarian 

ravaging of Britain in A.D. 367, the de­
fenses of the island provinces were reor­
ganized. An important element in the re­
vised strategy was a system of "defense 
in depth," which was to be provided by 
walled towns. The towns' fortifications 
were strengthened by the addition of 
projecting towers, evidently to mount 
catapults that could rake attackers with 
arcs of intersecting fire. Winchester was 
included in the defense system. The 
maintenance and use of such artillery 
probably required the services of special­
ized troops; the alien element now rec­
ognized in burials of this period at Win­
chester and at other towns may well 
indicate the presence of such special­
ists. They were foreigners (perhaps Ger­
mans), either regular soldiers or merce­
naries. 

The movement of troops and even of 
entire peoples in the interests of frontier 
defense was a normal part of Roman pol­
icy. That policy was evidently continued 
even after the departure of the Roman 
administration of Britain at the begin­
ning of the fifth century. In A.D. 410 the 
Emperor Honorius told the cities of Ro­
man Britain to look after their own de­
fense; this they did by continuing to hire 
mercenaries. The foreign levies now 
came not from the distant frontiers of the 
empire but from the barbarian shores 
around the North Sea, the traditional 
homeland of the Anglo-Saxon peoples. 

The presence of Anglo-Saxons among 
the Romanized Celts of Winchester 
shortly after A.D. 400 is indicated by the 
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presence of pottery identical with the 
pottery used in their home settlements 
along the lower reaches of the German 
rivers Weser and Elbe. Together with 
the evidence from the cemeteries, the 
pottery shows that the population of late 
Roman Winchester was already mixed 
and that before the end of Roman Britain 
the first forerunners of the English were 
already established in and around the 
city that was eventually to emerge as the 
capital of an English kingdom: Wessex. 

It appears that urban life in Roman 
vVinchester came slowly to an end dur­
ing the fifth century. At every site of 
excavation the evidence of decay, the 
abandonment of buildings and the loss 
of streets is the same. No objects and 
only a little pottery of the period from 
A.D. 450 to 650 have been found. The 
ruined Roman city nonetheless remained 
an important focal point as Anglo-Saxon 
settlement of the region progressed, and 
this is indicated by two lines of evidence. 

First, comparatively few Anglo-Saxon 
cemeteries of the pagan period from the 
fifth to the seventh century have been 
found in the county of Hampshire. The 
most striking cluster of these cemeteries 
lies in the immediate area of Winchester, 
outside the city walls to the east and 
west. Moreover, an early cemetery that 
was in use by A.D. 500 lies two miles up­
stream from the city. Unless the former 
Roman center was still a focus of some 
kind, why should these cemeteries, each 
of which presumably holds the burials 
of a farm or a small village, be concen­
trated in its vicinity? 

Second, in about A.D. 648 Cenwalh, 
king of Wessex, founded a church dedi­
cated to St. Peter and St. Paul inside the 
still standing Roman walls of Winches­
ter. About a decade later this church be­
came the see of the bishop of Wessex. 
Cenwalh had built the Winchester 
church not as a bishop's see but simply 
as a minster, that is, a church served by 
a group of priests and clerks not neces­
sarily living under monastic rule. One 
may ask what function and what com­
munity this church in the center of a 
ruined city was intended to selve. 

The Anglo-Saxon cemeteries suggest 
that from the late fifth century into 

the seventh Winchester was still an im­
portant place. (The Saxons transformed 
the name Venta into Wintancrester.) 
King Cenwalh's church may indicate the 
nature of that focus. Excavation of the 
seventh-century church has shown that it 
lies adjacent to the Roman forum. In the 
late Saxon period the Anglo-Saxon royal 
palace was immediately west of the 
church and was intimately associated 

EARLIEST SETTLEMENTS in the Winchester area were two Iron Age defended en­

closures. The earlier of the two (bottom), the hill fort now known as St. Catharine's Hill, 

was huilt in the third or second century B.C. By the time it was abandoned a second defense, 

twice the size of the first, had been constructed to the north on the opposite side of the river. 

Commanding the cast·west route across the chalk downs, the new enclosure, now known as 
Oram's Arbour, has yielded pottery made in Italy and large bronze coins minted in Egypt. 

Both the route location and parts of earthworks shown at Oram's Arbour are hypothetical. 

35 

© 1974 SCIENTIFIC AMERICAN, INC



with it. The royal palace also lay close to 
the forum, in particular to the south end 
of the basilica, the principal public 
building of Roman Venta. The origins of 
the royal palace are unknown, and the 
site has not been excavated. The rela­
tionship of these structures may nonethe-

less support the following interpretation. 
We know that the Germanic merce­

naries serving in post-Roman Britain 
revolted against their native masters, 
thereby destroying the fabric of the life 
they had been engaged to protect. Power 
passed to the victorious rebels, who did 

not entirely forget, even when they were 
augmented by successive waves of set­
tlers from barbarian Europe, that they 
were in some sense heirs of Rome. Conti­
nental analogies, for example the towns 
of Trier and Cologne, show that the 
bUildings that had been the seat of Ro-
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THREE MAJOR CYCLES of urban efflorescence at Winchester are illustrated on these two 

pages. The city's first roots were planted (above), perhaps in the form of a military post, to the 

east of the abandoned Iron Age enclosure (light gray) at the juncture of five Roman roads; this 

took place in the middle of the first century B.C. Broken lines indicate conjectural restoration. 

ILZI RELIGIOUS HOUSES 

SETTLED AREAS 

CIRCA A.D. 1400 

MEDIEVAL REVIVAL, first under English and then under Norman rule, raised Winchester 

above its former eminence as a Roman town. As seen here, some two centuries after the Con· 

quest it had already begun to diminish in importance in spite of the great new Norman cathedral 

that had obliterated Old Minster. Growth of city in this period is illustrated on next two pages. 
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VENT A BELGARUM, as the grow· 

ing settlement was known in Ro· 

man times, was a fortified town with 

its streets comprising a rectangular 

ILZI THE CLOSE 

SETTLED AREAS 

CIRCA A.D. 1600 

SECOND SLUMP saw the city drop 

to 37th place among English towns 

by the 1520's. Winchester fell even 

lower after England's monasteries 
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man authority sometimes survived as the 
residences of the new rulers. The same 
may have happened at Winchester. Ger­
manic peoples of Saxon origin were 
established in the Roman city before its 
collapse. To them authority over the city 
and its lands may have passed by con-

qucst or by survival, and their leaders, 
later to be kings, may have taken up resi­
dence in or next to the basilica that was 
the symbol of that authority. 

On that hypothesis the Anglo-Saxon 
cemeteries outside the walls would re­
flect the presence of this ruling element 

within the old walled city, and the 
founding of the church by a king of Wes­
sex in the middle of the seventh century 
would represent the establishment of a 
chapel to serve the royal household. The 
lack of archaeological material from this 
period is negative evidence of a certain 
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grid surrounding a central basilica 

and forum. In tbe third and fourth 

centuries A.D. it was the fifth.largest 

of the settlements in Roman Britain. 

were dissolved during the 1530's. 

Depressed for 300 years thereafter, 

the cathedral city largely marked 

time until early in the 19th century. 
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FIRST DECLINE came in the centuries after the end of Roman rule. By the sixth century only 

the wall and a single road bisecting the enclosed area remained of Venta Belgarum. For the next 

three centuries the town, called Wintancrester by the Saxons, may have sheltered a "king's hall" 

near the ruined basilica; the bishop's minster nearby could also have served as a royal chapel. 

E2Zl THE CLOSE 
SETTLED AREAS 

• 
CIRCA A.D. 1860 

VICTORIAN REVIVAL of Winchester included construction of a railway just west of the city, 

which now stretched beyond the bounds of its Roman walls although only slightly exceeding its 

maximum extent in medieval times. The southeast quadrant of the old walled area remained 

dominated by the cathedral and its "close." Just south stands Winchester College, a public school. 
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value: it shows that the greater part of 
the walled area was uninhabited. On the 
other hand, it has nothing to say about 
the Anglo-Saxon royal palace that has 
been buried under the cathedral grave­
yard for eight centuries and remains un­
excavated. 

'" CHURCH 

• MILL 

CIRCA 993-1066 

With the founding of the church, 
which later became known as Old Min­
ster, the city of Winchester entered a 
new phase. A few contemporary written 
records, an increasing amount of archae­
ological evidence and comparisons with 
other English and continental centers 

make it possible to present a less hypo­
thetical picture of the character of the 
city in the two centuries following A.D. 
648. 

Within the walled area of Winchester 
four components become evident. One is 
the bishop's church and its community. 

'" CHURCH �'" # 
• MILL �, 

EXTENT OF BUILT-UP AREA / 
CIRCA 1110 

ANGLO·SAXON WINCHESTER just before the Conquest was a town with regularly aligned 

streets, elaborate defenses and many churches in addition to the Old and New Minsters and 

Nunnaminster. The illustration directly below shows the city's southeast quadrant in detail. 

POST·CONQUEST DECADES were 

notable for Norman expansion. A 

new castle (lower left) enhanced the 

- NEW CONSTRUCTION AND 
EXTENDED PRECINCTS 

CIRCA 993-1066 

SOUTHEAST QUADRANT of Winchester at the close of the Anglo.Saxon era was the site of 
the royal palace, the bishop's palace and, in addition to lesser churches, the cathedral church or 

Old Minster, New Minster and Nunnaminster (nuns' church). Mints may have been located here. 
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NEW CONSTRUCTION AND 
EXTENDED ROYAL PALACE 

CIRCA 1110 

CATHEDRAL 

NORMAN CHANGES doubled the 

size of the royal palace, rebuilt and 

extended the bishop's palace and also 
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Another is the royal residence; there is 
more circumstantial evidence for its ex­
istence during this period, when the 
church was the burial place of the Wes­
sex kings. A third component is the pres­
ence of an unknown number of private 
residences; there is evidence of two such 

residential complexes. Of one, only the 
name survives as a description of an area 
within the city's East Gate: Coitburi. 
N ames of this type, the second element 
signifying a defensible enclosure, are 
known from early London. The other 
private residence has actually been ex-

ca vated in part; its earliest feature is a 
small private cemetery of the seventh 
century, probably adjacent to the earliest 
buildings, which remain unexcavated. 
The area of the cemetery was eventually 
built up; the first structures here were of 
timber, and in about A.D. 800 a stone 

A CHURCH • 

�v • MILL 

EXTENT OF BUILT-UP AREA 

CIRCA 1148 ! 
defenses and a great new cathedral 

rose. As a Norman seat the city 

stood second among English towns. 

NORMAN APOGEE at Winchester came in the 12th century, when the city's churches numbered 

more than 50. Winchester's decline began that same century with a loss of close contact with the 

court. The trend was accelerated by removal of the royal treasury to London during the 1180's. 

:J /; �££f�( 
Ij� II REBUILDING OF 

NUNNAMINSTER 
(ST. MARY'S ABBEY) 

I!!J 

raised a great new cathedral. At the 

time of completion the cathedral was 

the longest church in all England. 

CATHEDRAL 

- NEW CONSTRUCTION AND 
EXTENDED CATHEDRAL PRECINCT 

CIRCA 1148 

EAST 
GATE 

CATHEDRAL PRECINCT had extended over the sites of the royal palace and New Minster by 

1148. Nunnaminster, now called St. Mary's Abbey, was rebuilt once again. The bishop's palace, 

one of the greatest houses of its age, had by now almost reached its ultimate dimensions. 
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house was built [see illustration on op­
posite page]. Its remains contain evi­
dence for the working and assaying of 
gold. The wealth of the burials in the 
private cemetery (one contained a neck­
lace with gold and garnet pendants and 
27 silver rings), the construction of a 
stone building and the working of pre­
cious metal all suggest occupants of high 
social status. 

The fourth component is more prob-
lematical. It seems likely that the 

royal, ecclesiastical and private resi­
dences must have been supported by 
some service population, perhaps in the 
form of a developing street market along 
the eastern part of High Street, in the 
area known by about A.D. 900 as ceap­
strret, or market street. As extensive ex­
cavations have shown, much of the 
walled area of the city was certainly un­
inhabited at this time, but contemporary 
records and the archaeological evidence 
both indicate that some of the walled 
acres were used for the grazing of live­
stock and the raising of crops. 

The existence of these four compo­
nents does not make Winchester an ur­
ban community at this time; there is no 
evidence of industry, of a dense popula­
tion, of trade or of a full social hierarchy. 
Indeed, only the higher levels of society 

seem to be present. Comparisons with 
Anglo-Saxon Hamwih (modern South­
ampton), some 12 miles downstream, are 
instructive. At Winchester we have a 
royal residence and royal burials, a 
bishop and his church, the homes (two at 
least) of subjects of substance and just 
pOSSibly a mint. Southampton had a mint 
but no other obvious marks of social 
greatness. At this time, however, South­
ampton had a substantial population, 
much industrial activity and the ele­
ments of a regular street plan. Moreover, 
there is evidence of long-range trade. In 
contrast, none of these is found in Win­
chester. 

Here are two different kinds of settle­
ment: the old royal and ceremonial cen­
ter, limited in its extent and functions, 
and the complementary port and indus­
trial settlement emerging as a true town 
at the head of a superb natural harbor. 
Now, Anglo-Saxon kings had many resi­
dences, and the primitive apparatus of 
government moved with the king as he 
journeyed among his estates. Winchester 
therefore was not at this time a capital 
any more than it was an urban commu­
nity. It was, however, one of the more 
important royal residences, perhaps be­
cause of its church and the city's close 
association with the royal house. 

Beginning toward the close of the 

eighth century England was subjected to 
a series of Viking attacks that steadily 
increased in severity. By the middle of 
the ninth century these had evolved into 
a phase of extensive Scandinavian settle­
ment. Alone among the English king­
doms Wessex survived. After the Battle 
of Edington in 878 and the Treaty of 
Wedmore in the same year King Alfred, 
who ruled Wessex from 871 to 899, set 
about bolstering the defenses of his king­
dom. Alfred's strategy was based on a 
series of "burhs," or fortified places, so 
located that no part of Wessex was more 
than 20 miles from one of them. The 
burhs were of several kinds: simple forts, 
refurbished Roman fortresses, newly cre­
ated towns and former Roman towns 
that had been refortified and replanned. 
Winchester was in the last category. 

The Roman defenses of the city were 
brought back into commission and the 
city gates repaired or rebuilt. Within the 
walls a new street system was laid out 
along the axis of the main east-west 
street; this street had survived in modi­
fied form from the Roman period. The 
other new streets, however, had no con­
nection with the Roman pattern, which 
had long since vanished. Thc elements 
of the new pattern-the east-west High 
Street, the back streets parallel to it and 
the intersecting north-south streets-

ROW OF SMALL DWELLINGS, built in the 13th century, lies ex­

posed by excavation. Only the earth floors and the clay sills of walls 

have survived. Medieval records place cloth-finishing works in 

this area; the cottages may have housed workers in the industry. 
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have remained in use with minor chang­
es down to the present. A fourth ele­
ment, a street running around the entire 
city inside the wall and providing direct 
access to the city's perimeter defenses in 
time of war, is partly lost today. As its 
original function became unnecessary it 
was built on in many places. 

The ninth-century street plan shows 
that the entire walled area of the Roman 
city-143 acres-was brought back into 
use by the end of the century. Similar 
street systems can be seen in many of the 
other burhs set up by Alfred, and there 
can be no doubt that they represent a 
deliberate intent to establish urban com­
munities; this English episode of orga­
nized town foundation is without paral­
lel in early medieval Europe. The blocks 
formed by the new streets seem to have 
represented land apportioned for perma­
nent settlement. In such places military 
cffectiveness was to be secured by eco­
nomic success. 

Not all Alfred's burhs were successful, 
but Winchester never looked back. 

By the 960's the privacy of its monas­
teries had to be protected against a rising 
tide of urban life. Before the end of the 
century several city streets were named 
after the trades practiced in them. There 
was a Tanner Street, a Fleshmonger 
Street, a Shieldmaker Street and later a 
Shoemaker Street (to give their names 
in modern English), and suburbs were 
growing outside each of the city's five 
gates. 

The southeastern quarter of Winches­
ter gave the city its unique character. 
Here, 100 years before the Norman Con­
quest, was the most remarkable group of 
royal and ecclesiastical buildings in An­
glo-Saxon England. Edward the Elder 
(899-924) founded New Minster and 
Nunnaminster, that is, a "nuns' minster." 
In the reign of King Edgar (959-975), 
Old Minster, New Minster and Nunna­
minster were reformed and reconstruct­
ed. The bishop's palace was established 
in the same quarter of the city at about 
the same time, and between 971 and 
994 Old Minster was entirely rebuilt. By 
this time written evidence at last con­
firms the existence of the royal palace 
immediately east of the cathedral. 

It was in these buildings toward the 
end of the Anglo-Saxon period that the 
apparatus of a centralized English state 
began to emerge. By the reign of Cnut, 
or Canute (king of both England and 
Denmark from 1016 to 1035), Winches­
ter had become the permanent reposi­
tory of the king's treasure. The time of 
Edward the Confessor (1042-1066) may 
have seen the emergence of an embryo 

ANGLO·SAXON HOUSE, some 23 feet square, may have been built around A.D. 800. The 

four corners and the doorway incorporate masonry, much of it taken from Roman build· 

ings, but the walls are mainly courses of /lint rubble. The two graves (right) continue under 

wall; antedating the house construction, they form part of a cemetery of seventh century. 

financial and secretarial administration. 
The cathedral continued its ancient asso­
ciation with the ruling house: Cnut was 
buried in it in 1035 and Edward was 
crowned there at Easter, 1043, thus for­
malizing his accession the preceding 
year. Even before the Norman Conquest 
the custom seems to have been estab­
lished of the king of England's wearing 
his crown in Winchester Cathedral at 
Easter, the most important feast of the 
Christian year. 

No other place in England and few 
places in all Europe played such a cen­
tral role in the life of a state during the 
lIth century. Yet Winchester was not 
the largest city in the realm. It was per­
haps fourth in size and economic power, 
being surpassed by London, York and 
Lincoln in that order. Yet it was emerg­
ing as a kind of national capital, a dis­
tinction that was destined to pass to 
Westminster and London in the century 
that followed. 

Victorious at Hastings on October 14, 
1066, William the Conqueror seized 
Winchester without opposition in No­
vember, opening the way for the surren­
der of London and his coronation in 
Westminster Abbey on Christmas Day. 
The effects of the Conquest on Winches­
ter were as complex as they were con­
siderable. In the larger buildings, in the 
composition of the upper levels of urban 
society and in social fashion there were 
profound changes. In administration, in 

the bulk of the population and in the 
basic fabric of the houses and the street­
scape there was essential continuity. If 
for many in Winchester the immediate 
dislocation caused by the Conquest and 
the appropriation of land for new build­
ings was serious, the massive Norman fi­
nancial investment in major public works 
during the remainder of the century and 
the presence of royal officials, barons and 
magnates of the newly rich Anglo-Nor­
man aristocracy ensured for the city a 
rapid recovery and a clear improvement 
in its wealth and status. 

By about 1100 the ancient role of 
Winchester as a royal center had been 
given new emphasis. In February, 1067, 
a Norman castle had been begun at the 
point where the Roman defenses at the 
southwest corner of the city formed a 
salient. In about 1070 the Anglo-Saxon 
royal palace was extended northward to 
High Street and doubled in area, the ad­
ditional space being required for the 
construction of the Conqueror's hall and 
palace. East of the palace the total re­
building of Old Minster was begun in 
1079. The eastern part of the new ca­
thedral was dedicated 14 years later, in 
1093, and the entire project was com­
pleted in 30 or 40 years. 

The Norman cathedral demonstrated 
most clearly, as perhaps its builders had 
intended, not only the eminent role of 
the city but also the finality of the Nor­
man acquisition of the Anglo-Saxon 
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MORE THAN 1,100 REINTERRED SKELETONS were found 

near the west end of the cathedral. In digging foundations for the 

Norman cathedral the builders disturbed many burials. In filling 

the trench dug to gather stone from Old Minster for use in the new 

building they disposed of the disturbed remains. Skulls were placed 

toward west according to tradition, but other bones were jumbled. 

state. The new cathedral was more than 
500 feet long, making it larger than any 
other church in England or Normandy, 
longer than old St. Peter's or any of the 
churches on the pilgrims' route to San­
tiago de Compostela in Spain. Only the 
contemporary abbey church built by St. 
Hugh at Cluny in Burgundy was longer. 

With the building of the castle, the re­
building of the palace and the cathedral, 
the repair and reconstruction of New 
Minster and Nunnaminster (renamed St. 
Mary's Abbey), Winchester in about 
1100 was a principal residence of the 
Norman kings, the seat of the royal ad­
ministration and a center of great eccle­
siastical importance. Englishmen had 
yielded place to Normans in the houses 
along the most important streets of the 
city. The English had also adopted Nor­
man fashions to such an extent that 70 
percent of the citizens' names recorded 
in about 1110 were foreign, whereas 
only 15 percent had been before the 
Conquest. The English were nonetheless 
still prominent in affairs. Winchester's 
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mint was now second in importance only 
to London's, and the moneyers, whose 
ranks included the leading burgesses and 
property owners in the city, were almost 
all English. 

\Vinchester probably reached its ze-
nith in the early years of the 12th 

century. After 1104 Henry I abandoned 
the custom of the annual Easter crown­
wearing at the cathedral, a practice that 
had been regularly observed by his 
predecessors. Royal interest shifted from 
the palace in the center of the city, in in­
timate contact with the cathedral, to the 
new castle on the hill beside the wall. 
By the 1130's the palace was no longer 
a royal residence; it may by then have 
passed to the bishop, whose role in city 
affairs was now increasing. At that time 
the rebuilding of the episcopal palace at 
Wolvesey in the southeastern corner of 
the city was undertaken. Successive 
kings also extended the period over 
which the bishops of Winchester might 
enjoy the profits of St. Giles Fair, held on 

the hill east of the city. The three days 
originally granted by William Rufus in 
1098 were increased to 16 days under 
Henry II. Although the fair was proba­
bly of pre-Conquest origin, its heyday 
came in the 13th century, when it was 
one of the most important fairs in En­
gland and was attended by traders from 
many parts of Europe. 

In the civil war of 1141 Winchester 
was seriously damaged. The old royal 
palace was burned down, and St. Mary's 
and Hyde Abbey and many parish 
churches and private houses suffered 
severely when the city was sacked by 
the London contingent supporting the 
king. By that time London had been the 
largest and wealthiest city in England 
for some 200 years. Westminster had 
emerged as a royal residence in the 11th 
century and increased greatly in impor­
tance with the rebuilding of the Abbey 
by Edward the Confessor and his burial 
there in 1066. By the middle of the 12th 
century an increasing number of admin­
istrative functions were located at West-
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minster. Finally in the 1180's even the 
tradition of Winchester as the site of the 
royal treasury gave way, and the king's 
treasure was transferred to London. 

The close link between Winchester 
and the crown was now severed. The 
castle remained an important royal resi­
dence, often embellished and often visit­
ed, but it was of no more importance 
than many another great house. The 
economy of the city held up during the 
rest of the 12th century, but there are 
signs of trouble in the 13th century, as 
first the western suburb and then the 
western neighborhood within the walls 
began to decline. Large areas of the city 
passed into religious hands. By the 14th 
century considerable tracts within the 
walls were no longer built up. A petition 
of 1440 cited the destruction of 11 
streets, 17 parish churches and 987 hous­
es as a result of pestilence and the with­
drawal of trade. Where Winchester had 
occupied second place among English 
cities at the end of the 11th century, by 
1200 it was sixth or lower. By 1334 it 
was 14th, by 1377 it was 29th and by 
1527 it was 37th. Many -of the city par­
ishes were amalgamated in the early 
16th century, but it was the suppression 
of the monasteries in 1536-1539 that 
wrought the greatest changes, removing 
three monastic communities, four friaries 
and several lesser institutions. 

The built-up area of the city was by 
now confined to the central and eastern 
parts of High Street, to the adjacent 
areas of the side streets, to the main 
north-south street and to the eastern and 
southern suburbs. So it was to remain for 
three centuries. By the early 19th cen­
tury a revival had begun, encouraged by 
the growing role of Winchester as a gar­
rison town and by the advent of the rail­
way in 1839. 

kcient Winchester now lies under the 
streets and buildings of an active 

and dynamic modem urban center. Re­
construction, redevelopment and the re­
design of approach roads and internal 
streets are destroying the evidence of the 
city's past at a quantifiable rate. The pat­
tern of the city's Roman-built defenses 
was effectively breached for the first 
time only in 1939. By 1950, 2 percent of 
the defenses had been destroyed and by 
1965, 8 percent. By 1980 completion of 
the city's traffic plan will have raised this 
figure to 35 percent. A third of the 2,000-
year-old defensive system will have been 
removed in 40 years. There are many 
similar examples. 

In such a situation the raw material 
for the study of urban evolution has to 
be rescued now or not at all. Winchester 

is exceptionally rich in written records, 
but they barely touch the first 1,000 
years of the community's existence, its 
Iron Age and Roman cycles and its An­
glo-Saxon rcbirth. Historical data only 
become full during the time of Winches­
ter's long medieval decline. This is a pat­
tern that is repeated all over Europe. 
The basic evidence for the study of ur-

ban origins and growth, for the waxing 
and waning of our towns and cities, has 
not been recognized until the last mo­
ment before its destruction. In London 
not more than 15 years remain in which 
to undertake an inquiry that will never 
again be possible. The example of Win­
chester may show what can be won. It 
also shows how much may be lost. 

MINTING 

NAMED MONEYERS 

PROBABLE MONEYERS 

POSSIBLE MONEYERS 

T FORGES 

CLOTHING AND LEATHER 

• CLOTH WORKERS 

o (UNCERTAIN) 

A LEATHER WORKERS 

A (UNCERTAIN) 

CIRCA 1148 

URBAN TRADES AND INDUSTRIES in mid·12th·century Winchester included victualing 

and manufacture in addition to the minting of coins. Five properties, four of them on High 

Street, were occupied hy moneyers whose names appear in an 1148 survey. Another 27 prop­

erties are identifiable as probably or possibly moneyers', and two moneyers' forges are known. 
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Visual Pathways in Albinos 

A genetic abnormality in Sialnese cats, white tigers and other 

albino mammals provides a natural experiment for investigating 

how the brain acquires an orderly picture of the outside world 

S
iamese cats, white tigers, pearl mink 

and albino rats all exhibit a family 
of genetic anomalies in which some 

form of reduced pigmentation is com­
bined with a congenital abnormality of 
the central visual pathways: some of the 
optic nerve fibers go to the wrong side 
of the brain. This abnormality, which 
can be associated with crossed eyes, has 
provided new ways of studying the vi­
sual pathways, which in recent years 
have been investigated from two very 
different points of view. One approach 
has been to determine how the brain 
analyzes the visual signals it receives 
from the eyes [see "The Visual Cortex 
of the Brain," by David H. Hubel; SCI­
ENTIFIC AMERICAN, November, 1963]. 
The other has been to discover the de­
velopmental processes that make the 
orderly connections characteristic of the 
visual pathways [see "The Origins of 
Nerve-Cell Specificity," by Marcus Ja­
cobson and R. Kevin Hunt; SCIENTIFIC 
AMERICAN, February, 1973]. 

The abnormality of the visual path­
ways has been most thoroughly studied 
in Siamese cats. I shall first describe 
what happens to the visual pathways in 
these cats and how the brain deals with 
the abnormal visual input. Then I shall 
discuss some of the broader developmen­
tal problems that arise when one consid­
ers how a single identifiable gene might 
produce an abnOlmal set of connections 
between the retina and the brain. 

S orne years ago, during a study at the 
University of Wisconsin Medical 

School of the central visual pathways 
in cats, I found that in one brain the lat­
eral geniculate nucleus, the main cere­
bral cell group responsible for relaying 
messages from the retina to the cerebral 
cortex, was strikingly abnormal. In a nor­
mal lateral geniculate nucleus there are 
clearly differentiated layers of nerve 
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cells. In the abnormal brain the stained 
cells formed layers that were disrupted 
and to some extent fused [see illustration 
on page 48]. Such an abnormality was of 
particular interest because the experi­
mental animal in question was a Siamese 
cat and Siamese cats are commonly 
cross-eyed. It seemed possible that the 
odd structure of the geniculate layers 
might be related to the abnormal align­
ment of the eyes, since it is in the lateral 
geniculate nucleus that the inputs from 
the two eyes are matched and passed on 
to the cortex, and since correct align­
ment of the eyes is likely to require a 
properly matched input to the cortex. 

In a normal brain this matching of in­
puts is accomplished by the layered or­
ganization of the two geniculate nuclei, 
each of which receives an orderly input 
from one half of the visual field [see il­
lustration on page 49]. The left hemi­
field is represented in the right nucleus, 
which in turn projects to the right visual 
cortex; the right hemifield is represented 
in the left nucleus (and cortex). Each nu­
cleus is supplied by fibers from ganglion 
cells in both retinas, so that the parts of 
each visual hemifield that can be seen 
with both eyes are represented at least 
twice, the input from one eye in the first 
layer called Layer A, and the input from 
the other eye in the next layer, Ai' This 
would be the simplest case, in which 
there are only two layers; actually most 
mammals have more than two, and 
these several layers always form two sets, 
each set receiving an orderly pattern of 
inputs from one eye. Each layer thus 
receives a map of one visual hemifield, 
and the maps in the s�veral layers are 
always in register with each other, so 
that it is possible to draw "lines of pro­
jection" through the geniculate nucleus, 
roughly perpendicular to the layers, that 
correspond to single points in the visual 
field. 

The brain in which I first observed the 
abnormally layered lateral geniculate 
nucleus came from an animal in which 
the fibers of one optic nerve (the bundle 
of fibers issuing from one eye) had been 
cut. The cut fibers degenerated and later 
accepted a special stain, thus revealing 
which parts of the lateral geniculate nu­
cleus had been innervated by the cut 
optic nerve. In a normal cat some of the 
degenerating fibers would have crossed 
over to innervate Layer A on the side of 
the brain opposite to the cut, and others 
would have remained on the same side 
but would have gone to Layer Ai [see 
illustration on page 50]. In the Siamese 
cat, in contrast, some fibers that crossed 
over went on to innervate parts of Layer 
Ai> which would normally have received 
an uncrossed input. Conversely, on the 
side of the brain where the optic nerve 
had been cut only parts of the layers that 
should have received an uncrossed input 
(and should therefore have shown the 
stained degenerating fibers) were in fact 
innervated from the cut side. Further in­
vestigations in our laboratory and others 
established that all Siamese cats have 
this abnormality, even those that are 
not obviously cross-eyed. The cross-eyed 
cats, however, do seem to have more of 
the misdirected fibers than straight-eyed 
cats. 

The pattern of fiber degeneration told 
us that some nerve fibers that would nor­
mally stay on their own side of the brain 
instead cross over to the opposite genicu­
late nucleus, but it did not show how 
the visual fields are represented within 
the abnormal nucleus. In order to under­
stand the pattern of the inputs the brain 
is receiving from the abnormal pathways 
it is necessary to determine whether the 
fibers are merely misrouted with regard 
to their crOSSing at the optic chiasm or 
are more extensively misdirected, so that 
the orderly point-to-point representation 
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CROSS·EYED WHITE TIGER is an example of an albino mammal 

that has visual abnormalities as well as reduced pigmentation. The 

tiger, a female named Rewati, is normally a resident of the Na. 

tional Zoological Park in Washington but is temporarily at the 

Brookfield Zoo in Chicago. White tigers have white stripes rather 

than the normal orange ones alternating with their normally col· 

ored brownish.gray stripes. The eyes are blue. The ullllsual color· 

ing, and the less common squint, are related to all abnormality of 

the brain's visual pathways that was discovered by the author's 

group in Siamese cats and was also found in Rewati's brother Moni. 
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of the retina within the lateral geniculate 
nucleus is scrambled. 

Jon H. Kaas and I studied this prob­
lem with two methods. One was to make 
fairly small lesions in the retina of Sia­
mese cats, thus destroying a patch of 
retinal ganglion cells so that the corre­
sponding fibers running from the retinal 
cells to the lateral geniculate nucleus 
would degenerate. We were then able 
to stain tbe degenerating nerve fibers 
differentially and so determine wbich 
part of the geniculate nucleus was in­
nervated from the damaged part of the 
retina. These experiments were ratber 

crude because it is difficult to make very 
small retinal lesions, but they did sug­
gest to us that the point-to-point organi­
zation of the projection from the retina 
to the geniculate nucleus was normal. 
Lesions in the upper part of the retina 
produced degeneration in the front parts 
of the nucleus and lesions in the lower 
retina produced degeneration in the 
back of the nucleus. This is the normal 
arrangement in cats. Apparently even 
the abnormal nerve fibers went to the 
proper parts of the lateral geniculate nu­
cleus, albeit on the wrong side of the 
brain. Moreover, when the lesions were 

near the center of the retina, the degen­
eration was near the midline in the 
geniculate nucleus, whereas peripheral 
lesions produced lateral zones of degen­
eration. Again, this is the normal pattern. 
We found this normal sequence in all 
parts of the lateral geniculate nucleus, 
and we concluded that even the fibers 
going to the wrong hemisphere are prop­
erly specified with respect to the genicu­
late locus of their termination. 

Electrophysiological methods provid­
ed a more elegant method of study­

ing the routing of retinal fibers. A micro-

SIAMESE CAT has a temperature.sensitive variant of the gene that 

,'auses albinism. As a result the animal is pale in color except for the 

extremities, \I hieh are eooler and therefore dark. The abnormality 

of the visual pathways has been found in all Siamese cats examined 

so far. The cals' and tigers' blue eyes are unusual; fully albino ani· 

mals laf"k eye pigment eompletely, and their eyes appear pink. 
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electrode lowered into the lateral genicu­
late nucleus of an anesthetized cat re­
cords the activity of single geniculate 
cells or of small groups of cells as a light 
is flashed in various parts of the visual 
field, and thus indicates what parts of 
the field must be stimulated in order to 
activate each group of nelve cells. By 
exploring the lateral geniculate nucleus 
systematically one

' 
can plot the repre­

sentation of the visual field within the 
nucleus [see illustrations on page 51J. 
The experiments confirmed our degen­
eration studies. Although some of the 
fibers from the retina to the lateral ge­
niculate nucleus go to the wrong side, 
within each nucleus the sequence of the 
retinal representation in Siamese cats is 
entirely normal. Since retinal ganglion 
cells lying in well-defined patches of ret­
ina send their fibers to the wrong side 
of the brain, however, the side-to-side 
order of the geniculate representation of 
the visual field is reversed in the part of 
the nucleus with an abnormal input. 

In the left geniculate nucleus the 
visual-field sequence is mapped normal­
ly in both layers for segment No. 9 and 
again for No. 13 through No. 16 [see 
illustration on page 52J. In between, 
however, segments Nos. 10, 11 and 12 
are mapped normally only in the upper 
layer (A); the lower layer (A]) maps seg­
ments Nos. 5, 6 and 7 in the reverse or­
der. The same kind of anomaly affects 
the right nucleus: five of the segments 
are mapped normally, but three seg­
ments are inserted incorrectly into Layer 
At. '>IVe can reasonably ask what this 
means in terms of the cat's visual abili­
ties. We cannot, unfortunately, describe 
what the cat sees. In order to understand 
how the cat's brain deals with the ab­
normal input we need to know how 
the lateral geniculate nucleus normally 
passes information on to the cerebral 
cortex. 

In a normal cat, as we have seen, 
many cortical cells receive fibers from 
both sets of geniculate-nucleus layers 
and therefore have a binocular input. 
These paired inputs are from geniculate 
cells near a single line of projection, 
which therefore represent the same point 
in the visual field, and there is an order­
ly point-to-point projection from the lat­
eral geniculate nucleus to the cortex. 
The result is that the visual fields are 
mapped onto the cerebral cortex unam­
biguously and in an orderly sequence, so 
that as the cat moves in relation to its 
visual environment the moving outlines 
falling on the retina can be represented 
within the cortex as orderly waves of 
neural activation. 

Let us now consider what might hap-

OPTIC NERVE -----;,,--,,;c;,:;;', 

OPTIC CHIASM 

'--==:c----':",=':'::--- HYPOPHYSIS 
LATERAL 
GENICULATE -;;;;"c:::,::::,:---, 
NUCLEUS 

�=::'- PONS 

VISUAL CORTEX 

BRAINSTEM 

VISUAL PATHWAYS are shown (color) in the eat's brain, seen from below and sectioned 

(left) to reveal the visual centers. Fibers from ganglion cells in the retina, bundled into the 

optic nerve, pass through the chiasm, where some of them cross to tbe opposite side of the 

brain. The fibers end in the two lateral geniculate nuclei. There they stimulate nerve cells 

whose fibers in turn project to the visual cortex of the left and right sides of the brain. 

pen in the visual cortex of a Siamese cat, 
given its visual-pathway abnormality 
and assuming that the connections from 
the geniculate nucleus to the cortex were 
normal [see illustration on page 52J. 
First of all, some cortical loci would re­
ceive a contradictory input: neural activ­
ity at one cortical locus would represent 
visual stimuli in two disparate parts of 
the visual field, segments No. 6 and No. 
11, for example. Furthermore, as the cat 
moved its head from one side to the oth­
er, instead of a single wave of activity 
passing from one cortical locus to the 
next there would be two waves, one 
representing a movement from, say, vi­
sual-field segment No. 11 to No. 12, as 
is normal, and the other representing a 
movement from, say, visual-field seg­
ment No. 6 to No. 7, which is abnormal. 
With such a system of connections it 
would be difficult for cortical activity to 
represent the visual world in an unam­
biguous way, and one is forced to won­
der how a Siamese cat can see at all. Yet 
Siamese cats see quite well and are able 
to localize objects in space. How? Kaas 
and I studied cOltical cells to determine 

how the visual fields are represented 
within the Siamese cat's cortex. Again 
we used microelectrodes and mapped 
the receptive fields of single cells or 
small groups of cells, essentially as we 
had earlier in the lateral geniculate 
nucleus. 

The results of these experiments 
showed us that with a simple modifi­

cation of the normal neural connections 
the cortex can still function as an un­
ambiguous representation of the visual 
world. We found that in Siamese cats 
most cortical cells respond to stimuli 
coming through the normal geniculate­
nucleus layers (Layer A in the illustra­
tions), whereas the layers that are ab­
normally connected (Layer At in the 
illustrations) have little effective visual 
input to the visual cortex; the cortical 
activity suggests that the cat is simply 
not seeing the input from Layer At of 
each geniculate nucleus, which is to say 
from the temporal (outer) portion of 
each retina. There must therefore be a 
mechanism somewhere in the brain, 
probably in the cortex, perhaps involv-
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LAYER A, 

ST AINED SECTIONS of the lateral geniculate nucleus of a normal 

cat (left) and of a Siamese cat (right) reveal the abnormality in the 

Siamese cat. In the normal brain the Nissl·stained nerve·cell bodies 

lie in two distiuct layers designated A and Ai' as indicated in the 

map of the photomicrograph. In the Siamese cat, however, Layer 

Ai is disrupted and parts of it appear to be fused with Layer A. 

ing both the cortex and the lateral genic­
ulate nucleus, that suppresses the whole 
of the abnormal sequence of inputs com­
ing through Layer Ai' At present we 
know nothing about this cerebral censor. 
It remains to be determined what kind of 
neural circuitry can recognize the abnor­
mal sequence and, having recognized it, 
suppress it. 

While we were studying Siamese 
cats at Wisconsin several other groups 
were also examining this abnormal vi­
sual system. Quite recently we heard 
that Eva I. Elekessy and her colleagues 
at the Australian National University 
have been able to show through behav­
ioral testing that Siamese cats act as if 
they cannot see with the temporal ret­
ina. When the cats are tested with both 
eyes open, they appear to be quite nor­
mal. It is only when one eye is blocked 
that an abnormality can be demonstrat­
ed: the cats react to visual stimuli on 
the same side as the open eye but not to 
stimuli that are beyond the midline. 
This is in sharp contrast to a normal cat, 
which can see about 45 degrees beyond 
the midline with the temporal retina of 
each eye. The behavioral evidence thus 
supports the view that in Siamese cats 
the input that would ordinarily come 
through Layer Ai is suppressed. 

David H. Hubel and Torsten N. Wie­
sel had also been studying Siamese cats 
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at the Harvard Medical School, record­
ing from cortical cells with methods that 
did not differ markedly from ours. Dis­
concertingly, they obtained quite differ­
ent results. In their cats, instead of the 
partial suppression there was a striking 
reorganization of the projection from 
the lateral geniculate nucleus to the cor­
tex: the abnormal part of Layer Ai was 
represented near the surface of the vi­
sual cortex. Not only was this repre­
sentation of a part of the lateral genicu­
late nucleus inserted at an abnormal cor­
tical site but also the sequence of the 
geniculate representation in the cortex 
was the reverse of normal. The rest of 
the lateral geniculate nucleus was rep­
resented in a normal sequence, but this 
normal representation was crowded by 
the insertion of the abnormal portion 
[see illustration on page 53]. The result 
is that the visual-field segments are rep­
resented in order (except for a slight 
break between the normal and the ab­
normal segments, between segments No. 
S and No. 10 in the illustration). In other 
words, the sequence that was disrupted 
in the geniculate nuclei has been put 
right in the cortex. It is difficult to avoid 
the conclusion that this dramatic re­
arrangement of tlle projection from tlle 
lateral geniculate nucleus to tlle cortex 
is established in order to compensate for 
the abnormal projection from the retina 

to the geniculate nucleus. It seems un­
likely that the correction is the result of 
natural-selection pressures, since Sia­
mese cats are bred for their appearance 
rather tllan for their visual abilities. 

The pattern of cortical representation 
described by Hubel and Wiesel was so 
different from the pattern we had seen 
that we had to find some explanation for 
the difference. We could not reasonably 
blame different techniques, since their 
metllods and ours were basically similar 
and the interpretation of the results is 
quite straightforward. To be quite cer­
tain of our results, however, we studied 
the projection· from the geniculate nu­
cleus to the cortex with another method: 
the method of retrograde degeneration. 
Since geniculate nerve cells send their 
fibers to the visual cortex in a well-or­
ganized point-to-point pattern, a small 
cortical lesion damages a well-defined 
group of geniculate nerve fibers and the 
nerve cells that give rise to these fibers 
show retrograde degenerative changes. 
In a cat with a normal projection from 
the lateral geniculate nucleus to the cor­
tex a cortical lesion always produces a 
zone of retrograde degeneration that 
goes through all the geniculate-nucleus 
layers and is bounded by the lines of 
projection. The connections described 
by Hubel and Wiesel should lead to a 
quite different pattern of retrograde de-
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generation, with the zones in adjacent 
layers out of register [see top illustration 
on page 54]. 

We studied 11 Siamese cats with this 
method. The first 10 showed a nor­

mal pattern of degeneration. Finally, 
and fortunately, the last cat showed the 
pattern forecast on the basis of Rubel 
and Wiesel's results. We concluded that 
there must be two distinct patterns of 
projection from the lateral geniculate 
nucleus to the cortex in Siamese cats. 
One pattern, which we had encoun­
tered in most of our experiments, simply 
suppresses the abnormal inputs when 
they reach the cortex. We called it the 
Midwestern pattern. The other pattern 
does something more subtle: it re-cre­
ates an orderly representation of the 
outside world at cortical levels. We 
called it the Boston pattern. Both pat­
terns allow the cortex to receive an un­
ambiguous and sequentially organized 
representation of the visual fields and 
both use all the available cortical tissue. 
Neither, however, allows a significant 
amount of binocular interaction at corti­
cal levels. 

We do not know why some cat brains 
should solve their visual dilemma in one 
way and some in another. It may have 
to do with the size of the "medial nor­
mal segment," the portion of Layer Al 
that is not abnormal and is shown as seg­
ments No.8 and No. 9 [see illustration 
on page 52]. The break between the nor­
mal and the abnormal representation on 
the cortex of Boston cats is related to 
the size of this medial normal segment. 
It is clear that the Boston pattern pro­
duces a complete sequential representa­
tion of the visual field only if the medial 
segment is absent or very small. The 
medial normal segment receives inputs 
from the central parts of the retina and 
is therefore likely to be particularly im­
portant for aligning the eyes. Cats in 
which the medial normal segment is 
smallest are likely to be the most cross­
eyed; there is some evidence that se­
verely cross-eyed cats show the Boston 
pattern, whereas straight-eyed cats tend 
to show the Midwestern one. 

We still do not know why Siamese 
cats are cross-eyed; perhaps it is simply 
that there are very few cells in the Sia­
mese cat's brain that receive a binocular 
input, so that the inputs from the two 
eyes never have to be matched. The in­
formation we have about the abnormal­
ity has, however, helped us to under­
stand several features of the cat's cen­
tral visual pathways. It shows that optic 
nerve fibers can be sent to the wrong 
side of the brain without any other mod-

ification of their highly specified path­
ways. The lateral geniculate nucleus ac­
cepts these fibers according to the locus 
of their retinal origin, and the standard 
topographic order of the geniculate-nu­
cleus terminals is maintained even if its 
maintenance gives rise to a disrupted 

representation of the visual field within 
the lateral geniculate nucleus. The cere­
bral cortex, in contrast, will not accept a 
disrupted representation of the visual 
field. Instead the topographic order of 
the projection from the geniculate nu­
cleus to the cortex can be altered quite 

VISUAL FIELD is represented on the retina and in the brain of a normal cat as shown in 

this schematic diagram. The field is divided into 16 unequal segments. Each half of the 

brain "looks at" the half of the visual field on the opposite side and relatively more cerebral 

tissue is committed to representation of the central portions of the field than of the periph. 

eral portions. An inverted image of the field is thrown on the retina by the reversing lens. 

The left eye does not see the extreme right side of the total field (segments Nos. 15 and 16) 
and the right eye does not see segments Nos. 1 and 2. Representations of the field that are 

seen by both eyes (segments No.3 through No. 14) are localized in two sets of layers in the 

geniculate nucleus (shoum here as just two layers, A and Al), depending on whether they 

come from the eye on the same side or on the opposite side; the representations in the 

layers are in register, so that "lines of projection" (broken lines) through the layers repre­

sent single points in the visual field. The two sets of representations are fused in the cortex. 
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dramatically in some cats, and this re­
ordering of the growth of the fibers re­
creates a sequential representation of 
the visual field. In some cats such a re­
ordering appears not to be possible, and 
so the disrupted representation is sup­
pressed. We have learned that the na­
ture of the connections between the ret­
ina and the geniculate nucleus is quite 
different from that of the connections 
between the geniculate nucleus and the 
cortex, and we have been able to raise 
some puzzling questions about the mech­
anisms by which the central pathways 
are developed. 

The Siamese cat is not a good animal 
in which to study prenatal development, 
and so it is fortunate that similar abnor-

NORMAL CAT 

SIAMESE CAT 

CUT OPTIC NERVE 

mali ties have now been found in a num­
ber of other mammals. It was D. J. Creel 
of the University of Utah who first sug­
gested that the aberrant pathways seen 
in Siamese cats might be an example of 
a much more widespread abnormality 
affecting albino animals in general. He 
pointed out that some years ago R. D. 
Lund of University College London had 
found fewer uncrossed nerve fibers com­
ing from the retina in albino rats than 
in normally pigmented rats. Creel also 
drew attention to the fact that genetical­
ly Siamese cats represent a variant of 
albinism. Animals that have inherited an 
albino gene from both parents (that is, 
are homozygous for albino) are unable to 
make the pigment melanin at all because 

RETINA 

LATERAL 
GENICULATE 
NUCLEUS 

LAYER A 

RETINA 

LATERAL 
GENICULATE 
IIIUCLEUS 

LAYER A 

SELECTIVE STAIN that is taken up preferentially by degenerating nerve fibers traces the 

path of fibers from one retina. One optic nerve is cut and its fibers degenerate. In a normal 

cat (top) the stain (stippling) shows that some fibers cross to innervate Layer A (upper 

layer) of the lateral geniculate nucleus on the opposite side of the brain from the cut; other 

fibers go to Layer Al (lower layer) on the same side as the cut. In the Siamese cat (bottom) 

there are extra fibers that cross to the opposite Layer Al and fewer that stay on the same side. 
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the albino gene cannot direct the syn­
thesis of the enzyme tyrosine, which 
is essential for melanin formation. The 
gene Himalayan, which is a variant of 
albino that appears at the same locus on 
the chromosome, codes for an enzyme 
that can synthesize melanin at relatively 
low temperatures only, so that animals 
such as Siamese cats or Himalayan rab­
bits or mice, which are homozygous for 
the Himalayan gene, have white or pale 
bodies and darkened extremities. 

The suggestion that there is an "al-
bino" abnormality of which the Sia­

mese abnormality is only one example 
was of considerable interest. If the sug­
gestion could be confirmed, there would 
be a number of different species in 
which the abnormality could be studied 
in more detail, and experimental ap­
proaches that are difficult in cats might 
prove to be easier in other species. If all 
albinos are abnormal, there is likely to 
be a simple genetic basis for the abnor­
mality. And it would be particularly in­
teresting to examine the extent to which 
the visual abnormalities that have long 
been recognized in human albinos might 
be related to abnormal visual pathways. 

In order to demonstrate that there is 
a general albino abnormality it was nec­
essary to show that the layers of the lat­
eral geniculate nucleus in the albino rat, 
for example, are disrupted much as they 
are in the Siamese cat, and then to show 
similar abnormalities in other species. It 
turned out that the evidence about the 
rat had been available for several years 
but had seemed to represent merely a 
curious anomaly in the structure of the 
rat's lateral geniculate nucleus. The 
lines of projection, which represent sin­
gle points in the visual field, had been 
defined for the rat by Vicente M. Mon­
tero and his colleagues at the University 
of Wisconsin Medical School on the 
basis of micro electrode studies. The 
lines run slightly obliquely through the 
nucleus [see bottom illustration on page 
54]. When Montero and I studied the 
segments of retrograde degeneration 
that are produced in the rat's lateral 
geniculate nucleus by lesions in the vi­
sual cortex, the borders of these seg­
ments defined lines of projection that 
were in agreement with the electrophysi­
ological results. When these lines of pro­
jection are compared with the cross sets 
of geniculate-nucleus layers that are de­
fined by their retinal innervation, the 
lines should cross the layers, as they do 
in the cat and in many other species, if 
the representations of the visual field 
are to be in register within the lateral 
geniculate nucleus. W. R. Hayhow and 
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PROJECTION OF VISUAL FIELD on the lateral geniculate nu­

cleus is determined by recording impulses in the geniculate nucleus 

(right) while stimulating various parts of the field (left). Results 

with a normal cat are shown here. Each lettered line represents a 

microelectrode puncture, with short horizontal lines indicating 

specific recording sites in the geniculate nucleus. The receptive 

field corresponding to each recording site-the location of a visual 

stimulus that elicited impulses at the site-is numbered corre­

spondingly; the colored circles are fields for Layer A and the black 

circles are fields for Layer Ai' The optic disk is a blind spot at the 

point where nerve fibers leave the retina; note that there is a cor­

responding cell-free area between punctures band c in the brain. 

his colleagues at the University of Syd­
ney had studied the rat's lateral genicu­
late nucleus, however, and had de­
scribed layers that appeared to be ori­
ented parallel to the lines of projection 
rather than perpendicular to them. A 
similarly anomalous situation existed for 
the rabbit. 

We realized that these anomalous lay­
ers had probably been described on the 
basis of observations made in albino ani­
mals. That made it clear that they were 
likely not to represent complete layers at 
all but to be the interrupted pieces of an 
abnormal layer, much like the abnormal 
segments in Siamese cats. We were able 
to demonstrate that normally pigmented 
rats do show a continuous layer running 
across the lines of projection, just as one 
would expect. A similar analysis has re-

cently been provided by Kenneth J. 
Sanderson for the anomalous layers in 
the rabbit. 

We turned next to albinos of other 
species, looking for animals in which the 
lateral geniculate nucleus is clearly lami­
nated, so that the abnormality might be 
readily recognizable, and in which al­
binism is relatively common. Ferrets, do­
mesticated polecats that have been bred 
since Roman times for chasing rabbits 
out of their burrows, proved to be an 
ideal species, since albino ferrets are 
common and since carnivores generally 
have a well-laminated lateral geniculate 
nucleus. 

We found an abnormality in albino 
ferrets that was even more extensive 
than the abnormality seen in most Sia­
mese cats. There are very few uncrossed 
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fibers running from the retina to the lat­
eral geniculate nucleus, and they end in 
two or three small geniculate cell groups; 
almost the entire projection from the 
retina crosses at the optic chiasm and 
terminates in anomalous segments of the 
geniculate-nucleus layers. Normally pig­
mented ferrets, on the other hand, have 
a set of layers that receive an uncrossed 
innervation. There was surprisingly poor 
differentiation of the visual pathways 
even in the normal animals. In compari­
son with the geniculate nuclei of other 
closely related carnivores the geniculate 
nuclei of normal ferrets are small and 
the layers are poorly defined. It is as 
though domestication had given rise to 
a reduction of the visual pathways, and 
one suspects that over the years the 
breeders of ferrets have tended to favor 

LATERAL GENICULATE NUCLEUS 

e d c b a 

A 

�. _\:,.------------' 
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PROJECTION OF FIELD in Siamese cats was similarly deter­

mined_ Tbe representation of the field in Layer A (color) is nor­

mal; as in the normal cat, sites ranged from the outer to the central 

part of the right lateral geniculate nucleus have receptive fields 

ranging from the outer to the central parts of the left visual field_ 

! 

In Layer Ai' however, the representation of the visual field is ab­

normal (black circles): it undergoes a mirror reversal. (In this 

case the electrode punctures missed the site at which the optic disk 

is represented in the geniculate nucleus, so that no cellular discon­

tinuity is seen and the receptive fields are below the blind spot.) 
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ferrets with poor vision; the suspicion is 
strengthened by the fact that the albino 
ferrets, which are known to have poor 
vision, have been strongly favored. 

Recently albinos of several other spe­
cies have been studied, including albi­
no mice, albino guinea pigs and albino 
mink, and they all show the same basic 
abnormality. So do Himalayan rabbits 
and hamsters. One animal that was of 

unusual interest was the so-called white 
tiger. Robert W. Doty of the University 
of Rochester School of Medicine and 
Dentistry pointed out to us that one of 
these tigers, a female named Rewati at 
the National Zoological Park in Wash­
ington, is cross-eyed. (Rewati is tempo­
rarily at the Brookfield Zoo in Chicago.) 
We were naturally not able to examine 
this animal's brain, but we were able to 

ABNORMAL PATHWAYS (heavy arrows) to the lateral geniculate nucleus would have 

serious effects on the representation of the visual field in the cortex, if the connection from 

the lateral geniculate nucleus to the cortex were normal. Projections from the two layers of 

the lateral geniculate nucleus, instead of reinforcing each other, would in many cases con· 

flict. Neural activity at a single point in the cortex would have an ambiguous meaning, 

reflecting stimuli in two parts of the visual field, such as segments Nos. 6 and 11. 
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study the brain of a brother named 
Moni that had died some years ago. 
Moni's brain had been preserved in the 
Armed Forces Institute of Pathology, 
and when Kaas and I examined it, we 
found a disruption of the geniculate-nu­
cleus layers. The disruption is milder 
than what is seen in Siamese cats or al­
bino ferrets but the laminar pattern was 
clearly abnormal in relation to the pat­
tern found in normally pigmented car­
nivores. We concluded that the central 
visual pathways of the white tiger are 
also abnormal. 

The white tigers are not really white. 
They have normal gray-brown stripes, 
but in place of the usual orange stripes 
they have white ones. Their eyes are 
blue, rather like those of a Siamese cat, 
but there is very little pigment in the 
pigment epithelium, the layer behind 
the sensory part of the retina. This par­
tially reduced pigmentation resembles 
the effect of the chinchilla gene, another 
member of the albino series. Chinchilla 
rabbits and Burmese cats show a com­
parable pigment deficiency, but we have 
been unable to find any abnormality of 
the central nervous system in these ani­
mals. It is probably relevant that the 
pigment epithelium in chinchilla rabbits 
is quite normal. It would seem that the 
chinchilla gene gives rise to either a 
mild abnormality or no abnormality at 
all, whereas the other 

-
two genes we have 

studied, albino and Himalayan, produce 
greater pigment deficits and also more 
extensive abnormalities of the visual 
pathway. 

The relation between the pigment def-
icit and the abnormality of the visual 

pathway is intriguing. The abnormality 
involves the retinal ganglion cells, some 
of which must be wrongly specified with 
respect to the course of their fibers 
toward the brain. A simple mechanical 
deviation of a bundle of fibers at the 
optic chiasm appears to be ruled out be­
cause that would not produce abnormal­
ly connected retinal patches with the 
rather sharp borders we have found; it 
looks instead as if certain retinal cells 
are somehow specified for incorrect 
routing. The problem is that retinal 
ganglion cells do not make pigment, and 
one has to ask whether they can be in­
fluenced by pigment-forming cells in 
neighboring parts of the developing ret­
ina. Alternatively, the ganglion cells may 
have some intrinsic mechanism that de­
pends on the enzyme tyrosinase without 
intracellular pigment production. 

We do not know how the albino genes 
act, but we have recently tried some 
indirect approaches that may help us 
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to define the mechanism. One method 
has been to study mice that h:we some 
albino cells and some normally pigment­
ed cells. These "flecked" mice are fe­
males in which a piece of the chromo­
some that normally carries the albino 
gene is attached to an X chromosome. 
Mary F. Lyon of the Medical Research 
Council unit at Harwell in England had 
pointed out that since females have two 
X chromosomes and males only one, in 
normal females the genes on one of the 
X chromosomes are inactivated and 
there is only a single active gene at each 
gene locus in both sexes. The inactiva­
tion appears to be random: in some cells 
one of the two X chromosomes is inactive 
and in some cells the other is. In the 
flecked mice, which were reared by 
Bruce M. Cattanach at Harwell, there is 
only one wild-type (normal) variant of 
the gene, which forms pigment, in each 
cell, and that gene is on one of the X 
chromosomes. In addition there are two 
albino genes at the normal locus. Some 
cells, in which the wild-type gene is on 
the active X chromosome, are pigment­
ed; other cells, in which the X chromo­
some with that gene is inactive, are 
albino. Malkiat S. Deol of University 
College London and Wesley K. Whitten 
of the Jackson Laboratory in Bar Har­
bor, Me., have shown that in the flecked 
mice the pigment epithelium is made up 
of patches, some normally pigmented 
and some albino. 

Cattanach, Deol, Grayson L. Scott 
and I decided to study the albino ab­
normality in these flecked mice. 'vVe ar­
gued that the size of the abnormality, if 
it occurred in flecked mice, might tell 
us more about the mechanism by which 
the course of the fibers from the retina 
to the lateral geniculate nucleus is speci­
fied. If each retinal ganglion cel! acts 
autonomously in this specification, so 
that the mechanism is essentially intra­
cellular, then the flecked mice should 
show an abnormality about half as large 
as albino mice do (that is, they should 
have more fibers running a normal 
course to the same side of the brain), 
since only about half of the cells lying in 
the potentially abnormal patch of retina 
are albino. We found that the abnormal­
ity in the flecked mice is not half the size 
of the albino abnormality, which indi­
cates that the pathways are not specified 
by an autonomous intracellular mecha­
nism. (Curiously, we found that the 
flecked mice actually had more fibers go­
ing to the same side than normal mice, 
and we are now trying to find out more 
about this odd result. ) The only conclu­
sion we can draw from our observations 
so far is that the mechanism specifying 
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BOSTON CAT 

COMPENSATION for the abnormality is achieved in one way in the "Midwestern" Siamese 

cats and in another way in "Boston" Siamese cats, as illustrated here for the left side of the 

brain. In a Midwestern cat the input to the cortex from the A 1 layer is largely suppressed, 

eliminating the misdirected representation of segments Nos. 5, 6 and 7. In a Boston cat the 

geniculate.nucleus representation of segments Nos. 5, 6 and 7 is instead reversed by a 

rerouting of the fibers to the cortex (colored arrows) and is inserted at the surface of the 

visual cortex. The misdirected part of the visual field, although projected to the wrong 

cortex, thus "reads" correctly as a more or less continuous picture of the outside world. 

the pathways is likely to involve interac­
tions among cells within the retina. That 
is, although the albino gene acts through 
an intracellular mechanism to produce 
pigment, it appears to act through an 
intercellular mechanism in controlling 
the visual pathways. 

Further information about the genetic 
basis of the abnormality of the visual 
pathways has come from studies of ranch 
mink. Mink breeders put a high value on 
white mink, and so a variety of gene 
combinations that can produce a pig­
ment deficit have been preserved in this 
animal. The mink has good binocular 
vision and its geniculate-nucleus layers 
are weI! defined. Abnormalities of the 
visual pathway are therefore easier to 
study in the mink than in species, such 
as the mouse or rat, in which the layers 
are poorly defined. Sanderson, Richard 
Shackelford and I have studied sever­
al genetically distinct mutations in the 
mink and have found that all gene com­
binations that give rise to a significant 
lack of retinal pigment also produce ab-

normal visual pathways. The extent of 
the abnormality is inversely related to 
the amount of retinal pigment; white 
animals with normally pigmented eyes 
show no abnormality of the central vi­
sual pathways. 

rrwo important conclusions arise from 
these observations of mink. The first 

is that the albino gene is not unique in 
producing the abnormality of the visual 
pathways. Gene loci quite distinct from 
the albino locus can produce abnormal 
visual pathways, at least in the mink, 
and so we cannot regard the lack of 
tyrosinase or any other single enzyme as 
being uniquely responsible for the ab­
normality. The second conclusion is that 
retinal-pigment formation itself is close­
ly related to the development of the ab­
normality. The details of this relation 
are not known, but it is interesting that 
pigment formation in the retina precedes 
the differentiation of the retinal ganglion 
cells, and that the final cell division giv­
ing rise to those cells takes place in a 
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MIDWESTERN CAT 

RETROGRADE t 
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RETROGRADE DEGENERATION of cell bodies in tbe lateral geniculate nucleus (black 

dots) after fiber endings in the cortex have been damaged (gray areas) reveals the paths of 

fibers from the lateral geniculate nucleus to the cortex. As expected, the paths differ in 

Midwestern and Boston cats. The "normal" connections from the lateral geniculate nucleus 

to the cortex in Midwestern cats produce zones of degeneration that go through both lay· 

ers. The abnormal (but corrective) connections to the cortex in Boston cats produce zones 

of degeneration in the layers of the lateral geniculate nucleus that are out of register. 
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ALBINO RAT has been shown to have a geniculate·nucleus abnormality comparable to the 

Siamese eat's. Microelectrode and retrograde·degeneration studies had traced lines of pro· 

jection (broken lines) in the rat (a) that appeared not to cross different layers; the layers 

seemed to be "islands" (gray) oriented parallel to the lines instead of across them. The 

experimental rats were albinos, however; the "islands" are really abnormal interrupted 

segments of layers like those in Siamese cats (b). Normally pigmented rats turn out to have 

continuous cell layers (c) that are actually quite analogous to the layers in normal cats (d). 
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layer adjacent to the pigment epitheli­
um. At about the time that many of the 
ganglion cells are forming, the embry­
onic eye cup is also undergoing a major 
modification: a large slit called the fetal 
fissure, through which the retinal artery 
enters the eye, is in the process of clos­
ing. It is an odd fact that the region in 
which this closure occurs is entirely free 
of pigment. Exactly how the distribu­
tion of pigment, the closure of the fetal 
fissure and the specification of the gan­
glion cells are related to one another, if 
they are related at all, remains to be 
determined. 

Eventually, of course, one wants to 
know about human albinos. Do they also 
have the abnormal pathways? If they do, 
how does that affect their vision? Al­
binism in man is generally associated 
with very low visual acuity and with 
the rhythmic horizontal movement of 
the eyes called nystagmus. There is 
often a misalignment of the eyes too, so 
that the visual responses and abilities of 
albino people are often difficult to study. 
Examination of brains after death might 
reveal an abnormality, as our examina­
tion of the tiger brain did, but so far no 
such reports of human albino brains are 
available. 

Further investigations of the albino 
abnormality can lead in several direc­
tions. The visual abilities and central 
visual connections of human albinos are 
of obvious interest, although they may 
prove difficult to examine. Experimental 
studies of embryonic development in al­
bino animals can be expected to show 
the mechanism by which genes act to 
modify the development of brain path­
ways. An understanding of how one 
gene acts in cerebral development 
should help us to determine the mode of 
action of many other genes that play a 
part in neural development. Perhaps the 
most intriguing aspect of the albino story 
is that in some brains the central con­
nections can be modified to correct a 
scrambled input. If we could find out 
more about the developmental processes 
by which the sensory representations are 
thus put right, we might be well on the 
way to understanding how the brain nor­
mally acquires an orderly representation 
of the outside world. 

The genetic abnormality can be re­
garded as a delicate experiment that 
could not have been set up by any surgi­
cal means. On the one hand it enables 
us to study developmental processes that 
give rise to cerebral abnormalities. On 
the other hand it affords us an opportu­
nity to determine the extent to which 
ce�tral pathways can adapt to deal with 
abnormal patterns of cerebral activity. 
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Three new Kodak products 
KODACHROME 64 Film ( Daylight ) i n  1 3 5 ,  1 26,  and 1 1 0 size, 
for color slides . Same exposure index 64 as Kodachrome-X 
film, which it will replace in the interests of cleaner whites, 
cleaner yellows, brighter reds, brighter greens, brighter blues, 
a better blue sky, more exposure latitude, more sharpness, 
less graininess . Fails, as do all known photographic processes, 
to duplicate exactly all color sensations aroused by the real 
world. * About as sharp as Kodachrome II professional film 
( type A ) , but not quite as sharp as : 

KODACHROME 25 Film (Daylight ) in 1 3 5  and 828 size, for 
color slides. Successor to daylight-type Kodachrome II film. 
Same exposure index 25 as its predecessor, with more vivid 
color rendition but same extremely fine granularity and high 
sharpness. (Book advertised below explains the difference be­
tween those terms. )  Quality in color slides from a given camera 
depends on ( 1 )  the film manufacturer, ( 2 )  you, ( 3 )  the film 
processor. Choice of ( 3 )  and ( 1 )  is open. To help with factor 
( 2 ) , literature is available for all levels of i nterest. In the proc­
essing of this film, ( 1 )  gives (3) a better chance for good control . 

These new films may not be obtainable everywhere yet. 
Their predecessors aren't bad. 

If this new Kodak publication is n ot in the literature rack at your photo retailer's, 
it may be that the retailer doubts it will sell like Kodachrome film. If you'll desig­
nate the title and "No. P-3 1 5" and send payment to Kodak, Dept. 454, Rochester, 
N.Y. 1 4650, we can mail you a copy. 

� $2.50 It is descended over many generations from a pamphlet by the founder of the 
Kodak Research Laboratories . As a young man in England with a fresh doctorate, 
C.E.K. Mees landed a job with Wratten & Wainwright, makers of dry plates, 
and immediately proceeded to bring science to photography and photography to 
science. This called for some expository writing. Soon demand for Mees's pam­
phlets by the technically inclined became comparable to their demand for the 
products themselves. Whereupon a price was put on them and they became 
products . 

With "Wratten" sti l l  alive and well as a Kodak trademark, we continue to feel 
that in the photographic field, concise and authoritative information on the nature 
and applications of the products can be a valuable commodity in its own right. 

True, the book ignores color photography and contains data on only one manu­
facturer's products . More valuable than the data, perhaps, are the pages that ex­
plain derivation and use of photographic speeds, techniques to improve detection 
of weak signals, modulation-transfer characteristics, image effects that sometimes 
mislead, and many other such matters that users of the silver halide emulsion may 
not wish to study in depth but may find hard to pick up casually in the cafeteria. 

The book winds up with a suggested course of action entitled "How to Select a 
Photographic Material for Special Applications . "  It helps weigh the relative ad­
vantages of materials stocked by nearby suppliers as against factory-stocked items 
and those that may take us up to four months to tu rn out for you . 

' More on that, if you like, in R. W. O. Hunt's paper "Objectives in 
Colour Reproduction" ( The Journal oj Photographic Science 1 8 : 205 ) .  
( Reprints previously offered here and still  available from Dept. SSW, 
Kodak, Rochester, N.Y. 1 4650 . )  

© 1974 SCIENTIFIC AMERICAN, INC



WHAT AMERICA NEEDS IS A NEW BALANCE OF POWER / ONE IN A SERIES 

Taking coal . 
out of the Dark Ages. 

Now we can "mine" for gas. By 
1 985, some of the gas we use w i l l  
be m a d e  f r o m  c o a l .  Two C - E  d ivi ­
s i o n s  are now u n d e rway on a p ro ­
g ram b e i n g  funded by the Off ice o f  
C o a l  Research t h a t  w i l l  l e a d  to c o n ­
struct ion of a 200 MW pi lot gasi f ica ­

t ion p lant .  The " e nt rai n ment" 
process used wi l l  u l t i m ately p rod uce 
low Btu , c l ean b u rn i ng gas for  
ut i l i t ies . . .  h e l p i n g  ease demand o n  
more cr i t i ca l  petro l e u m  fue l s .  

Clean-burning l i q u i d  f u e l  f rom high 
sulfur  coal. East of the  M i ss i ss i pp i ,  
m u c h  of o u r  coa l  ( 1 ) con ta i ns  3 - 5  
t imes  t o o  m u c h  s u l f u r  to m e e t  E PA 
stand ard s .  C - E  is perfect i n g  a 
so lvent  ref i n i n g  process that  w i l l  
remove rou g h l y  h a l f  a n  o u n c e  o f  
s u l f u r  ( 2 )  and  1 Y2 o u n ces of ash 
(3 )  f rom a typ i ca l  pound of coa l  
treate d .  E n d  prod uct :  a c lean  b u r n ­
i n g  l i q u i d  ( 4 )  tha t  can be u s e d  b y  
i n d u stry and  e l ectr ic  u t i l i t i es .  C l e a n  
fue ls  w i l l  h ave the i r  p r i c e .  Tu r n i n g  
some h i g h  s u l f u r  c o a l s  i n to  l i q u i d ,  
f o r  exa m p l e ,  eats u p  30 to 3 5 %  of 
the resource 's  o r i g i n a l  ene rgy 
conten t .  

YOU know how plentiful 
oil is these days. 

Did you know we can 
make "oil" from coal ? And 
that we can also manufac­
ture synthetic gas from this 
same, abundant energy 
source ? 

America owns 40 % of the 
world's proven coal reserves. 

Why haven't we used 
more ? Three major factors 
are : 

Environment : most easily 

recoverable coal does not 
burn "clean. "  Desulfured 
coal and improved anti­
pollution devices will ulti­
mately provide the answers. 
Modification of clean air 
standards should help coal 
provide emergency relief 
during the interim. 

Economics : price controls 
ha ve made opening new 
mines unattractive . . .  and 
have diverted much of our 
coal to more lucrative for-

4 
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eign markets. If we want 
more coal, we must be ready 
to pay reasonable, competi­
tive prices. 

Research and develop­
ment : perfecting new coal 
technologies will require 
massive research invest-

ment. Expenditures for new 
facilities must also be 
sharply increased. "Liquid 
coal" for a single large 
power plant, for instance, 
needs a facility costing 
$300,000,000. To meet these 
challenges, greater support 
from public as well as 
private sectors is mandatory. 

By 1985, there will be a 
demand for 2 to 3 times the 
coal we now extract. Com­
bustion Engineering is 
helping coal point the nation 
toward energy independence. 
With promising technologies 
in coal liquefaction and gasi­
fication. With improved 
stack emission control 
devices. And as the world 
leader in coal-fired, steam 
generating systems. 

For more information on 
today's energy challeng e, please 
write Combustion EngineeTing, 
Inc. ,  Dept. B. ,  900 Long Ridge 
Road, StamfoTd, Connecticut 
06902. 

B u rn ing d i rty, but smell ing 
sweet. Over 50 tec h n o l o g ies  for 
red u c i n g  s u l f u r  i n  s mokestack 
em i ss i ons  are now b e i n g  eva l u ­
ated .  One  p ro m i s i n g  C - E  system 
i s  being refi ned to i m p rove 
a l ready i m p ress ive operat i n g  
effi c i ency and avai l a b i l i ty .  When 
perfected ,  power p l ants w i l l  b u rn 
h i g h  s u l f u r  coa l  and  st i l l  meet  
EPA standards .  Bu t  aga in ,  c l ean  
a i r  won ' t  come cheap :  a system 
for  one exist i n g  500 MW power 
p lant w i l l  cost about $25 , 000,000 
. . .  and  red uce  sa lab le  e lec t r ic  
ou tpu t  some four  percent .  

S t r i p  m i n e s  c a n  be made beautifu l.  Top: even 
as the  coa l  i s  be i ng  s t r ipped from the  p i t ,  rec­
lamat ion g ets u n d e rway. Bottom: M i ne Lake , 
I l l i no i s ,  was once a str i p m i n e .  W h i l e  it may 
be d e s i rab l e  to c u rta i l  s t r i p p i n g  i n  mou nta i n ­
o u s  reg i o n s ,  w e  h ave a b u n d ant  coa l  depos i ts  
i n  o p e n ,  rec l a imab le  areas .  Bu t  preserv i ng  
the  l and  w i l l  cont r ibu te  to  coa l  and  e l ect r iC i ty 
p r ice  r i ses :  rec l a i m i n g  o n e  acre can eas i l y  
cos t  ten  t i m es i ts p u rchase pr ice .  

I:-E 
C O M B U ST ION  E N G I N EER I N G ,  I N C .  

THE ENERGY SYSTEMS COMPANY 
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PLUS 
LIBERAL FRINGE BENEFITS. 

G ood gas mileage is sti l l  the thing 
you want most in a l i ttle car, of 
course. But we know you'd l ike more. 

Like sporty looks and colors and 
models to choose from. 

Bucket seats that fit you 
comf orta bly. 

Nice soft carpeting. 
A floor-mounted shift control and 

an instrument panel with dials and 

ga uges instead of flashing lights. 
Really good handling. 
An engine with a l i ttle bit of 

varroom going for it. 
A rear seat that folds down and a 

rear door that opens up,  so you can 
use your l i tt le  car almost l ike  a station 
wagon. 

The Vega GT. 
An economy car-and-a-half. 

This year's version VEGA 
of last year's Motor 
Trend Economy Car of 
t he Year. Car & Driver _Il [;;l l�" Readers' Choice, Best ! I 
Economy Sedan, ' 7 1 , 
' 72,  ' 73 .  Motor Service & Service Sta tion 
Management mechanic survey, Easiest 
Su bcompact to Service, '72.  Motor 
Trend, Car of the Year, ' 7 1 . 

CHEVROLET MAKES SENSE FOR AMERICA. 
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Sidereal Messengers 

T
he past five months have been a 
time of splendor for planetary as­
tronomy. First Pioneer 10 cruised 

past Jupiter on December 3, photo­
graphing the planet and its red spot in 
unprecedented detail and finding an at­
mosphere around its largest satellite, 10. 

Pioneer 11, launched a little more than 
a year ago, emerged from the asteroid 
belt on March 20 and is now three­
fourths of the way to Jupiter; its course 
has been altered so that it will also swing 
around Saturn in September, 1979. On 
February 5 Mariner 10 flew past Venus, 
sending back its extraordinary pictures 
showing the dynamic architecture of the 
planet's atmosphere. Then on March 29 
the same spacecraft transmitted revela­
tory information about the surface, his­
tory and magnetism of Mercury. 

The Mariner 10 pictures showed that 
Mercury strongly resembles the earth's 
moon in that its surface is much cra­
tered, little eroded and has large, smooth 
areas reminiscent of the moon's maria, or 
"seas." Moreover, data on the infrared 
radiation from the planet's dark side and 
illuminated side indicate that its surface 
material is much like the moon's: low in 
denSity and therefore probably rich in 
silicon and poor in iron. The overall mass 
of Mercury, however, determined with 
unprecedented accuracy from the trajec­
tory of the spacecraft as it moved past 
the planet, tells a different story. 

The mass figure indicates that the 
overall denSity of Mercury is 5.5 grams 
per cubic centimeter, compared with 
3.3 grams for the moon. Since the sur-
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face of the planet appears to be com­
posed of light material, its core must 
therefore consist of heavy material. It 
is probably rich in iron and poor in sili­
con. Thus Mercury, unlike the moon and 
like the earth, is a highly differentiated 
body. 

Yet the cratered surface of MercUlY 
indicates that we are seeing it as it was 
soon after its accretion from many small­
er bodies. There is no indication of tec­
tonic processes of the kind that may have 
caused the earth's lighter materials to 
rise to the surface and its heavier ma­
terials to sink toward the core. The in­
ference is that the differentiation of Mer­
cury took place before the last stages of 
its accretion. If this is so, general con­
cepts of the formation of the planets will 
have to be revised. 

An iron core would help explain sur­
prising data sent back by the magne­
tometer on Mariner 10. It had been ex­
pected that Mercury would not show a 
magnetic field, because it rotates slow­
ly and does not emit radio waves. The 
latter fact had implied that the planet 
has no belts of charged particles, further 
implying that it has no magnetic field 
capable of trapping such particles. Ev­
ery expectation was that the solar wind 
(ionized gases from the sun) would be 
observed to flow smoothly past Mercury 
as it does past the moon, leaving a cavity 
on the side of the planet facing away 
from the sun. The results were to the 
contrary. The magnetometer detected 
the presence of a bow shock wave that 
can only result from the deflection of the 
solar wind by an influence somewhat 
larger than the planet itself. Preliminary 
analyses suggest that the magnetic field 
at Mercury's surface has a strength of 
200 to 300 gammas. (The magnetic field 
of the earth at the Equator has a strength 
of 30,000 gammas.) 

Unruly Matter 

O
ne of the most successful inventions 
of theoretical physics in recent years 

has been the idea that the subtle order 
apparent in the relations among the 
"fundamental" particles of matter can be 
accounted for in terms of some even 
more basic, still undetected constituents: 
fractionally charged entities (called 
quarks by some theorists and paltons by 
others) that join in various combinations 

to form the plethora of particles discov­
ered in high-energy accelerators and cos­
mic rays. This approach has been par­
ticularly helpful in explaining the be­
havior of the large class of particles, 
called hadrons, that "feel" the strong 
nuclear force. 

It therefore comes as a surprise that 
some persistent new results emerging 
from experiments involving colliding 
beams of electrons and positrons (anti­
electrons) cannot be explained by either 
the quark model or the parton model (or 
indeed by any other current model of 
the underlying nature of matter). The 
latest experimental findings, made at 
SPEAR, the electron-positron storage ring 
at the Stanford Linear Accelerator Cen­
ter, confirm that hadrons are produced 
much more frequently than the theo­
retical models had predicted in electron­
positron collisions at high energies. This 
unexpected overproduction of hadrons 
had been observed previously at the 
ADONE electron-positron storage ring at 
Frascati in Italy and at the Cambridge 
Electron Accelerator in the U.S. 

According to the quark model, the 
total "reaction cross section" for the pro­
duction of hadrons in the mutually an­
nihilating collision of an electron and a 
positron should fall off as the square of 
the energy; in contradiction, the total 
cross section for hadron production mea­
sured in the SPEAR experiments remains 
virtually constant at energies of up to 
5 GeV (gigavolts, or billions of electron 
volts). Moreover, in all the fractional­
charge models the ratio of the cross sec­
tion for producing hadrons to the cross 
section for producing pairs of muons is 
expected to remain constant at such high 
energies; instead this ratio is found to 
increase as the center-of-mass energy of 
the colliding particles approaches 5 GeV. 

Perhaps even more surprising to the­
orists is the failure of the new results to 
conform to the concept of "scaling": the 
expectation, supported by earlier experi­
ments, that the energy distribution of 
the hadrons emerging from the electron­
positron collisions would exhibit a cer­
tain regularity. The scaling concept, 
which would enable one to predict the 
energy distribution of the hadrons at any 
energy once they had been measured at 
another energy, is currently a feature of 
every major model of particle behavior, 
including the quark and parton models. 
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It has been noted, in fact, that the 
energy distribution of the hadrons 
emerging from electron-positron colli­
sions at high energies resembles nothing 
so much as the energy distribution of 
the particles emerging from very-high­
energy proton-proton collisions. This ob­
servation has in turn suggested to some 
that the electron may be sensitive to the 
strong nuclear interaction within a radi­
us of 10-16 centimeter. If this is hue, it 
would appear that the electron, the best­
known of the leptons-particles that sup­
posedly do not feel the strong force­
spends part of its life as a hadron. 

The Quasar as a Galaxy 

Q
uasars, the ultraluminous starlike ob­
jects that seem to qualify as the most 

remote bodies in the universe, have per­
plexed astronomers since their discovery 
some 13 years ago. Their inferred dis­
tance is based on the large red shifts in 
their spectra, which indicate they are 
receding at extremely high velocity. Ac­
cording to current cosmological con­
cepts, the higher the recession velocity, 
the more distant the object. If quasars 
are as distant as they seem, they must 
emit 50 to 100 times more energy than 
entire galaxies consisting of hundreds of 
billions of stars. There is no satisfactory 
explanation for how an object as small 
as a quasar (at most a few light-years 
across compared with 100,000 light­
years for a galaxy) can be so luminous. 

According to one hypothesis, quasars 
are not a special class of objects but 
simply the visible manifestation of a 
titanic explosion in the nucleus of a gal­
axy otherwise as unremarkable, perhaps, 
as our own (see "The Center of the Gal­
axy," by R. H. Sanders and G. T. Wrix­
on; SCIENTIFIC AMERICAN, April). If the 
explosion were to take place in a galaxy 
so distant that it would ordinarily be in­
visible, all one would see on photograph­
ic plates would be the intense emission 
of the explosion itself. Actually a few 
quasars have seemed to be embedded in 
a fuzzy structure that might represent 
a faint surrounding galaxy, but this has 
remained to be demonstrated. 

The first direct confirmation that a 
quasar is associated with an otherwise 
normal galaxy has now been reported in 
The Astrophysical Journal by J. B. Oke 
and James E. Gunn of the Hale Observ­
atories and the California Institute of 
Technology. Oke and Gunn's discovery 
came after four years of study of BL 
Lacertae, which is listed in astronomical 
atlases simply as a variable star, pre­
sumably one of millions within our own 
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galaxy. Their attention was dJ-awn to BL 
Lacertae a few years ago when it was 
observed that the object also emits 
strongly in the radio part of the spec­
trum. On close examination BL Lacertae 
seemed to consist of a bright core within 
a fuzzy ring. The core also fluctuated 
rapidly in brightness, often from night to 
night. Thus it resembled a quasar in cer­
tain important respects. Unfortunately 
all attempts to find spectral lines in the 
light from BL Lacertae failed; hence 
there were no clues to its possible dis­
tance. If it were simply a peculiar radio­
emitting object inside our own galaxy, it 
would not qualify as a quasar. 

Undeterred, Oke and Gunn made a 

fresh effort to record a spectrum using a 
special obscuring disk that, when in­
stalled in the 200-inch Hale telescope, 
blocked out BL Lacertae's bright central 
core but not the fuzzy ring around it. 
(The disk was designed and built by a 

colleague, Earle B. Emery.) With the aid 
of the disk, Oke and Gunn were able to 
record the spectra of the material that 
composed the fuzzy halo. 

It was quickly evident that the halo 
was composed of typical older stars of 
the kind found in giant spherical gal­
axies. Moreover, the spectra exhibited a 
red shift indicating the galaxy was about 
a billion light-years away. With the dis­
tance established, the bright central core 
of BL Lacertae could confidently be 
classified as a quasar-the nearest quasar 
yet disco\"ered. The fact that the ob­
servers could not detect a spectrum of 
the core may be owing to the absence of 
heated gas clouds, which account for the 
spectra of most quasars. Normal spheri­
cal galaxies characteristically contain 
very liUle gas. Oke and Gunn's work will 
make it harder for skeptics to question 
the enormous distances and luminosities 
assigned to other quasars. 

Good Behm'ior 

Behavior modification is the applica-
tion of psychological principles and 

techniques in an effort to eliminate what 
is considered socially undesirable and 
promote acceptable behavior. Propo­
nents say it promises to control criminal 
activity more effectively than present 
correction methods and more humanely 
than any prison system can. Opponents 
say it is an infringement of human and 
constitutional rights, may involve dan­
gerous tampering with personality and 
is often simply punishment by a fancy 
name. Recently a behavior-modification 
project at a Federal institution in Mis­
souri was suspended after a court attack 

and the Federal Law Enforcement As­
sistance Administration announced that 
it would no longer apply anticrime funds 
to behavior-modification programs and 
experiments. The two actions did noth­
ing to still the basic controversy. 

One problem is that "behavior modi­
fication" covers a wide range of ap­
proaches. At one extreme it merely in­
volves attempts to shape behavior by 
"reinforcing" what is desired, as has long 
been done in animal experimentation 
and in some human psychotherapy. At 
the other extreme it contemplates the 
monitoring and control of an individual's 
actions by means of telemetry and brain 
stimulation. The electronic procedures 
have been tested with volunteers but are 
far from being put into practice, and 
even psychologists who favor the pos­
sibility assume that stringent safeguards 
would be necessary. Reinforcement 
through the manipulation of "rewards," 
on the other hand, has been utilized in 
some institutions for a number of years. 
Critics of these methods, such as the 
Children's Defense Fund of Washing­
ton, point to a number of abuses. For 
one thing, no inmate of an institution 
can really give effective consent to any 
program in which he is involved. Most 
programs, however grandly conceived 
or psychologically described, are ad­
ministered by prison or mental-hospital 
guards or attendants. Finally, the manip­
ulation of rewards usually involves not 
real reward but unusual punishment; a 
standard technique is to deprive a per­
son of something with the promise that 
good behavior will end the excessive 
punishment. 

Cancer on the Caspian 

Among the least common but most fa-
tal forms of cancer is one that be­

gins as a tumor of the cells lining the 
esophagus, the section of the alimentary 
tract between the pharynx and the stom­
ach. In two sizable districts bordering on 
the Caspian Sea, however, cancer of the 
esophagus is so common that the chance 
of a person's developing this kind of 
tumor before the age of 65 is about one 
in six. One of the areas, in Iran, is the 
Caspian coastal province of Mazender­
an; the other, in Soviet Kazakhstan, is 
centered on a Caspian port city, Ghur­
yev. Why are the inhabitants of these 
areas, nomadic Turkomans in Iran and 
Kazakh tribesmen in the U.S.S.R., so 
prone to esophageal cancer? 

Since 1966 a team of epidemiologists 
headed by J. Kmet and E. Mahboubi has 
been searching for an answer to this' 
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question among the Turkomans of Ma­
zenderan. A recent review of their in­
terim findings in The Lancet notes that 
the investigators have been able to rule 
out genetic factors. Because the Turko­
mans are strict Moslems, the ingestion of 
alcohol, which is believed to contribute 
to the considerable incidence of esoph­
ageal cancer in Brittany and Normandy, 
for example, can also be disregarded. 
Nor are the Turkomans exposed to any 
known natural or man-made environ­
mental carcinogens. Kmet, Mahboubi 
and their colleagues are now focusing 
on the role that may be played by the 
mineral deficiencies of the region's soil 
and the shortcomings of the traditional 
Turkoman diet. Not only are trace metals 
absent from the soil in some parts of 
Mazenderan but also the staple food­
stuff, unleavened bread, is rich in a 
chelating agent that binds metal ions. 
The Turkoman diet, moreover, is defi­
cient in animal protein and vitamins A, 
B2 and C. Iron and B-complex-vitamin 
deficiencies are b.elieved to make sur­
face cells more sensitive to stimulation 
by carcinogens, and the Turkomans both 
smoke and chew tobacco. 

Blowing in the Wind 

Among the alternative sources of en-
ergy that have become more attrac­

tive in recent months is the wind. The 
National Science Foundation and the 
National Aeronautics and Space Admin­
istration have entered into an agreement 
to build and test a 100-kilowatt wind­
mill-turbine system that would be ca­
pable of producing enough electricity to 
supplement the output of a commercial 
power plant. On a smaller scale Thomas 
E. Sweeney of Princeton University is 
working with the Grumman Aerospace 
Corporation to develop the Sailwing, a 
windmill that could produce enough 
power for a household. 

The 100-kilowatt system, consisting 
of a windmill 125 feet in diameter 
mounted on a 125-foot tower, will be 
built at the NASA-Lewis test area in 
Ohio. The wind speed there averages 10 
miles per hour, and speeds of 18 miles 
per hour or more are recorded each 
month. The aerogenerator will reach its 
projected output of 100 kilowatts at a 
wind speed of 18 miles per hour. The 
system is expected to generate 180,000 
kilowatt-hours of electricity per year in 
the form of 460-volt, three-phase, 60-
cycle alternating current. 

The Sailwing bears a resemblance to 
the sail of a boat. It has a rigid leading 
edge, tip and root section; the trailing 

edge is a cable with a Dacron "sail" 
wrapped around it. Sweeney estimates 
that the 25-foot experimental Sail wing, 
together with a generating and storage 
system, could be made to sell for about 
$4,000. It is envisioned as a five-kilowatt 
system; in a place where the average 
wind velocity is 12 miles per hour the 
system would produce some 12,500 kilo­
watt-hours per year, which is about 15 
percent more than the average suburban 
household requires. 

Going to the F eelies 

The compulsive sybarites of Aldous 
Huxley's Brave New World were en­

tertained by the "Feelies," which added 
a third sensory channel to the "talkies," 
themselves a recent innovation when the 
novel was published in 1932. In Huxley's 
Utopia one had only to grasp a metal 
globe to be tactually a party to sexual 
intercourse on a bearskin rug, "every 
hair of which .. . could be separately and 
distinctly felt." 

A first tentative step toward the tech­
nology of the Feelies has been made by 
Michael Noll of the Bell Laboratories. 
For his doctoral dissertation at the Poly­
technic Institute of New York, Noll de­
signed and built a "tactile simulation 
device" that enables one to feel the con­
tours of objects that exist only as math­
ematical concepts. 

Noll' s device consists of a large box 
with a stalk protruding through the top. 
The box is connected to a computer, and 
the stalk is fitted with a knob about the 
size of a billiard ball, which the user 
holds. When the machine is off or un­
programmed, the knob moves freely in 
all directions anywhere within a one-

foot cube of space. The computer is pro­
grammed by entering an equation or a 
series of equations that describe the ob­
ject to be simulated; once the program 
is established, the motion of the knob is 
limited by the boundaries of the object. 
When the knob touches the imaginary 
form, it slides along its surface or 
bounces off it, as it would if the object 
were real. By moving the knob through­
out its range of excursion one can explore 
the entire surface of the mathematically 
constructed form. 

Inside the machine are three electric 
motors and three potentiometers; each 
controls the motion and senses the posi­
tion of the knob on one of three axes. The 
computer continuously calculates the 
distance of the knob on each axis from 
the center of the empty cube. When the 
knob "touches" the edge of the object 
being simulated, the computer applies 
power to the motors in such a way that 
the appropriate resistance or rebound is 
perceived. 

When the machine is operated with 
the eyes closed, Noll says, the simulated 
three-dimensional object can be visual­
ized. He suggests that one possible ap­
plication of the device, which would 
take advantage of this capability, would 
be as an aid to the blind. 

The present machine simulates tactile 
perception of the gross features of ob­
jects, of what would be felt by moving 
the hand and arm. It may be possible, 
Noll believes, to build a more sophisti­
cated device that would also simulate 
what is felt by the palm and fingertips. 
Such a machine would provide a sense of 
texture as well as contour and would 
more closely approach the aim of the 
Feelies: to make illusions tangible. 

LEON SVIRSKY 

Leon Svirsky, who had been managing editor of SCIENTIFIC AMERICAN 
from 1950 to 1958, died on March 9. His age was 69. 

Svirsky was graduated from Yale College, worked as a reporter on the legen­
dary New York World, wrote about education and medicine for Time and 
joined SCIENTIFIC AMERICAN at its reorganization in 1948. His main concern at 
this magazine was the art of storytelling. It was his conviction that any scholar 
describing his work had it in him to tell a story as gripping as a detective novel. 
If a particular scholar told a story that was less than gripping, Svirsky felt it 
was his sworn duty to help him tell it. He was a fierce advocate of a good plot, 
a good lead and plain English. 

Svirsky left SCIENTIFIC AMERICAN in 1958 to work as an editor in book 
publishing. Later he returned to the magazine, working as a full-time editor 
from his home in Florida. Five years ago he began to show the symptoms of 
amyotrophic lateral sclerosis, a progressive and ultimately fatal wasting of the 
muscles. He continued to work up to the time of his death; he would ask his 
wife Ruth to lift his hands from the bed up to the typewriter. 
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THE r"fOP J\1II�I�IMETER OF THE OCEAN 

Subtle events that take place in a thin film of 

liquid covering 70 percent of the earth's surface 

are decisive for the well-being of terrestrial life 

R
educed to the scale of a tabletop 

globe, the oceans have the thick­
ness of a sheet of onionskin paper. 

From a planetary point of view the 
ocean's single most important aspect is 
neither its depth nor its volume but its 
surface: the largest and most homoge­
neous environment on the planet. 
Through the ocean's 360 million square 
kilometers of surface pass 70 percent 
of the solar energy that the earth ab­
sorbs, most of its supply of fresh water, 
a large fraction of the annual production 
of carbon dioxide and oxygen, a huge 
tonnage of particulate matter and un­
measured volumes of man-made pollu­
tants. Yet only in the past few years has 
a significant effort been made to study 
the ocean surface in detail or to under­
stand how its properties modify the 
transport of matter or energy across it. 

Traditionally oceanographers have 
defined "surface" as any sample they 
could catch in a bucket from shipboard. 
This view is changing as we learn more 
about the detailed structure of the sur­
face. If one uses a logarithmic scale to 
plot a cross section of the ocean from the 
dimensions of a molecule of water lying 
on the surface to a maximum depth of 
some 10 kilometers, the top millimeter 
corresponds exactly to the top half of the 
ocean [see illustration on opposite page] . 
Thus it is convenient to regard the entire 
top half of the (logarithmic) ocean as the 
"surface." The use of a logarithmic depth 
scale is not simply a literary device; 
rather it provides a realistic and helpful 
way of thinking about the complexity of 
the ocean surface. It makes room for the 
multiple interacting events that crowd 
near the surface and helps to clarify 
their very different depth scales. In terms 
of events and processes the top milli­
meter of the ocean offers as rich a field 
of study as the lower "half" of the ocean. 

The top millimeter of the ocean has 
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come to be called the microlayer. As an 
example of the complexity of events in 
this layer, let us look at the transfer of 
carbon dioxide across it. The subject is 
of considerable importance because the 
burning of fossil fuel will release enough 
carbon dioxide over the next 20 years to 
more than double the amount of carbon 
dioxide in the atmosphere from 320 
parts per million today to at least 650 
parts per million. No one can predict 
with confidence how rapidly the excess 
gas will be absorbed by the ocean and 
what effect the remnant increase in at­
mospheric carbon dioxide will have on 
the world's climate. 

A few years ago reported values of the 
rate of carbon dioxide transfer across the 
ocean surface varied by a factor of 330 
(if both laboratory and field data were 
included). The uncertainty reflected our 
ignorance of the important variables in 
the process, but gradually things are be­
ing sorted out. For example, the rate of 
transfer across a still surface can be in­
creased fourfold by even the smallest 
ripples, which have the effect of thinning 
the laminar boundary layer through 
which gas must pass by molecular diffu­
sion. Large waves can provide another 
twofold increase. Paul F. Twitchell of 
the Office of Naval Research has recently 
shown that neuston, the tiny plants and 
animals that live in the microlayer, can 
increase evaporation (and presumably 
gas transfer as well) by a factor of three 

by stirring the laminar layer with their 
flagella. Of course, the neuston further 
complicate matters by consuming carbon 
dioxide as it is passing through the mi­
crolayer. These three identified factors 
still leave a fourteenfold range in trans­
fer rates to be accounted for. One sus­
pects that organic material on the sur­
face (a factor of two?), whitecaps (a fac­
tor of three?) and turbulence in both air 
and sea (another factor of three?) are the 
most important remaining variables. 

We know from estimates of the 
amount of carbon dioxide released into 
the atmosphere by the burning of fossil 
fuels over the past century that the gas 
disappears from the atmosphere faster 
than can be accounted for by the known 
escape routes. The wind-stirred layer of 
the ocean, the top 100 meters, is more or 
less in equilibrium with the atmosphere 
at all times; it can neither absorb more 
carbon dioxide nor pass it on to the deep­
er water because there is very little verti­
cal mixing between layers in the ocean. 
The deep water, representing 90 percent 
of the ocean volume, has a residence 
time on the order of 1,000 years. It com­
municates directly with the atmosphere 
only in the polar regions, so that it ab­
sorbs carbon dioxide very slowly [see 
"The Circulation of the Abyss," by 
Henry Stommel; SCIENTIFIC AMERICAN, 
July, 1958]. 

A route into the deep water that may 
be important, but has not been included 

CROSS SECTION OF OCEAN is plotted logarithmically on the opposite page, demon. 

strating that the top millimeter can be regarded as the upper half of the ocean. The scale 
starts at the top with the diameter of a water molecule: about 10.10 meter, or one angstrom. 
(The long dimension of a water molecule is actually about two angstroms. ) The maximum 
depth of the ocean is about 10 kilometers, or 104 meters. The midpoint of the 14 decades 

falls at 10.3 meter, or one millimeter. Surface chemists study the upper 30 angstroms. Hydro. 

dynamicists study the region between 30 micrometers and one centimeter, where the shear· 

ing action of the wind creates boundary layers. The region between 30 angstroms and 30 mi· 

crometers is a mare incognitum, only now being investigated by microlayer oceanographers. 
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COMPOSITION OF OCEAN SURFACE has proved difficult to es· 

tablish. The simplest device for sampling the top 300 micrometers 
of the ocean is a piece of stainless·steel mesh, which can be slipped 

MICROLA YER "SKIMMER," devised by George R. Harvey at the 

Scripps Institution of Oceanography, is a drum coated with a hy. 
drophilic substance. Rolled along the surface, it picks up a continuo 

COHERENT LAYER OF SURF ACE MOLECULES can be reo 
moved by a germanium slide resembling a microscope slide. The 

device, conceived by Robert E. Baier, adapts a method long used 
by chemists interested in surface films. At the left, the slide has 
been immersed. At the right, talc that had been floating on the sur· 

face adheres to the withdrawn slide. Baier's contribution was to 
make the slide of germanium and to bevel the ends so that the sur· 

face film adhering to the slide can be examined in situ. Since ger· 
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into the water at an angle and withdrawn parallel to the surface, as 

is shown here. The device is effective in picking up certain kinds of 
oily film but leaves many typical surface molecules behind. 

ous film of water 60 to 100 micrometers thick. Both the skimmer 

and the steel mesh efficiently collect microscopic surface organisms 

known as the neuston in addition to various "surfactant" materials. 

manium is transparent to infrared radiation, an infrared beam di· 

rected into one beveled edge is reflected internally many times be· 
fore it emerges from the opposite edge. The molecules adhering to 

the surfaces of the slide selectively absorb characteristic infrared 
wavelengths so that the emerging beam provides an absorption 

spectrogram of the adhering substances. All the photographs on this 
page were made in Baier's laboratory at Calspan Corporation, which 

was formerly Cornell Aeronautical Laboratory, in Buffalo, N.Y. 
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in calculations, is the atmospheric car­
bon dioxide taken up by the neuston: 
carbon compounds of fecal pellets and 
dead organisms sink into the deep water. 
Once incorporated into a particle large 
enough to sink, the carbon need fall only 
100 meters to short-circuit the normal 
storage time of carbon dioxide in the 
mixed layer. 

Things That Coat the Surface 

The transfer rates of gas, water va­
por and momentum are known to be 
decreased by minute amounts of sur­
factants, or surface-active substances. 
These are long-chain molecules that 
ubiquitously coat the surface of liquids. 
The precise nature of the surfactants on 
the ocean, however, remains an open 
question. Early workers reported the 
presence of lipids: molecules that com­
monly contain 16 or 18 atoms in a hydro­
phobic tail sticking out of the water and 
an ionized or otherwise hydrophilic head 
sticking into the water. These sub­
stances, ordinary soap being a typical 
example, are known as "dry" surfactants 
because most of their structure sticks out 
of the water. Robert Morris of the Na­
tional Institute of Oceanography in Brit­
ain reports finding on the ocean such 
lipid surfactants as hydrocarbons, ster­
ols, esters, glycerides and phospholipids. 

On the other hand, Robert E. Baier of 
the Calspan Corporation (formerly the 
Cornell Aeronautical Laboratory) finds 
that lipids are rare on the surface of the 
ocean except in regions of man-made 
pollution, whereas what we might call 
"wet" surfactants are common. They 
are long-chain proteinaceous substances 
that are essentially hydrophilic but that 
stick to the undersurface of the water by 
virtue of the fact that they have a few 
hydrophobic side chains [see illustra­
tions on this page J. It should be possible 
to determine the relative amounts of dry 
and wet surfactants on the ocean surface 
and whether or not the proportion is 
changing by developing improved sam­
pling techniques. 

It is clearly not easy to invent a meth­
od that will efficiently pick up all the 
substances lying within, say, a micro­
meter of the ocean surface, or roughly the 
top half of the top half of the ocean. The 
earliest microlayer sampler, developed 
by John M. Sieburth and William Gar­
rett, is a stainless-steel window screen 
that is immersed perpendicularly to the 
surface and withdrawn parallel to it. The 
screen gathers up virtually all surface 
molecules with a chain length of 16 car­
bon atoms or more, but its efficiencv for 
collecting shorter molecules may be

'
low. 
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OILY OR FATTY SURFACE MOLECULES are ucscril.ed as "dry" surfactants because 

most of the molecule, consisting of a hydrocarbon chain, sticks up above the surface. A 
typical example is calcium stearate (left), which consi51s of an insoluble tail 17 carbon 
atoms long that projects upward and a hydrophilic head, a CO O- group, that projects helow 
the surface. Hexadecanol, a 16·carbon alcohol (right), forms a liquid monolayer film that is 
held to the surface by hydrogen bonds linking the terminal OH group with water molecules, 
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PROTEINACEOUS SURFACE MOLECULES form a broader and more complex class of 
substances that the author describes as wet surfaclants because most of their structure is 

submerged. Typically proteins and glycoproteins, they are normally much more abundant 

on the ocean surface than the dry surfactants. Wet surfactants are attached to the surface 

by the occasional hydrophobic groups that seek to escape from their aqueous environment. 

It also collects all the water and living 
matter lying within about 300 micro­
meters of the surface. The "skimmer," 
invented by George R. Harvey at the 
Scripps Institution of Oceanography, is a 
hydrophilic drum made of ceramic that 
rotates slowly on a horizontal axis, with 
its bottom just dipping into the water. 
The skimmer picks up a continuous film 
of water between 60 and 100 micrometers 
thick, which is scraped off by a blade 
resembling a windshield wiper. 

Both of these traditional microlayer 
samplers collect neuston with high effi­
Ciency. Harvey's interest, in fact, lay 
with this specialized biota; samples tak­
en with the skimmer are sometimes 

bright green with algae when "deep" 
water (10 centimeters below the surface) 
is perf ectl y clear. In order to extract dry 
surfactants from a skimmer sample one 
customarily shakes the sample with 
chloroform, which dissolves lipids. Un­
fortunately the chloroform also leaches 
lipids from the microscopic organisms 
that are present, confusing the results. 

Baier has recently devised an elegant 
surface sampler that collects no neuston. 
It is an adaptation of the technique de­
vised years ago by Irving Langmuir and 
Katharine B. Blodgett for collecting 
monolayer films from water surfaces. 
Baier's collector is a piece of germanium 
shaped like a microscope slide whose 
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ends have been beveled [see upper illus­
tration below J. When it is withdrawn 
perpendicularly from an aqueous solu­
tion, it picks up a coherent layer of any 
surfactants that may be present. The 
slide is made of germanium because the 
metal is transparent to infrared radia­
tion. An infrared beam directed into one 
of the beveled edges of the slide is 
trapped by total internal reHection until 
it emerges from the other end. At each 
reHection the infrared radiation extends 
about one wavelength beyond the ger­
manium into the adsorbed film of mole-

cules, which absorb particular wave­
lengths exactly as they would in an in­
frared spectrophotometer. Thus the 
emerging beam carries an infrared spec­
trogram of the functional chemical 
groups in the adsorbed layer. 

Still another microlayer collector 
coming into use is simply a large funnel, 
first employed as a sampler by Morris in 
his study of surfactants. The funnel is 
filled with surface water and allowed to 
drain slowly. The neuston Hoat out with 
the water but the surface film adheres to 
the sides of the funnel. The film is then 

rinsed off with a solvent and analyzed by 
chromatography. Until someone under­
takes to calibrate and compare the vari­
ous samplers there will be no explanation 
of why the different techniques give 
such different results. A sampler that has 
been suggested by several people but 
not yet tried is simply toilet paper un­
rolled on the surface of the water. Rec­
ognized as a highly efficient way of 
cleaning a water surface in the labora­
tory, the toilet-paper method could be 
used from a dinghy even in moderate 
waves. 
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CHARACTER OF SURFACE MOLECULES can be studied in vari­
ous ways using the sample obtained by Baier's germanium-slide 

technique. The sljde collects a film of both dry and wet surfactants, 

leaving most organisms behind (left). The molecules clinging to 
the surface selecti vely absorh infrared radiation, providing clues to 

molecular structure (1). By measuring the surface electrical prop­
erties before and after sampling (2) one can tell where the molecu­

lar dipoles are located and what their density per unit area is_ A 

drop of water placed on the surface assumes a geometry that is dic­
tated by the critical snrface tension and hence provides important 
clues to the free energy and the chemical constitution of the sur­
face. Depending on the surface tension, the tangent angle formed 
where the drop meets the surface (3) can he either greater than or 

less than 90 degrees. Here it is less, indicating that the film is pri­
marily composed of wet surfactants. The thickness and refractive 
index of the sample are ohtained by reflected polarized light (4). 

STAGE: A B C D E F 

TO 

VACUUM 

P UMP 

PARTICLE-SIZE RANGE (MICROMETERS) 

CLEAN AIR 

COMPOSITION OF DROPLETS produced when bubbles break 
the ocean surface is studied in the laboratory with the help of this 

apparatus. It is found not only that the droplets dift'er in composi­

tion from the bulk sample but also that the composition varies with 
droplet size. The droplets are sorted as they pass through the stages 
of an "impactor." Since the air velocity increases at each stage, suc-· 
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cessively smaller particles are unable to follow Ihe airstream and 

are collected on impaction plates. In a typical experiment the bulk 

sample contains two elements whose ratio is carefully determined. 
The droplets collected on the impactor plates are then analyzed for 
the same elements. The ratio in the sample divided by the ratio in 
the original sample yields a value defined as "the fraclionalion." 
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The wet surfactants that Baier detects 
in his samples are not well-known mole­
cules like the dry surfactants, which 
have been studied by surface chemists 
for decades. The most intensive work on 
wet surfactants has been medically ori­
ented and has involved studies of how 
proteins are denatured (rendered inac­
tive by unfolding) by contact with sur­
faces. Since the techniques for studying 
wet surfactants are primitive, almost 
nothing is known of their thermody­
namic, viscous or electrokinetic proper­
ties. \Ve have essentially no theoretical 
understanding of how they affect trans­
port processes through the microlayer 
except that we can be sure they too re­
tard all forms of transfer. It does appear, 
however, that the wet surfactants on the 
ocean, which are known to be glycopro­
teins and proteoglycans, are reasonably 
good carriers of phosphate, of various or­
ganic molecules, of the scarcer ions of 
seawater and of heavy metals. Thus they 
provide a mechanism for trapping and 
concentrating exotic substances at the 
ocean surface. 

The Puzzle of Rainwater 

The origins of microlayer oceanogra­
phy curiously lie in meteorology. After 
John Dalton had demonstrated in 1822 
that sea salt was present in rainwater a 
number of people suggested that the 
ocean was the source of other materials 
found in precipitation. By the early 
1940's it was fairly clear that the mix­
ture of marine substances found in rain 
and snow was not what one would ob­
tain simply by evaporating a typical 
sample of seawater. In 1959 two mete­
orologists stated the issue prophetically. 
"The transport of salts from sea to air," 
said Carl-Custaf Rossby, "is by no means 
a simple mechanical process." Erik 
Eriksson went on to suggest that "some 
fractionation process seems to take place 
at the sea surface, possibly involving 
material derived from surface films." 

At about the same time the Japanese 
chemist Ken Sugawara reported that 
when he measured the ratios of iodine 
and sodium to chlorine in the spray of 
breaking bubbles, he found values vastly 
different from the normal ratios in bulk 
seawater. Sugawara's work was mostly 
ignored, perhaps because he reported 
only a single experiment and because the 
changes in ratios were incredibly large. 

Since then a considerable amount of 
work on fractionation has shown that if 
Sugawara had conducted a second ex­
periment, he would have got different 
numbers, and that his iodine data were 
surprisingly good. Fractionation experi-
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DISTRIBUTION OF IONS AT THE OCEAN SURFACE differs from the average distribu. 
tion found in the bulk solution. Any substance tbat increases the surface tension of a liquid 
would increase the free energy of the surface and therefore must be rejected. The rejection 
thus operates against the ions of seawater. The theoretical rejection, however, is significant 
only in the top few angstroms, as these curves for barium and chlorine ions show. The rejec. 
tion is less for a concentrated solution (solid curves) than for one 20 times more dilute 
(broken curves). The concentration of sodium and chlorine ions in seawater is actually five 
times greater than it is in the stronger of these two solutions. Hence seawater ions would be 
rejected even less than these minimum values. Thus thermodynamic rejection of ions from 

the ocean surface cannot explain the distorted composition of seawater particles injected 
into the atmosphere from the sea. Curves plotted here are based on calculations made by 

G. M. Ben and P. D. Rangecroft of Chelsea College of Science and Technology in London. 

ments, whether they are done in the field 
or the laboratory, are plagued by non­
reproducible results. Fractionation of the 
principal metallic ions in seawater (so­
dium, magnesium, calcium and potas­
sium) appears to be slight; if it occurs at 
all, it alters the seawater ratios by less 
than 10 percent. It is still impossible to 
collect a suite of geochemical samples 
(rain, snow, dry fallout, aerosols and so 
on) and to estimate the contribution from 
continental dust with sufficient precision 
to see a 10 percent variability in the 
marine component. Cradually, however, 
from large-scale sampling programs 
(such as one run by Roger Chesselet in 
France) our understanding of regional 
variations in atmospheric constituents is 
growing, and eventually it may be pos­
sible to detect small changes. 

Similarly, it is difficult to say anything 
about fractionation during ejections 
from the sea surface for substances (such 

as chlorine, bromine and iodine) that are 
chemically activated by sunlight or that 
are catalytically activated in the atmo­
sphere by aerosols. In the laboratory few 
workers have appreciated how readily 
fractionation experiments can be con­
fused by surface-active impurities and 
how extraordinarily difficult it is to pre­
pare a clean surface. Just once have I 
been able to keep a surface clean for 24 
hours. It took a year of preparation, and 
even then it was mostly good luck, since 
I never succeeded again. The experience 
taught me one useful fact: reproducible 
results are possible only when surface 
conditions are reproducible. Impurities 
of a few parts per billion can change the 
surface properties of water; at the part­
per-million level impurities can alter 
fractionation results so completely as to 
mask any of the often sought physico­
chemical mechanisms. 

Early searches for the fractionation 
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LARGE FRACTIONATION VALUES for potassium ions (black) and ammonium ions 

(color), far exceeding any possible fractionation based on ion rejection, have been ob­

tained by M. R. Bloch of the Negev Institute for Arid Zone Research. The experiments 

were conducted using a version of the impactor illustrated at the bottom of page 66. The 
correlation between humidity and fractionation is very pnzzl in g and is so far unexplained. 
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MEAN DROP DIAM ETER (MICROMETERS) 

PHOSPHATE FRACTIONATION VALUES obtained by the author demonstrate the dra­

matic influence of trace amounts of surfactant molecules in experiments using the drop-im­
pactor technique, The water used in the experiment that yielded curve a was assumed to be 

carefully distilled. Actually it seems to have contained something tbat strongly attracted 

phosphate ions to the surface. (The vertical coordinate, "enrichment," is simply "frac­

tionation" minus 1.) Curve b was obtained after several hours of bubbling had removed 

the phosphate-attracting contaminant. Curve c shows how fractionation was depressed 
when a negatively charged snrfactant was added to repel the negative phosphate ions_ 
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mechanisms at the sea surface ignored 
the unique properties of the top half of 
the ocean and relied instead on tradi­
tional physicochemical thinking. More 
than 100 years ago Josiah Willard Gibbs 
had shown that any substance that in­
creases the surface tension of water will 
tend to be rejected as it diffuses upward 
from below. Since different salt solutions 
have different surface tensions, it follows 
that their ions are differentially rejected, 
so that the surface of a mixture such as 
seawater will differ in composition from 
the bulk. Although the difference is cal­
culable, it extends into the liquid only a 
small fraction of a micrometer and seems 
far too small to be of any geochemical 
importance [see illustration on preced­
ing page]. 

Nevertheless, some experiments de­
signed to test the Gibbs equations reveal 
a startling disagreement with theory, 
both in the scale of fractionation and in 
the direction. For example, whereas the­
ory predicts that a solution containing 
barium and cesium ions should be slight­
ly depleted in barium ions immediately 
below the surface, amounting to a frac­
tionation of about .005 percent, experi­
ment shows a barium enrichment 
amounting to a fractionation of about 7 
percent. This remarkable discrepancy is 
unexplained. 

In other experiments M, R. Bloch of 
the Negev Institute for Arid Zone Re­
search in Israel has found that under 
nonequilibrium conditions the fractiona­
tion of potassium and ammonium ions is 
strongly influenced by the humidity 
above the liquid surface [see top illustra­
tion at left]. Potassium in bubble spray 
is enriched as much as tenfold and am­
monium as much as a hundredfold com­
pared with their concentration in the 
bulk sample. The extraordinary values 
for ammonium ions (NHl + ) are perhaps 
related to the hydrolytic formation of 
ammonia (NH.OH), which, being un­
charged, is not rejected from the surface 
by electrical effects. (It may be relevant 
that the dielectric constant of surface 
water has a value of only 9 whereas for 
water in bulk it is 81. This suggests that 
one might profitably study fractionation 
in solvents whose dielectric constant re­
sembles that of surface water.) In any 
case it remains a mystery, at least to me, 
how humidity alone can produce the 
striking effects Bloch reports. There is 
also a question of whether even an ex­
treme degree of fractionation within the 
range of electrical forces-say a few hun­
dred angstroms from the surface-would 
be significantly reflected in the composi­
tion of film drops thrown up as an aero­
sol. Perhaps the flow of heat and water 
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vapor under nonequilibrium conditions 
are capable of altering the composition 
of the film cap as it is being formed, but 
this is a difficult question to approach 
either theoretically or experimentally. 

Some of the most spectacular values 
of fractionation have been obtained in 
experiments with phosphate and iodine. 
In my own early work I correlated the 
fractionation of phosphate with drop 
size, using the aerosol-impactor tech­
nique shown in the lower illustration on 
page 66, and I found that the enrichment 
can be as high as 600 times and is rarely 
less than three [see bottom illustration 
on opposite page J. It was also clear that 
the degree of enrichment could be influ­
enced by the presence of surfactants. 

The fractionation of iodine and other 
halogens has been intensively studied by 
Robert A. Duce and his co-workers at 
the University of Hawaii and at the Uni­
versity of Rhode Island. Duce's col­
league 'F. Y. B. Seto finds that iodine is 
rejected from large aerosol particles but 
that enrichment increases rapidly for 
particles that are smaller than about two 
micrometers. He also finds that if the 
particles are exposed to sunlight, a sig­
nificant fraction of the iodine escapes as 
a gas [see illustration at right J. Seto's re­
sults are the only reproducible fractiona­
tion work of which I am aware. It is ob­
vious that the large fractionation values 
observed for iodine cannot be caused by 
Gibbsian rejection of ions within a few 
angstroms of the surface. 

The Recipe for Rainwater 

The clue to the entire mystery of what 
happens at the surface was provided, in 
my opinion, by G. A. Dean of the New 
Zealand Medical Research Council, who 
was fascinated by the composition of 
rain. In 1963 he analyzed the rain at 
Taita, a small town on the New Zealand 
coast, and published a "recipe" for du­
plicating its content of the major ions 
found in seawater. The recipe called for 
.5 milliliter of seawater (to supply sodi­
um, potassium, magnesium and calcium 
in their normal ratios), four milligrams of 
dried plankton and algae (to supply 
iodine, phosphorus, nitrogen and addi­
tional potassium), together with enough 
distilled water to make one liter. Dean's 
recipe provided a seminal insight into 
the relation between macroscopic me­
teorology and microlayer oceanography, 
by emphasizing the tremendous amount 
of biological material that accompanies 
the small particulate fraction (.05 per­
cent) of the total water that moves from 
sea to air. 

The biological material in Dean's 
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ORGANIC IODINE 

F E D C B A 

IMPACTOR STAGE ( INCREASING DROP SIZE ) � 

FRACTIONATION OF OCEANIC IODINE is geochemically important. The top set of 

curves shows that old oceanic aerosol from the trade winds (solid lines) contains more 
iodine and less hromine than aerosols freshly generated by ocean surf (broken lines). Bro· 

mine is un fractionated initially and is subsequently lost to the atmosphere. Iodine is not 

only fractionated initially but also gradually becomes concentrated in smaller drops. The 
two curves in the middle diagram, based on laboratory studies by F. Y. B. Seto of the 
University of Hawaii, demonstrate that iodide is rejected from large particles. The broken 

curve shows the additional effect of exposing droplets to 18 minutes of ultraviolet radiation, 
which volatilizes part of the iodine. The bottom curve shows that plankton grown with 

radioactive iodine yield organic material that collects preferentially on the small droplets. 
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Somebody has to 
provide the technology 
before life gets safer 

Safer from killer storms. 
You're looking at a tropical storm 
south of the Baja Peninsula from an 
altitude of 450 miles. The left pic­
ture, from a 2-mile resolution infra­
red sensor, shows temperature of 
the scene. The right picture, ob­
tained simultaneously with the same 
resolution, shows reflected visual 
light. The combined information 

from both pictures gives the type, 
height, and vertical contour of the 
clouds. This Westinghouse multi­
sensor system also includes a low 
light-level sensor that sees under 
moonlight conditions. Now, un­
equaled pictures of the earth give 
better warning of hurricanes, tor­
nadoes, heavy rains and snows­
even fog. 
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�Safer from saboteurs and 
vandals. 
Our integrated security systems are 
designed to protect key facilities 
and valuable assets against theft, 
fire, and malicious destruction. They 
combine perimeter and internal in­
trusion detection, with surveillance 
cameras that "see in the dark." We 
tie these systems together through a 
centralized command and control 
center. We install and service equip­
ment, and train your employees, too. 

.... Safer in the air. 
We're building some of the world's 
most advanced air traffic control 
equipment. Westinghouse provides 
display equipment, surveillance ra­
dars, instrument landing systems, 
and beacons for use throughout the 
Federal Aviation Administration's 
control network. This technology, 
coupled with skilled air traffic con­
trollers, makes your flight safer from 
takeoff to touchdown. 

You can be sure if it's Westinghouse. 
For our brochure, write Marketing 
Manager, Defense, Westinghouse 
Electric Corporation, Pittsburgh, 
Pennsylvania 15222. 

w Westingllouse 
helps make it happen 
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Polaroid's SX-70: 
The New Photography. 

The Polaroid SX·70 Land camera awp a single section of the original electronic layout. 
Ultraminiaturization has compressed hundreds of electronic components into three small brain centers. 

No matter how you've looked upon 
the act of taking pictures, instant or 
otherwise, picture-taking will never be 
the same. 

A color photograph, which develops 
before your eyes outside the camera, 
is only the beginning of the SX-70 
experience. 

The rebirth of a sense of wonder 
and an increased awareness of the 
beauty that surrounds you are the end 
results of SX -70 picture-taking. 

Watch it happen. 

Remarkable as the Polaroid SX-70 
Land camera is, what is important to 
remember is not what it can do, but 
what it enables you to do. 

Touch the red electric shutter button 
and - whoosh - the picture is automati­
cally ejected from the front of the 
camera. 

There is nothing to time, nothing 
to peel, nothing to throw away. 

Your picture begins developing im-

mediately beneath a transparent. pro­
tective plastic cover. You can stack it 
with other pictures, handle it, put it in 
your pocket. You can even spill water 
on it and still not hinder development. 

As the image blooms before your 
eyes , you realize that this will be a 
color photograph such as you have 
never seen before. 

Even after you have a beautiful pic­
ture. it keeps getting better. 

Minutes later, you're looking at your 
finished picture. It is hard, dry, shiny. 
flat and extremely durable. 

The image size of the picture is 
:Ws x 31/s inches. 

The camera 
that makes it possible. 

The SX-70 Land camera, closed, is 
I x 4 x 7 inches. Wrapped in top-grain 
leather, it weighs only 24 ounces. 

Inside, there exist over 200 transis­
tors, a complex system of fixed and 
pivoting mirrors and a 12,000 r.p.m. 

motor, all working together to propel 
one brilliant picture after another into 
your life. 

Yet all you have to do is frame, 
focus and touch the red electric button. 

The SX-70 is a single lens reflex cam­
era. Your eye sees precisely what the 
camera lens sees. because you're actu­
ally looking through the camera lens. 

You can focus on a scene from miles 
away, down to 10.4 inches, and you can 
actually record far more detail than 
you can see without the use of a magni­
fying lens. 

You can shoot up to 10 pictures, one 
every 1.5 seconds, to cover an action 
sequence. like a baby's first jaunt 
across the room. Or you can take auto­
matic time exposures up to 14 seconds 
long. 

The scope of SX-70 picture-taking is 
as wide as your imagination will allow 
it to be. 

Power from the film pack. 
As amazing as the Polaroid SX -70 

Land camera is. the story of the other 

Touch the button, your film is automatically ejected. 

© 1974 SCIENTIFIC AMERICAN, INC



In seconds. you see the faim outline of your picture. 

half of the system, the film, is equally 
magical. 

Each lO-exposure film pack is small 
enough to be put into your pocket, yet 
each contains a wafer-thin, 6-volt bat­
tery that provides fresh power to oper­
ate the camera every time you load 
fresh film. 

A unique picture counter, located 
on the back of the camera, tells you 
how many pictures you have left. 
When you insert your film pack, the 
counter reads .. 10:' After each succes­
sive shot, that number decreases. It 
even prevents the flash from firing 
after all 10 pictures have been taken. 

Flash pictures. 
Just as there are 10 exposures in 

each film pack, there are 10 shots on 
each GE FlashBar'" array (5 on each 
side). You can shoot flash pictures 
from 10 inches to 20 feet or more away. 
Once again, you can reshoot every 1.5 
seconds, to get a full action sequence. 

Nothing being left to chance, the 
SX -70 electronically selects the next 
flash to be fired. And, as you focus, 
the lens aperture is set auto­
matically to let in the correct 
amount of light. 

Your picture. minutes later. fully developed. 

Outdoors, an electric eye reads 
the light and programs the electronic 
shutter for the correct exposure. 

Copies and enlargements. 
Because SX -70 pictures can record 

far more detail than the unaided eye 
can see, and because they are repro­
duced in a whole new spectrum of 
vibrant, highly stable dyes, beautiful 
copies and enlargements are easily 
made. 

Every time you load new film, a 
cover sheet is automatically ejected 
from the fron t of the camera, on 
which you'll find directions on how to 
obtain copies and enlargements of 
your favorite SX-70 original pictures. 

The new photography. 
The virtual cascade of revolutions, 

mechanical, chemical, optical 
and electronic that made 
the SX-70 pos­
sible had 

only one purpose: to free you from 
everything cumbersome and tedious 
about picture-taking, so it could be­
come at last, the simple creative act it 
should be. 

Just frame, focus and touch the red 
electric shutter button. Your picture is 
automatically ejected to time itself and 
develop into a color photograph of a 
depth and brilliance unparalleled in 
amateur photography. 

What once might have seemed a 
family duty, or even just an interesting 
hobby, can now become a spontane­
ous and recurring pleasure in your 
daily life. 

The price. 

The suggested list price of the 
Polaroid SX-70 Land camera is 5180. It 

is now available at Polaroid 
camera dealers. 

The PnJoroid SX ·70 Land camera. closed. 

© 1974 Polaroid Corporation 
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If you make anything that uses electrical connectors 
- anywhere in the world -call AM P. 

We can help you put a smile on your bottom line. 
If you manufacture computers. automobiles. 
appliances . telephones or anything else that uses 
electrical connections-from Tokyo to Toronto 
to Turin-maybe we can help brighten your profit 
picture. 

We have some 100 plants . warehouses and 
sales offices throughout the world supplying highly 
reliable AMP electrical and electronic connectors . 

This includes everything from simple. 
one-piece contacts to sophisticated interconnection 
systems. Plus a full line of economical application 
machines for virtually every major industry. 

So if you make a product that uses electrical 
or electronic connections-anywhere in the world 
-give AMP a call at (717) 564-0100. Or write for 

our new brochure: "We can help you put a smile 
on your bottom line:' 

AMP Incorporated. Harrisburg. Pa. 17105. 

F acts you should know "bout AMP. 
• Over 5400 million annually in sales. 

• Over IO�o spent on Research. De\·elopment and 
Engineering. 

• O\'er I.CXXJ field service and sales engineer;. 

• Some 100 manufacturing plants. warehousing 
facilities and sales offices in USA and worldwide: 
Barcelona. Brussels. Buenos Aires. Frankfurt. 
London. Lucerne. Mexico City. Montreal. Paris. 

Puerto Rico, San Paulo. s'Hertogenbosch (Holland). 
Sydney. Stockholm. Tokyo. Toronto. Turin. Vienna. 

AIVIP 
INCORPORATED 
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recipe, approaching the concentration 
found in a weak bouillabaisse, represents 
2,000 times the amount of organics nor­
mally present in seawater. How does 
that much biological material find its 
way into the atmosphere? Duncan C. 
Blanchard, who was then working at 

the Massachusetts Institute of Technolo­
gy, showed that drops from breaking 
bubbles could carry off an organic mono­
layer from a liquid surface, and I esti­
mated that the thickness of sea surface 
so skimmed off could hardly be more 
than a tenth of a micrometer thick. At 

the time no one was able to see how so 
thin a slice could be ejected into the air. 

Since then, by piecing together half 
a dozen arguments (no one of which is 
entirely convincing by itself), I am per­
suaded that a breaking bubble is a sur­
face microtome of great finesse. It is 

.----------.;: - - - -.. 

BREAKING B U B B LES, according to the author's hypothesis, pro­

vide the chief mechanism for injecting into the atmosphere a pe­

culiar selection of the substances present in the top micrometer of 

the ocean. The six drawings at the left show how a collapsing bub­

ble projects a high-velocity jet of liquid into the air. The sequence 
is based on high-speed photographs of a 1 .7  ·millimeter bubble made 

by Duncan C. Blanchard, A. H. Woodcock and others at the Woods 
Hole Oceanographic Institution. The drawings depict the collapse 

---"71 r-- 100 MICROMETERS 

o TOP JET DROP 

o SECOND JET DROP 

o THIRD JET DROP 

FILM DROPS 

( 1- 20 MICROMETERS ) 

/� 
.- -

FILM CAP 
SURFACE 

(2 MICROMETERS THICK) 

at intervals of 1/3 ,000th second ; profiles represented by broken 

lines show an intermediate stage 1/6,000th second earlier_ The ac­

celeration of surface material can reach 1,000 times gravity 0,000 

g) for a 1.7 -millimeter bubble and as much as a million g for a 10-
micrometer bubble. The drawing at right shows schematically the 

variety of drops produced by a bursting bubble. Roughly a fourth 
of the available energy is carried off by the top drop of the jet, 

which then frequently evaporates into an airborne particle of salt_ 
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capable of removing a sample of ocean 
surface as thin as a tenth of a microme­
ter, or about 1,000 times thinner than 
the best mechanical microtome yet de­
vised for removing a slice of liquid. 

High-speed photographs of breaking 
bubbles made at the Woods Hole 
Oceanographic Institution indicate that 
when a 1 .7 -millimeter bubble bursts, it 
can accelerate surface material to a val­
ue 1,000 times greater than the accelera­
tion produced by the earth's gravity 
[see illustration on preceding page J. For 
bubbles of 10 micrometers the accelera­
tion of surface material can reach a mil­
lion g. Intuition is not much help in 
thinking about the consequences of such 
events. An analysis suggests that the 
average thickness of ocean surface eject­
ed in the atmosphere by a bubble micro­
tome is roughly .05 percent of the bub­
ble diameter. A bubble one millimeter 
in diameter will remove a slice of ocean 
surface about .5 micrometer thick [see 
illustrations on these two pages J .  

The fastest-moving drop produced by 
the collapsing of a one-millimeter bubble 
is ejected upward at about 10 meters per 
second, carrying about a fourth of the 
energy released by the collapse. The 
drop reaches a height of between 10 and 
15 centimeters and frequently evapo­
rates into an airborne particle containing 
30 nanograms of salt and perhaps .3 
nanogram of dried plankton and algae. 
The organic material on the ejected 
drops is compressed, so that if the bub­
ble interior is covered by a monolayer of 
organic molecules, the drop will be 

wrapped in perhaps 10 layers. The 
process delivers economically significant 
amounts of plant nutrients to coastal 
areas and, along with pollen and drop­
lets of condensed volatiles from terrestri­
al plants, contributes enough food to 
high-altitude snow to support inverte­
brate life in the "aeolian" zone above 
the vegetation line. The organic material 
tossed up from the sea also makes the 
windshield of your car greasy if you park 
near the ocean and in times of "red tide" 
can include enough toxin to cause sore 
throats and eye irritation among shore 
dwellers. 

The Ubiquity of Bubbles 

Some 3 or 4 percent of the sea surface 
is covered with bubbles at any moment. 
Assuming that 1018 break per second, 
between one and 10 billion tons of salt 
are ejected into the atmosphere annual­
ly. Each drop also carries about 200 
charges of positive electricity. The 
charge results from the peculiarities of 
How at the moment the drop separates 
from the ascending jet. Air friction de­
celerates the surface of the jet by values 
that can reach 500,000 g while the in­
terior is still moving rapidly upward; the 
resulting shear across the electrical dou­
ble layer injects a few excess positive 
ions into the drop. Over the world ocean 
this amounts to a steady upward current 
of some 160 amperes. The excess of posi­
tive ions may account in part for the 
general feeling of well-being one ex­
periences at the seashore. 

SOURCE OF DROP MATERIAL in a breaking bubble is tbe thin wall of the buhble just 
before collapse. The twentyfold enlargement of the hubble wall is color.keyed to show the 
origin of the top, second and third drops that will ultimately break away from the rising jet. 
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Workers at the Woods Hole Oceano­
graphic Institution have found that 
when an inert gas is bubbled through 
seawater, "dissolved inorganic" phos­
phate is converted into "particulate or­
ganic" phosphate. Brine shrimp will 
grow slowly when given the phosphate­
containing particles as their sole food. 
Very few marine organisms can extract 
dissolved material from seawater, and 
even they do so with great difficulty, but 
since every particle will be eaten by 
something, the particle-forming process 
is important in making phosphate (which 
is often a limiting nutrient) available to 
the plankton community. 

The mechanism by which bubbles in­
duce the formation of particles was the 
subject of much controversy. This seems 
to have been resolved by the finding that 
very small particles are necessary as 
nuclei. Apparently if the nuclei are ad­
sorbed onto a bubble, the surface com­
pression that occurs when the bubble 
breaks results in a permanent transfer 
of sea surfactant onto the nucleus, 
whereas in the absence of the nucleus 
the surfactant simply clumps and redis­
solves almost immediately. Similar par­
ticle growth (and dissolution) can be ob­
served by half-filling a horizontal glass 
tube with soap solution. When the tube 
is tipped upright, thereby reducing the 
surface to a small fraction of its original 
area, surface compression creates a lump 
of soap out of what had previously been 
a monolayer. 

A related phenomenon is observed 
when a gas free of carbon dioxide is bub­
bled through seawater. Since the gas 
carries off the dissolved carbon dioxide, 
equilibrium then demands that calcium 
carbonate precipitate out of solution. 
The seawater becomes opalescent with 
fine particles, a phenomenon known as 
"whiting" when it occurs over the Baha­
ma Banks (through a different mecha­
nism). The particles precipitated in this 
fashion are unique among carbonates in 
that they do not dissolve in acids. The 
reason seems to be that they form at the 
bubble surface, where the carbon di­
oxide concentration is lowest and the 
carbonate supersaturation is the highest, 
so that when the bubble breaks, the par­
ticles are coated with a tenacious film of 
organic material that protects them from 
acid attack. Instant Saran Wrap! 

Pollution and Sea Farming 

Not only is the oceanic microlayer ex­
posed to all the pollutants in the at­
mosphere but also it absorbs the brunt 
of oil spills, including oil released from 
blowouts on the ocean floor. Some 85 

© 1974 SCIENTIFIC AMERICAN, INC



percent of all the organic material now 
afloat on the Baltic, the Mediterranean 
and North seas consists of petroleum. 
The microlayer avidly concentrates such 
heavy metals as lead, mercury, copper, 
chromium and zinc. It also retains such 
long-lasting chlorinated hydrocarbons as 
DDT and PCB (polychlorinated biphe­
nyls), which reach the sea in precipita­
tion and surface runoff. These sub­
stances enter the food chain, where they 
are progressively concentrated. 

Perhaps the most bizarre example of 
oceanic dispersal of a pollutant is the 
one deduced to explain the appearance 
of DDT in Antarctica long before it 
could be carried there by wind or water 
currents. The sequence starts with the 
spraying of DDT on Northern Hemi­
sphere crops. A portion enters the at­
mosphere by codistilling with the water 
that is transpired through the leaves of 
plants. The DDT reaches the North At­
lantic in precipitation, where it is 
trapped by the microlayer. It promptly 
enters the food chain and is concentrated 
as it passes from smaller organisms to 
larger ones. The agent for transmitting 
the DDT across the Equator is Wilson's 
petrel (perhaps the most abundant bird 
in the world), which feeds in the North 
Atlantic but breeds in the Antarctic. So 
transported, the DDT is picked up by 
the food chain in the southern ocean. 
When it finally reaches the tissues of the 
crabeater seal, it appears for the first 
time in concentrations high enough to 
be detected. 

I shall close by mentioning two ways 
in which increased understanding of 
microlayer oceanography may be of 
great practical significance. The first re­
lates to the potential control of hurri­
canes. It is suspected that both water 
vapor and salt nuclei from the sea play 
a crucial role in the spawning and 
growth of hurricanes. Since both sub­
stances must cross the microlayer, it is 
conceivable that making small and in­
expensive changes in the sea surface 
ahead of an incipient hurricane might 
reduce the storm's severity. With this in 
mind one investigator is studying the 
evaporation rate from the microlayer, 
having noticed that there are anomalies 
in the surface properties of seawater at 
about 30 degrees Celsius, the same 
ocean temperature known to favor the 
genesis of hurricanes. 

A second way in which the microlayer 
might be manipulated for man's benefit 
would be as a source of protein-rich 
food. One reason agriculture has so 
greatly outstripped mariculture is the 
extensive use of fertilizer on land. Fer­
tilizing the sea has never seemed profit-
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BUB BLE "MICROTOME" can produce a thinner slice of the ocean surface than any me­

chanical device known. The average thickness of the sample ejected into the atmosphere by 

a breaking bubble ( scale at lelt ) is about .05 percent of the bubble diameter. Thus the col­

lapse of a hubhle one millimeter in diameter will produce a sample in the top jet repre­
senting roughly the top .5 micrometer ( 5,000 angstroms ) .  Subsequent jet drops, all about 100 

micrometers in diameter, originate in onionIike shells successively deeper in the solution. 

able because both fertilizer and crop 
can escape so easily. (The sustained yield 
of the semienclosed North Sea fishery 
depends entirely on the nutrients poured 
in by the Seine, the Thames, the Rhine 
and other open sewers-a fortuitous and 
non optimized bit of mariculture.) 

One can imagine an optimized micro­
layer farming operation designed along 
the following lines. Microlayer "weeds," 
or unwanted organisms, are first re­
moved with a "cultivator," which is sim­
ply a Harvey drum skimmer. Surfactant 
fertilizer, growth hormone and "seed" 
(desirable varieties of neuston) are next 
applied. The fertilizer could be designed 
as a recyclable nutrient carrier that 
could not escape the microlayer, rather 
than as a totally consumable molecule. 
Since each step of the food chain loses 
90 percent of the energy contained in 
the previous step, it is advantageous to 
harvest the phytoneuston (the plant 
species) before they are eaten by the 
zooneuston (the animal ones). Optimum 
operation of the farm would have most 
of the nutrients converted into biomass 
by the time the prevailing wind had 
moved the microlayer down to the har-

vesting skimmer. Even so, grazing pred­
ators might have to be fenced out. The 
farm should be about as productive as a 
Kansas cornfield or a Caribbean sugar 
plantation. 

Obviously many problems need to be 
solved before a microlayer farm is feasi­
ble. Present efforts at collecting oil spills 
might be directly applicable to harvest­
ing. The operation of a farm would have 
to be largely automatic, utilizing power 
available on site from the sun or the 
wind. The vagaries of weather are no 
greater at sea than on land. And it might 
prove feasible to protect the farming ap­
paratus by submerging it 10 meters or so 
during storms. 

Perhaps the biggest advantage of 
mariculture over agriculture is the ease 
with which microscopic organisms can 
be manipulated genetically. Strains of 
Chlarella have already been bred that 
are 80 percent oil, whereas cottonseed, 
our richest present source, is only 20 
percent oil. Similar results might be 
achieved with protein content. The focJ­
processing industry should be clever 
enough to convert neuston into a product 
both palatable and nutritious. 
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GLYCOPROTEINS 
Nlany proteins have sugars linked to them as side chains. The 
function of these saccharide groups is not known in all cases, 

but they nlay radically alter the properties of the molecule 

P

roteins are linear polymers; their 
long strands of amino acids may be 
twisted or pleated or folded, but 

they are never branched; one strand is 
never connected to the middle of another 
to form a side chain. Side chains of an­
other kind, however, are quite common­
ly linked to proteins. They consist of 
sugars, and the substances they form in 
combination with proteins are called 
glycoproteins, from the Greek glykys, 
sweet. 

Until recently sugar found in associa­
tion with most proteins was assumed to 
be an impurity, and measures were tak­
en to separate it from the protein. Only 
in the slimy proteins, or mucins, found 
in external secretions such as saliva, was 
sugar an acknowledged constituent; the 
covalent bonding of carbohydrates to 
proteins in these substances was recog­
nized more than 100 years ago. It has 
required improved methods of isolation, 
purification and identification, however, 
to demonstrate that mixed polymers of 
sugars and amino acids are of wide dis­
tribution in nature and participate in 
many biological processes. In the past 
10 years it has become apparent that 
the majority of proteins are in fact glyco­
proteins. 

Among the proteins known to have 
side chains of sugars are most of the 

proteins of the blood plasma, including 
the substances that determine human 
blood types, and a large number of en­
zymes and hormones. Collagen, a struc­
tural protein important in the formation 
of cartilage and other connective tissue, 
is also a glycoprotein. Interferon, an an­
tiviral agent produced by the body, is 
another; that it contains bonded sugars 
was demonstrated only last year. Glyco­
proteins have also been detected in the 
brain and in nerve endings and may 
participate in some unknown way in 
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memory and in the transmission of nerve 
impulses. 

Another group of glycoproteins, found 
in the blood serum of several species of 
Antarctic fish, act as antifreeze agents. 
They are remarkably effective, lowering 
the freezing point of aqueous solutions 
to a greater degree than equal weights 
of sodium chloride. 

Glycoproteins are found in plants as 
well as animals, as my colleagues and I 
at the Weizmann Institute of Science in 
Israel demonstrated 10 years ago in 
studies of soybean agglutinin. Many oth­
er plant agglutinins, or lectins, which 
are characterized by their ability to make 
cells clump together, have since been 
shown to contain carbohydrates. More 
recently glycoproteins have also been 
discovered in some bacteria and viruses. 

The most intriguing group of glyco­
proteins now being investigated are 
those found on the surfaces of cells. Al­
though in mass they are only minor 
constituents of the membranes of animal 
cells, they are important because they 
are responsible, at least in part, for com­
municating the individuality of the cell. 
It has been said that all cells come with 
a sugar coating. Most of this "coating" is 
in the form of glycoproteins, which 
serve as antigenic determinants, as virus 
receptors and as markers of cellular iden­
tity. This last function may prove to be 
particularly significant, since it has re­
cently been determined that the carbo­
hydrates on the cell surface are altered 
when cells become malignant. 

The basic units of proteins are amino 
acids; those of sugars are monosac­

charides. In proteins the carboxyl group 
(COOH) of one amino acid is connected, 
with the loss of a water molecule, to 
the amine group (NH2) of the next; 
this linkage is called a peptide bond, 
and proteins are therefore polypeptides. 

There are 20 common amino acids; the 
sequence in which they are combined 
entirely determines the properties of the 
protein. 

The formation of sugar polymers is 
potentially much more complex. More 
than 100 monosaccharides are known in 
nature, and they can combine with one 
another in many ways, rather than in 
only one way as in proteins. Only nine 
of these monosaccharides have been de­
tected in glycoproteins, and they are 
usually combined in oligosaccharides of 
no more than 15 sugar units; the number 
of possible combinations is nevertheless 
still very large. 

Glucose, a ubiquitous metabolite and 
one of the most thoroughly studied of all 
organic compounds, is found in glyco­
proteins, but not frequently; it appears 
to be confined mainly to collagens. Ga­
lactose and mannose, which are some­
what more common in glycoproteins, 
are stereoisomers of glucose, that is, 
their chemical formula is the same, but 
some of its elements are oriented differ­
ently. In fucose, which is related to ga­
lactose, a hydrogen atom replaces one 
hydroxyl group; in acetylglucosamine 
and acetyl galactosamine an aminoacetyl 
group takes the place of one hydroxyl 
[see illustration on page 80]. 

All these sugars are hexoses; the es­
sential portion of their structure contains 
six carbon atoms. Two other glycopro­
tein monosaccharides, arabinose and xy­
lose, are pentoses; each has five carbon 
atoms. Of considerably different struc­
ture is neuraminic acid (in certain forms 
called sialic acid), a sugar bearing bolh 
aminoacetyl and carboxyl groups. Sialic 
acid was recognized as a common con­
stituent of glycoproteins in the 1950' s as 
a result of the work of Alfred Gottschalk, 
who was then at the Walter and Eliza 
Hall Institute of Medical Research in 
Melbourne. Because of its acidity this 

© 1974 SCIENTIFIC AMERICAN, INC



o NITROGEN 

o OXYGEN 
• CARBON 
o HYDROGEN 

SUGAR COMPONENT OF GL YCOPROTEINS consists of mono· 

saccharides, or individual sugar units, linked together to form 

oligosaccharides, or chains of a few units each. All the monosac· 

charides found in glycoproteins have in common a central struc· 

ture called the pyranose ring, a group of five carbon atoms with 

the first and fifth connected by an oxygen atom. The three·dimen· 

o NITROGEN 

o OXYGEN 
• CARBON 
o HYDROGEN 

PROTEINS ARE ASSEMBLED from amino acids, the carboxyl 

group (COOH) of one being attached to the amine group (NH2) 
of the next by the extraction of a water molecule. The hypothetical 
segment of a protein above is formed from five amino acids. They 

are (left to right) serine, asparagine, threonine, hydroxyproline 
and hydroxylysine, the five amino acids that carbohydrates are 

sional form of the pyranose ring is often compared to the shape of 

a chair; it is bent 10 form three planes, like a chaise longue. At· 

tached to this central structure are hydroxyl groups and other 

groups that to a large extent determine the characteristics of 

the sugar. The oligosaccharide above consists of (left to right) 
the monosaccharide units mannose, glucose and acetylglucosamine. 

known to link with in glycoproteins. The main chain of the protein 

is indicated by solid color bonds; if this chain is traced from left 

to right, the bonds between amino acids (the peptide bonds) are 

those preceding the nitrogen atoms. Most proteins have 100 to 

1,000 amino acid units; all terminate in an amine group (dot. 
ted bond at left) and a carboxyl group (dotted bond at right). 
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sugar endows the polymers it forms with 
distinctive chemical and physical prop­
erties. The discovery that it is present on 
cell surfaces and that it acts as the re­
ceptor for the influenza virus was a 
fundamental stimulus to the study of 
glycoproteins. 

from 1 percent to more than 85 percent 
carbohydrate. Ovalbumin, for example, 
the major protein of hen egg white (mo­
lecular weight 45,000), and the enzyme 
ribonuclease B (molecular weight 14,-
700) each have only one carbohydrate 
side chain per molecule. At the other ex­
treme are proteins such as sheep sub­
maxillary mucin (molecular weight about 
a million), each molecule of which in­
corporates some 800 sugar units. These 

The known glycoproteins range in 
size from a molecular weight of about 
15,000 to a molecular weight of more 
than a million, and they may contain 
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SUGARS FOUND IN GL YCOPROTEINS are depicted schematically, with the pyranose 

ring compressed into a single plane. Glucose, galactose and mannose are stereoisomers; 

they differ only in the orientation of the groups attached to one of their carbon atoms. Fu· 

cose is related to these sugars but has a hydrogen atom substituted for a hydroxyl group; 

acetylglucosamine and acetylgalactosamine have aminoacetyl groups at another position. 

Acetylneuraminic acid bears both amino acetyl and carboxyl groups; arabinose and xylose 

lack the sixth carbon of the glucose·derived sugars. D and L stand for dexlro and levo rota· 

tory and refer to the orientation of the groups attached to four atoms in the pyranose ring. 
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units are arranged in disaccharide side 
chains and are densely distributed, with 
a disaccharide for every six or seven 
amino acids. 

Even in glycoproteins incorporating 
only a few sugar residues an enormous 
number of saccharide structures are pos­
sible. Two glucose molecules, for exam­
ple, can form 11 isomeric disaccharides, 
since they can be bonded at any of five 
positions and at four of those positions 
they can be linked in either of two ways 
and at the fifth in any of three ways. Two 
identical amino acids, on the other hand, 
can form only one dipeptide. Three dif­
ferent sugar molecules can be arranged 
in 1,056 trisaccharides, whereas three 
different amino acids can form only six 
tripeptides. 

As the number of sugar residues in­
creases, the number of possible struc­
tures soon becomes overwhelming. One 
reason for this complexity is that oligo­
saccharides, unlike proteins, can form 
branched chains of molecules, and at 
each point where the chain divides, the 
side groups can be linked to the main 
strand in a number of ways. John Clamp 
of the University of Bristol has calculat­
ed the number of possible isomers in a 
saccharide side chain somewhat like that 
of al acid glycoprotein, a component of 
human blood plasma. The molecule he 
considered consisted of three residues 
each of mannose, acetylglucosamine, 
galactose and neuraminic acid, all linked 
to another acetylglucosamine residue 
that provided the connection with the 
protein. If only the composition of this 
oligosaccharide is known, and not the 
structure, there are about 1024 possible 
isomers. Even if the sequence of sugars 
is known, there remain some 6 X 106 
possible bonding arrangements. 

The complex structure and the large 
number of possible structures of 

oligosaccharides complicate the task of 
analyzing them. Furthermore, the meth­
ods available for the investigation of 
carbohydrate polymers are not as re­
fined as those that have been developed 
for the elucidation of protein and nucleic 
acid structure. 

The information sought in the analysiS 
of glycoproteins includes the composi­
tion and sequence of amino acids in the 
peptide chain, the composition of the 
sugar constituents, the number of sac­
charide chains, their structure, the na­
ture of the carbohydrate-peptide link­
age and the position of the carbohydrate 
side chains on the peptide sequence. The 
number of glycoproteins for which all 
this information is available is very small, 
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but the composition and the partial 
structure of many have been determined. 
From these results certain general pat­
terns of glycoprotein construction can 
be inferred. 

It is known, for example, that fucose 
and sialic acid always occupy periph­
eral positions, farthest from the poly­
peptide chain. Acetylglucosamine and 
galactose, on the other hand, are often 
found nearest the protein and often 
form part of the carbohydrate-peptide 
linkage. The nature of this linkage it­
self has also been extensively explored. 
Of the 20 common amino acids only five 
are known to form linkages with carbo­
hydrates. They are asparagine, serine, 
threonine, hydroxylysine and hydroxy­
proline; the last two are amino acids to 
which a hydroxyl group has been ap­
pended after the synthesis of the pro­
tein [see illustration on this page]. 

The first linkage to be identified was 
that between acetylglucosamine and 
asparagine. The bonded sugar and 
amino acid were isolated from ovalbu­
min in 1963 after a long, sustained ef­
fort by Albert Neuberger and Robin 
Marshall of St. Mary's Hospital in Lon­
don; this linkage was identified in the 
same year in other laboratories in the 
U. S., Japan and the U.S.S.R. 

The first step in analyzing a glycopro­
tein is to isolate and purify it. Every ef­
fort is made to preserve it in its undena­
tured state so that its biological activity 
is not impaired. The presence of carbo­
hydrates in the molecule offers an ad­
ditional "handle" with which the gly­
coprotein can be carried through the 
processes of fractionation and by which 
the purity and homogeneity of the final 
product can be assessed. 

The purified glycoprotein is digested 
exhaustively with proteolytic enzymes, 
which cleave peptide bonds and thus 
break the protein into fragments. The 
smaller fragments, consisting of one 
amino acid or a few amino acids with 
a saccharide side chain attached, are 
then isolated. From these glycopeptides 
the sugars can be removed sequentially 
by treatment with various glycosidases, 
enzymes that cleave the glycosidic bond 
and thereby remove specific sugars one 
at a time from the end of an oligosac­
charide or polysaccharide [see illustra­
tion on page 84]. 

Ideally the end product of such a se­
rial degradation is a compound com­
posed of a single amino acid linked to a 
single sugar, for example asparagine 
and acetylglucosamine. This was in fact 
the product we obtained from soybean 
agglutinin; we were therefore able to 

conclude that the carbohydrate-peptide 
linkage in this plant glycoprotein is the 
same as that found in many animal sub­
stances. 

Enzymatic degradation of this type 
can yield information about the struc­
ture of the oligosaccharide side chains as 
well as about the carbohydrate-peptide 
linkage. For example, if a glycopeptide 
is initially incubated with a mannosidase 
and mannose is liberated, one can con­
clude that mannose residues are present 
on the periphery of the molecule. Sub­
sequent incubation with other glyco­
sidases will reveal the identity of the 
next unit in the chain, and so on. From 
the evidence provided by this method, 
and from other techniques of analysis, 
the structure of several glycoprotein sac­
charides has been established [see illus­
tration on next two pages]. 

I n proteins amino acids are always pres-
ent in integral ratios. In many glyco­

proteins the ratio of one sugar residue to 
another is not an integral one. For ex­
ample, in ovalbumin the ratio of man­
nose to acetylglucosamine is about 
5.5 : 4. The difference between pep­
tides and saccharides represented by this 
observation is fundamental to the nature 
of both kinds of compounds. 

Within an organism all the molecules 
of any given protein are identical; con­
sequently the ratios of amino acids cal­
culated from any sample of the protein 
will be the same as those present in a 
single molecule. Carbohydrates, how­
ever, often vary in structure and com­
position from molecule to molecule. The 
formula for an oligosaccharide estab­
lished by analysis is therefore an average 
or typical structure and any given mole­
cule may differ from it. Even in relative­
ly simple glycoproteins having only a 
single carbohydrate side chain, the sac­
charides are heterogeneous. In fact, 
nonuniform side chains have been de­
tected in ovalbumin derived from a sin­
gle egg of a pure-bred hen. 

The heterogeneity of the carbohy­
drates of glycoproteins is a direct con­
sequence of the mechanism of their syn-

BONDING of sugars to proteins is known to 

involve only five monosaccharides and five 

amino acids. All the linkages are through 

glycosidic bonds, which are formed by the 

extraction of a water molecule. The acetyl. 

glucosamine.asparagine linkage is through 

a nitrogen atom; all the others are through 

oxygen atoms. Acetylgalactosamine can bind 

to either threonine, as shown, or to serine. 
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thesis. This process begins with the fO. r­
mation of the polypeptide part of the 
molecule; like all other proteins it is as­
sembled at the ribosome on a "template" 
represented by DNA and RNA. As a 
result its structure can change only 
through the mutation of the genetic ma­
terial of the cell. The provenance of pro­
teins in the genetic code is also responsi­
ble for their invariant linearity. DNA 
and RNA are themselves linear poly­
mers, and the code they embody dic­
tates merely sequences of amino acids; 
it has no provisions for governing the 
branching of the polypeptide chain. 

9 0 

� 
0 

The carbohydrate component of a 
glycoprotein is not a product of the 
ribosome; it is added to the completed 
polypeptide at another site in the cell, 
by another process. The details of this 
process have become apparent during 
the past 10 years as a result of the work 
of Saul Roseman of Johns Hopkins Uni­
versity, Robert G. Spiro of the Harvard 
Medical School and many others. 

Carbohydrate side chains are synthe­
sized at sites on membranes; the process 
is mediated by enzymes specific to each 
saccharide rather than by a genetically 
determined template. As a result much 
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more variation is possible in the product 
than in the formation of the polypep­
tide component of glycoproteins. Where 
RNA specifies that a particular amino 
acid must be attached, the enzymatic 
mechanism responsible for the formation 
of oligosaccharides specifies only that a 
particular monosaccharide can be at­
tached [see illustration on page 85]. 

Because these enzymes do not trace a 
linear template the branching of oligo­
saccharides is readily accomplished. An 
enzyme can bind a sugar to the glyco­
protein molecule wherever the speCific 
reaction catalyzed by the enzyme is pos-
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OLIGOSACCHARIDE SIDE CHAINS of'glycoproteins form struc­

tures of great complexity. Because the carbohydrate chains are 

often branched, the number of possible structures for a given num­

ber of monosaccharides is much larger than it is for the same num-

ber of amino acids forming a polypeptide. Sugar units shown in 

gray are not always present. The blood-group glycoprotein sbown 

is that of Type A blood; in Type B tbe acetylgalactosamine units 

shown in color are replaced by galactose. The broken lines con· 
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sible; it is constrained only by the avail­
ability of the substrates. Ultimately, of 
course, the saccharide side chains of gly­
coproteins are also expressions of genetic 
coding, but their structure is determined 
by the genes only at second hand. The 
primary products of the genes are the 
enzymes (which are themselves pro­
teins); by controlling the synthesis of 
the enzymes the organism maintains 
indirect genetic control of saccharide 
structure as well. 

The formation of the small carbohy­
drate side chains of collagen provides a 
relatively simple illustration of the proc-
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necting monosaccharides in these drawings 

do not represent specific bonds; some of the 

structures, particularly the more complex 
ones, have been only tentatively determined. 
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ess of oligosaccharide synthesis. In this 
glycoprotein either a single galactose 
unit or the disaccharide glucosyl-galac­
tose is linked to the amino acid unit hy­
droxylysine. The galactose is initially 
bound to a molecule of a nucleoside, 
uridine diphosphate (UDP); it is trans­
ferred to the hydroxyl group of hydroxy­
lysine in a reaction catalyzed by one of 
a group of enzymes called glycosyltrans­
ferases. Each of these enzymes is specific 
to both the donor (in this case UDP­
galactose) and the acceptor (hydroxy­
lysine). In a second step a glucose unit 

o 00 b N 
F 

w 
o 
o 

is transferred from UDP-glucose to the 
bound galactose molecule by another 
glycosyltransferase of different specific­
ity and cellular location. This enzyme 
will not attach glucose units to hydroxy­
lysine or to free galactose but only to 
protein-linked galactosylhydroxylysine. 

In spite of this specificity the glycosyl­
transferases are not as rigidly prescrip­
tive as the genetic mechanism of protein 
synthesis. The reactions the enzymes 
mediate are influenced not only by the 
enzymes but also by environmental fac­
tors, such as the relative abundance of 

4 

donor and acceptor molecules. Conse­
quently the number pf hydroxylysine 
residues in collagen that are unsubsti­
tuted, that carry only galactose and that 
carry glucosyl-galactose may vary. The 
result is a compound of heterogeneous 
composition. 

A critical step in the synthesis of the 
carbohydrate side chains of glyco­

proteins is the attachment of the first 
sugar unit to the completed polypeptide 
chain. Studies of the amino acid se­
quence of isolated glycopeptides have 
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STR UCTURA L ANALYSIS of a glycoprotein begins with the di. 

gestion of the polypeptide chain (1) with proteolytic enzymes, 

yielding peptides to which carbohydrate side chains remain at­

tached (2). These fragments are then treated with a succession of 

glycosidases, enzymes that cleave the glycosidic bond of specific 

monosaccharides and thereby remove sugars one at a time. Incuba· 
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tion with a fucosidase (3) removes the fucose units, which in 

this hypothetical glycoprotein occupy peripheral positions. In suc­

ceeding steps galactose (4) and mannose (5) are removed; finally 

acetyl galactosamine is released (6). Together with other methods 

of analysis this serial degradation can reveal both the structure 01 
the side chains and the nature of the carbohydrate.protein linkage. 

© 1974 SCIENTIFIC AMERICAN, INC



led to the identification of a linking re­
gion common to many glycoproteins. It 
consists of a tripeptide, asparagine-X­
serine or asparagine-X-threonine, where 
X represents any amino acid. The sac­
charide associated with this tripeptide 
is acetylglucosamine, which bonds to 
the asparagine unit. 

During the synthesis of certain glyco­
proteins this tripeptide may act as a 
marker recognized by the enzyme re­
sponsible for the attachment of acetyl­
glucosamine. It is important to note, 
however, that not all such tripeptide se­
quences in proteins have sugars bound 
to them. Ribonuclease B, for example, 
has a carbohydrate side chain linked to 
the tripeptide asparagine-leucine-threo­
nine; ribonuclease A, whose entire amino 
acid sequence is identical, has no carbo­
hydrate component at all. It appears, 
therefore, that factors other than this se­
quence are involved in determining 
whether or not the initial sugar unit is 
attached. 

The ultimate genetic control of glyco­
proteins is expressed with particular 
clarity in the human blood-group sub­
stances. The substances peculiar to both 
Type A and Type B blood are glycopro­
teins. The polypeptide component and 
most of each carbohydrate side chain of 
these molecules appear to be very sim­
ilar; they differ only in a sugar that 
occupies a peripheral position. In Type 
A blood this sugar is acetylgalactos­
amine, in Type B it is galactose. The 
presence or absence of both peripheral 
sugars is determined by genetically spec­
ified enzymes (glycosyltransferases) that 
attach the sugars to an incomplete "core" 
of glycoprotein. People with Type A 
blood possess an enzyme that transfers 
acetylgalactosamine (from UDP-acetyl­
galactosamine) to the "core"; those with 
Type B blood have an enzyme that 
transfers galactose (from UDP-galactose) 
to the same core. People who lack both 
enzymes are Type 0; those who have 
both belong to Type AB. The genes 
specifying the enzymes are inherited in 
a simple Mendelian manner. 

Molecules that have been identified 
as glycoproteins perform multifari­

ous roles in metabolism, and a few, such 
as the blood-group substances and the 
lectins, are of unknown function. Even 
where the function of the complete mole­
cule is well understood, however, the 
role played by the carbohydrate portion 
often remains a mystery. Ribonuclease 
B, a glycoprotein, exhibits exactly the 
same enzymatic activity as ribonuclease 
A, which has no sugar. It therefore ap-
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SYNTHESIS OF GL YCOPROTEINS in the cell takes place in two stages. The polypeptide 

portion of the molecule is assemhled first; it is produced at a rihosome according to in· 

structions emhodied in the genetic material of the cell (DNA and RNA). The saccharide 

side chains are added in subsequent enzyme.mediated processes. In the synthesis of col· 

lagen, lysine is first converted to hydroxylysine by the addition of a hydroxyl group. A gao 

lactose unit is then transferred to this amino acid from a donor molecule, uridine diphos· 

phate (UDP). This reaction is catalyzed by galactosyltransferase; the final step, in which a 

glucose unit is attached to the galactose, is controlled by glucosyltransferase. Various cofac· 

tors, such as iron and manganese, must also be present. Because the enzymatic process is not 

as rigidly prescribed as the genetic mechanism of polypeptide synthesis, some hydroxylysine 

residues may not acquire any carbohydrate and others may bear only galactose units. 

pears that the carbohydrate side chain 
does not affect the molecule's potency as 
an enzyme; if it does not, however, why 
is there sugar in ribonuclease B? 

In a few cases the function of glyco­
protein saccharides can be readily in­
ferred. In salivary mucins, for example, 
the numerous sialic acid residues pres­
ent on the exterior of the molecule repel 
one another and force the polypeptide 
chain to assume an extended rather than 
a globular conformation. Such extended 
molecules increase the viscosity of solu­
tions, an important property in body 
fluids that serve as lubricants and pro­
tective agents. Special physical charac­
teristics are also supplied by the carbo-

hydrate component of the antifreeze 
glycoproteins of Antarctic fish; selective 
destruction or removal of the sugars 
abolishes the ability of the compounds 
to depress the freezing point of water 
solutions. 

If a few sialic acid units are enzy­
matically removed from certain serum 
glycoproteins such as ll'1 acid glycopro­
tein, the substances are rapidly elimi­
nated from the circulation when they 
are injected into animals. The removal 
of sialic acid in these substances un­
masks galactose units; if these too are 
removed, the rate of elimination is great­
ly decreased. G. Gilbert Ashwell of the 
National Institutes of Health and Anatol 
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How CHARTS 

Morell of the Albert Einstein College of 
Medicine of Yeshiva University, who 
jointly discovered this phenomenon, 
have proposed that in some cases car­
bohydrate side chains may serve as 
markers or signals for the metabolic con­
trol of the protein by the organism. Oth­
er possible roles have been suggested: 
oligosaccharides may provide "handles," 
for example, for the transport of protein 
from one part of the cell to another, or 
they may render the protein resistant to 
enzymatic digestion. 

The most intriguing of these propos-
als, however, is that the sugars of gly­

coproteins may be the essential com­
ponent of the mechanism by which cells 
recognize other cells and large mole­
cules. These sugars, perched on the sur-

GLYCOPROTEIN 

face of the cell, appear to act as letters 
or words in intercellular communication. 

The importance of cellular communi­
cation is perhaps best illustrated by its 
role in the development of cancerous 
growths. The social behavior of malig­
nant cells is different from that of nor­
mal cells. Normal cells stop growing 
when they touch each other, for example, 
whereas cancer cells grow without re­
straint. Much evidence suggests that the 
transformation that makes malignant 
cells unresponsive to such environmental 
cues is related to a modiRcation of the 
cell surface. Recent investigations, some 
of which have been conducted in our 
laboratory, strongly suggest that this 
modification of the surface properties of 
the cell involves the sugar side chains of 
glycoproteins. 

BIOLOGICAL ROLE 
100r--------------------------------------r---------------------, 

90 

BLOOD-GROUP GL YCOPROTEINS FUNCTION UNKNOWN 

BO 

Can HELP YOU 70 

In The Stock Market' ' 
This provocative best-seller provides a 
clear, easy-to-follow guide to stock chart 
analysis. Written by recognized Wall 
Street chart authority William L. Jiler, it 
clearly sets forth the profit opportunities 
and possible pitfalls in using charts and 
indicators in market decision-making. De­
tails classic chart patterns-showing how 
and why they can often help foreshadow 
logical price changes. "Must" reading for 
newcomers and seasoned professionals 
interested in "the technical approach to 
the market". 204 pages - $10. (Please 
remit with order - two-week money-back ' 

• .' guarantee.) 

TRENCLINE 
345 Hudson Street, New York, N. Y. 10014 

A division of Standard & Poor's Corporation 

Please send me __ copies of HOW CHARTS 
CAN HELP YOU IN THE STOCK MARKET @ 
$10 each. My remittance is enclosed. (Two­

week money-back guarantee.) 

Name ______________ ________ _ 

Address ____________________ _ 

City __________ _ 

State _____________ Zip, ________ _ 
765/4SAH·18 

86 

w 
� 60 DOG SUBMAXILLARY MUCIN 

II: 
Cl 
>­
:c 
o In 
� 50 
u 
I­
Z w 
U 
II: 

POTATO AGGLUTININ 

SHEEP SUBMAXILLARY MUCIN 

� 40 ", ACID GLYCOPROTEIN 

30 HUMAN CHORIONIC GONADOTROPIN 

FETUIN 

20 HUMAN LUTEINIZING HORMONE 
HORSERADISH PEROXIDASE 

GLUCOSE OXIDASE 

1 0  
SOYBEAN AGGLUTININ 

RIBONUCLEASE B 

OVALBUMIN 
a 

MUCOUS SECRETION 

LECTIN 

MUCOUS SECRETION 

PLASMA COMPONENT 

HORMONE 

PLASMA COMPONENT 

HORMONE 
ENZYME 

ENZYME 

LECTIN 

ENZYME 

HEN-EGG FOOD RESERVE 

CARBOHYDRATE CONTENT of plant (color) and animal (black) glycoproteins ranges 

from about 1 percent to more than 85 percent. There are also variations in the size of the 

saccharide side chains, in the number of side chains per molecule and in molecular weight. 
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Archltccb Langdon & WI!son.:\ I A. 
It's a model. of course. But, a model so well 

detailed and so superbly photographed that you 
can almost hear the hum of the elevators. If you 
were a prospective tenant, you could readily 
visualize its effect on the prestige of your business. 

I n achieving this s::::: 
exceptional realism. ;::S 
architectural photo· � 
grapher Jack Laxer == 
has demonstrated = 
for us not only his 
expertise but also 
his innovative and 
highly imaginative 
appr oach to this.·., 
demanding application. When he recently acquir· 

ed hiS new Nikon F2 cameras, he went to extra· 
ordinary lengths in exploiting their capabilities. 

He designed ingenious support systems that 
allow totally flexible camera movement in all three 
directions and provides precise adjustments for 
about 800 different camera positions. It was a 
sizable investment in time, effort and money­
but the unique combination of cameras, cus· 
tomized support system and talent has already 

paid off. The archi· 
tects and builders, who 
are Laxer's clients, now 
can count on greater 
realism in photography 
for their promotional 
brochures. In fact, his 
Nikon photos are so 
accurate and so de· 
tailed that they enable 
clients to make de· 
sign changes before 
the actual construction 
begins. 

1lI11I11Iiillil... A pa rt fro m it s leg· 
endary precision and reliability. the Nikon F2 
offers special advantages for this type of work. 
Some are built in, such as the viewing system, the 
most accurate among 35mm cameras, and the 
multi·exposure provision that lets you add a 
background or put clouds in the sky. 

Others are available in' the Nikon System: The 
perspective'correcting PC-Nikkor lens, actually 
designed for architectural work. The 6X Magni· 

This 
building 
is2feet 
high 
fying Finder providmg. as Laxer puts it. "an 
image virtually equal to 6x9 inches" The unique 
Nikon Bellow Attachment IV whose front stan· 
dard movements permit corrective closeup pho· 
tography And, two of the nineteen interchange· 
able finder screens have grid patterns that 
simplify alignment of vertical and horizontal 
shapes in critical compositions. 

This kind of preCision photography has always 
been considered the exclusive domain of large. 
heavy studio view cameras. Yet. here it is done 
professionally with a 35mm camera that is best 
known for its speed and agility in handling split· 
second news. sports and similar action. 

But. that is what Nikon versatility is all about. 
To help you make superior photographs of 
whatever interests you. whether a model just 
inches from the camera or a solar eclipse across 
millions of miles of space. To inspire you to look 
for new visions. new ways to picture your world 
and to test the capabilities of a camera whose 
limits have yet to be reached. And. to help you 
put it all together, there's the Nikon School of 
Photography, traveling to all parts of the USA 

Your Nikon dealer will be glad to demon· 
strate the Nikon F2 and its system. Ask also 
about the Nikon School. Or 
write for folio 19, Nikon Inc., 
Garden City, New 
York 11530. Sub· 
sidiary/Ehrenreich 
Photo·Opticalln· 
dustries, Inc. rn[;d� 
(In Canada: Anglo· 
Photo, Ltd., P.Q.) 
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When the parts of a n1achine wear, they shed tiny bits of Inetal. 

A ne,v Inethod of analyzing such particles clarifies the process 

of wear and can give early warning of the failure of a n1achine 

by Douglas Scott, William W. Seifert and Vernon C. Westcott 

I
n a machine part such as a bearing 

wear is the removal and deformation 
of surface material. The process, 

which deposits tiny particles of metal in 
the lubricant of the machine, can be slow 
and normal or fast and catastrophic. Dis­
tinguishing between the two states is ob­
viously a matter of concern to the me­
chanical engineer, and a strong clue is 
provided by the particles of wear. A new 
method of detecting and isolating such 
particles both reveals abnormal wear 
and elucidates the entire process. 

Some machines built in the 19th cen­
tury operated for as long as 70 years 
without failure. Much of their longevity 
was the result of continuous mainte­
nance. On the walking-beam steamboat, 
for example, an oiler frequently inspect­
ed and lubricated the engine. This spe­
cialist could see most of thc moving parts, 
and if one began to wear rapidly, reme­
dial action could be taken before the 
machine failed. 

Machines today are compact and the 
moving parts are totally enclosed. In or­
der to determine the type and rate of 
wear the modern maintenance engineer 
must periodically dismantle the equip­
ment. Such a procedure not only is costly 
but also may decrease rather than in­
crease the length of time that the ma­
chine will operate without failure. The 
danger of failure is much greater at 
startup than aftcr the machine has becn 
running for some time. 

In 1970 two of us (Seifert and West­
cott) began to look for a simple method 
of detecting the inCipient failure of ma­
chine parts. At that time the emission 
spcctrograph had come into fairly wide 
use for detecting abnormal wear in ma­
chines. The method is based on the fact 
that a rapid increase in the amount of 
metal in the oil indicates that a part is 
wearing abnormally. Although the elllis-

88 

sion spectrograph can measure the quan­
tity of each of se\'eral metals in lubricat­
ing oil, it does not distinguish between 
particles of frce metal and particles of 
metal oxides (or other compounds of the 
metal), 

After examining the problem we con­
cluded that it would be necessary to find 
out what types of metal particles were 
in the oil before further progress could 
be made. We collected samples of oil 
from airplane engines and examined 
them in a high-quality transmitted-light 
microscope. Although we could see par­
ticles in the oil, we quickly realized that 
the number of particles did not corre­
spond to the amount of wear metal in the 
oil as determined with the spectrograph. 
Next we examined samples of oil in an 
ultramicroscope. In this instrument the 
specimen is illuminated at an angle, so 
that if a clear liquid is examined, no light 
is seen, but if particles are present, the 
light is scattered and enters the objective 
lens. Particlcs much smaller than a wa,'e­
length of light can be detected. 

rrhe oil samples were found to contain 
, a large number of wear particles 

ranging in size from several micrometers 
(thousandths of a millimeter) to as small 
as 20 nanometers (millionths of a milli­
meter). There were about a trillion (101") 
particles per cubic centimeter of oil. In 
addition to the wear particles there was 
a larger number of other kinds of parti­
cles that were not the result of wear. 
They came from the air and other sourc­
es of contamination. 

Since most of the wearing parts in a 
machine are made of steel, we thought 
that a magnet would attract the steel 
wear particles and that the resulting mo­
tion would be visible in the ultramicro­
scope. To our surprise, when a powerful 
Alnico magnet was put on the micro-

scope stage, none of the particles in the 
field moved. This prompted a theoretical 
analysis of the magnetic forces that 
would be exerted on tiny steel particles 
by such a magnet. The conclusions 
drawn from the analysis confirmed the 
observed fact that the attractive force is 
small. 

The typical wear particles are so mi­
nute that their north and south magnetic 
poles are very close together. When they 
are put in a magnetic field, the attraction 
of one pole is almost perfectly halanced 
by the repulsion of the other. The parti­
cle immediately rotates to align its poles 
with the magnetic fi�ld, but it is not in­
duced by the small residual foree to 
move through the viscous oil. 

Next we placed a specially designed 
magnet with a large field gradient on the 
microscope stage. This magnet attracted 
a small fraction of the particles in thc 
oil. The reason is that in a highly diver­
gent magnetic field the force acting on 
one pole of a particle is substantially dif­
ferent from the force acting on the other 
pole, Further studies showed that most 
of the very small metal wear particles 
behave like permanent magnets. Thc 
particles are so small that they have only 
one magnetic "domain," or at most a few 
domains. Indeed, they are among the 
most powerful magnets in existcnce. The 
larger particles of steel in the oil have 
thousands of randomly oriented mag­
netic domains and do not exhibit perma­
nent magnetism. 

The examination of oil from jet en­
gines that had failed showed that al­
though it contained a higher concentra­
tion of steel particles, they had a lowcr 
magnetic moment than the particles ill 
oil from engines that were running sat­
isfactorilv. This finding indicated that 
when an engine began to fail, the a\'er­
age size of the wear particles in the oil 
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increased. We concludcd that it would 
be worthwhile to isolate the wear par­
ticles from the oil and determine their 
size distribution. 

Filters with specific pore sizes make it 
possible to recover most of the particles 
in the oil, but the filters do not distin­
guish between the wear particles and the 
nonwear ones. The piles of assorted par­
ticles that are collected by the filters are 
thus essentially "dirt." As a result of the 
discovery of the unusual magnetic prop-

Cities of wear particles, however, we de­
"eloped a new instrument that has come 
to be known as the Ferrograph analyzer. 
In this instrument the sample of oil to be 
examined passes through a highly diver­
gent magnetic field as it is running down 
a microscope slide with a specially treat­
cd surface. 

After the oil has been removed from 
the slide the particles are found arranged 
according to size along the length of the 
slide. Since the wear particles are pre-

cipitated magnetically, virtually all the 
unwanted dirt particles are eliminated, 
and since the precipitated particles are 
deposited according to size, they can be 
viewed easily. Large particles are not ob­
scured by clusters of small ones, and the 
unigue characteristics of the small palti­
des can be determined. 

The Ferrograph analyzer consists of a 
pump that delivers the oil sample at a 
low rate (on the order of .25 cubic centi­
meter per minute), a magnet that de-

SPHERICAL WEAR PAHTICLES were dIscovered m microscopic 

fatigue cracks in the balls of ball hearings when they were exam· 
ined in the scanning electron microscope. Two spheres on the su\'o 

face of a microcrack are shown here enlarged 5,000 diameters. 
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RUBBING·WEAR PARTICLES from cold· rolled steel, seen in the 

biehromatic microscope (see illustration 011 opposite page), are 

enlarged 1,300 diameters. Strings follow magnetic lines of forre. 

BRONZE RUBBING·WEAR PARTICLES, enlarged 900 diameter" 
arc weakly magnetic and appear a]ong with �maller steel (lartide�. 

CUTTING·WEAR PARTICLE, enlarged 1,300 diameters, sholl, 

colors raused by heating. Note small sphere to the right of renter. 
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STAINLESS·STEEL WEAR PARTICLES, enlarged 1,300 diame· 

tel's, form short, fat strings that are readily distinguished from the 

long, thin strings formed by the wear particles of low.alloy steels. 

FATIGUE PARTICLE, enlarged 900 diameters, from lubricating 

oil of helicopter transmission exhibits fractured crystal faces. 

SPIRAL CUTTING·WEAR PARTICLE, very similar to chips pro· 

dueed hy a metal.cutting lathe, is shown enlarged 1,600 diameters. 
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velops a high-gradient magnetic field 
near its poles and a treated microscope 
slide. The magnetic particles adhere to a 
substrate on the slide, which is mounted 
at a slight angle to the horizontal. The 
oil sample is first diluted with a special 
solvent in order to increase the mobility 
of the wear particles in it. The diluted 
oil is pumped to the higher end of the 
slide and flows off the lower end [see top 
illustration on next page J. 

The magnetic field is stronger at the 
exit end than at the delivery end. As a 
result the particles are subjected to a 
continuously increasing magnetic force 
as they flow along the slide. In the pres­
ence of the strong magnetic field of the 
Ferrograph analyzer all the steel parti­
cles, even the largest, are magnetically 
saturated, so that the attractive force is 
proportional to the volume of the parti­
cle. The combination of drag forces and 
magnetic forces causes large particles to 
be deposited first. As a result of the high­
er surface-to-volume ratio of the smaller 
particles, they migrate through the oil 
slowly and flow with the oil for a greater 
distance before they are deposited. 

After approximately two cubic centi­
meters of the sample has been pumped 
across the slide, a washing cycle removes 
the oil and a fixing cycle causes the wear 
particles to adhere to the substrate. The 
liquids used for these purposes evapo­
rate quickly and leave the particles per­
manently attached. A normal pumping 
time for an oil sample is five minutes, 
with another three minutes required for 
washing and fixing. 

T he deposited particles appear as a 
dark band along the slide [see middle 

illustration on next page J. By measuring 
the optical density at various points on 
the band one can determine the average 
density and size distribution of the wear 
particles. We have found that a rapid in­
crease in the ratio of large particles to 
small ones indicates that severe wear has 
started. Although valuable information 
is obtained from the optical-density 
readings, much additional information 
about the nature of wear particles has 
been gained from microscopic examina­
tion of the particles on the slide. 

When a slide is viewed in a micro­
scope using reflected light, it is difficult 
to distinguish the free metal from the 
compounds. In the transmitted-light mi­
croscope the particles appear as black 
shadows with no surface detail. In order 
to examine the particles more effectively 
we had to develop a new technique of 
microscope illumination, one in which 
both reflected and transmitted light are 
used but in which the reflected light is 

red and the transmitted light is green. 
The instrument is called the bichromatic 
microscope [see illustration at right J. 

This lighting arrangement exploits the 
fact that metals attenuate light much 
more than compounds do. That is, metals 
contain free electrons that absorb and 
reflect light waves after they have pene­
trated only a few layers of atoms. Parti­
cles consisting of compounds allow much 
of the light to pass through them. The 
result in the bichromatic microscope is 
that metal particles as small as one mi­
crometer will reflect the red light while 
blocking the green light and therefore 
appear to be red. Compound particles 
that allow much of the green light to 
pass through them will appear to be 
green. If they are several micrometers 
thick, they will be yellow or pink. Metal 
particles do not have to be highly reflect­
ing in order to be visible, and particles 
with different surface conditions are dis­
tinguishable by the intensity of the red 
light they reflect. 

Extensive microscopic examination of 
particles deposited on Ferrogram slides 
has revealed that wear particles have 
characteristic physical properties such as 
shape and composition. Moreover, parti­
cles generated by different kinds of 
wearing mechanisms can be distin­
guished from one another. In these 
studies we were greatly assisted by col­
leagues at the National Bureau of Stand­
ards and in the Department of Mechani­
cal Engineering at the Massachusetts 
Institute of Technology; we also re­
ceived much help from Richard S. Miller 
of the Office of Naval Research. 

The wear particle most frequently ob­
served is generated by rubbing or adhe­
sive wear. These particles are asym­
metrical and can be as long as five mi­
crometers or as short as 20 nanometers. 
They are found in the lubricants of all 
machines and can be considered to be 
indicators of normal wear. They are pro­
duced in large quantities when one 
metal surface slides over another, for 
example when a piston moves in a cylin­
der of an automobile engine. 

The classical explanation of the proc­
ess by which rubbing-wear particles are 

formed assumes that contact between 
metal surfaces occurs where asperities, 
or microscopic high spots, on one surface 
touch and adhere to asperities on the op­
posing surface. As the surfaces move 
over each other some of the asperities 
presumably shear off and become weld­
ed to the opposing surface. In some in­
stances asperities break off completely 
and enter the lubricating oil. 

Our early work with wear particles 
isolated on Ferrogram slides revealed 

MIRROR 

) 

RED LIGHT SOURCE 

) 

SPECIMEN SLIDE 

GREEN LIGHT SOURCE 

BICHROMATIC MICROSCOPE has two 

light sources, one green and the other red. 

The green light is transmitted through the 

specimen and the red light is reflected from 

its surface. This arrangement makes it pos· 

sible to distinguish between free metal par· 

ticles and oxides or other compounds. Free 

metal particles as small as one micrometer 

(thousandths of a millimeter) reflect red 

light and are seen as red. Compound par· 

ticles let green light through and depending 

on thickness appear green, yellow or pink. 
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"FERROGRAPH" ANALYZER separates wear particles from lubricating oil by precipi. 

tation in a strong magnetic field. Larger particles are deposited near the oil inlet; smaller 

magnetic particles migrate farther along the slide. After about two cubic centimeters of the 
oil sample has passed over the slide, washing and fixing solutions are pumped over the 

substrate of the slide to remove the remaining oil and to bond the particles to the surface. 

DEPOSITED WEAR PARTICLES on a Ferrogram slide form a dark band with large par· 

ticles at the inlet (lelt) and small particles at the outlet (right). The size distribution of 

the particles can be determined by measuring the optical density at various points on the 

band. Particles can be examined in a microscope to determine the type of wear taking place. 

STRINGS OF RUBBING-WEAR PARTICLES on a Ferrogram slide are enlarged 6,500 

diameters in this scanning electron micrograph. The disk-shaped particle with faint ra­

dial marks probably was formed by being squeezed between two hard opposing surfaces. 
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that the classical explanation was in er· 
ror. The rubbing-wear particles appear 
as thin flakes of metal with highly pol­
ished surfaces [see bottom illustration at 
leftl. Moreover, when the polished sur­
face of a machine part is examined with 
the scanning electron microscope, it ap­
pears to be extraordinarily smooth. 

The rubbing of opposing surfaces pol. 
ishes the surface and creates an upper 
layer that is different from the underly­
ing metal. This layer is very similar to a 
layer on polished metal surfaces that was 
first noted by Sir George Beilby some 70 
years ago and is now named after him. 
The Beilby layer does not require direct 
metal-to· metal contact for its generation, 
although it is usually formed that way. 
Beilby was able to produce the layer by 
polishing metal with a chamois skin. 
Stropping a razor is another way of pro­
ducing a Beilby layer. 

The Beilby layer has the same con-
stituents as the parent metal but the 

long-range order of the metal crystals is 
missing. It has largely been neglected by 
modem metallurgists because they rou­
tinely etch metal specimens before ex­
amining them, and etching dissolves the 
Beilby layer. The material of the layer 
is almost superductile and spreads over 
cracks and other irregularities in the un­
derlying metal. Repeated rubbing causes 
the Beilby layer to become fatigued, and 
particles of it flake off [see bottom illus­
tration on opposite page l. 

On the Ferrogram slide rubbing-wear 
particles are marshaled into chains by 
the lines of force in the magnetic field. 
Many of these chains include other parti­
cles. They may be flakes of iron oxide 
from the oxidized surface of the steel or 
oxide inclusions present before oxida­
tion. Among the wear particles of hard 
steels are refractory, pebble-shaped par· 
ticles consisting of an iron oxide (Fea04) 
with iron dissolved in it. Their presence 
points to the class of steel being worn. 

Some machine parts are made of non· 
magnetic stainless steel. Even these 
parts, however, can produce wear par. 
ticles that are magnetic. The effect is at· 
tributed to cold-working, which converts 
austenite, a nonmagnetic solid solution 
of iron and carbon, into martensite, a 

magnetic solid solution. Particles from 
stainless-steel parts tend to deposit in 
short, fat strings that are easy to distin­
guish from the long, thin strings formed 
by particles from low-alloy steels. 

Rubbing-wear particles of an unusual 
class are generated when a nonferrous 
metal is in contact with a ferrous one. 
The nonferrous particles that are formed 
are slightly magnetic and are depOSited 
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BEILBY LAYER is formed on a machined bronze surface, en· 

larged 1,100 diameters, as a piece of steel is rubbed over it (lelt). 

The motion of the steel is from lower left to upper right and at 

right angles to the wide machining scratch. As the rubbing con· 

RUBBING WEAR is the most common kind of wear and occurs 

when one metal surface slides over another metal surface. The reo 
peated rubbing produces a thin Beilby layer, shown in white, in 

which the long·range crystalline order of the atoms of the metal is 

tinues the Beilby layer covers the scratch (center and right). 

Rubbing·wear particles break off. These scanning electron micro· 

graphs, provided by Harry Koba of the Massachusetts Institute of 

Technology, do not show·identical portions of the bronze surface. 

disrupted. Often the Beilby layer is not tightly bonded to the un· 

derlying surface, and with successive passes of the metal surfaces, 

sections of the layer spall off. In addition smaller portions of the 

layer may flake off. Only wear of the lower metal surface is shown. 
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CUTTING-WEAR PARTICLES formed after the initial failure of two main bearings 

in a jet engine are enlarged 2,000 diameters in these scanning electron micrographs_ The 

particles were collected on a Ferrogram slide_ Many show serrations or chatter marks_ 
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CUTTING WEAR occurs when particles are machined from a metal surface either by a 

sharp projection (top) or by an abrasive particle (bottom)_ A rapid increase in the number 

of cutting-wear particles in the lubricating oil indicates machine failure may be imminent_ 
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farther along the Ferrogram slide than 
might be expected on the basis of their 
size [see middle illustrations on page 
90], It is believed that in the wear proc­
ess minute magnetic steel particles be­
come embedded in the nonferrous parti­
cles. 

A different type of particle is pro­
duced by cutting, or abrasive, wear. 
Such particles are manufactured when 
an abrasive particle on one surface cuts 
strips from the opposing surface. They 
look like chips from a metalworking 
lathe, and they take the form of spirals, 
loops and bent wires. 

Cutting-wear particles can be gener­
ated without the presence of an abra­
sive. Under some conditions sharp pro­
jections on the surface of a machine part 
can give rise to cutting-wear particles. 
On the other hand, the presence of an 
abrasive such as sand in the lubricating 
oil does not necessarily lead to the gen­
eration of cutting-wear particles. It may 
be that the sand is not sufficiently hard 
or that the sand particles are not held in 
a pOSition where they can cut chips from 
a metal surface. 

The presence of individual cutting­
wear particles is not significant, but the 
presence of several hundred is an indi­
cation that a severe cutting-wear process 
is under way. A sudden increase in cut­
ting-wear particles in successive oil sam­
ples indicates that machine failure is im­
minent. 

Surface fatigue resulting from very 
high stresses generally gives rise to char­
acteristic chunklike particles in which 
the three perpendicular dimensions are 
roughly the same. For example, in a 
highly loaded gear system the surface of 
a gear may develop a series of minute 
cracks. In the scanning electron micro­
scope such a surface looks much like the 
clay bottom of a dried-up reservoir. Par­
ticles are spalled from the surface by the 
repeated buildup and release of pres­
sure. 

I n the course of examining scanning 
electron micrographs of ball bearings 

that had failed one of us (Scott) and his 
colleagues at the National Engineering 
Laboratory in Glasgow discovered mi­
nute spherical particles in the fatigue 
cracks. At about the same time tiny 
spherical particles were found on some 
Ferrogram slides. Comparison of photo­
graphs taken by the two groups showed 
that the spheres appeared to be identi­
cal. How these spheres come to be 
formed has turned out to be one of the 
most interesting aspects of our investiga­
tion of wear particles. 

A fatigue crack in a ball bearing or in 
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SURFACE·FATIGUE WEAR results from the high stresses im. 

posed by repeatedly loading and unloading, for example near the 

tip of a heavily loaded gear tooth. Cracks develop on the surface 

(top illustrations, showing top view) and perpendicularly to it 

(bottom illustrations, showing cross·sectional view). Eventually the 

surface and underlying cracks link up and rectangular chunks 

spall out, leaving minute pits on the surface. The arrows indicate 

the direction of the reciprocating sliding motion of the gear teeth. 

its race may either begin at the surface 
and propagate inward or begin below 
the surface and propagate outward. 
Modern steels contain few foreign inclu­
sions, so that the probability of a sub­
surface Haw is low. It is therefore be­
lieved many of the cracks originate at 

the bearing surface. They propagate into 
the material at a small angle with respect 
to the surface and then turn parallel to 
the surface. 

heavily loaded system. As the balls roll 
over the race the minute cracks that are 
formed are subjected to an alternation of 
extremely high pressure and low pres­
sure. The crack may become filled with 
lubricant, and as the ball rolls over the 
crack the oil is trapped and subjected to 

The pressure directly under the con­
tact point of a bearing can reach 40,000 
kilograms per square centimeter in a 

PIT ON SURF ACE OF BALL BEARING, enlarged 25 diameters 

(left), was formed by spalling. The bottom surface of the crack 

from which the spalled material came is seen in greater detail at an 

enlargement of 120 diameters (middle). This surface is not the 

original fractured surface but rather a Beilby layer formed by the 

mechanical working of the crack. Spherical particles in the pit are 

shown enlarged 600 diameters (right). It is believed the spheres 

are held to the surface by a sticky polymer formed from compo· 

nents of the oil. These scanning electron micrographs were pro· 

vided by Arthur W. Ruff, Jr., of the National Bureau of Standards. 
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SPHERICAL PARTICLES found on a Ferrogram slide are shown 

enlarged 3,500 diameters in this scanning electron micrograph. 

Smooth rubbing·wear particles are seen behind the larger sphere. 

4 > 5 

FATIGUE CRACK in a ball.bearing race fills with lubricating oil. 

When a ball rolls over the crack, the trapped oil is compressed and 

subjects the interior of the crack to very high pressure. When the 

ball moves on, the oil is ejected. Repeated compression creates a 
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SPHERE IN CRACK appears to be in the process of formation. 

The surface of the sphere is covered with laminae that have not 

yet been smoothed out. Magnification is about 6,000 diameters. 

:> 6 

Beilby layer inside the crack, from which Hakes of metal break off. 

Minute spherical particles form in the cracks, perhaps as a result of 

a random rolling up of the small Hakes generated in the crack or 

generated elsewhere and carried into the crack by the lubricant. 
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such high pressure that it may become a 
semisolid. As the ball moves on, the en­
trance to the crack opens up and the oil 
is ejected. The process is of course re­
peated an enormous number of times. 

The motion of the surfaces of the 
crack and the stress produced by the 
pressurized lubricant can lead to the cre­
ation of a Beilby layer within the crack 
itself. Then thin flakes of metal quite 
similar to adhesive-wear flakes form in 
the crack. Scanning electron micro­
graphs of cracks indicate that the 
spheres may be generated by a deform a-

. tion process in which the flakes formed 
in the crack or generated elsewhere and 
carried into the crack by the lubricant 
are rolled into a spherical shape [see bot­
tom illustration on opposite page J. The 
action can be likened to the process by 
which a schoolboy makes a spitball. The 
detailed mechanism whereby the ran­
dom rolling of small flakes gives rise to 
spheres, however, is still unknown. 

As lubricating oil circulates through a 
machine it picks up myriads of wear par­
ticles; indeed, so many wear particles are 
generated that a small sample of oil con­
tains a complete record of how each 
wear surface is faring. Each particle in 
turn carries with it the history of the 
conditions under which it was formed. 

W hen a machine is first put into ser-
vice, it goes through a wearing-in 

process. During this time the absolute 
number of wear particles quickly reaches 
a peak and then decreases. Finally an 
equilibrium is reached, and the number 
and type of particles in the oil tend to 
remain fairly constant. The large major­
ity of the particles in this equilibrium 
phase are rubbing-wear particles; the oil 
contains very few cutting-wear particles, 
large fatigue particles and spherical 
particles. 

When new wear mechanisms arise, 
the particle distribution is modified. If 
the wear is severe, the amount of metal 
in the oil increases and the ratio of large 
particles to small ones goes up substan­
tially, often by an order of magnitude or 
more. Simultaneously new types of par­
ticles other than rubbing-wear particles 
appear in quantity. 

There is every expectation that with 
additional research it will be possible to 
reliably relate the wear particles in the 
oil with the part of the machine from 
which they come. Other research is di­
rected to finding out more precisely how 
wear particles are formed and to deter­
mining the Significance of various types 
of wear with respect to the future opera­
tion of the machine. 
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Computer Graphics in Architecture 
A computer programmed to generate pictures or drawings can show 

a prospective building zn various settings, enabling an observer 

to "walk" through the scene. It can also produce detailed plans 

D rawings and models are the tradi­
tional means whereby an archi­
tect depicts to his client where a 

building might be put, how it might look 
and what the details of design and con­
struction might be. The method is satis­
factory but basically inflexible; if the 
architect or the client wants to see how 
the building would look in a different 
setting or orientation or with different 
details, new drawings and models must 
be made, at a considerable cost in time 
and money. Imagine, then, the benefits 
of a scheme that would quickly produce 
color pictures showing a prospective 
building in different places and perspec­
tives, portraying, for example, how a 
new library on a college campus would 
look as one approached it on foot from 
various directions. Employing computer­
generated graphic displays, my col­
leagues and I at the Cornell University 
College of Architecture, Art and Plan­
ning, in cooperation with the Visual 
Simulation Laboratory of the General 
Electric Company, have been working 
with a program that produces just such 
pictures. With further modifications, ad­
ditional data and new plotting equip­
ment the system would also be capable 
of rapidly printing detailed architectural 
drawings. 

Our ba�ic problem was one that artists 
have confronted since drawing began: 
How does one portray a three-dimen­
sional scene on a two-dimensional sur­
face? In Western cultures the early at­
tempts to solve this problem entailed em­
ploying such standard cues of depth as 
the overlapping of surfaces and the fact 
that the size of a known object in a pic­
ture is inversely proportional to its dis­
tance from the observer. Artists have also 
developed such conventions as putting 
closer objects in the bottom foreground 
and making receding lines oblique. 

Not until the Renaissance was the art 
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of perspective drawing thoroughly in­
vestigated. The masters of the Florentine 
school produced many paintings in 
which perspective geometry was con­
veyed accurately and realistically. The 
usual technique was to have in the paint­
ing a single vanishing point, that is, a 
point where receding lines representing 
parallels seem to meet. 

Today it is possible to derive this kind 
of visual logic mathematically and to in­
struct a computer to draw the perspec­
tive images. Consider an observer look­
ing at a rectangular three-dimensional 
object [see top illustration on page 101]. 
The hypothetical lines from his eye to 
various points on the object constitute a 
bundle of view rays. The perspective 
drawing is constructed by determining 
the intersections of the view rays with an 
imaginary picture plane and connecting 
the appropriate points. The result is a 
two-dimensional image of the object pro­
jected on the picture plane. 

A number of mathematical methods 
exist for computing a perspective 

image of an object composed of straight 
lines. They all require that a complete 
three-dimensional description of the ob­
ject be stated in the form of the geo­
metric coordinates of each vertex on the 
object. The frame of reference for the co­
ordinates is a set of three axes (designat­
ed x, y and z) emanating from an arbi­
trary point and forming right angles with 
one another. The relation of the axes is 
what one would find in the lines emanat­
ing from a corner of a cube: a vertical 
line and two horizontal lines. Procedures 
for programming a computer to create 
the perspective image rely variously on 
solid geometry, vector equations and 
matrix transformations. 

At present the commonest approach is 
to transform the mathematical quantities 
describing the observer, the object and 

the plane of the picture into a single co­
ordinate system. The viewer is the ori­
gin, and the orthogonal axes are parallel 
to the picture plane and to the line of 
sight. By this means the intersection of 
the view rays with the picture plane can 
be computed readily by ratios derived 
from the geometry of similar triangles. 

When all the lines of the object are 
drawn between their analogous points 
on the picture plane, the result is a "wire 
line" drawing [see bottom illustration on 

page 101]. This type of two-dimensional 
representation is confusing unless the 
"hidden lines" are removed. They are the 
lines the observer would not see in the 
three-dimensional object. Once the com­
puter has been given the complex in­
structions on what it cannot "see," caus­
ing it to remove the hidden lines, more 
readable drawings can be generated. 

Drawings of this kind are usually ob­
tained from the computer by means of a 
plotter in which the machine controls the 
motion of the pen or the paper or both. 
An electrostatic printer-plotter is another 
output device, which can produce both 
line drawings and halftone pictures simi­
lar to the ones yielded by photocopying 
machines. Still other devices for graphic 
output are the cathode ray tube and the 
television screen. 

The most realistic graphic result is ob­
tained with a color television set as the 
output device. This process was intro­
duced by the Visual Simulation Labora­
tory of General Electric for simulation 
procedures designed to train astronauts 
for docking maneuvers in space. The ab­
stract images were displayed 30 times 
per second, which is the rate of repeti­
tion of the picture on an ordinary tele­
vision set and was rapid enough to simu­
late continuous movement. 

For architectural purposes such speed 
is not necessary. With less frequent dis­
plays highly complex and detailed im-
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COMPUTER·GENERATED VIEWS of a building proposed for 

tbe Arts Quadrangle of Cornell University appear in pbotographs 

of a televi,ion display treated by the computer. The building, a 

museum, is the squarish white structure in the hackground of the 

photograph at top left. In the first three photographs, reading from 

left to right, the observer is taken on a "walk" toward the museum. 

In the fourth photograph the museum is seen from a distant corner 

of the quadrangle. In the photograph at bottom left the observer 

i� in the museUlIl looking toward Cayuga Lake, and in the fina] 

photograph he is Jooking back along the route of the ''"walk.'' 
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SETTING OF MUSEUM is shown correctly in this computer·gen· 

erated "iew in which the observer is assumed to be on the roof of 

MISLOCATED MUSEUM is placed by the computer in the middle 

of the Arts Quadrangle. The mislo('ation is deliherate and some· 
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a building diagonally across the A rts Quadrangle. Route of walk in 

photographs on preceding page was along front of domed building. 

what farfetched, but it demonstrates the ease with which different 

archite(·tural schemes ('an be tested by means of computer displays. 
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ages can be constructed and filmed as a 
motion picture, thereby creating in the 
viewer a sense of walking toward a 
'ouilding or among a group of buildings. 
To demonstrate this capability our group 
produced two years ago, with the Gen­
eral Electric facility, a motion picture in 
color depicting the evolution over a pe­
riod of time (future as well as past) of 
the Arts Quadrangle at Cornell. Most of 
the photographs accompanying this arti­
cle are taken from the film. 

In contrast to the kind of representa­
tion made by wire-line drawings the ba­
sic element for our system is the opaque 
plane. Lines are visible on the television 
screen only as the edges of two planes 
of different color. Since all the planes 
"painted" on the screen are opaque, the 
hidden-line problem becomes how to 
establish the proper sequence for dis­
playing the planes. If as an observer 
looked at a building one plane obscured 
another plane or part of it, the obscured 
plane should be put on the screen first. 
In other words, the chronological order­
ing of the successive layers of the image 
is from background to foreground. 

A plane in such a situation can be de­
scribed as a polygonal face that is either 
opaque or transparent to an observer, 
that is, he can see it or he cannot. For the 
computer the polygon is defined geo­
metrically by its vertexes, and its color is 
identified by a particular number. Our 
convention was to put the vertexes de­
scribing a plane into the computer in a 
clockwise sequence when the plane was 
viewed from the opaque side and in a 
counterclockwise sequence when the 
plane was viewed from the transparent 
side. The computer treated the planes 
accordingly as opaque or transparent. 

A plane or a face may also have sub­
faces that are contained entirely within 
the plane. Doors and windows are exam­
ples. The computations that determine 
when that plane should be portrayed in 
the sequence also serve for its subfaces, 
provided that each subface is painted 
over its parent plane. 

rrhe setting for a prospective building 
is likely to contain several objects, in­

cluding existing buildings and parts of 
buildings and a certain amount of ter­
rain. If in a complex setting it is impos­
sible to determine the order in which the 
faces of an object should be painted, the 
object must be further subdivided into 
clusters by means of separating planes 
[see top illustration on page 103]. The 
planes establish a logic that serves the 
computer in determining the sequence of 
painting clusters. Within each cluster 

z 

x 

PERSPECTIVE DRAWING is the principle underlying the transformation of a three-di­

mensional scene into a two-dimensional picture by the computer. View rays (color) between 

an observer and a three-dimensional object intersect an imaginary picture plane. By con­

necting the appropriate points of intersection one obtains a representation of the three­

dimensional object on the plane. The geometric framework whereby the computer locates 

an object in space is a system of coordinates arising from the orthogonal axes x, y and z. 

the sequence of painting the faces is un­
ambiguous. 

If the ima ges are to be realistic, the 
computer must be given instructions for 
solving the hidden-plane problem. The 
mathematics for such a program are fair­
ly complicated. In essence what the pro­
gram must do is enable the computer to 
answer four categorical questions. 

The first question is whether or not 
the plane is visible by itself. In answer­
ing the question the computer calculates 
the perpendicular to the surface of the 

a b 

plane. If the angle between the perpen­
dicular and the direction of view is 
acute, the plane is visible [see illustra­
tion on next page]. If the angle is obtuse, 
the plane is not visible. 

The second question is whether or not 
the plane is obscured by any other plane 
within the same cluster. If it is, the ob­
scured plane is painted first, even if it is 
only partly obscured. On other occa­
sions, as when one is looking toward a 
corner of a rectangular building, the two 
visible planes (the two visible sides of 

c 

HIDDEN-LINE PROBLEM must be dealt with by a computer program designed to yield 

clear representations of three·dimensional objects in displays of the "wire line" type. If all 

the lines of the object are displayed (a), the picture is confusing. The computer must be 

given instructions for remo,-ing the lines that could not be seen in a three-dimensional ob. 

ject or the result can be ambiguous. Removal of the obvi�usly hidden lines in the figure at 

a could result in either b or c as the display unless the instructions were quite precise. 

101 

© 1974 SCIENTIFIC AMERICAN, INC



the building) do not overlap, and so the 
order in which they are displayed is in­
consequential. 

The distinctive property of a cluster 
is that all the faces in it can be properly 
ordered for display regardless of the po­
sition of the observer. This property can 
best be seen by referring again to the 
illustration depicting separating planes 
and clusters [top of opposite page]. The 
object in the illustration is a schoolhouse 
that has been subdivided into three 
clusters by means of two separating 
planes. 

It is also possible, of course, for the re­
lation between planes to change as the 
observer moves. Imagine a situation in 
which Plane A obscures part of Plane B 
when the observer is in one position, 
whereas Plane B obscures part of Plane 
A when the observer moves to a different 
place. In this case it is impossible to or­
der the sequence of display on the basis 
of nothing more than the geometry of the 
object, since the sequence also depends 
on the position of the observer. Here a 
separating plane is devised to eliminate 
the ambiguity. 

I should emphasize that separating 
planes and clusters are concepts, not real 
objects; their purpose is to make it pos­
sible for a computer to display plane 
faces in a sequence that yields a realistic 

picture. Determining the location of the 
separating planes for a given structure 
requires a fair amount of skill and prac­
tice. Once it has been done, however, 
the faces in each cluster can be ordered 
without further concern for the posi­
tion of the observer. The computational 
process is rather long, but it need be 
done only once. The resulting ordered 
list of faces is stored in the computer's 
memory. 

Now the third question arises: Is the 
cluster obscured by any other cluster 
within the same object? The order in 
which the clusters are displayed depends 
on the position of the observer. In the 
illustration of the schoolhouse the ob­
server's position is on the near side of 
Separating Plane 1 and above Separat­
ing Plane 2. It is evident that from his 
perspective Cluster B will obscure parts 
of Cluster A and Cluster C and Cluster 
A will obscure part of Cluster C. Since 
the order of display is from background 
to foreground, the sequence of painting 
the clusters for the schoolhouse is C, A 
andB. 

The final question is whether or not 
the object is obscured by any other ob­
ject. It therefore concerns the order in 
which objects are displayed. Usually ob­
jects are separate (two buildings, for ex­
ample), so that one can deal with them 

VISIBLE SURF ACES of a three·dimensional object must be established for a computer if 

the machine is to "paint" a realistic picture of a building on the television screen that serves 

as the output device. The program that enables the computer to ascertain what faces would 

be ohscured is hased on the angle (color) between the perpendicular to each face and a 

line parallel to the ohserver's line of sight. If the angle is acute, the face is visihle from 

the position of the observer, whereas an angle that is ohtuse signifies an iuvisihle face. 
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by means of range points. Each object is 
arbitrarily given a range point. The or­
der in which the objects are displayed is 
then determined by their distance from 
the observer. The objects farthest away 
will be painted first, and the closest ones 
will be painted last. 

Once the perspective transformations 
and the sequence for displaying images 
have been established for a particular 
scene, the picture can be formed on the 
television screen. The computer can con­
trol the generation of the picture in such 
a way that each dot or raster on the 
screen will be given the appropriate col­
or. The accompanying series of photo­
graphs [page 104] shows how an image 
is built up. The time needed for the com­
puter to generate the finished image is 
about two seconds. 

A major advantage of this approach is 
that it can compute the portion of the 
priority list that is dependent on the 
geometry of the object and independent 
of the position of the observer. These are 
the calculations performed in solving the 
relations among planes within clusters. 
As a result a substantial part of the com­
putational work is done before the pic­
ture is generated. 

Recent studies by workers at General 
Electric and by others, notably Ivan 

E. Sutherland and his colleagues at the 
University of Utah, have brought ad­
vances in computer displays. One im­
provement has increased the efficiency 
and versatility with which halftone im­
ages can be generated. Another has cre­
ated smooth shading techniques, which 
eliminate hard edges so that rounded 
polygonal surfaces can be made to ap­
pear rounded in the display. Programs 
for depicting illumination, shading and 
shadowing, transparency and the reflec­
tion of light have been developed. 
Graphic devices giving higher resolution 
and therefore clearer pictures are being 
tested. 

For architecture the rapid improve­
ment in the technology of graphic dis­
play promises a number of benefits be­
yond being able to show how a building 
will look in its setting and to simulate a 
walk through the scene by an observer. 
For example, if information is stored in 
the computer's memory on specific fea­
tures of the design, on geometric de­
scriptions of architectural details, on 
standard components such as windows 
and on estimating costs, it will be easy 
for the machine to generate both work­
ing drawings and cost surveys. More­
over, given programs for spatial evalua­
tion or for structural and mechanical 
analysis, the machine will be able to 
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serve as an interacting partner in the de­
sign process. 

The typical stages of an architectural 
design process are schematic design, in 
which Boor plans are roughly sketched; 
preliminary design, in which the ele­
ments of the plan are assembled into a 
representation of the completed build­
ing, and final design, which includes 
working drawings and models. In the 
first two stages interactive computer 
processes are already available. Nicholas 
P. Negroponte of the Massachusetts In­
stitute of Technology has been working 
on sketch-recognition techniques, which 
enable the designer to "doodle" with 
plans and have his intentions interpreted 
correctly by the machine. The firm of 
Perry, Dean and Stewart in Boston em­
ploys computer graphic displays in an 
interactive way to determine the relation 
the various parts of a building should 
have to one another. The Chicago office 
of Skidmore, Owings & Merrill has a 
computer arrangement that prints out 
representations of the city's downtown 
Loop area; the firm can utilize the pic­
tures in preliminary design studies. 

Computer-based drafting and graphic 
displays of other types have proved to be 
accurate, economical and rapidly pro­
ducible. As a result their contributions to 
architecture have been increasing. An 
example is a machine-based drafting sys­
tem employed by Saphier, Lerner, 
Schindler, Environetics, Inc., of New 
York to generate all the interior-design 
drawings for the Sears Tower in Chica­
go. Four separate plans (for construc­
tion, for the reflected ceilings, for finish­
ing and for furniture, telephone and 
electric arrangements) were prepared for 
each of the 110 stories [see illustration 
on page 106]. The large amount of repe­
tition from one floor to the next made 
this computer operation particularly· ad­
vantageous. The most complicated plan, 
which might ordinarily take one man­
week of drafting time, was done by the 
machine in 45 minutes. The firm has 
found the system so effective that it is 
now producing all its \vorking drawings 
in this way. 

A system that produces computer-gen-
erated images in color offers three 

major advantages over the standard 
architectural drawings and models. They 
are Bexibility in changing the design, the 
ability to simulate motion and the oppor­
tunity to change and experiment with 
color. These advantages are evident in 
the accompanying photographs [page 
99] relating to the construction of the 
Herbert F. Johnson Art Museum at 
Cornell. To cause the computer to gener-

2 

SEPARATING PLANES AND CLUSTERS are concepts employed to enable a computer 

to generate a realistic picture wben the visibility of a face of an object depends on the po· 

sition of tbe observer. In this example the observer is at a point in the center foreground. 
For programming the computer the structure, which is a one·room schoolhouse, is divided 

conceptually by two separating planes (1 and 2) into three clusters (A, B and C). The 

distinction of a cluster is that all the faces in it can be ordered properly without reference 

to the position of the observer. The order in which the computer displays clusters, how· 

ever, depends on where the observer is. Here the order of clusters would be C, A and B. 

" 

PORTRAYAL OF SCHOOLHOUSE by the computer resulted in this picture. Same pro· 

gram could produce a suitably changed picture for a different location of the observer. 
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- -

COMPUTER PORTRAYAL OF BUILDING is shown step by step 

as it would be displayed on a television screen. The building is 

Lincoln Hall, which is part of the Arts Quadrangle at Cornell. 

Once the program for such a display has been put into the com· 

104 

--

puter, the picture can be generated quickly. The buildup of the dis· 

play shown here took about two seconds. The computer also con· 

troIs the generation of the picture in such a way that each dot is 

given the appropriate color from an array of 64 color possibilities. 
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ate the images, each building and object 
in the environment (the museum is on the 
periphery of the Arts Quadrangle) was 
mathematically modeled in its own 
three-dimensional coordinate system. 

If for the coordinate system of each 
object the coordinates of the origin and 
orientation of the axes are known, then 
by means of the appropriate translations 
and rotations the data can be combined 
into one general system representing the 
environment of the buildings and ob­
jects. The advantage of this hierarchical 
structure of coordinate data is that one 
can then vary the site of each building 
easily, thereby testing with the computer 
a variety of different solutions to prob­
lems of design [see illustrations on page 
100]. 

By similar means it is possible to speci­
fy a moving coordinate system and have 
an object move through the environ­
ment. We did this in portraying a street­
car that once ran on the Cornell campus. 
It is also possible to change the dimen­
sions or the scale of a building by alter­
ing the numerical input relating to the 
geometry of the building, although this 
procedure is somewhat more compli­
cated. 

For architects the ability to simulate 
motion is highly useful. One of the 

principal concerns of architectural de­
sign is space: the internal spaces of a 

building and the external space of the 
building and its setting. One does not 
react to space from a static position, as 
one might view a painting. To obtain a 
deeper understanding of architectural 
space it is necessary to move through the 
space, experiencing new views and dis­
covering the sequence of complex spatial 
relations. By filming a sequence of com­
puter-generated images one can obtain 
a realistic simulation of a walk through 
a space, even if the space is in or around 
a building that has not yet been built. 

Once the environment has been mod­
eled mathematically, motion can be sim­
ulated by describing changes in the posi­
tion of the observer and the direction in 
which he is looking. If one supplies the 
computer with this information for the 
starting and finishing points of the walk 
and with the total number of images de­
sired from start to finish, the computer 
can do the rest, calculating the coordi­
nates of each pOSition occupied by the 
imaginary stroller and the direction of 
view from it. This procedure will yield a 
walk of constant velocity. To achieve 
smooth transitions instead of a jerky mo­
tion, particularly at the starting and fin­
ishing points, one can supply the com­
puter with acceleration functions that 

How to beat 
the 
metric 
system 

It's on its way and 
you'll have to learn 
to live with it. Our 
metric converter 
utility cup converts 
pints into liters, in­
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increase or decrease the simulated veloc­
ity as desired. 

Since each color can be identified 
mathematically, the system enables the 
architect to experiment with color. All 
faces of the resulting image with the 
same number will be displayed in the 
same color. The intensity, hue and satu­
ration of each color can be varied by con­
trolling the components of red, green 
and blue light in the display. A six-bit 
code can specify up to 64 different col­
ors for any particular scene by assigning 
two digits each to the three color com­
ponents. 

o 

e3 

A further refinement that is available 
but was not included in our project is to 
have the machine compute the particu­
lar colors. Suppose the exterior of a pro­
posed building is to consist of one tex­
tured material, say a gray concrete. A 
range of gray shades can be assigned the 
numbers 1 through 10, which is a suffi­
ciently large range to provide for a con­
siderable variation in the display. For 
generating pictures a specific shade will 
be given each plane in the image ac­
cording to the angle between the sun 
and the perpendicular to the plane. 
Therefore all faces of the building can 

be shaded automatically by the machine. 
We foresee that as the availability of 

computer graphic systems continues to 
increase and their cost continues to de­
crease, the process will be employed in­
creasingly in architecture both as a me­
dium of presentation and as a means for 
generating design drawings. Even more 
important is the potential of computer­
generated images as a tool for design and 
analysis. The ability to test an environ­
ment before it is created is of great bene­
fit to architecture and planning. The 
techniques for doing so are only now be­
ginning to be explored. 

ARCHITECTURAL DRAWING of the furniture, telephone and 

electric plan for a floor of the Sears Tower in Chicago was gener· 

ated by a computer under a program developed by Saphier, Lerner, 

Schindler, Environetics, Inc. Drawings were made for four separate 

plans for each of the building's lIO stories. Large amount of repeti. 

tion from floor to floor made such drawings particularly useful. 
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What would you do 
with a Statistics and Number-Crunching Computer 

that starts at $Z100; has 16K Hardwired Basic Language 
and 28 Major Peripherals? 

The new Wang System 2200 is a System. 
It gives you the raw power and the periph­
erals you must have for a wide range of 
problem solving. For under $7,200 you get 
a CPU with 16K bytes of BASIC language 
instructions hardwired into the electron­
ics ... plus a 4K operating memory. You 
also get a big 16 lines (of 64 characters 
each) CRT display, a console mag tape 
drive and your choice of either alpha or 
BASIC Keyword keyboards. 

Some Words About Language: The hard­
wired MOS ROM language in your Sys­
tem 2200 finally ends your dollar trade­
offs ... economy systems that are costly to 
program or very expensive systems that are 
relatively easy to program. Many, if not 
most, of your people already know BASIC. 
They'll be solving problems the day your 
system is delivered (and, we can deliver in 
about two weeks). Most of your budget 
will go into problem solving; not system 
support. 

Plenty! 
Try To Out-Grow It: Main memory is 
field expandable in 4K increments (at $1, 500 
per 4K). Up to 32K. You can choose from 
three kinds (and 7 price ranges) of print-
ers ... one even has a stepping motor for 
very precise 4-quadrant incremental plot­
ting. Speaking of plots, we have a new, 
very large flatbed ( 31" X 42") for only 
$7, 500 or a smaller one if you plot small. 
Both print alphanumerics and plot under 
full program control. Been appalled lately 
by disk prices? Starting at just $4,000, we 
offer you our new "floppy" disk in single, 
double and triple disk configurations (.25, 
.50 and .7 5 MB's). For big disk power, you 
can have 1, 2 or 5 megabyte fixedlremov­
able disk systems. All peripherals, includ­
ing punched or mark sense hopper card 
readers, paper tape readers and on- line 
BCD or ASCII controllers are easily added­
on in the field so your System 2200 will 
grow with your needs. 

The Wise Terminal: If you are now or may 
soon be getting into terminals, we have 
several new products that will instantly up­
grade your System 2200 for telecommuni­
cations with any other System 2200 or a 
mainframe computer. And, you still have 
a powerful stand-alone system. Another 
approach, of course, is to justify it as a 
powerful terminal and get a "free" stand­
alone computer. Wise? 

We Do A Lot For You: System 2200 is 
backed by over 2 50 factory-trained Wang 
Service Technicians in 10 5 U.s. cities. 
Naturally, we guarantee or warranty every­
thing you buy from us. If you want, there 
are free programming/operating schools 
here in Tewksbury, Massachusetts, almost 
every week. We have a growing program 
library on a wide range of statistics and 
math/science applications. Our user group 
(with the unlikely name of "SWAP") could 
help you cut programming costs even fur­
ther. We do a lot for you. 

'/< All prices U.s. list. If you're the entrepreneur type, we've just announced a new 7-module Basic Accounting System 
software package for the business end of your business like payroll, invoicing, inventory, receivables and some really 
fancy management reports. 

(WANG) 
Even if you call the Wang System 2200 a small system 
... you have to admit it's a big idea. 

D Please send literature 

D Please have your representative phone me: ______ _ 

Name ____________ Title' ______ _ 

Company ____________________ _ 

Address ___________________ ___ 

City _______________________ __ 

State ________________ -L..Zip, __ -::-c-:-
SA·S 

Wang Laboratories, Inc., 
836 North St., Tewksbury, Ma. 01876, Tel. (61 7) 851-4111 
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DEUTERIUM IN THE UNIVERSE 

All the heavy hydrogen in space may have been made in the first 15 
minutes after the "big bang." Observations leading to estimates 

of its abundance thus provide evidence on conditions at that time 

by Jay M. Pasachoff and William A. Fowler 

T
he calculations of modern cosmol­
ogy lead to the conclusion that the 
universe originated between 10 

and 20 billion years ago. The particular 
cosmology that seems to have the great­
est weight of observational evidence be­
hind it is the "big bang" theory, which 
posits that all the matter in the universe 
was compressed into a superdense kernel 
that exploded and has been expanding 
ever since. Within the past few years 
evolving techniques of observation have 
made it possible to look backward in 
space and time to what appear to be the 
first few minutes after the big bang, and 
to learn about the physical state and ear­
ly evolution of the universe. 

One item of observational evidence in 
favor of the big-bang theory was the dis­
covery that the universe is permeated 
uniformly by radiation corresponding to 
what would be radiated by a theoretical­
ly perfect "black body" with a tempera­
ture of three degrees Kelvin (degrees 
Celsius above absolute zero). This radia­
tion is believed to be a remnant of the 
original big bang. The newest evidence 
has come to the fore within the past two 
years. It is the detection in interstellar 
space of atoms that may have been 
formed within the first 15 minutes after 
the big bang. These atoms are the atoms 
of deuterium, commonly known as heavy 
hydrogen. 

The big-bang theory stemmed from 
the discovery by Edwin P. Hubble 50 
years ago that all other galaxies appear 
to be receding from ours, and that the 
most distant galaxies seem to be reced­
ing the fastest. The big-bang theory 
accounts for Hubble's observations by 
the expansion of the universe, as does 
the steady-state cosmology advanced 
by Hermann Bondi and Thomas Gold 
and independently by Fred Hoyle. The 
steady-state theory, however, postulates 
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that the universe has always looked the 
same as it does today, and it requires that 
hydrogen be continuously created to 
make up for the decreasing density of the 
universe caused by its expansion. Most 
astronomers believe this explanation has 
been ruled out by the discovery of the 
three-degree background radiation. A 
variant big-bang cosmology posits that 
the universe will stop expanding and 
then contract. The recent measurements 
of interstellar deuterium have provided 
a method for determining whether that 
will happen or whether the universe 
will simply go on expanding forever. 

The "standard" big-bang theory states 
that in the first 100 seconds after the 

initial explosion of the universe only pro­
tons, neutrons, electrons, positrons and 
various types of neutrinos existed and 
that each padicle was independent. As 
the exploding universe cooled, the pro­
tons and neutrons began to combine. 
Since the nucleus of an atom of "ordi­
nary" hydrogen is simply a proton, the 
combinations of protons and neutrons 
were the nuclei of the heavier isotopes of 
hydrogen and of the other atoms. The 
simplest compound nucleus is the deu­
teron, composed of one neutron and one 
proton, which with a single electron 
forms an atom of deuterium. The nu­
cleus of the third isotope of hydrogen, 
tritium, consists of one proton and two 
neutrons. The combination of two pro­
tons and one neutron forms the nucleus 
of an atom having a quota of two elec­
trons; it is the light isotope of helium. 
The nucleus of the common isotope of 
helium has two protons and two neu­
trons. The nuclei of heavier elements are 
built up in the same way. 

In 1948 Ralph A. Alpher, Hans Bethe 
and George Gamow first calculated the 
way in which the nuclei of the lighter 

elements could have been synthesized in 
the big bang. In 1957 one of us (Fowler), 
together with Geoffrey Burbidge, E. 
Margaret Burbidge and Hoyle, laid out 
a blueprint showing how both the lighter 
and the heavier elements could have 
been built up in the interior of stars. 
Seven years later Hoyle and Robert J. 
Tayler calculated that the large amount 
of helium observed throughout the uni­
verse (between 20 and 30 percent of the 
total mass) could not have been manu­
factured in ordinary stars. The nuclei 
require a temperature of 10 billion de­
grees K. for their synthesis, a tempera­
ture that could have been attained only 
in the big bang, in the explosions of su­
permassive stars ('1ittle bangs") or in su­
pernovas, the explosions of ordinary 
stars. 

In 1966, after the discovery of the 
three-degree background radiation, P. J. 
E. Peebles tried to calculate what the 
relative abundance of deuterium and 
helium would have been if those two ele­
ments had been formed in the big bang. 
At the same time Robert V. Wagoner 
joined Fowler and Hoyle to check 
whether or not the new data sufficiently 
changed the outcome of previous calcu­
lations enough to allow heavy elements 
to have been synthesized in the big 
bang. They found that it was still not 
possible. Could these elements have 
been formed in events other than the big 
bang? Let us deal first with their syn­
thesis in the big bang and then discuss 
the possible exceptions. 

The calculations of Wagoner, Fowler 
and Hoyle show that there is only one 
isotope left over that is unique to the big 
bang. It is deuterium. Although helium 
would also have been made in the big 
bang, additional helium has been syn­
thesized since then in stars and cannot 
now be distinguished from the original 
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helium. Deuterium, however, is only de­
pleted by the processes that go on inside 
ordinary stars; it is "cooked" into heavier 
elements by thermonuclear reactions. 
Therefore whatever deuterium we find 
now may well have persisted since the 
origin of the universe. The deuterium 
would have been formed in the first 
1,000 seconds after the big bang, when 
the rapidly expanding universe had 
cooled off just enough to allow protons 
and neutrons to combine. In some sense, 

then, deuterium may actually allow us to 
look backward 10 to 20 billion years in 
time. 

In order to use deuterium as a key to 
gaining a fuller understanding of the 

big bang, it is necessary to determine 
how abundant deuterium is with respect 
to ordinary hydrogen. Ideally we should 
like the cosmic abundance ratio, if it 
exists as a meaningful constant, to be un­
complicated by processes inside stars or 

by the chemical interactions of elements 
and compounds on planets or on grains 
of ice or dust in space. The ratio is best 
measured in the gas between the stars. 

The density of the interstellar gas is 
very low: about one atom per cubic cen­
timeter. The space between the stars is 
so vast, however, that the total amount 
of gas is very

'
large. It is well known that 

almost all this gas is hydrogen. The prob­
lem is to find out if any of the hydrogen 
is deuterium and if so how much. 

WIDE.FIELD PHOTOGRAPH OF THE MILKY WAY, made by 

Wolfhard Scblosser of tbe Ruhr·Universitlit at Bochum in Ger. 

many, shows the region of the center of the galaxy in the direction 

of which the authors and their colleagues conducted their search at 

radio wavelengths for absorption from interstellar deuterium. Ga· 
lactic center is in the constellation Sagittarius, just above knot of 
stars to right of center. Round dark object is secondary mirror of 

astronomical camera. Three linear forms are the mirror supports. 
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ISOTOPES OF HYDROGEN AND HELIUM differ in the number 
of their nuclear particles. The lightest isotope is ordinary hydro· 

gen (left), which has a single proton in its nucleus (dark color) 

and a single electron (dark gray). Deuterium has a proton and a 

How can deuterium be observed? In 
an atom of ordinary hydrogen the single 
proton and single electron act as though 
they are spinning like tiny tops. The spin 
of the electron can be either in the same 
direction as the spin of the proton or in 
the opposite direction. If the spins are in 
the same direction, the atom is in a high­
er energy state, and the electron spin can 
flip over so that it is spinning in the op­
posite direction with respect to the pro­
ton. This spin-Rip emits a small amount 
of energy at the radio wavelength of 21 
centimeters. Gaseous hydrogen can also 
absorb energy at this wavelength as well 
as emit it. The atoms that absorb the en­
ergy are thus put into the higher energy 
state. Although the spin-Rip for any one 
atom is rare, there are enough atoms in 
the galaxy for the radiation at 21 centi­
meters to be quite strong. 

Deuterium also has a single electron, 
and the radiation from its spin-Rip is at 
a wavelength of 92 centimeters. Deu­
terium, however, is much less abundant 
than ordinary hydrogen. In the water 
of the earth's oceans there are 6,600 
atoms of ordinary hydrogen for every 
atom of deuterium. The abundance of 
deuterium in the solid body of the earth 
could be quite different. Thus the value 
for the oceans does not necessarily re­
Rect the abundance ratio of deuterium to 
ordinary hydrogen on the earth, much 
less the ratio in interstellar space. 

Soon after the spectral line of hydro­
gen at 21 centimeters was discovered, 
several astronomers began to search for 
the line of deuterium in interstellar 
space. The surveys culminated 10 years 
ago when Sander Weinreb of the Na­
tional Radio Astronomy Observatory 
(NRAO) at Green Bank, W.Va., turned 
the observatory's 85-foot radio telescope 
to the constellation Cassiopeia to look 
for the 92-centimeter line in the spec-
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hum of the strong radio source Cas­
siopeia A. Although Weinreb observed 
for weeks, he was totally unable to de­
tect deuterium. He stated on the basis of 
his negative observations that the ratio of 
deuterium to ordinary hydrogen in that 
direction appeared to be less than 1 : 
13,000, since any larger amount would 
have been detected. That upper limit is 
half the ratio of deuterium to ordinary 
hydrogen on the earth. 

Radio astronomy has continued its 
rapid development since the time of 

Weinreb's survey, and within the past 
few years many complex molecules have 
been detected in the clouds of gas and 
dust in interstellar space. Most of the 
molecules have been found at relatively 
short wavelengths, from about 21 centi­
meters down to two millimeters. Few 
spectral lines have been discovered at 
wavelengths longer than a meter, al­
though the failure has not been for lack 
of trying. In 1969 Carl A. Gottlieb, Dale 
F. Dickinson and one of us (Pasachoff) 
used the 150-foot radio telescope of the 
Air Force Cambridge Research Labora­
tories to search at meter wavelengths for 
various molecules, some of which in­
cluded deuterium as a constituent. Two 
such molecules were the hydroxyl radi­
cal (OH), with deuterium in place of or­
dinary hydrogen, and water, with deu­
terium in place of one of the two ordi­
nary hydrogens. The search was later 
continued at the NRAO in collaboration 
with David Buhl, Patrick Palmer, Lewis 
E. Snyder and Ben Zuckerman. No mol­
ecules were detected. 

The chance of finding the faint spec­
tral line of deuterium, or for that matter 
any other spectral line at such wave­
lengths, seemed very small. Neverthe­
less, in conversations in 1970 the authors 
of this article felt that another attempt 

should be made. The project would call 
for many weeks of observing, but it 
seemed that the l30-foot radio telescope 
of the Owens Valley Radio Observatory 
of the California Institute of Technology 
might be available. Diego A. Cesarsky 
and Alan T. Moffet of the staff at Owens 
Valley joined one of us (Pasachoff) in 
making the observations. In the follow­
ing discussion of these observations "we" 
refers to Cesarsky, Moffet and Pasachoff 
and students from Williams College and 
Cal Tech who worked with us. 

We decided to observe for two weeks 
at a time because we wanted to analyze 
the results as we went along. Many 
problems could have interfered with the 
investigation. For example, the 92-centi­
meter line lies in a region of military air­
to-ground communications. Although 
the aircraft transmissions were some­
times bothersome, we were able to re­
move those time periods from our data. 

The first two weeks of observing were 
in March, 1972. The main direction in 
which we chose to observe was toward 
the center of our galaxy. The galactic 
center, however, is in the southern sky, 
and at the latitude of the Owens Valley 
it is above the horizon for only about six 
hours a day. Since radio telescopes can 
operate in broad daylight, we were able 
to observe the galactic center whenever 
it was above the horizon, to observe in 
the direction of the Great Nebula in 
Orion much of the rest of the time and 
to observe in the direction of Cassiopeia 
A during any intervening hours. The 
data from this first observing run looked 
good, showing that the telescope and 
the receiving system were working satis­
factorily. Futhermore, there was actually 
a suspicion of a faint absorption line at 
92 centimeters. 

That summer we had three more ob­
serving runs of two weeks each, extend-
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HELIUM 4 
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neutron (black), tritium has a proton and two neutrons. Helium. 3 has two protons and 
one neutron in its nucleus and two electrons. Helium 4 has two protons and two neutrons. 

ing the results of the first run. We con­
centrated our effOlis in the direction of 
the galactic center. There is more hydro­
gen in front of that source than in any 
other part of the sky. We assumed as a 
working hypothesis that the abundance 
ratio of deuterium to ordinalY hydro­
gen is constant throughout the universe, 
so that presumably the greatest total 
amount of deuterium would lie in the 
same direction as the greatest total 
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amount of ordinary hydrogen. The ga­
lactic center is a strong source of radio 
waves, and the gas in the 40,000 light­
years between it and the earth absorbs 
some of the radiation at the wavelengths 
of 21 and 92 centimeters. 

Our analysis of the data by computer 
during that summer and fall strength­
ened our belief that we were actually ob­
serving the absorption line of deuterium. 
In the summer of 1973 five more weeks 
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of observing by Cesarsky and Pasachoff 
yielded results that were compatible 
with the findings in 1972. We attempted 
to observe over a wider range of wave­
lengths, but it seemed as though we were 
now encountering too much outside in­
terference in the wider band. In the nar­
rower range of wavelengths observed in 
common during both years, the largest 
absorption fluctuation again correspond­
ed to the spectral line of deuterium at 
92 centimeters. 

T he line is still only barely visible in 
the data, which show expected ran­

dom fluctuations [see top illustration on 
page 113]. Adding the results of both 
years' observations together has slightly 
improved the ratio of the signal to the 
noise and the line seems more than three 
times as strong as the fluctuations. Even "­
if the "line" tums out to be only a par­
ticularly large random fluctuation in the 
data, the magnitude of the surrounding 
noise places an important upper limit on 
how strong the absorption could be. 
From our data that upper limit is one 
part in 3,000. If the feature we observed 
is the deuterium line, then the abun­
dance ratio of deuterium to ordinary 

21-CENTtMETER RADIATION 

92-CENTIMETER RADIATION 
� 

SPIN OF THE ELECTRON FLIPS on rare occasions in an atom 

of ordinary hydrogen or deuterium, with the emission of radiation 
characteristic of the atom. In the schematic atom of ordinary hy. 

drogen at top left the nucleus and the electron are spinning in the 
same direction. In the second drawing at top right the electron has 

flipped so that it is spinning in the opposite direction, with the 
emission of radiation at a wavelength of 21 centimeters. The same 
kind of spin-flip in the deuterium atom (third and fourth draw· 
ings) gives rise to 92·centimeter radiation. When the atoms absorb 
radiation of same wavelength, the spin of their electron flips back. 

III 

© 1974 SCIENTIFIC AMERICAN, INC



hydrogen would be between 1 : 3,000 
and 1 : 50,000. 

centimeters but also improving the mea­
surements of the strength of the hydro­
gen radiation at 21 centimeters. 

of the NRAO located on Kitt Peak in 
Arizona, Jefferts, Penzias and Wilson 
turned their attention to the Kleinmann­
Low 'nebula, a small cloud in the Great 
Nebula in Orion in which many inter­
stellar molecules have been detected. 
Within the Kleinmann-Low nebula the 
DCN molecule was radiating very strong 
spectral lines at the wavelengths of two 
millimeters and four millimeters. The 
observations indicated that the ratio of 
DCN to HCN was 1 : 170. 

Curiously the major part of the uncer­
tainty in that range arises not because 
the absorption line of deuterium is so 
weak but because the radiation from or­
dinary hydrogen with which it is com­
pared is so strong. In the distance be­
tween the galactic center and the earth 
there is so much hydrogen that the radio 
signal is saturated. The result is that one 
cannot tell exactly how much hydrogen 
there is in this space, and one can only 
determine a lower limit. The next step 
in improving the determination of the 
abundance ratio of deuterium to ordi­
nary hydrogen is not only confirming the 
detection of the absorption feature at 92 

The gas seems to have the small ve­
locity of 3.7 kilometers per second in our 
direction. _ The spectral lines of other 
gases observed in the direction of the 
galactic center, notably the hydroxyl 
radical and formaldehyde (H2CO), are 
also Doppler-shifted by an amount that 
corresponds to the same velocity. 

At the same time that we were mak­
ing our first observations Keith B. Jef­
felts, Arno A. Penzias and Robert W. 
Wilson of the Bell Laboratories were ob­
serving DCN, that is, the deuterated 
form of the hydrogen cyanide molecule 
(HCN). With the 36-foot radio telescope 

This ratio of DCN to HCN is much 
higher than the ratio of HDO to H20 
in the earth's oceans. It was immediately 
realized, however, that if the result was 
to be understood, certain facts of chem­
istry would have to be taken into ac-
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SPIN·FLlP OF DEUTERIUM 
DEUTERATED MOLECULAR 
HYDROGEN (H2) 

ABUNDANCE OF DEUTERIUM IN THE UNIVERSE as measured both in interstellar 

space (black) and in the solar system (color) is shown with respect to the abundance of 

ordinary hydrogen. For each measurement of the abundance of deuterium made in the 

solar system and in interstellar space the names of the investigators, the region or the direc· 
tion observed and the form of deuterium detected are listed in that order. Detailed infoI" 

mation about most of the investigators and their work is given in the text. The exceptions 

are the following: David C. Black of the Ames Research Center of the National Aeronautics 
and Space Administration deduced the abundance of deuterium in tbe proto solar nebula 

from which the sun evolved from measurements of deuterated water (HDO) in meteorites 

(water in which one deuterium atom replaces one of the two hydrogen atoms in H20) . 
Mark A. Allen and Richard Crutcher are both of the California Institute of Technology, 
Dennis J. Hegyi of the Bartol Research Foundation collaborated with Nathaniel P. Carleton 
and Wesley A. Traub in their measurements of deuterium in the Great Nebula in Orion at 

visible wavelengths. Harmon Craig is of the University of California at San Diego. G. Boato 

was at the University of Chicago. Nicola Grevesse is at the Institute of Astrophysics at Liege 

in Belgium. "Recombination line" refers to a spectral line emitted at a radio wavelength 
when an electron recombining with a deuterium ion to form un·ionized deuterium passes 

from the 93rd to the 92nd energy level. "Lyman lines" are the spectral lines emitted by a 

hydrogen or deuterium atom when electron drops from higher energy states to ground state. 

"From aHe" refers to an abundance of deuterium deduced from the abundance of helium 3. 
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DEUTERATED 
HYDROXYL (OH) 
L YMAN·ALPHA LINE 
OF DEUTERIUM 
DE UTE RATED HYDROGEN 
CYANIDE (HCN) 
DEUTERATED WATER (H20) 
DEUTERATED 
METHANE (CH4) 

UPPER LIMITS 

MEASURED VALUES 

UNCERTAINTIES 

MEASURED LIMITS COR­
REcTED BY CALCULATION 
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count in addition to the facts of physics. 
Chemical combinations of the elements 
follow complicated principles and proc­
esses, many of which are unknown. That 
is particularly true for elements com­
bining on the sur£.ace of dust grains in 
interstellar clouds, which is a leading 
possibility for the way in which such 
molecules form. The ratio of deuterium 
to ordinary hydrogen in interstellar 
space could very well be quite different 
from the ratio of DCN to HCN. Calcula­
tions show that the difference in the 
ratios from such chemical fractionation 
may be on the order of a factor of 600. 
When the observation of Jefferts, Pen­
zias and Wilson was adjusted to take the 
correction factor into account, the ratio 
of deuterium to ordinary hydrogen in 
the Kleinmann-Low nebula was found 
to be 1 : 100,000, just below the range 
deduced from the observations of Ce­
sarsky, Moffet and Pasachoff. The fact 
that the ratio of deuterium to hydrogen 
is indeed substantially lower than the 
ratio of DCN to HCN has since been 
confirmed by two independent limits 
set on the abundance of deuterium by 
Cesarsky observing at radio wavelengths 
and by another group observing a transi­
tion of deuterium at visible wavelengths. 

The abundance ratio of deuterium to 
ordinary hydrogen has also been deter­
mined from space, from the third Or­
biting Astronomical Observatory satel­
lite, named Copernicus. One experi­
ment, conducted by a group from 
Princeton University including Lyman 
Spitzer, Jr., Jerry F. Drake, Edward B. 
Jenkins, Donald C. Morton, John B. 
Rogerson, Jr., and Donald C. York, uses 
a 32-inch telescope to observe spectra at 
the ultraviolet wavelengths between 950 
and 1,450 angstroms and between 1,650 
and 3,000 angstroms. The second range 
includes spectral lines from molecular 
hydrogen (H2), detected only once be­
fore, in an experiment placed aboard a 
sounding rocket. Molecular hydrogen 
had not been detected from the earth's 
surface because it has no lines in the 
visible region of the spectrum, and its 
radiation in the ultraviolet region is ab­
sorbed by the atmosphere. 

The results from the Princeton experi-
ment aboard Copernicus showed that 

whenever the telescope was pointed 
toward reddened stars (that is, in direc­
tions where the interstellar material in 
front of stars affects the overall distribu­
tion of the energy radiated by the stars 
by favoring the longer-redder-wave­
lengths), the spectra revealed that at 
least 10 percent of the intervening mat-
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ABSORPTION LINE OF DEUTERIUM shows up as the central dip in o!Jservations of the 
galactic center at a wavelength of 9,2 centimeters. The observations were made with the 

130·foot radio telescope at the Owens Valley Radio Observatory in California. The curve is 
the sum of results from observations made in 1972 and 1973. The dip is shifted in frequency 
by a small amount, indicating that the gas incorporating the deuterium is moving at a 

velocity of 3.7 kilometers per second toward the solar system. Spectrum is calibrated in 
terms of temperature of antenna, equivalent to energy of radiation received by antenna. 
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FREQUENCY (MEGAHERTZ) 

EMISSION LINE OF DEUTERATED HYDROGEN CYANIDE (DCN), which is actually 

composed of three separate lines (arrows ) , was observed by Keith B. Jefferts, Arno A. 
Penzias and Robert W. Wilson of the Bell Laboratories at millimeter wavelengths with the 
36-foot radio telescope of the National Radio Astronomy Observatory on Kitt Peak in 
Arizona. The molecule was detected in Kleinmann·Low nebula in constellation Orion. 
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ter was in the form of molecular hydro­
gen. The same result was obtained with 
11 different stars. For a similar number 
of unreddened stars, however, molecular 
hydrogen was not detected at all to a 
limit of one part in 10 million. 

Furthermore, the Princeton group 
measured two lines of HD (deuterated 
H2) at wavelengths of 1,054 and 1,066 
angstroms. The first results, for nine 
stars, indicate that the abundance ratio 
of HD to H2 is 1 : 1,000,000. Again the 
result had to be adjusted by calculations 
of chemical combinations to yield a cor­
rected ratio of deuterium to ordinary 
hydrogen. John H. Black and Alexander 
Dalgarno of the Center for Astrophysics 
of the Harvard College Observatory and 
the Smithsonian Astrophysical Observa­
tory have calculated that the ratio of 
deuterium to ordinary hydrogen is be­
tween 1 : 5,000 and 1 : 500,000 for the 
nebula Zeta Ophiuchus. 

After these promising measurements 
had been made Rogerson and York at­
tempted to use the telescope aboard 
Copernicus to observe the Lyman series 
of transitions of the deuterium atom. 
These transitions absorb radiation in the 
ultraviolet region of the spectrum when 
the electron in the deuterium atom is 
raised to a higher energy level from 
the "ground" state. The wavelengths of 
the transitions are slightly shorter than 
the wavelengths of the corresponding 
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transitions for the atom of ordinary hy­
drogen (and were also slightly shorter 
than the wavelengths for which the ex­
periment was actually designed). The 
calculation of the ratio of deuterium to 
ordinary hydrogen from these measure­
ments is straightforward and not subject 
to the correction factors that must be ap­
plied to the molecular obselvations. 

Rogerson and York searched for the 
transitions in the interstellar gas in front 
of hot stars of spectral Type B. Such 
stars have few lines in their own spectra 
and therefore any absorption lines de­
tected would have been formed in inter­
stellar space between the star and the 
earth. In the direction of the star Beta 
Centauri, Rogerson and York were able 
to measure four lines in the Lyman se­
ries for deuterium. The ratio of deuteri­
um to ordinary hydrogen in that direc­
tion is 1 : 70,000, with an error of 15 
percent. The work is being continued for 
other stars. 

The big-bang theory assumes that the 
universe is isotropic (that it looks more 
or less the same in all directions), so that 
a knowledge of how uniformly deuteri­
um is distributed through space bears on 
whether or not the big bang is indeed a 
good model for the origin of the uni­
verse. If the abundance of deuterium is 
found to be nonuniform, for example by 
comparing the observations from Co­
pernicus of nearby stars with our ob-
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servations toward the galactic center, 
then either the big bang is not a good 
model or the deuterium was formed in 
some way other than the big bang. 

In order for the measurements of deu­
terium to be significant in cosmological 
calculations, the measurements must re­
flect a general cosmic abundance and 
not simply local variations. For this rea­
son it is difficult to interpret the abun­
dance of deuterium in the solar system 
in terms of a big-bang origin. That 
abundance should nonetheless be dis­
cussed briefly if only because deuterium 
had not been detected elsewhere in the 
solar system until last year. 

Some deuterium has been found in 
the water content of carbonaceous 

meteorites. Until the Apollo astronauts 
landed on the moon, meteorites were the 
only samples of matter from space. One 
of the Apollo experiments was designed 
to capture ionized atoms from the solar 
wind: the flux of ions expelled from the 
sun. The astronauts caught the ions in a 
"window shade" of aluminum foil they 
unrolled on the moon. The foil was then 
brought back to earth for analysis. Jo­
hannes Geiss of the University of Bern 
and Hubert Reeves of the Nuclear Re­
search Center at Saclay and the Institute 
of Astrophysics in Paris made deduc­
tions about the abundance of deuterium 
from the light isotope helium 3 that had 
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WAVELENGTH (ANGSTROMS) 

SPECTRUM OF THE STAR BETA CENTAURI in the ultraviolet 

region shows Lyman·gamma ahsorption lines for ordinary hydro­
gen (HI) and deuterium (Dr I. The lines are from the interstellar 
gas hetween the star and the solar system and they are superposed 
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on a broad Lyman-gamma line from the star (gentle dip). They 

were detected with the ultraviolet spectrometer aboard the third 

Orbiting Astronomical Observatory, named Copernicus. A line of 
oxygen (01) also happens to be in this region of the spectrum. 
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been found in the foil. It is known that 
the sun has transformed into helium 3 
most of the deuterium that was present 
in the primordial solar nebula, the cloud 
of dust and gas out of which the sun 
formed. Therefore the amount of helium 
3 in the foil directly reHects an upper 
limit for the amount of deuterium that 
could have been present in the solar 
nebula. Geiss and Reeves have calcu­
lated that the abundance ratio of deu­
terium to ordinary hydrogen in the solar 
nebula was 1 : 40,000. 

It is also possible that the deuterium 
in the material from which the planets 
were made was not transformed into he­
lium 3 as the protosun materialized out 
of the solar nebula. In March, 1972, 
Reinhard Beer of the Jet Propulsion 
Laboratory of the California Institute of 
Technology and his collaborators report­
ed that they had detected CHaD, a deu­
terated form of methane (CH4), in the 
spectrum of Jupiter at infrared wave­
lengths. Beer and Frederic W. Taylor 
calculated the molecular-correction fac­
tors and found that the abundance ratio 
of deuterium to ordinary hydrogen in 
Jupiter was between 1: 13,000 and 
1 : 35,000, depending on certain as­
sumptions about the structure of the 
planet's atmosphere. 

Although the interpretation of results 
from such a relatively complicated mole­
cule as CHaD is very uncertain, the cal­
culations seem to show a clear discrep­
ancy with the value of 1 : 6,600 found 
on the earth. Within the past year John 
T. Trauger and Frederick L. Roesler of 
the University of Wisconsin and Na­
thaniel P. Carleton and Wesley A. Traub 
of the Center for Astrophysics have de­
tected three lines of deuterated molecu­
lar hydrogen (HD) on Jupiter in the 
near-infrared region of the spectrum. 
From their observations they calculate a 
ratio of deuterium to ordinary hydrogen 
of 1 : 48,000, with a possible error of 20 
percent. The discrepancy between the 
values on the earth and those on Jupiter 
might be due to the fact that the ratio of 
heavy water (HDO) to ordinary water 
(H20) on the earth could be enhanced 
over the ratio of deuterium to ordinary 
hydrogen by some chemical fractiona­
tion process. 

A most unusual observation of deu­
terium was made two years ago. A group 
of workers from the University of New 
Hampshire were observing the sun dur­
ing the large solar flares of August, 1972, 
with a gamma ray instrument aboard 
Orbiting Solar Observatory 7. During 
the particularly large Hare of August 7 
they detected a peak in the gamma ray 

KLEINMANN·LOW NEBULA is embedded in Great Nebula in Orion. Location, which is 
indicated by contours, is rich in many molecules, including deuterated hydrogen cyanide. 

spectrum corresponding to the energy 
that would have been released by the 
formation of deuterons. That peak meant 
deuterium was being synthesized on the 
surface of the sun. This event, however, 
is probably unrelated to the total cosmic 
abundance of deuterium. The amount of 
deuterium formed in this way is small, 
and it may well be quickly consumed by 
further nuclear processes on the sun be­
fore it can be expelled into space. 

The results of the observations of deu­
terium to date are summarized in the 
table on page 112. What do these indi­
cations of the amount of deuterium in 
interstellar space tell us about the early 
universe? One can link the ratio of deu­
terium to ordinary hydrogen to the big 
bang by theoretical calculations. For this 
purpose we shall adopt the standard 
model of the big bang developed by 
Wagoner, Fowler and Hoyle, which ac­
cepts three basic assumptions about the 
universe today: first, the universe is 

homogeneous and isotropic; second, the 
principle of equivalence must hold, that 
is, a gravitational field cannot be dis­
tinguished from an acceleration (a prin­
ciple fundamental to the theory of rela­
tivity); third, the three-degree back­
ground radiation was indeed generated 
by the big bang. The model also makes 
several other assumptions. The baryon 
number must be positive, that is, the 
amount of antimatter is not equal to the 
amount of matter, ruling out theories to 
the contrary. The lepton number is 
small, that is, the flux of neutrinos does 
not overwhelm the amount of radiation. 
The general theory of relativity provides 
the correct theory of gravitation. Lastly, 
only the kinds of subatomic particles 
that we now know about are present; 
there are no new ones. 

In the standard model it happens that 
the amount of deuterium formed just 

after the big bang is sensitive to the den-
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10-32 

DEUTERIUM 

HELIUM 3 

HELIUM 4 

LITHIUM 6 

LITHIUM 7 

------ BORON 11 

10-31 

ALL OTHERS" MASS 12 

10-30 10-21i1 10-28 

DENSITY aF THE UNIVERSE (GRAMS PER CUBIC CENTIMETER) 

"STANDARD" MODEL of the big-bang theory of the OrIgm of the universe predicts an 
abundance of deuterium that is very sensitive to the postulated density of the universe at 
the time it originated, as is shown in this diagram devised by Wagoner_ The cosmic abun­
dances of a number of other light elements are given as welL Various kinds of observations 

indicate that the density of the universe is approximately 10-31 gram per cubic centimeter. 
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density were relatively high in the first 
few seconds after the big bang, the deu­
terium just formed would have been 
quickly cooked into helium and the end 
result would be less deuterium. Con­
versely, if the universe was less dense, 
the end result would have been more 
deuterium [see illustration on the oppo­
site page]. Thus from the measured value 
of the deuterium in the universe today it 
is possible to find the density of the uni­
verse at the time that the elements were 
first synthesized. Knowing the density 
of the universe then and the rate of ex­
pansion now, it is possible to calculate 
what the density of the universe is at 
present. The density we deduce from 
our observations is of the order of 10-31 
gram per cubic centimeter. That density 
is not enough to "close" the universe, 
which will thus continue to expand in­
definitely. Therefore knowing the uni­
verse's present density enables us to 
draw conclusions about its present state 
and eventual future. 

In addition to the standard model of 
the big bang there is a very speculative 
new hypothesis called the statistical­
bootstrap model, advanced by Robert D. 
Carlitz of the University of Chicago, 
Steven C. Frautschi of Cal Tech and 
Werner N ahm of the University of 
Bonn. It assumes that massive "super­
baryons" formed just after the big bang. 
The superbaryons were approximately 
the same size as ordinary baryons, but 
their mass was as much as 1038 times 
greater. At that point the force of gravity 
becomes competitive with the normal 
forces that govern the interaction of nu­
clear particles. 

The statistical-bootstrap model as­
sumes that there are many elementary 
particles that have not yet been observed 
because the energies required to make 
them cannot be attained in the labora­
tory. The model also assumes that the 
laws governing the existence of such 
particles, which have been determined 
in the laboratory for particles with up to 
400 times the mass of an ordinary bar­
yon, hold true for a further factor in 
mass of 1035! In one sense this new hy­
pothesis, in which there are many un­
known particles, is the opposite of the 
standard theory, which assumes that 
there are none. There is, in fact, no a 
priori reason to favor one theory over the 
other. 

If the statistical-bootstrap model turns 
out to be accurate, there will be many 

consequences for cosmology. First, no 
helium would have been formed in the 
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DENSITY OF THE UNIVERSE (GRAMS PER CUBIC CENTIMETER) 

"STATISTICAL BOOTSTRAP" MODEL of the big.bang theory, advanced by Robert D. 

Carlitz of the University of Chicago, Steven C. Frautschi of the California Institute of 

Technology and Werner Nahm of the University of Bonn, predicts a relation between the 
abundance of deuterium (white line) and the density of the universe quite different from 

what is predicted by the standard model. At the density of 10-31 gram per cubic centimeter 
the abundance of helium 3 (thin black line) and of ordinary helium (thick black line) is 

considerably less than is predicted by the standard model or observed. The density of 10-31 
gram per cubic centimeter is insufficient to "close" the universe, that is, to stop its expansion. 

early universe because no nuclear par­
ticles would have been available for a 
full year after the big bang, and by that 
time the density of the universe would 
have been too low for helium to be syn­
thesized. Wagoner has calculated the 
effect of the statistical-bootstrap model 
on the formation of deuterium. Contrary 
to the predictions of the standard model, 
the statistical-bootstrap model predicts 
that a less dense universe would result in 
a lower abundance of deuterium [see il­
lustration above]. 

There are two other ways to measure 
the density of the universe. The first en­
tails simply adding up the masses of ev­
erything that can be observed (stars, 
galaxies and so forth) and dividing the 
total mass in a given unit volume by that 
volume. The most recent work along 
this line has been done by Stuart L. 
Shapiro of Princeton. His results depend 
somewhat on the value accepted for the 
Hubble constant, that is, on the rate at 
which the universe is expanding. The 

value of the Hubble constant is current­
ly a topic of debate in some circles. The 
traditional value is 75 kilometers per 
second per megaparsec, which corre­
sponds to a density of 10-31 gram per 
cubic centimeter. (One megaparsec is 
3.3 million light-years.) A newer value 
measured by Allan R. Sandage of the 
Hale Observatories and Gustav Tam­
mann of the University of Basel is 55 
kilometers per second per megaparsec, 
which yields three-fourths the density of 
the former value. 

The second method of measuring the 
density of the universe considers the dy­
namics of interactions of clusters of gal­
axies; it predicts a density that is sub­
stantially higher than the value obtained 
by the first method. Both values for the 
density could be correct if there is a sub­
stantial amount of invisible material in 
the universe. This "missing mass" could 
be in the form of molecular hydrogen in 
the intergalactic material, although the 
measurements from the Copernicus sa-
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tellite seem to indicate that there is not 
enough molecular hydrogen to account 
for it. Alternatively, the mass could be 
in the form of the enigmatic black holes. 
The observed value for the abundance 
of deuterium in the universe can place 
an independent limit on how much in­
visible matter there could be. 

The amount of missing mass in the 
universe touches on a major question in 
cosmology: Will the universe go on ex­
panding forever, or is there enough mat­
ter in it for mutual gravitational attrac­
tion to eventually reverse the expanSion? 
In cosmological terms, is the amount of 
missing mass large enough to "close" the 
universe? There is a parameter qo that is 
used in cosmological equations. It is in­
versely proportional to the Hubble con­
stant, and it represents the rate at which 
the expansion of the universe is slowing 
down. If qo equals 0, the expansion is 
not slowing down and the universe is 
open. If qo equals 1, then the universe is 
closed and will eventually collapse on 
itself. The dividing line between an 
open universe and a closed universe is a 
qo of 1/2. In the steady-state model of 
the universe qo is - I. 

Sandage has published a "formal" 
value for qo of .96 ± .4, which would 
mean that the expansion is slowing down 
and the universe is closed. His value is 
based on direct observation of the dis­
tant galaxies. The uncertainty in the 
value, however, means that a qo of 1/2 
is not ruled out; .96 - .4 is .56, or vir­
tually 1/2. On that basis the universe 
would be open. If the deuterium origi­
nated in the big bang with an abundance 
ratio of the levels now being detected, 
then qo is less than . 1  and the universe 
would definitely be open. It is inter­
esting that according to Wagoner's cal­
culations that is the case for both the 
standard model and the statistical-boot­
strap model. There are other cosmologi­
cal methods of assessing qo that also 
yield low values for the density. 

There are several ways to get around 
the possible disagreement between 
Sandage's value of qo from observations 
of the distant galaxies and Wagoner's 
value of qo from measurements of the 
abundance of deuterium. Beatrice Tins­
ley of the University of Texas has hy­
pothesized that because galaxies evolve 
over a period of time, an observed value 
of qo equal to 1 could mean that the real 
value of qo is O. The essential point of 
her argument is that as we look deeper 
into space we are also looking backward 
in time, and that the average brightness 
of galaxies long ago may be quite differ­
ent from what it is today. Such a fact 
would distort the scale of distances, 

which is based on galaxies having a 
unique average brightness, and thus the 
value of qo would also be distorted. Tins­
ley's proposal is a controversial one. 
Sandage has shown that in order for it 
to account for the discrepancy between 
his observations and Wagoner's calcula­
tions, the galaxies would have to be de­
creasing in brightness by about . 1  mag­
nitude per billion years, which is very 
fast according to many theories of the 
evolution of galaxies. . 

Another way to resolve the disagree­
ment would be to accept the notion that 
significant amounts of deuterium were 
formed after the big bang. Recently one 
of us (Fowler) and Hoyle have calculat­
ed that deuterium could have formed in 
space by a spallation reaction: if  a shock 
wave could inject helium nuclei into an 
ionized gas composed mainly of hydro­
gen, deuterium could be knocked out of 
the helium nuclei by the force of their 
impact on the nuclei of ordinary hydro­
gen. Alternatively, if only a '  neutron 
were knocked out of the helium nucleus, 
the neutron could combine with a pro­
ton in the surrounding gas to form a deu­
teron. Deuterium that came about in this 
way would not readily break up again; 
since the temperature of the gas would 
be low, the amount of energy in it would 
not be large enough to cause the nuclei 
to dissociate. Exactly how important 
such a spallation process would be on 
the galactiC scale remains to be seen. 
Possibly the process might enhance thc 
ratio of deuterium to ordinary hydrogcl I 
in certain local regions such as in tl1{' 
Orion nebula and not in others such a ,  
the galactic center. 

Another mechanism for producin t; 
deuterium apart from the big bang has 
been proposed by Stirling A. Colgate of 
the New Mexico Institute of Mining and 
Technology. The observed deuterium 
could have been synthesized if 3 percent 
of the mass of the galaxy had at some 
time been recycled in supernovas. Deu ­
terium could also have been synthesizcd 
in supermassive stars, as was suggested 
by Fowler and Hoyle. Accepting the hy­
pothesis that deuterium was formed 
apart from the big bang would prob­
ably require a number of significant 
changes in our views of the relative im­
portance of such phenomena as super­
novas in galaxies. 

Cosmological problems never seem to 
admit of easy solutions. With the 

current observational and theoretical 
work on deuterium moving ahead so 
rapidly, however, new lines of reasoning 
and inquiry are opening up for tackling 
the most basic questions of the universe. 
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MATHEMATICAL GAMES 
On the contradictions of time tra()el, 

and answers to last month's problems 

by ;\Jartin Gardner 

"It's against reason," said Filby. 
"What reason?" said the Time Trav­

eller. 
-H. G. WELLS, The Time Machine 

H 
G. Wells's short novel The Time 
Machine, an undisputed mas-

• terpiece of science fiction, was 
not the first story about a time machine. 
That distinction belongs to "The Clock 
That Went Backward," a pioneering but 
mediocre yarn by Edward Page Mitch­
ell, an editor of the New York Sun. It 
was published anonymously in the Sun 
on September 18, 1881, seven years be­
fore young Wells (he was only 22) wrote 
the first version of his famous story. 

Mitchell's tale was so quickly forgot­
ten that science-fiction buffs did not even 
know of its existence until Sam Mosko­
witz reprinted it last year in his anthol­
ogy of Mitchell's stories, The Crystal 
Man. Nor did anyone pay much atten­
tion to vVells's fantasy when it was se­
rialized in 1888 in The Science Schools 
Journal under the horrendous title "The 
Chronic Astronauts." Wells himself was 
so ashamed of this clumsily written tale 
that he broke it off after three install­
ments and later destroyed all the copies 
he could find. A completely rewritten 
version, "The Time Traveller's Story," 
was serialized in The New Review be­
ginning in 1894. When it came out as a 
book in 1895, it brought Wells instant 
recognition. 

One of the many remarkable aspects 
of Wells's novella is the introduction in 
which the Time Traveller (his name is 
not revealed, but in Wells's first version 
he is called Dr. Nebo-gipfel) explains the 
theory behind his invention. Time is a 
fourth dimension. An instantaneous cube 
cannot exist. The cube we see is at each 
instant a cross section of a "fixed and 
unalterable" four-dimensional cube hav­
ing length, breadth, thickness and 
duration. "There is no difference be­
tween Time and any of the three dim en-

120 

sions of Space," says the Time Traveller, 
"except that our consciousness moves 
along it. " If we could view a person from 
outside our space-time (the way human 
history is viewed by the Eternals in Isaac 
Asimov's The End of Eternity or by 
the Tralfamadorians in Kurt Vonnegut's 
Slaughterhouse-Five), we would see that 
person's past, present and future all at 
once, just as in 3-space we see all parts 
of a wavy line that traces on a time chart 
the one-dimensional spatial movements 
of mercury in a barometer. 

Reading these remarks today, one 
might suppose that Wells had been fa­
miliar with Hermann Minkowski's great 
work of tidying up Einstein's general 
theory of relativity. The line along which 
our consciousness crawls is, of course, our 
"world line": the line that traces our 
movements in 3-space on a four-dimen­
sional Minkowski space-time graph. (My 
World Line is the title of George Gam­
ow's autobiography.) But Wells's story 
appeared in its final form 10 years before 
Einstein published his first paper on 
relativity! 

When Wells wrote his story, he re­
garded the Time Traveller's theories as 
little more than metaphysical hanky­
panky designed to make his fantasy 
more plausible. A few decades later 
physicists were taking such hanky-panky 
with the utmost seriousness. The notion 
of an absolute cosmic time, with abso­
lute simultaneity between distant events, 
was swept out of physics by Einstein's 
tensor equations. Virtually all physicists 
now agree that if an astronaut were to 
travel to a distant star and back, moving 
at a velocity close to that of light, he 
could in theory travel thousands of years 
into the earth's future. Kurt Godel con­
structed a cosmological model in which 
one can in principle travel to any point 
in the world's past as well as future. In 
1965 Richard P. Feynman received a 
Nobel prize for his space-time approach 
to quantum mechanics in. which antipar­
ticles are viewed as particles momen­
tarily moving into the past. 

Hundreds of science-fiction stories 
have been written about time travel, 
many of them raising questions about 

time and causality that are as profound 
as they are sometimes funny. To give 
the most hackneyed example, suppose 
you traveled back to last month and 
shot yourself through the head. Not only 
do you know before making the trip that 
nothing like this happened but, assum­
ing that somehow you could murder 
your earlier self, how could you exist 
next month to make the trip? The late 
Fredric Brown's "First Time Machine" 
opens with Dr. Grainger exhibiting his 
machine to three friends. One of them 
uses the device to go back 60 years and 
kill his hated grandfather when the man 
was a youth. The story ends 60 years 
later with Dr. Grainger showing his time 
machine to two friends. 

It must not be thought that logical 
contradictions arise only when people 
travel in time. The transportation of any­
thing can lead to paradox. There is a hint 
of this in Wells's story. When the Time 
Traveller sends a small model of his ma­
chine into the past or the future (he does 
not know which), his guests raise two ob­
jections. If the time machine went into 
the future, why do they not see it now, 
moving along its world line? If it went 
into the past, why did they not see it 
there before the Time Traveller brought 
it into the room? 

One of the guests suggests that per­
haps the model moves so fast in time 
it becomes invisible, like the spokes of a 
rotating wheel. But what if a time-travel­
ing object stops moving? If you have no 
memory of a cube on the table Monday, 
how could you send it back to Monday's 
table on Tuesday? And if on Tuesday 
you go into the future, put the cube on 
the table Wednesday, then return to 
Tuesday, what happens on Wednesday 
if on Tuesday you destroy the cube? 

Objects carried back and forth in time 
are sources of endless confusion in cer­
tain science-fiction tales. Sam Mines 
once summarized the plot of his own 
story "Find the Sculptor" as follows: "A 
scientist builds a time machine, goes 500 
years into the future. He finds a statue 
of himself commemorating the first time 
traveler. He brings it back to his own 
time and it is subsequently set up in his 
honor. You see the catch here? It had 
to be set up in his own time so that it 
would be there waiting for him when he 
went into the future to find it. He had to 
go into the future to bring it back so it 
could be set up in his own time. Some­
where a piece of the cycle is missing. 
When was the statue made?" 

A splendid example of how paradox 
arises, even when nothing more than 
messages go back in time, is provided 
by the recent conjecture that tachyons, 
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particles moving faster than light, might 
actually exist [see "Particles That Go 
Faster than Light, " by Gerald Feinberg; 
SCIENTIFIC Al'vIERICAN, February, 1970]. 
Relativity theory leaves no escape from 
the fact that anything moving faster than 
light would move backward in time. 
This is what inspired A. H. Reginald 
Butler, a Canadian botanist, to write his 
often quoted limerick: 

There was a young lady named Bright 
Who traveled much faster than light. 

She started one day 
In the relative way, 

And returned on the previous night. 

Tachyons, if they exist, clearly cannot 
be used for communication. G. A. Ben­
ford, D. L. Book and W. A. Newcomb 
(of "Newcomb's paradox," the topic of 
this department in March) have chided 
physicists who are searching for tachy­
ons for overlooking this. In "The Tachy­
onic Antitelephone" (Physical Review, 
D, Volume 2, July 15, 1970, pages 
263-265) they point out that certain 
methods of looking for tachyons are 
based on interactions that make possible, 
in theory, communication by tachyons. 
Suppose physicist Jones on the earth is 
in communication by tachyonic antitele­
phones with physicist Alpha in another 
galaxy. They make the following agree­
ment. When Alpha receives a message 
from Jones, he will reply immediately. 
Jones promises to send a message to 
Alpha at three o'clock earth time, if and 
only if he has not received a message 
from Alpha by one o'clock. Do you see 
the difficulty? Both messages go back in 
time. If Jones sends his message at three, 
Alpha's reply could reach him before 
one. "Then," as the authors put it, "the 
exchange of messages will take place if 
and only if it does not take place .. . a 
genuine .. . causal contradiction." Large 
sums of money have already gone down 
the drain, the authors believe, in efforts 
to detect tachyons by methods that im­
ply tachyonic communication and are 
therefore doomed to failure. 

Time dilation in relativity theory, time 
tra vel in Gode!' s cosmos and reversed 
time in Feynman's way of viewing anti­
particles are so carefully hedged by other 
laws that contradictions cannot arise. In 
most time-travel stories the paradoxes 
are skirted by leaving out any incident 
that would generate a paradox. In some 
stories, however, logical contradictions 
explicitly arise. When they do, the au­
thor may leave them paradoxical to bend 
the reader's mind or he may try to es­
cape from paradox by making clever as­
sumptions. 

Before discussing ways of avoiding 
the paradoxes; brief mention should be 
made of what might be called pseudo­
time-travel stories in which there is no 
possibility of contradiction. There can be 
no paradox, for example, if one simply 
observes the past but does not interact 
with it. The electronic machine in Eric 
Temple Bell's "Before the Dawn," which 
extracts motion pictures of the past from 
imprints left by light on ancient rocks, is 
as free of possible paradox as watching 
a video tape of an old television show. 
And paradox cannot arise if a person 
travels into the future by going into sus­
pended animation, like Rip van Winkle, 
or Woody Allen in his latest motion pic­
ture, Sleeper, or the sleepers in such nov­
els as Edward Bellamy's L

'
ooldng Back­

ward or Wells's When the Sleeper 
Wakes. No paradox can arise if one 
dreams of the past (as in Mark Twain's 
A Connecticut Yankee at King Arthur's 
Court), or goes forward in a reincarna­
tion, or lives for a while in a galaxy 
where change is so slow in relation to 
earth time that when he returns, cen­
turies on the earth have gone by. 

But when someone actually travels to 
the past or the future, interacts with it 
and returns, enormous difficulties arise. 
In certain restricted situations paradox 
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can be avoided by invoking Minkowski's 
"block universe, " in which all histOlY is 
frozen, as it were, by one monstrous 
space-time graph on which all world 
lines are eternal and unalterable. 

From this deterministic point of view 
one can allow certain kinds of time travel 
in either direction, although one must 
pay a heavy price for it. Hans Reichen­
bach, in a muddled discussion in The 
Philosophy of Space and Time (Dover, 
1957, pages 140-142), puts it this way: 
Is it possible for a person's world line to 
"loop" in the sense that it returns him to 
a spot in space-time, a spot very close 
to where he once had been and where 
some kind of interaction, such as speech, 
occurs between the two meeting selves? 
Reichenbach argues that this cannot be 
ruled out on logical grounds; it can only 
be ruled out on the ground that we 
would have to give up two axioms that 
are strongly confirmed by experience: 
(1) A person is a unique individual who 
maintains his identity as he ages; (2) a 
person's world line is linearly ordered 
so that what he considers "now" is al­
ways a unique spot along the line. 
(Reichenbach does not mention it, but 
we would also have to abandon any no­
tion of free will.) If we are willing to 
give up these things, says Reichenbach, 
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we can imagine without paradox certain 
kinds of loops in a person's world line. 

Reichenbach's example of a consistent 
loop is as follows. One day you meet a 
man who looks exactly like you but who 
is older. He tells you he is your older self 
who has traveled back in time. You think 
him insane and walk on. Years later you 
discover how to go back in time. You 
visit your younger self. You are com­
pelled to tell him exactly what your old­
er duplicate had told you when you 
were younger. Of course, he thinks that 
you are insane. You separate. Each of 
you leads a normal life until the day 
comes when your younger self makes 
the trip back in time. 

Hilary Putnam, in "It Ain't Necessar­
ily So" (The Journal of Philosophy, Vol­
ume 59, October 25, 1962, pages 658-
671), argues in similar fashion that such 
world-line loops need not be contradic­
tory. He draws a Feynman graph [see 
illustration on preceding page 1 on which 
particle pair-production and pair-anni­
hilation are replaced by person pair-pro­
duction and pair-annihilation. (On Feyn­
man graphs see my article "Can Time 
Go Backward?" in SCIENTIFIC Al\IERI­
CAN, January, 1967.) The colored, zigzag 
line is the world line of time-traveler 
Smith. At time t2 he goes back to th con­
verses with his younger self, then contin­
ues to lead a normal life. How would 
this be observed by someone whose 
world line is normal? Simply put a ruler 
at the bottom of the chart, its edge par­
allel to the space axis, and move it slow­
ly upward. At to you see young Smith. 
At tl an older Smith suddenly materi­
alizes out of thin air in the same room 
along with an anti-Smith, who is seated 
in his time machine and living back­
ward. (If he is smoking, you see his ciga­
rette butt lengthen into a whole ciga­
rette, and so on.) Perhaps the two 
forward Smiths converse. Finally, at t2 
young Smith, backward Smith and the 
backward-moving time machine vanish. 
The older Smith and his older time ma-

I-- I--

A solution to the Gunport Problem 
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chine continue on their way. The fact 
that we can draw a space-time diagram 
of these events, Putnam insists, is proof 
that they are logically consistent. 

It is true that they are consistent, but 
note that Putnam's scenario, like Reich­
enbach's, involves such weak interaction 
between the Smiths that it evades the 
deeper contradictions that arise in time­
travel fiction. What happens if the older 
Smith kills the younger Smith? Will Put­
nam kindly supply a Feynman graph? 

There is only one good way out, and 
science-fiction scribblers have been us­
ing it for at least 40 years. According to 
Sam Moskowitz, the device was first ex­
plicitly employed to resolve time-travel 
paradoxes by David R. Daniels in 
"Branches of Time," a tale that appeared 
in Wonder Stories in 1934. The basic 
idea is as simple as it is fantastic. A per­
son can travel to any point in the future 
of his universe, with no complications, 
but the moment he enters the past the 
universe splits into two parallel worlds, 
each with its own time track. Along one 
track rolls the world as if no looping had 
occurred. Along the other track spins the 
newly created universe, its history per­
manently altered. When I say "newly 
created," I speak, of course, from the 
standpoint of the time traveler's con­
sciousness. For an observer in, say, a 
fifth dimension the traveler's world line 
simply switches from one space-time 
continuum to another on a graph that de­
picts all the universes branching like a 
tree in a metauniverse. 

Forking time paths appear in many 
plays, novels and short stories by non­
science-fiction writers. J. B. Priestley 
uses it in his popular play Dangerous 
Corner. Mark Twain discusses it in The 
Mysterious Stranger. Jorge Luis Borges 
plays with it in his "Garden of Forking 
Paths. " But it was the science-fiction 
writers who sharpened and elaborated 
the concept. 

Let us see how it works. Suppose you 
go back to the time of Napoleon in Uni­
verse 1 and assassinate him. The world 
forks. You are now in Universe 2. If you 
like, you can return to the present of 
Universe 2, a universe in which Na­
poleon had been mysteriously murdered. 
How much would this world differ from 
the old one? Would you find a duplicate 
of yourself there? Maybe. Maybe not. 
Some stories assume that the slightest al­
teration of the past would introduce new 
causal chains that would have a multi­
plying effect and produce vast historical 
changes. Other tales assume that history 
is dominated by such powerful overall 
forces that even major alterations of the 

past would damp out and the future 
would soon be very much the same. 

In Ray Bradbury's "A Sound of Thun­
der" Eckels travels back to an ancient 
geological epoch under elaborate pre­
cautions to prevent any serious altera­
tion of the past. For example, he wears 
an oxygen mask to prevent his microbes 
from contaminating animal life. But 
Eckels violates a prohibition and acci­
dentally steps on a living butterRy. 
When he returns to the present, he no­
tices subtle changes in the office of the 
firm that arranged his trip. He is killed 
for having illegally altered the future. 
Scores of science-fiction writers have 
played variations on this theme. 

It is easy to see that in this metaco,­
mos of branching worlds it is not pos­
sible to produce paradox. The future is 
no problem. If you travel to next week, 
you merely vanish for a week and re­
appear a week younger than you would 
have been. But if you go back and mur­
der yourself in your crib, the universe 
obligingly splits. Universe 1 goes on as 
before, with you vanishing from it when 
you grow up and make the trip back. 
Perhaps this happens repeatedly, each 
cycle creating two new worlds. Perhaps 
it happens only once. Who knows? In 
any case Universe 2 with you and the 
dead baby in it rolls on. You are not an­
nihilated by your deed because now 
you are an alien from Universe 1 living 
in Universe 2. 

In such a metacosmos it is easy to 
fabricate hundreds of duplicates of your­
self. You can go back a year in Universe 
1, live for a year with yourself in Uni­
verse 2, then again go back a year to 
visit two replicas of yourself in Universe 
3. Clearly by repeating such loops you 
can create as many replicas of yourself 
as you please. They are genuine repli­
cas, not pseudo-replicas as in the sce­
narios by Reichenbach and Putnam. 
Each has his independent world line. 
History might become extremely cha­
otic, but there is one type of event that 
can never occur: a logically contradic­
tory one. 

This vision of a metacosmos contain­
ing branching worlds may seem crazy. 
but respectable physicists have taken it 
quite seriously. In Hugh Everett Ill's 
Ph.D. thesis " 'Relative State' Formula­
tion of Quantum Mechanics" (Reviews 
of Modern Physics, Volume 29, July, 
1957, pages 454-462) he outlines a 
meta theory in which the universe at 
every micromicroinstant branches into 
countless parallel worlds, each a possible 
combination of microevents that could 
occur as a result of microlevel unceltain-
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ty. The paper is followed by John A. 
Wheeler's favorable assessment in which 
he points out that classical physicists 
were almost as uncomfortable at first 
with the radical notions of general rela­
tivity. 

"If there are infinite universes, " wrote 
Fredric Brown in What Mad Universe, 
"then all possible combinations must 
exist. Then, somewhere, everything must 
be true .. . .  There is a universe in which 
Huckleberry Finn is a real person, doing 
the exact things Mark Twain described 
him as doing. There are, in fact, an in­
finite number of universes in which a 
Huckleberry Finn is doing every pos­
sible variation of what Mark Twain 
might have described him as doing .... 
And infinite universes in which the states 
of existence are such that we would have 
no words or thoughts to describe them 
or to imagine them." 

What if the universe never forks? 
Suppose there is only one world, this 
one, in which all world lines are linearly 
ordered and objects preserve their iden­
tity come what may. Drown considers 
this possibility in his story "Experiment." 
Professor Johnson holds a brass cube in 
his hand. It is six minutes to three 
o'clock. At exactly three, he tells his col­
leagues, he will place the cube on his 
time machine's platform and send it five 
minutes into the past. 

"Therefore, " he remarks, "the cube 
should, at five minules before three, van­
ish from my hand and appear on the 
platform, five minutes before I place it 
there." 

"How can you place it there, then?" 
asked one of his colleagues. 

"It will, as my hand approaches, van­
ish from the platform and appear in my 
hand to be placed there." 

At five minutes to three the cube van­
ishes from Professor Johnson's hand and 
appears on the platform, having been 
sent back five minutes in time by his fu­
ture action of placing the cube on the 
platform at three. 

"See? Five minutes before I shall 
place it there, it is there!" 

"But, " says a frowning colleague, 
"what if, now that it has already ap­
peared five minutes before you place it 
there, you should change your mind 
about doing so and not place it there at 
three o'clock? Wouldn't there be a para­
dox of some sort involved?" 

Professor Johnson thinks this is an in­
teresting idea. To see what happens he 
does not put the cube on the platform at 
three. 

There is no paradox. The cube re­
mains. But the entire universe, including 

Supporting the board 

Professor Johnson, his colleagues and the 
time machine, disappears. 

�st month I presented a set of miscel­
laneous short problems and prom­

ised to give the answers this month. 
Here they are: 

1. The illustration on the opposite 
page shows one way of placing 27 dom­
inoes on an 8-by-1O field to form 26 
holes. Found by Capt. John C. Huval, it 
was published in Mathematics Maga­
zine for November, 1972. Many trivial 
variations can be produced by sliding 
one domino, by switching two adjacent 
dominoes or by rotating a 3-by-3 pattern 
of three dominoes. 

2. The 22 triplets that can be substi­
tuted for 7, 13 and 28 in Irvin S. Cobb's 
story are 

12-7-2= 15, 
14-7-2=25, 
16-7-2=35, 
18-7-2=45, 

15-7-5=12, 
25-7-5= 14, 
35-7-5= 16, 
45-7-5= 18, 

15-7-3= 14, 
18-7-3=24, 
24-7-3= 17, 
27 -7-3 = 27, 

18-7-6= 12, 
36-7-6= 15, 
48-7-6 = 17, 

16-7-4= 13, 
24-7-4= 15, 
28-7-4= 25, 
36-7-4= 18, 

28-7-7=13, 
49-7-7=16, 

48-7-8= 15. 

Readers interested in how William R. 
Ransom solved this problem will find it 
explained in his delightful but little­
known book, One Hundred Mathemat­
ical Curiosities (J. Weston Walch, 1955). 

3. The board is supported by the 
pliers and wooden peg [see illustration 
above J. To tie together the ends of the 
two hanging cords, tie the magnet to 
one end and start the cord swinging. 
Hold the end of the other string and 
catch the swinging magnet. 

4. The key to Raymond Smullyan's 
monochromatic chess problem lies in 
the position of the two white pawns. We 
were told that no piece has moved to a 
square of a different color, therefore the 
only way the white king could have es­
caped from his home square is by castl­
ing. The castling must have been on the 
king's side, otherwise the white rook 
would have moved from a black square 
to a white one. If the pawn of unknown 
color is white, it must have been a rook's 
pawn that moved to its present square 
by capturing. But if this was what hap­
pened, the white king could not have 
reached its present position. The rook's 
pawn, before it made its capture, would 
have confined the king to KN1 and in 
its present position would confine the 
king to KN1 and KR2. Therefore the 
pawn in question is black. 

5. Eight swings are enough to reverse 
those two bookcases. One solution: (1) 
Swing end B clockwise 90 degrees; (2) 
swing A clockwise 30 degrees; (3) swing 
B counterclockwise 60 degrees; (4) 
swing A clockwise 30 degrees; (5) swing 
B clockwise 90 degrees; (6) swing C 
clockwise 60 degrees; (7) swing D coun­
terclockwise 300 degrees; (8) swing C 
clockwise 60 degrees. 

"If you moved bookcase AB in fewer 
than five swings," writes Robert Abes, 
who originated this problem, "then you 
put an end through a wall in mid-swing, 
or (more likely) wound up with its front 
side still facing out. If you moved book­
case CD without a 300-degree second 
swing, you either wasted a swing or 
scooped a hollow out of a wall. Thanks 
to Jim Lewis for helping me move the 
large bookcase. " 

6. We wish to use a penny for decid-
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ing between alternatives A and B with 
irrational probabilities. The method, de­
vised by Persi Diaconis, applies to any 
two real fractions. 

Notational rules: 
a) Express A as an endless binary 

fraction. 
b) Number the digits 1, 2, 3 , 4, . . .  

and similarly number the flips of the 
coin. The nth digit is called the "cor­
responding digit" of the nth flip. 

e) Let the value of each flip be 1 for 
heads, 0 for tails. 

Procedural rules: 
a) If the value of a flip equals its cor­

responding digit, flip again. 
b) If the value of a flip is less than its 

corresponding digit, stop. This decides 
for A. 

e) If the value of a flip is more than 
its corresponding digit, stop. This de­
cides for B. 

Let us see how this works when A is 
1/3, B is 2/3. In binary form A = 
.01010101 . . . , B = .10101010 .... The 
sequence of flips stops with a decision 
for A if and only if tails (value 0) ap­
pears on a flip whose corresponding digit 
is 1 in the endless binary fraction for A. 
The l's are in even positions, therefore 
the probability of this happening is 1/22 
+ 1/24 + 1/26 + .... 

The sum of this series is 
.01010101 . . . .  This is obvious when we 
consider its binary fractions: 

1/4 = .01 
1/16 = .0001 
1/64 = .000001 

.010101. 

Similarly, the sequence of flips stops 
with a decision for B if and only if heads 
(value 1) appears on a flip corresponding 
to 0 in the endless fraction for A. The 
O' s are in odd positions, therefore the 
probability of this happening is 1/2 + 
1/2;) + 1/25 + . . . .  This is the same as 
summing .1 + .001 + .00001 + . .. , a 
series that just as obviously adds to 
.10101 ... = 2/3. 

The specific problem last month was 
to decide between A equaling the frac­
tional part of 7l' and B equaling 1 minus 
A. First express A as a binary fraction: 

A= .001001000011111101101 . . .  

As before, the probability of stopping 
with a decision for A is the probability 
that you get a tail (0) on a flip whose 
corresponding digit is 1. This probability 
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is equal to the binary fraction itself, be­
cause the fraction is expressing the prob­
ability as the sum of an endless series of 
binary fractions, each a reciprocal of a 
power of 2. And the probability of stop­
ping with a decision for B is the prob­
ability you will get a head (1 ) on a Hip 
whose corresponding digit is O. 

In the first case the probability is 1 /23 
+ 1/26 + 1/211 + .... (The superscripts 
are the positions of the 1's in the binary 
fraction for A) The sum is .00 100 100 00 1  
... , the binary fraction for A 

In the second case the probability is 
1/2 + 1 /22 + 1 /24 + . . . .  (The super­
scripts are the positions of the 0 '  s in 
the binary fraction for A) The sum is 
.1101 101 1110 ... , which is the comple­
ment of the previous fraction; that is, 1's 
have been replaced by O 's and O's by 
1's. It is the binary fraction for B. 

It is not hard to see why the method 
works. Probability A is expressed as a 
sum of an endless series of probabilities. 
Each is a disjoint event, so that their sum 
must equal probability A There is, of 
course, a rapidly decreasing probability 
that the Hipping will not stop, but this 
probability is vanishingly small. The se­
quence continues only as long as Hip 
values keep matching their correspond­
ing digits. On the nth toss the probabil­
ity of such a match is 1/2 to the power 
of n, which has zero measure in the end­
less series. In other words, the procedure 
is practically certain to stop, usually 
quite soon, with a decision. 

7. The Jack of Spades. 
8. The fish swims the other way if you 

move three toothpicks and the button as 
shown in the top illustration on the op­
posite page. 

9. Draw three line segments connect­
ing 0 to each of the centers, X, Y and Z, 
of the three circles. Add six line seg­
ments to connect each center to the two 
nearest of the intersection points, A, B 
and C. The nine line segments are shown 
in black in the bottom illustration on the 
opposite page. Each line segment is a 
unit in length, therefore the lines form 
three rhombuses. Now through each of 
the intersection points A, B and C draw 
another line [color]' making each line 
parallel to a radius line segment of one of 
the circles. This forms three additional 
rhombuses. Because opposite sides of 
parallelograms are equal, we know that 
the three colored line segments are equal 
and that each is one unit in length. Con­
sequently they meet at a point, Q, which 
is the center of a circle with a radius of 
one unit. The intersection points A, B 
and C lie on this circle, which is the as­
sertion we were asked to prove. 
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THE AMATEUR SCIENTIST 

Conducted by C. L. Stong 

A
ateurs who are interested in pre­
dicting the positions in orbit of 
the earth satellites that broadcast 

pictures of cloud cover can now make a 
device that will perform the calculations 
automatically. The device is designed for 
satellites in orbit within 2,000 miles of 
the earth, and a separate device must be 
made for each satellite. Details of the ap­
paratus are described by William K. 
Widger, Jr., who was a pioneer in the 
development of weather-satellite tech­
nology and is now director of geophysi­
cal selvices of Biospherics Consultants 
International, Inc. (P.O. Box 529, La­
conia, N.H. 03246). 

"The device consists of a map in the 
form of a polar projection of the North­
ern or Southern Hemisphere. A covering 
sheet of clear plastic is loosely pinned to 
the center of the map. The pin is fixed at 
the North or the South Pole. 

"The plastic overlay rotates around 
the pin. The track on the earth's surface 
over which the satellite passes during 
any orbit is plotted as a curved line on 
the overlay [see illustration on opposite 
page]. By rotating the overlay with re­
spect to the polar projection the observer 
can determine the geographical position 
of the track, that is, the subpoints on the 
earth's surface directly under the satel­
lite, at any instant. 

"A pattern of concentric circles can be 
drawn around any point on the earth's 
surface to represent the local horizon 
and to serve in determining the series of 
points directly under a satellite that cor­
respond to the several angles of elevation 
above the horizon at which the satellite 
would be seen. 'When the overlay is ro­
tated to the position at which the track 
crosses the pattern of concentric circles, 
the approximate direction and elevation 
of the satellite are depicted by the points 
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A plotting device for predicting 
the orbit of an earth satellite 

where the track intercepts the circles. 
The track can be calibrated in terms of 
the number of minutes that have elapsed 
since the satellite passed over the Equa­
tor on its most recent northbound cross­
ing. 

"Normally the observer.is interested 
in the position of the satellite in relation 
to the observing station. For this re'ason 
the map need not be cluttered with out­
lines of the earth's landmasses, although 
they can be included if the experimenter 
wants. They are shown on polar projec­
tions of the earth in most world atlases. 

"For the background map use polar­
coordinate graph paper No. 464417, a 
product of the Keuffel & Esser Compa­
ny, or an equivalent. The track of the 
satellite is drawn with india ink on the 
type of plastic sheet known as heavy­
weight clear acetate paper, which is 
available from dealers in artists' supplies. 
Mount the graph paper on a stiff backing 
of cardboard or plywood. 

"Begin the project by numbering the 
major intervals of the graph paper to 
serve as the geographical coordinates: 
latitude (cf» and longitude (A.). Note that 
longitude increases both west and east 
from 0 degrees at the bottom of the map 
to 180 degrees at the top. Latitude in­
creases from 0 degrees at the Equator to 
90 degrees at the Pole. By convention 
positive numbers designate northern lat­
itudes, negative numbers southern lati­
tudes. In making calculations it is con­
venient to express longitude in terms of 
a full circle of 360 degrees, beginning at 
the bottom of the map and proceeding 
clockwise. Conversion from one system 
of designating longitude to the other is 
easy. Subtract longitudes greater than 
180 degrees from 360. Label the differ­
ence longitude east. For example, longi­
tude 210 degrees is equivalent to 360 -
210 = 150°E. 

"Next select and identify (by placing 
a dot on the graph paper) the location 
where observations will be made. In the 
accompanying example [opposite page] 
I placed the dot at latitude 400N and 
longitude 80oW. I then determined the 
radii of the concentric circles to be in-

scribed around this point for indicating 
the horizon and the elevation angles. To 
simplify the calculations I assume the 
earth to be spherical and smooth. 

"The accompanying diagram [top of 
page 128] depicts the earth as it might 
appear in cross section if it were cut 
through the meridians 800W and 
lOO°E. Note that a straight line tangent 
to the earth's surface at 400N defines the 
horizon and is intercepted by the orbit of 
the satellite at distances from the ob­
server of 35.6 degrees of arc. The points 
of interception mark the limits beyond 
which the receiving station could not 
pick up line-of-sight signals from a 
weather satellite that orbits at a height 
(h) of 1,464 kilometers (910 miles) above 
the earth's surface. The diagram is based 
on the U.S. weather satellite NOAA-2, 
which derives its acronym from the 
National Oceanic and Atmospheric Ad­
ministration. 

"Observe that an oblique triangle can 
be drawn by connecting with straight 
lines the center of the earth, the observ­
ing station and the satellite. In this tri­
angle the lengths of two sides are known. 
One side is the earth's radius, R. In the 
calculations that follow R is assigned the 
value of 6,378 kilometers. The other 
known side is equal to the sum of R + h, 
7,842 kilometers. The largest angle of 
the triangle, the one that faces the large 
known side, is also known. This angle is 
the sum of the assumed angle of eleva­
tion and the right angle made by the 
vertical line through the station and the 
tangent to the earth's surface. 

"\Vith this information one can easily 
determine the size of the angle (B) be­
tween the known sides and therefore the 
length of the arc at the earth's surface 
that is sub tended by the known sides. 
This arc comprises the radius of the cir­
cle of points that could lie directly under 
the satellite when the satellite is at the 
assumed angle of elevation above the 
horizon. For example, the triangle that 
has been drawn with the darkest lines in 
the diagram corresponds to an elevation 
angle of 20 degrees. 

"The sequence of arithmetical opera-
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tions required to determine the corre­
sponding radius (B) in degrees of arc for 
a circle of subpoints at 20-degree eleva­
tion is specified by the first of the accom­
panying formulas [top of page 130]. Di­
vide the earth's radius by the sum of the 
radius and the height of the satellite: 
6,378 / (6,378 + 1,464) = .8 133. From 
a table of trigonometric functions deter­
mine the cosine of each desired angle of 
elevation. In this example the desired 
elevation is 20 degrees. According to the 
table, cos 200 = .9397. The formula re­
quires the product of [R / (R + h)] X 
cos E, which in this example is .8133 X 
.9397 = .7642. 

"Next the formula requires the angle 
(arc cosine) that corresponds to this co­
sine. According to the trigonometric ta­
ble, the cosine .7642 corresponds to the 
angle 40.2 degrees. Finally, the formula 
states that the desired radius (B) in de­
grees of arc is found by subtracting the 
angle E (20 degrees) from the arc cosine 
angle: B = 40.2 - 20 = 20.20. 

"To draw on the map a circle that rep­
resents points in all directions that are 
20 degrees above the local horizon, place 
the point of a pen compass on the equa­
tor of the graph paper at 0 degrees longi­
tude and open the instrument until the 
nib of the pen corresponds to latitude 
20.2 degrees. With this distance as the 
radius, transfer the point of the compass 
to the location of the observing station 
on the map and draw the circle. Similar­
ly determine the radii and inscribe cir­
cles at other angles of elevation as de­
sired. In the case of NOAA-2 I have 
tabulated radii for elevation angles at in­
tervals of 10 degrees from 0 to 90 de­
grees [see bottom illustration on page 
130]. 

"Place the clear plastic overlay over 
the map and pin it at the Pole so that the 
overlay can be rotated around the pin. 
The path of the satellite will be plotted 
on the overlay in terms of the object's 
changing latitude and longitude. These 
coordinates can be calculated for a track 
of any length in increments of, say, 10 
arc degrees, beginning on the Equator at 
o degrees longitude. Each length will be 
the hypotenuse of a right triangle as 
drawn on the surface of a sphere [see il­
lustration on opposite page]. The lengths 
of the corresponding legs of the triangle 
are measured in degrees of latitude and 
longitude. 

"The fact that members of the solar 
system rotate in step somewhat like the 
meshed gears of a machine enables one 
to plot the course of an earth satellite 
with a surprisingly small amount of ini­
tial information. For example, all that is 
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needed to plot the course of NOAA-2 is 
the fact that it travels 1,464 kilometers 
above the earth's surface in a sun-syn­
chronous orbit. The plane of a sun-syn­
chronous orbit turns one full revolution 
with respect to the sun in a year of 
365.2422 days. The angle made between 
the orbital plane and the sun remains 
constant. Moreover, the ascending node 
(the point at which a northward-bound 
earth satellite crosses the plane of the 
celestial equator-not, as in the usual 
case, the plane of the ecliptic) occurs at 
the same local time on each orbit. 

"Offhand one might suppose that the 
orbit of any earth satellite would remain 
stationary in relation to the fixed stars. 
It probably would if the universe were 
symmetrical. Actually the orbits of earth 
satellites are strongly influenced by the 
aspherical shape of the earth, which 
bulges slightly at the Equator. Satellites 
that orbit in planes making an angle oth­
er than 0 or 90 degrees with respect to 
the earth's Equator respond to the gravi­
tational pull of the bulge much as a gyro­
scope behaves when it is supported at 
one end of its shaft. Instead of falling 
the gyroscope rotates around the point 
of its support. In the same way the gravi­
tational force between the bulge of the 
earth and the satellite causes the orbit of 
the satellite to precess in relation to the 
fixed stars. This effect is observed in the 
wobbling motion of an inclined top. In­
deed, the rate at which the orbital plane 
of an earth satellite rotates varies with 
both the altitude of orbit and the angle 
at which the plane of the orbit is in­
clined with respect to the Equator. 

"To establish the sun-synchronous 
condition, weather satellites such as 
NOAA-2 are injected into orbit at an ex­
tremely precise angle of inclination, 
which is based on mathematical relations 
worked out by specialists in astrodynam­
ics. If the height of the orbit is known, 
the sun-synchronous angle of inclination 
(i) can be calculated, as shown in For­
mulas 2 and 3 [top of next page]. In 
the case of NOAA-2 the inclination of 
the orbit (i) is equal to the angle (arc co­
sine) that corresponds to the cosine of 
-4.7349 X 10.15 X (R + h)7/2. To find 
the 7/2 power of R + h for NOAA-2, 
multiply by itself seven times the square 
root of the sum of 6,378 + 1,464. The 
square root of the sum is 88.56, and 
88.567 is 4.2723 X 1013• The product 
of 4.2723 X 1013 X -4.7349 X 10.15 is 
-.2022. 

"The angle that is equivalent to the 
negative cosine -.2022 is found by sub­
tracting from 180 degrees the angle that 
corresponds to (positive) cosine .2022: 

arc cos .2022 = 78.33; arc cos - .2022 
= 180° - 78.33° = 101.67° = i, which 
is the desired an gle of inclina tion of 
the satellite NOAA-2. Formulas that de­
telmine the Jrack (L) on the surface of 
the earth over which sa tcllitcs such as 
NOAA-2 orbit make use of the supple­
ment (1) of the angle of inclination: 
180° - 10l.67° = 1. 

"Also required to calculate the track 
(L), as we have seen, is the period of 
time in minutes (P) necessalY for the sat­
ellite to complete one orbit of the earth 
beginning and ending at the ascending 
node. The period (P), as indicated by 
Formula 4, is equal to l.6586 X 10.4 
multiplied by the cube of the square root 
of R + h. For NOAA-2 the square root 
of R + h is 88.56. The cube of 88.56 is 
6.9456 X 10". Therefore the nodal pe­
riod of NOAA-2 (P) is 1.6586 X 10.4 X 
6.9456 X 105 = 115.19 minutes. 

"With this information one can calcu­
late intervals of latitude (cp) and longi­
tude (,.\) that comprise the legs of the 
spherical triangle that has as its hypote­
nuse the track (L). When I design a pre-

diction device, I normally begin by as­
suming that the track starts on the 
Equator at 0 degrees longitude. I then 
compute the corresponding latitude and 
longitude as the satellite advances along 
its t!'ack in increments of 10 degrees of 
arc. A somewhat more accurate CUlve 
could be plotted by reducing the incre­
ments to five degrees of arc, which 
would double the number of computa­
tions. 

"Latitude (cp) is determined with the 
aid of Formula 5. For example, when 
NOAA-2 has orbited through a distance 
of 10 degrees of arc from its assumed 
starting point above the Equator, it ar­
rives at the latitude: arc sin (sin 78.33° 
X sin 10°) = .9793 X .1736 = . 17 = 
9.8° = cp. After NOAA-2 has advanced 
90 arc degrees along its track its lati­
tude has increased to arc sin (sin 78.33° 
X sin 90°) = .9793 X 1 = .9793 = 
78.33 0, its closest approach in latitude 
to the North Pole. When NOAA-2 com­
pletes half of its orbit ( 180 degrees), its 
latitude falls to arc sin (sin 78.33 ° X sin 
180°) = .9793 X 0 = 0°. Stated differ-

� orbit of s�teJJ/te 

Orbit of a satellite as defined by a spherical triangle 
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B arc cos [ (R/(R+h)} cos E) - E (1) 

arc cos [-4.7349 X 10-1• (R+h)7/2) (2) 

1800-i (3) 

P 1.6586 x 10-4 (R+h)'/2 (4) 

8 arc sin (sin I sin L) (5) 

A { arc tan (cos I tan L) } + PL 11,440 (6) 

8t = arc sin [sin I sin (3601 1 P) I (7) 

Formulas for predicting an orbit 

entiy, the satellite has arrived above the 
Equator on the opposite side of the 
earth. From 180 to 360 degrees the trig­
onometric sign of all angles is negative, 
indicating that these latitudes lie in the 
Southern Hemisphere. 

"Each increment of longitude (A) con­
stitutes the second leg of the associated 
spherical triangle. The increments are 
calculated with the aid of Formula 6. 
Longitude is generated by two motions: 
the westward advance of the satellite on 
its retrograde orbit and the slower mo­
tion of the observer as the earth's rota­
tion carries the station eastward. The 
component of the longitudinal motion 
for which the satellite is responsible is 
described by the formula as an arc that 
corresponds in degrees (arc tangent) to a 
trigonometric tangent expressed as the 
product of cosine I multiplied by tangent 
L. To this arc, according to the formula, 
must be added the second component of 
motion: an arc equal in degrees to the 
product of P X L / 1,440. 

"Assume that NOAA-2 has advanced 
10 degrees along the orbit (along the hy­
potenuse of the spherical triangle). It has 
reached the latitude 9.8°N, as has been 
previously calculated. Simultaneously 
the satellite has moved westward along 
the inclined orbit: L = 10°. As has been 
previously determined, the cosine of I 
(78.33 degrees) is .2022. The trigono­
metric table lists the tangent of 10 de-

ELEVATION 

CIRCLES SATELLITE TRACK DATA 

E B L 8 A L 8 

0 35.6 -20 -19.6 -5.8 100 74.7 

10 26.8 -10 -9.8 -2.8 110 67.0 

20 20.2 0 0 0 120 58.0 

30 15.2 10 9.8 2.8 130 48.6 

40 11.5 20 19.6 5.8 140 39.0 

50 8.5 30 29.3 9.1 150 29.3 

60 6.0 40 39.0 12.8 160 19.6 

70 3.8 50 48.6 17.6 170 9.8 

80 1.9 60 58.0 24.1 180 0 

90 0 70 67.0 34.7 190 -9.8 

80 74.7 55.3 200 -19.6 

90 78.3 97.2 210 -29.3 

grees as .1763. Substitute these values in 
the formula: arc tan (.2022 X .1763) = 
arc tan .0356 = 2°. This is the arc 
through which NOAA-2 would have or­
bited in longitude if the earth were not 
rotating. 

"The motion of the earth generated an 
interval of longitude: P X L / 1,440 = 
115.19 X 10° / 1,440 = .8 0. The total 
increase in longitude is therefore A = 2 
+ .8° = 2.8°. Near the Equator, where 
the meridians are widely spaced, the rate 
at which the satellite moves westward is 
low in relation to its motion nOithward. 
Over the first 10 degrees of NOAA-2's 
orbit from the Equator its longitude in­
creased by only 2.8 degrees, an average 
of only .28 degree of longitude per de­
gree along its track. 

"This rate increases dramatically as 
the satellite approaches the poles, where 
the meridians meet. When L is 90 de­
grees, the tangent of L is infinity. The 
product of cosine I times infinity is in­
finity. The arc tangent of infinity is 90 
degrees. At this point along the track the 
component of longitude generated by 
the earth's rotation is 115.19° X 90/ 
1,440 = 7.2 0. Therefore A = 90 ° + 7.2 ° 
= 97.2°. When L has increased to 100 
degrees, the equation is tan L = 180° -
100° = tan 80°. According to the laws 
of trigonometry, tangents of angles that 
lie between 90 and 180 degrees are neg­
ative numbers. Hence tan 100° = -tan 
80° = -5.6713. Substitute the appro­
priate values in the formula, cosine 
I and tangent L: .2022 X -5.6713 = 
-1.1467. Therefore at this point along 
the track the component of arc for which 
the satellite is responsible is 180° + arc 
tan -1.1467 = 180° - 48.9° = 131.1°. 

"To this longitude must be added the 
increment contributed by the earth's 
rotation: 115.19 X 100° / 1,440 = 8 0. 
Hence after NOAA-2 has orbited 100 
degrees from the Equator its longitude 

TIME FROM ASCENDING NODE 

A t 8t t 8
t t 8, 

139.1 -6 -18.3 18 54.5 42 47.4 

159.7 -4 -12.2 20 60.3 44 41.4 

170 .3 -2 -6.1 22 65.9 46 35.4 
176.8 0 0 24 71.1 48 29.3 

181.6 2 6.1 26 75.5 50 23.2 
185.3 4 12.2 28 78.1 52 17.1 
188.6 6 18.3 30 77.7 54 11.0 
191.6 8 24.4 32 74.7 56 4.9 
194.4 10 30.5 34 70.1 58 -1.2 

197.2 12 36.6 36 64.8 60 -7.4 
200.2 14 42.6 38 59 .2 62 -13.5 
203.3 16 48.6 40 53.3 64 -19.6 

Data for a plotting device designed for the satellite NOAA-2 
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has increased to A = 131.10 + 80 = 
139.10. During the 10 degrees of arc 
along the track from 90 to 100 degrees 
the longitude of the satellite shifted 
westward from 97.2 to 139.1 degrees, an 
advance of 41.9 degrees compared with 
the difference of only 2.8 degrees for the 
same length of track at the Equator! 

"When you do the arithmetic, keep in 
mind that the tangents of angles that lie 
between 180 and 270 degrees are posi­
tive. The calculation of these angles is 
similar to that of angles between 0 and 
90 degrees. The accompanying table 
lists the latitudes (cp) and longitudes (A) 
that determine points at each 10 degrees 
of arc along the track of NOAA-2. Be­
ginning on the Equator, plot the points 
on the plastic overlay. (The overlay can 
be anchored temporarily at the edge of 
the map with bits of adhesive tape.) 
Connect the points by a graph to repre­
sent the track. The graph can be drawn 
smoothly in india ink with a ruling pen 
and a draftsman's French curve. 

"The track can be calibrated in min­
utes of time since the satellite crossed 
the ascending node. Intervals of two 
minutes are convenient. I prefer to plot 
the intervals in terms of latitude (cpt) 
with the aid of Formula 7. For example, 
two minutes after NOAA-2 crosses the 
Equator its latitude, according to the 
formula, is arc sin [sin 78.33 X sin (360 
X 2/115.19)] = arc sin .1066 = 6.10 
= "'t. If P is known in minutes, the for­
mula can be simplified. Divide 360 by 
the known period. Thereafter multiply 
the intervals of time (t) by the resulting 
constant. For NOAA-2 the constant is 
360 / 115.19 = 3.125. The formula be­
comes arc sin (sin I sin 3.125 t). The ac­
companying table [bottom of this page] 
lists latitudes for calibrating the track of 
NOAA-2 during the first hour of its orbit 
from the ascending node. 

"If two or more tick marks are in­
scribed on the overlay at the Equator, 
the device will serve for predicting the 
location of the satellite for as many 
as about 121� orbits. The marks are 
spaced at intervals of longitude equal to 
the satellite's apparent westward move­
ment during each full orbit, as measured 
from consecutive ascending nodes. This 
distance, in degrees of arc, is about .25 
times P. For NOAA-2 the tick marks are 
spaced at intervals of .25 X 115.19 = 
28.8 0. In general predictions of more 
than 24 hours are not useful because 
small errors build up rapidly. 

"To use the instrument rotate the 
overlay to the point at which the zero 
time of the track coincides with the lon­
gitude of the satellite at its next ascend-
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ing node near the longitude of the ob­
server. This information is broadcast 
worldwide by radio station W1AW, as 
Eugene F. Ruperto explains in his de­
scription of an amateur weather-satellite 
station in this department [ScmNTIFlc 
AMERICAN, January]. 

"The fact that the orbit of the satellite 
can penetrate the observer's horizon as 
plotted on the map, or even some of the 
inner circles of elevation, does not neces­
sarily ensure that radio signals from the 
satellite can be picked up. The device is 
designed on the unrealistic assumption 
that the earth is a smooth sphere. Local 
features of the terrain may interfere with 
the line-of-sight path. Experience at a 
given location will soon determine for 
the observer the bands of ascending­
node longitudes and the corresponding 
interval of time after the ascending node 
when the satellite is within receiving 
range of the station. 

"Incidentally, lest readers misinterpret 
Ruperto's discussion of the information 
picked up and broadcast by NOAA-2, 
the scan to which he refers lies only 
across the earth at a right angle with re­
spect to the satellite's track. The scans 
are analogous to the horizontal lines of a 
television picture. The signal in the in­
frared scan is the sum of all energy in the 
infrared band from 10.2 to 12.5 microm­
eters {not nanometers}. The area re­
solved in the infrared is about four miles 
across when the scan is directly under 
the satellite. The visible channel inte­
grates as a single signal all reflected solar 
energy between .5 and .7 micrometer, 
with a resolution of about two miles 
when the radiometer is looking straight 
down. At a distance of 500 miles on ei­
ther side of the subpoint these resolu­
tions are degraded by a factor of approx­
imately 1.5. 

"Amateurs should keep in mind the 
fact that although the visible channel 
picks up a true picture of cloud cover, 
the infrared channel broadcasts a tem­
perature map of the earth's surface and 
of the highest clouds except thin cirrus 
clouds. Low temperatures appear as 
shades ranging from white to light gray, 
higher temperatures are in shades from 
dark gray to black. 

"The tops of clouds at high and inter­
mediate altitudes are cold. They appear 
white. For this reason the images of 
cloud cover made in infrared, even when 
they are picked up on the dark side of 
the earth, frequently resemble pictures 
made in visible light. Thin cirrus clouds 
and clouds with very low {warm} tops 
may not be visible in infrared against the 
background of the earth's surface." 
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76120. THE SCIENCE OF LIFE. Paul A. Weiss. Brilliant 
research biologist and educator has distilled the knowledge 
he has gleaned over a lifetime devoted to investigating the 
meaning, mystery, and mechanismf: of life to develop a 
sound and sensible philosophy. $7.95 

45990. ESSAYS ON CELLULAR AUTOMATA. Edited by 
Arthur W. Burks, Eight experts in the field present a fasci� 
nating overview of one of the fastest-growing and most 
intriguing branches of computer science. $12.50 

46580. THE EVOLUTION OF MAN AND SOCIETY. C. D. 
Darlington. One of the world's great scientists sums up a 
lifetime of research and speculation on every aspect of 
hUman development. $12.95 

78190. SEXUAL SELECTION AND THE DESCENT OF MAN. 
Edited by Bernard Campbell. Experts in the fields ot 
biology, genetiCS and anthropology examine the evidence 
for Darwin's theory of sexual selection, the strongest factor 
in human evolution. $14.75 

47340. EXPLORING THE OCEAN WORLD. Revised Edilion. 
Edited by C. P. Idyll. Soundly documented study of ocean­
ography in all its varied aspects. "Profusely illustrated. 
A very useful compendium. ," N. J. Berrill in Natural 
History. $14.95 

75730. SCIENCE AND SOCIETY IN THE 161h and 17th 
CENTURIES. Alan G. R. Smith. A lucid and succinct ac­
count of the scientific advances of the sixteenth and 
seventeenth centuries which produced a revolutionary re­
shaping of man's view of the universe and his own place 
in it. $8.95 

45471. ENVIRONMENTAL GEOSCIENCE. Arthur N. 
Strahler and Alan H. Strahler. Masterfully explores the 
biological processes involved in interactions between Man 
and the environment of energy and matter which surrounds 
him. $12.95 

48700. FOOD IN HISTORY. Reay Tannahill. Highly-ac­
claimed, pioneering work drawing on archaeology, anthro­
pology, biology, economics, medicine, and other disci­
plines to show how diet and eating habits have shaped 
man'S development. $15.00 

68730. PHYSICS OF THE EARTH. Frank D. Stacey. New 
volume in the science of geophysics incorporating all of 
the revolutionary changes in this most fundamental of 
sciences. . $12.95 

50110. GENETICS OF THE EVOLUTIONARY PROCESS. 
Theodosius Dobzhansky. Recent discoveries in molecular 
biology are incorporated to explain the unity and diversity 
of life on earth. Vital reading for scientist and nonspecial­
ist alike. $12.50 

87540. WORKING WITH NATURE. John W. Brainerd. Offers 
perceptive instructions for modifying the environment any­
where, For nonspecialists and profeSSionals - whether 
you have a window box, a back yard, or an entire wilder­
ness to work with. $15.00 

50570. GRADUATE SCHOOL IN THE SCIENCES. By Jack 
G. Calvert, James N. Pitts. Jr., and George H. Dorion. 
Three experts 'from academic life and from industry offer 
some useful and practical advice for those who want to 
get into graduate school as well as for those who want to 
stay in. $9.95 

49350. FUNDAMENTALS OF PHYSICS. David Halliday 
and Robert Resnick. A complete updating and revision of 
the modern classic. Integrating modern and classical 
physics, this Wildly successful text stresses theory rather 
than technology and is selective rather than encyclopedic. 

$15.95 

66020. OPTICS. By Miles V. Klein. Covers not only tradi­
tional topics in geometrical and physical optics but pro­
vides a complete introduction to the full range of modern 
developments including lasers, holography, and coherence. 

$16.95 

84130. THERMAL PHYSICS. Charles Kittel. A revolutionary 
treatment of this all-important field, by the author of the 
widely-acclaimed Introduction to Solid State Physics. 

$12.95 

34560. ASTROPHYSICAL CONCEPTS. Martin Harwit. A 
challenging new presentation of the fundamentals of this 
important SCience, which bridges chemistry, physics, bi­
ology, mathematics, astronomy, meteorology, and th� earth 
sciences. $14.95 

63061. MOONS AND PLANETS. William K. Hartmann. "A 
masterpiece of factual information. Deserves the widest 
circulation among astronomers, geologists, meteorologists, 
biologists, philosophers, and laymen alike because it has 
no equal in linking these disciplines together."-Clyde W. 
Tomb.augh in Mercury. $12.95 

36520. THE BONE HUNTERS. Uri Lanham. Absorbing his­
tory of the nineteenth-century adventurer-scientists who 
startled the scientific world, shattered many near-sacred 
illusions, and laid the foundations of modern paleontology. 
Filled with rare old photographs. $12.95 

70350. PROBABILITY THEORY AND ITS APPLICATIONS. 
Volume 1. Third Edilion. William Feller. Thoroughly re­
vised and rewritten brilliant work on prob?bility by one of 
the twentieth century's most distinguished mathemat����c:

o 

63860. THE NATURE AND GROWTH OF MODERN MATHE· 
MATICS. Edna E. Kramer. There is nothing stereotyped 
about this lively, ingenious new approach to the history of 
developing mathematical concepts. The emphasis through­
out is on the clarification of 20th-century ideas. Counts as 
2 of your 3 books. $24.95 
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by Philip Morrison 

T
HE FUNCTIONS OF SLEEP, by Er­
nest L. Hartmann, M.D. Yale Uni­
versity Press ($8.50). Why do we 

sleep? In a personal, clear (although 
rather medical) prose this Tufts profes­
sor of psychiatry, a prolific researcher on 
sleep, dares to propose in this paperback 
an answer to the general reader and the 
specialist alike. He is a man undaunted 
by anyone's technique or jargon. He as­
serts the joint utility of concepts at very 
different stages of abstraction, citing 
with sober appraisal studies of the level 
of brain tyrosine hydroxylase no more or 
less knowingly than he refers to ego re­
gression. Let the origin of the ideas lie in 
"electrical studies of a giant squid axon" 
or in "hours spent listening to a neurotic 
Viennese patient"; the new psychology 
will arise from both. His demanding es­
say is a beginning toward a grand goal 
ahead, a powerful theory of the rela­
tionship of mind and body. 

The laboratory has provided two main 
lines of inquiry into the human sleeper. 
One is electroencephalography: the val­
uable if frustrating recording of those 
sub millivolt waves at five or 10 cycles 
per second, an effort to study the big 
computer inside by measuring leakage 
currents in its front panel. The second 
is human response to drugs, viewed with 
a lively sense of analogy to the neuro­
chemistry of the rat. Add extensive clini­
cal tests of deprivation and stress, ques­
tionnaires and interviews with long and 
short sleepers and other such "experi­
ments in nature" and his evidence is be­
fore you, often graphically. The litera­
ture is voluminous, since clinical work­
ers are many. The 300 and more entries 
in the bibliography are a mere sample; 
several thousand papers have appeared 
since 1966, when the author wrote his 
first review of the field. 

Sleep is not an EEG tracing, of course, 
but a recurrent state of behavior marked 
by a much dulled response to outside 
stimuli and a certain quiescence. The 

BOOKS 
The functions of sleep, ,nicrobes old 

and new and the art of workmanship 

EEG and the polygraph have shown 
us particular electrical states associated 
generally-not always-with that behav­
ior. Our sleep is cyclical, a cycle lasting 
from an hour and a half to under two 
hours. Each sleeper spends about three­
fourths of each cycle in S sleep (the S 
standing for the synchronized delta 
waves, with from one to four peaks per 
second, that mark the deepest stages of 
this form) and the rest of the cycle in 
"paradoxical" D sleep: desynchronized 
or dreaming sleep, with rapid eye move­
ments, irregular pulse, penile erections 
and an EEG pattern resembling the 
lightest sleep, and yet with minimal 
large-muscle potentials and maximal 
thresholds of arousal. We share the types 
of sleep with most mammals (perhaps 
with all but the spiny anteater), with 
birds (which show a very little D sleep), 
maybe even with reptiles, but not with 
fish. D sleep is neurologically active, 
with some single nerve cells as busy as 
when we are awake. It is striking that 
young mammals sleep the most, with a 
greater share of D sleep; there are some 
signs that the protein-synthesis rate rises 
during S sleep, but hardly any chemical 
differences between sleep and waking 
are clear. 

Prolonged sleeplessness kills; it takes 
a couple of weeks in dogs, rats and cats. 
It is hard to see real changes in the abil­
ities of sleep-deprived humans, except 
that they tend to fall asleep during the 
tests! This result is disappointing, but 
Professor Hartmann argues that the "ob­
vious subjective and emotional effects" 
of the deprivation of sleep leave the im­
pression of damage to the focused at­
tention. "Dream deprivation" is a fas­
cinating goal, and it is now possible to 
reduce the D time specifically-although 
the brain cleverly rearranges its patterns, 
transferring the important diagnostic 
bursting spikes from special parts of the 
brain to S periods or even to waking. We 
are inveterate dreamers, it seems, who 
find our way to dreamland along many 
paths. 

Advertise in the "daily newspapers in 
Boston and New York" and you can 
draw a couple of hundred adult males 

who always sleep more than nine hours 
or less than six hours each day. These 
men filled out sleep logs (for pay) and 
answered many questions; after further 
selection 29 came to the laboratory for 
eight nights of sleep study. Long sleep­
ers spend nearly twice as much time in 
D sleep as short sleepers, although about 
proportionately the same amount of 
time. Psychologically, long sleepers are 
worriers, critical, uncomfortable; short 
sleepers are men who tend to "shrug 
things off and not get involved." Anoth­
er couple bf thousand people were ques­
tioned and interviewed in a search for 
sleepers whose duration of sleep varied 
with circumstances. The data seem to 
be mere impressions, but they are strong. 
Soldiers warned of impending combat 
sleep long hours; young women clearly 
relate times of acutely increased sleep 
to periods of emotional loss and grief; 
one man whose life changed from that 
of a laborer to that of an anxious uni­
versity student (in a - special program 
for intelligent people who had not at­
tended college) found he needed one or 
two more hours of sleep per night. It 
has proved hard to induce such variation 
experimentally. Young people wearing 
inverting prisms-seeing their world up­
side down-need much D time at first, 
but the dat� are not beyond question. 
A group required to spend four hours 
each evening in a "perplexing atmo­
sphere" (performing difficult tasks with­
out explanation) needed more D time. 

The pattern is there eve�, 
if it is not 

yet sharp: stress, worry, reprogram­
ming" and the like are correlated with, 
and sometimes produce, increased D 
time and more sleep. In the laboratory 
electroshock and certain antidepressant 
drugs (the monoamine oxidase inhibi­
tors) can sharply reduce D time. More 
impressive still, D time is increased by 
drugs that reduce the amount of the es­
sential transmitter substance norepi­
nephrine at the synapses; treatments 
that reduce D time make more norepi­
nephrine available. 

Simple tiredness also takes two forms. 
Here Professor Hartmann is persuasive­
ly clinical, even psychoanalyticaf. No 

133 

© 1974 SCIENTIFIC AMERICAN, INC



VVATCH 
THIS 

SPACE 
With Priscilla and Bart Bok, 

astronomers, authors, and experi­
enced tour guides through the 
Milky Way. 

The Milky Way 
Bart J. Bok and Priscilla F. Bok 
4th edition, revised and rewritten 

You'll be enthralled as they 
unravel the intricacies of our 
home galaxy and its 100 billion 
star-suns, star clusters, nebulae, 
and clouds of cosmic dust. 

This is the completely revised 
and rewritten, up-to-the-minute 
edition of a book that has informed 
and delighted generations of star­
gazers, both amateur and pro­
fessional. 

Fully, and beautifully, illus­
trated. $15.00 

Also from this series: 
Galaxies 
Harlow Shapley, editor 
3rd edition, 
revised by Paul W. Hodge 
$10.00 

Atoms, Stars, and Nebulae 
Lawrence Aller 
Revised edition 
$11.95 

These three books, taken to­
gether, give all but the most profes­
sional stargazer a comprehensive 
coverage of the field of stellar 
astronomy. And there are more to 
come. So keep watching this space 
for other books on our ever­
changing universe. 

Write for our free brochure or 
order directly from: 

The Harvard Books in Astronomy 
Harvard University Press 

79 Garden Street 
Cambridge. Mass. 02138 

134 

graphs now but a long table making his 
case that when we become physically 
tired, without much anxiety, we seek 
sleep easily; when emotional stress and 
tension leave us "mentally" tired, we at­
tain the sleep we need more slowly and 
are meanwhile headachy, irritable, un­
able to plan well or adapt smoothly. The 
two states may represent two distinct 
needs, the first for the more general and 
physically restorative S sleep, the second 
for specialized repair of the subtle feed­
back processes that can be described as 
ego functions. 

Dreams themselves, treated here very 
sketchily but seriously, can be embraced 
in this model. The most obvious aspect 
of dreams is perhaps the easy acceptance 
of the bizarre and the unusual. An en­
tire function is shut down: the judgment 
of reality. By now the author's exciting 
if tentative conclusion is almost easy to 
guess. S sleep is physically restorative; 
it differs from fully relaxed wakefulness 
mainly in specific brain electrophysiol­
ogy. This suggests that it reflects a cata­
bolic process within the brain; the hour­
long time scale may imply that some rel­
atively complicated biosynthesis of some 
large molecules is involved. D sleep, for 
which prior and longer S sleep seems a 
necessary precondition, serves rather to 
restore some special state of the neuro­
transmitters called catecholamines that 
are necessary for changes in synaptic 
linkage in particular regions of the cor­
tex. D sleep is rather the time for rich 
reconnections according to some high­
level computer language within those 
domains. The amphetamines also make 
a surplus of catecholamines available; 
they seem to do (or overdo) what D 
sleep does. Such drugs induce a state of 
overfocusing or "riveted attention" -in 
the end frank paranoia. 

No one will take this somewhat wob­
bly pyramid of hypotheses for the final 
word, but we owe the courageous author 
a considerable debt for giving us this 
prefiguration of the "music of the fu­
ture." Neither this or that -ism nor any 
single scheme of abstraction will lead to 
a coherent theory. The road is long. Pro­
fessor Hartmann himself reminds us that 
his two functions of sleep resemble the 
analysis made long ago by a distraught 
Macbeth: "Sleep that knits up the 
ravell'd sleave of care ... / Chief nour­
isher in life's feast." 

THE BLUE -GREEN ALGAE, by G. E. 
Fogg, W. D. P. Stewart, P. Fay and 

A. E. Walsby. Academic Press ($24) . 
AGENTS OF BACTERIAL DISEASE, by Al­
bert S. Klainer and Irving Geis. Harper 
& Row, Publishers, Inc. ($9.95). First 

part the quick from the dead. Then di­
vide the living into two groups. On the 
one hand there will be all the forms of 
life from amoeba to elephant, from kelp 
to sequoia. On the other there will be 
two and only two groups of living forms: 
the bacteria and the blue-green algae. 
"Blue-green algae are not always blue­
green in colour but ... one can recognize 
them instantly under the microscope be­
cause of the characteristically homoge­
neous appearance which the absence 
of ... organelles ... gives to their proto­
plasm." These smallest and simplest 
forms of life are the topics of two differ­
ent volumes. 

The Blue-Green Algae is the work of 
a lifelong student of this ancient strain 
and the younger colleagues working in 
his laboratory at Westfield College of 
the University of London. Their subject 
has undergone an exhilarating upsurge 
of interest, fed by the power of micro­
biology. Where once the blue-greens 
seemed obscure, slow-growing nuisances 
of nutrient-rich conditions, now they are 
seen in a truer light: ancient precursors 
of higher forms, probably the first donors 
of the very oxygen of our atmosphere, 
stubbornly prospering on the frigid lakes 
of the Antarctic, in the hot springs of 
Yellowstone, on damp walls, in arid des­
erts, in tidal flats and in rice paddies, all 
over the world except in Australia. Only 
bacteria range more widely. 

Classical microbiological techniques 
make it possible to isolate a pure inocu­
lum of blue-greens, given plenty of pa­
tience. Their mucilaginous sheaths har­
bor embedded bacteria that contaminate 
the cultures grievously. Once pure, some 
species of these algae will grow in a fully 
mineral medium, feeding on bubbling 
air and light from a fluorescent tube, 
their biomass doubling every two hours. 
They fix carbon photosynthetically from 
carbon dioxide as green plants do, and 
with the most important form of chloro­
phyll. They can fix nitrogen from the air; 
it seems probable that the half of man­
kind who live on rice are largely de­
pendent on blue-green algae for the 
bounty of their unfertilized paddy. 

The blue-green algae, like bacteria, 
occur as single cells or in clumps, neck­
laces and even branching filaments. 
Many species have a couple of types of 
differentiated cell. Certain filamentary 
forms produce chains of identical cells, 
but once in a while along the chain 
there is a special bead, thickly sheathed 
and usually larger, called the heterocyst. 
The electron microscope shows a com­
plex ultrastructure in the heterocyst, and 
it was recognized in the past few years 
(by these authors) that the heterocyst 
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cell is the seat of enzymatic fixing of the 
nearly inert nitrogen molecule. The ni­
trogen-fixing factory is set going by a 

deficiency of organic nitrogen in solu­
tion, but it is highly sensitive to poison­
ing by free oxygen. The nitrogen-fixing 
bacteria of the buried root nodules of 
legumes do not, of course, encounter 
much free oxygen, but the blue-greens 
release it themselves by photosynthesis; 
it seems plausible that the heterocyst 
originated in order to separate the two 
conflicting chemical processes, oxygen 
release and nitrogen reduction, both es­
sential to the life of the organism. Some 
blue-greens without heterocysts can fix 
nitrogen, but only under extreme oxy­
gen-poor conditions. 

For 20 years silicified microfossils of 
cells that are pretty surely blue-greens 
have been pursued farther and farther 
back into the Precambrian eons. The 
layered colonial structures called stro­
matolites, the blue-greens' version of cor­
al, date from as much as three billion 
years ago. It seems plausible that the 
blue-greens first invented oxygen re­
lease and then their heterocysts, and fi­
nally so polluted the atmosphere with 
the well-known microbial poison, oxy­
gen, that the solar ultraviolet was itself 
dimmed by ozone; then larger forms de­
veloped, finally on dry land, feeding on 
the very poison the algae had excreted. 
Nitrogen-fixing was an algal trick too: 
they began to inherit the earth from the 
bacteria once abundant initial supplies 
of combined nitrogen had been used up. 
The case for retention of once free-living 
blue-greens as the photosynthetic or­
ganelles of green plant cells, now living 
inside the cells as obligate symbionts, is 
made with due prudence. These high 
matters may soon pass from conjecture 
to test in the microfossil record, 

Blue-green algae move somehow by "a 

slow, smooth progression without there 
being a visible means of propulsion." 
They need a surface, and some trick of 
the mucilage layer is probably responsi­
ble. Two clever microphysiologists have 
measured the power involved, and they 
conclude that one gliding algal filament 
(speeding by at almost three microns per 
second) used about 7,300 molecules of 
A TP per second to move, less than one 
part in 2,000 of the overall respiration. 

These botanists (the blue-greens seem 
less ambiguously plants than other mi­
croforms do) have prepared an up-to­
date and thorough volume, perhaps the 
best overall treatment of this fascinating 
class of organisms to be found. It is well 
illustrated with electron micrographs 
and photographs and graphs of every 
kind, including color pictures of blue-
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greens in their varied habitats-one ex­
ample even deliciously and properly 
blue-green. A watercolor plate by the 
senior author adds a sense of tradition to 
this modern, compendious book. 

Agents of Bacterial Disease is anoth­
er excellent survey of an entire range of 
life. Here, however, those widespread 
forms of bacteria that once dwelled in 
the earth and still cover it are not to be 
found; as the title makes clear, the em­
phasis is wholly on the more specialized 
bacteria that are true parasites on one 
primate species, our own dear selves. It 
was of course medical concern and ef­
fort that made bacteria the best known 
of microorganisms, no less than their 
large and swiftly grown populations and 
the easy chemical selection, the simple 
properties that first attracted the atten­
tion of the pioneers of modern molecular 
biology. 

This book is a concise introductory 
text in medical bacteriology. It is unique 
in its emphasis on visual presentation. 
The 115 illustrations are particularly 
rich in scanning electron micrographs. 
Their depth of field gives a furry reality 
not only to the diagnostic forms of clin­
ically important organisms but also to 
such processes as antibiotic exposure, 
which allow some bacteria to grow but 
not to divide, and thus to yield grossly 
elongated cells or to puff out long 
pouches of cell wall (a kind of exag­
gerated bacterial hernia) at the place 
of normal division. Chains of cells are 
seen linked by thin bridges of wall. One 
remarkable set of four pictures shows the 
same cells stained in an ordinary photo­
micrograph and in the phase microscope, 
transmission electron microscope and 
scanning electron microscope. It is a 
capsule history of technique in a couple 
of pages. 

The book opens with a few introduc­
tory chapters, covering very briefly the 
biology of bacteria and immunology, 
and then devotes about a dozen chapters 
to various types of bacteria and the dis­
eases they cause-as streptococci, clos­
tridia and so on. The summary text de­
scribes the various tests, bacterial prod­
ucts, disease signs and symptoms and 
even treatments. Many tables, diagrams 
and drawings are included, the better 
to carry out the theme of visual presenta­
tion. The logical and explicit drawings 
are the work of the junior author, a well­
known scientific illustrator whose work 
has often been seen in this magazine. 

THE NATURE AND ART OF WORKMAN­
SIDP, by David Pye. Van Nostrand 

Reinhold Company ($2.75). This little 
paperback, only 60 pages of text and 
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another 30 of carefully captioned pho­
tographs, is the work of the Professor of 
Furniture Design at the Royal College 
of Art in London. His eye is naturally 
out for the quality of work in wood, and 
half of the photographs are of wood 
objects, but the rest span the range 
from sail canvas to beer can and com­
puter module, It would be an error to 
try to enlarge much on the message of 
a book this crisp and thoughtful, but 
some remarks are called for. Altogether 
it is as penetrating an account of the 
aesthetics of what humans make as has 
been seen for a good many years, and it 
deserves a wide readership, 

Such work rests on the validity of nice 
distinctions, Professor Pye begins with 
the sharp comment that design can be 
symbolically conveyed, whereas work­
manship cannot. "On the workman's de­
cision depends a great part of the quality 
of our environment. " The designer pre­
pares the score, the workman performs 
the music, Workmanship is of two kinds: 
the workmanship of risk and the work­
manship of certainty, In the first the re­
sult is not predetermined but depends 
heavily on the maker; the quality of the 
second kind is fixed in advance, by jig 
or tool bed, die or punch. To separate 
hand and power tools is no useful way 
of division and to distinguish mass pro­
duction from one by one is also a false 
division, Indeed, little is really done "by 
hand"; how can we exclude from the 
machine category the brace and bit, 
the potter's wheel and the hand loom? 
Writing with a pen is perhaps the com­
monest handwork that remains, 

Nor can "rough" and "precise " be 
helpful dividers; rough work is often ex­
cellent, fully achieved, beautiful. Pye 
uses instead "regulated " and "free," 
Regulated work admits of no disparity 
between idea and achievement; when 
there are evident disparities, the work is 
called free, Both modes, risk and cer­
tainty, can, of course, achieve high regu­
lation. The workman regulates risk by 
his dexterity, his gradualness and the use 
of jigs and forms. The workman of cer­
tainty usually gains regulation immedi­
ately; in this kind of production high 
regulation is today almost inevitable, al­
though it is not logically reqUired. So far 
the distinctions named are on the side 
of production. They seem helpful and 
knowing. 

The key to Professor Pye's argument 
lies on the side of the user, the viewer, 
the perceiver. It is based on what he 
calls diversity. The intrinsic limitations 
of human vision and touch leave-under 
any circumstances of distance, lighting 
or size-some unresolved and indistin-

© 1974 SCIENTIFIC AMERICAN, INC



If you've been wai ng for the world's most 
advanced memory calculator-your timing is 
perfect. 

Powered by two inexpensive 9 volt bat· 
teries, the 800 will last almost one year on the 
same set of batteries or ten times longer than 
even the lowest drain pocket calculators. But 
there are several other very exciting new fea· 
ture break throughs. 

RECHARGEABLE VS 
DISPOSABLE BATTERIES 

It all boils down to convenience vs savings. 
Rechargeable batteries cost roughly $3.00 per 
year to power the average pocket calculator. 
That isn't very expensive. But the calculator 
owner who wishes to recharge his batteries is 
always at the mercy of his AC adapter/charg· 
er. And the adapter 1) is always subject to 
malfunction, 2) is often heavier than the cal· 
culator and 3) requires AC power to drive it. 

If you've ever been on an airplane when 
your calculator pooped out or if you have 
been unable to use your calculator because 
your AC adapter didn't work, you can appre· 
ciate the convenience of the disposable bat· 
tery. But disposable batteries are more expen· 
sive-an average of about $4 to $7 to operate 
the average calculator per year. 

The DataKing 800 costs roughly $1.00 per 
year to operate using readily available 9 volt 
batteries. Therefore no AC adapter is requ ired 
nor is one provided. 

BIG DISPLAYS VS SMALL DISPLAYS 

The display is the biggest consu mer of bat­
tery power in a calculator. The bigger the dis· 
play, the more power required to light it. 
Sunlight can easily overpower the display's 
light·emitting elements making legibility im· 
possible. 

The DataKing 800 has a large easy·to·read 
liquid crystal display. When small electrodes, 
arranged to form digits, are charged by micro­
currents of electricity, the liquid crystal turns 
opaque. The resulting numbers must then be 
illuminated by a light source to provide the 
contrast needed to read the display. The 800 
employs a light·gathering prism that eliminates 
any need for an internal lighting system and 
consequently uses a mere fraction of the 
power required by other conventional calcu· 
lators. And the brighter the room light, the 
easier it is to read-even in sunlight. 

NEW CLICK-THRUST KEYBOARD 

The DataKing 800 has taken the full·thrust 
keyboard feel and added a click to provide 
the world's first "click-thrust" keyboard. Not 
only do you get a very positive data entry 
feel, but your chance of false entry is greatly 
minimized by the unique widely·spaced keys. 

NEW ACCESS MEMORY SYSTEM 

Memory on a calculator is such an impor· 
tant feature that units without it are practi· 
cally outdated. Memory permits you to store 
individual numbers or answers to calculations 

A new memory calculator breakthrough 
means the end of the AC adapter, 

rechargeable battery and small display 
and the introduction of a new memory system. 

NATIONAL INTRODUCTORY 
PRICE Sug. Retail $79.95 The world's first ambient light liquid crystal memory pocket 

calculator-the DataKing 800 manufactured by Rockwell lnternationaf, 
can operate for one year on the same set of disposable batteries. 

in a memory bank and then recall the total of 
those numbers directly onto your display 
without erasing the total in your memory. 

The DataKing 800 has the new access mem­
ory. You can now take any number on your 
display and divide or mUltiply your memory 
total by that number-all while retaining that 
same number on your display. No other cal· 
culator has this feature. For example, to add 
a number to memory, press "M" and the 
plus key. To divide a number into memory, 
press "M" and the divide key. 

MANY OTHER FEATURES 

Now that we've told you all about those 
revolutionary features, here are some addi· 
tional qualities that make the DataKing the 
nation's unquestioned memory leader. 

1) Easiest to use Even if the 800 is your first 
pocket calculator, you'll find it a snap to 
learn. The algebraic logic (you perform the 
functions as you think) makes it easy to per· 
form chain calculations. The automatic con· 
stants on all six functions require no separate 
switch to turn on, and there's a separate memo 
ory-plus and memory·minus entry system. 

,.---COMPARED TO--_ ... 
TEXAS INSTRUMENTS 

America's leading brand·name calcu· 
lator is Texas Instruments. TI recently 
announced their new TI 2550 memory 
unit for $99.95. That same calculator is 
now outdated by the introduction of the 
800. The TI 2550 uses rechargeable bat· 
teries and has a small display and the 
older chain memory system. Compare 
price, features, performance and depend· 
ability, and you can easily see why the 
DataKing is America's greatest memory 

calculator value. 

2) The best percentage system To add 5% to 
a $50 purchase, simply enter $50, then press 
the plus key, the 5 key and then the percent 
key. The percentage amount of $2.50 is dis· 
played. Then press the equal key-$52.50 is 
displayed. In short, you perform percentage 
problems exactly as you think for both addi· 
tion, subtraction, multiplication and division. 

3) The finest display The large 8·digit liquid 
crystal display with floating decimal has neg· 
ative balance and overflow indicators. You 
can also clear any overflow condition and 
continue your calculations. 

4) Shock resistant The calculator enclosure 
also eliminates the need for a carrying case 
and provides a high degree of shock resistance. 
The display and prism are recessed and thus 
protected by its rugged high impact resistant 
case even when accidentally dropped. 

5) Handsome styling Rarely do you find so 
many outstanding features in a highly·styled 
calculator. The DataKing 800 measures only 
1V,' x 3Y:," x 6" and weighs only 10'12 ounces. 
Other features include a clear entry system 
for memory or mistaken entries, zero suppres· 
sion, and a full floating decimal. 

You are no doubt familiar with Rockwell 
International and their approach to quality. 
The DataKing 800 is no exception. Although 
the 800 was designed to be service· free, your 
unit is backed by a one year warranty and 
DataKing's national service·by-mail facility. 
DataKing, Inc. is a well financed and estab· 
lished company and a leading consumer elec· 
tronics firm-further assurance that your mod· 
est investment is fully protected. 

JS&A is so convinced that the 800 is the 
best memory unit you can buy that we are 
making the following offer: try the DataKing 
800 for a fu II month. Compare it with every 
other calculator on the market for features, 
value, keyboard-whatever. If you are not 
absolutely convinced that it is the finest cal· 
cu lator value ever offered, return it anytime 
within that month for a prompt and cour· 
teous refund. Truly an unprecedented offer. 

EXCHANGE YOUR PRESENT UNIT 

Want to exchange your old, outdated cal· 
culator for the DataKing 800 without losing 
too much money? We've got a way. After 
you are absolutely satisfied with your Data· 
King 800, send us your outdated unit. JS&A 
will then send it to a deserving school, non· 
profit organization, or charitable institution 
who in turn will send you a letter of appreci­
ation and a certificate acknowledging your 
contribution. Then use that contribution as a 
legitimate deduction on your income tax reo 
turn. You'll be helping somebody in need, 
while justifying the purchase of the latest cal· 
cu lator techno logy. 

TO ORDER BY MAIL 

Each unit is supplied with batteries, war· 
ranty card and a thorough instruction book­
let. To order the 800 simply send your check 
for $62.45 ($59.95 plus $2.50 postage and 
handling. Illinois residents add $3.00 sales tax) 
with your name, address, city, state, and zip 
code to the address shown below. If you wish 
to charge the 800 to your Master Charge, 
BankAmericard, Diners Club, or American 
Express credit card account, call our toll· free 
number or send us a brief note listing all 
numbers on your credit card, expiration date, 
signature and telephone number. Pick up the 
phone and order your DataKing 800 at no 
obligation today. 

CREDIT CARD BUYERS CALL: 

(800) 323-5880 
IN ILLINOIS CALL (312) 498·6900 

Lines open until llpm rc.s. T.} 

NATIONAL SALES GROUP 
4200 Dundee Rd. 

Northbrook, I ll ino is 60062 
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"The pieces of a vast puzzle are coming together. 
If they can be successfully assembled, they will constitute 
a medical revolution . . .  orthomolecular medicine." 
- Human Behavior 
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ORTHOMOLECULAR 
PSYCHIATRY 

TREATMENT OF SCHIZOPHRENIA 

ediled by 
DAVID HAWKINS and LINUS PAULING 

From Walter C. Alvarez, M.D.: 

"Many thanks for sending me the magnificent book by Drs. Hawkins and Linus Pauling. I am 

delighted to see it because I am a believer in the work of Drs. Hoffer and Osmond, who years 

ago started this idea of treatment for schizophrenia. What has bothered me for years has been 

the tendency of nearly all physicians to say that the teatment is no good, when they have 

never tried it on patients. 

"Now I hope that more doctors will try it." 

From Human Behavior [May 1973): 
"The overwhelming weight of evidence seems to point in the same direction : Orthomolecular 

medicine is rational, and it works .... [ This book is ) a huge collection of research articles and 

clinical reports concerning this biochemical approach to mental illness .... fascinating .... 

this is all the stuff of scientific discovery." 

"I join my coeditor, Dr. Hawkins, and the other contributors to this book in expressing the hope 

that it will be found useful not only by scientists and physicians but also by those who suffer 

from schizophrenia and by their families." -Linus Pauling 

ORTHOMOLECULAR PSYCHIATRY: Treatment of Schizophrenia 
Edited by DAVI D HAWKINS, The North Nassau Mental Health Center, and 

LINUS PAULING, Stanford University 

1973,697 pages, 92 illustrations, 79 tables, $17.00 

I. 
W. H. FREEMAN AND COMPANY 
660 Market Street, San Francisco, California 94104 

58 Kings Road, Reading, England RG1 3AA 
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guishable elements of any object. It is 
these that generally determine surface­
through texture, reflections, gloss, luster 
and the rest. A surface looks tinny or 
leathery because we recognize by ex­
perience the particular scale and range 
of the unseen tiny undulations and de­
viations from flatness of the surfaces. 
The workmanship of risk can deal mas­
terfully with these matters; "surface 
quality in man-made things comes of 
workmanship." Even a careful microfin­
ish specification of surface roughness 
brings the designer little visual gain; he 
cannot hope to specify an entire surface, 
as complex as the Alps, with a number 
or two or even a root-mean-square aver­
age. Meanwhile the designer for the 
workmanship of certainty must continue 
to learn about the quality and potential 
of materials from the best works made 
by the craftsmen of risk. 

"Four things are going wrong." One 
is the present inability of the workman­
ship of certainty to predetermine the 
diversity that makes surface; only in 
woven synthetic fibers and in the use of 
transparent and translucent plastics is 
there so far any sign of design success in 
diversity. Computer-controlled machine 
tools might begin to introduce regulated 
diversity but they have not done so yet. 
Another is the bad workmanship of risk 
in the assembly of objects made with 
high regulation, as in carelessly fitted 
millwork doors. Still another: The best 
of the regulated workmanship of risk re­
quires so much time that it is dying of 
its high cost, although it still contributes 
unique qualities to our environment, for 
example the finest cabinetmaking. Final­
ly, free workmanship is dwindling too 
(if less speedily). 

The last three problems can be met 
by specific changes-through education, 
cooperation, deliberate support, or per­
haps by amateurs who will work more 
for love than for money. The handmade 
gun and the handmade viola bow are 
examples of the finest regulated work­
manship of risk today, and they are not 
in danger of neglect. Free workmanship 
too can be preserved; the Japanese pack­
aging crafts give a splendid example. It 
is up to high technology and perceptual 
science, however, to solve the first prob­
lem. These are no matters of bread and 
butter, but we well know we do not live 
by bread alone. 

No one who reads this book will again 
throw away a beer can with indifference. 
The slight buckling of the surface gives 
it an element of free workmanship, and 
the raw, direct edges do not clash with 
its low surface polish. "Anyone accus­
tomed to doing regulated work by the 

Tolhe 
author 

You ARE INVITED 
to send for a 
free, illustrated 
brochure which 
explains how 
your book can 
be published, 
promoted and 
marketed. 

in search 01 
a PubliSher 

Whether your subject is fiction, 
non ·fiction or poetry, scientific, 
scho!arly, specialized (even con­
troversial) this handsome 52· 
page brochure will show you how 

to arrange 
for prompt 
p u b l ica ­
tion. 

Un p u  b l i s h ed 
authors, espe· 
cially, will find 
this booklet val­
uable and in­

formative. For your free copy, or more 
information, write to: 

Va n t a g  e Pr e s s, I n c., 0 e p t. F - 53 
516 W. 34 St., New York, N. Y. 10001 

Our Space-Age 
Celestial Map ... 

Measures 6.5 X 3.5 feet! 
It is Ihe most comprehensive of its kind, 
showing 5,179 stars, 88 constellations, all 
Yale Catalog designations, Greek letters, 
and 250 star names. Stars vary in diameter, 
corresponding to brightness up to the sixth 
magnitude. Designations are light blue. A 
degree scale appears every l/l 0 inch on the 
map's perimeter. 
This decorative mercator-type chart, already 
in use at leading schools, allows an all­
encompassing view of both hemispheres and 
simulates the nighttime skies. 

Please send __ Celestial Map(s) at $9.95 
ea. (postpaid). Send check or m.o. In Calif. 
add 5% tax. Maps come rolled in crush­
proof tubes. 
ASTROGRAPHICS, Dept. SA, P.O. Box 
2411, San Francisco, CA 94126. (415) 
282-8333. 

DIGITAL COLOR TV 
You can build 
the world's most 
unique color TV -
Haathkit "2000" 
• On-screen digital 

channel readout, 
optional on-screen 
digital clock 

• Programmable 
digital channel 
selection 

• Silent all-electronic 
varactor tuni ng 

• Digital remote control option 
• Latest 25/1 (diagonal) Negative 

Matrix picture tube 
• Built-in self-service instruments 

RATED TOPS BY EXPERTS: 
"In our view, the color TV of the 
future is here - and Heath's GR-2000 
is it!" - Popular Electronics 

April, 1974 
"With manufacturers only now 
beginning to get the color excellence 
Heath has featured for years, it was 
time for Heathkit to once again move 
ahead of the industry, and move 
they did." - Radio-TV Repair 

March, 1974 
" ... uses the latest in digital logic 
techniques ... undoubtedly one of the 
best designed color sets available ... 
a set you will want to own." 

- Radio-Electronics 
February, 1974 

better performance 
for less money -

and the 
satisfaction of 

building your 
own. Send for 

your:lIcopy. 

Brought to you by the 
world's largest manu­
facturer of electronic ' .1 kits - digital TV, 

clocks, thermometers, 
calculators; home 

appliances; hundreds 
more. See them all 

in the new, free 
Heathkit catalog! 

I HEATH I 
.----------- K1am·I§i.. 

I Heath Company, Dept. 36-5 
Benton Harbor, Michigan 49022 

o Please send FREE 
Heathkit Catalog. 

Name 

Address 

City 

State 

Zip 

I 
I 
I 
I 
I 
I 
I 
I 
I 

CL-507 , 
-----� 

1'4 1 
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What was said as explanation for climbing to 
the height of exploration, the Assault of Mt 
Everest ; 
We, in rapture, would apply to sounding the 
depth of exploration, the Immersion into In­
nerSpace. 
You who are willing to accept the individual 
challenge; 
to explore the vantage of a new world, 
to fly through clouds of life, 
to soar weightless through blue-luri ng depth, 
to a symphony of silence and human respira­
tion ; 
You should become one of us. 

Th e 
I nternational 

UNDERWATER 
EXPLORERS 
SOCI ETY 
We are the bastion of individual exploration of 
the sea, through education, of the Western 
Hemisphere. Our club facilities on Grand 
Bahama I sland are unique in all the world. Our 
members compose the who's who in under­
water exploration. Our NAUI instructors en­
joyably and intell igently teach the method of 
the art, SCUBA Diving. And we have pro­
grams to bring you into the sea, whatever your 
i nterest : s port, sc ientif ic,  commercial or 
casual, on holiday, sabatical, or expedition. 

(!) On your next holiday, continue to abandon Z tourism for education and experience. Come 
>= to U N EXSO, come with us into the sea. Be­
Z come a member. Learn to dive with your 
<t: Society's professional educators. Join an in­
a.. ternational u nderwater safari. 
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FACiliTIES 
Shal low train ing peal 
Deep tra in ing tank 
Cousteu M u seum 
Bcutan p h otograp h i c  

Lab 
Da Vinci studiO 
Jules Verne library 
M u lt i  M ed i a  e x p e r i -

ence room 
Cl assrooms 
Health Spas 
Perry Oceanograph ies' 

Hydro-Lab and 
R e c o m p r e s s i o n  
chamber 

Pr iv ate g r o u n d s  and 
wharf 

Write AirMail to: 

R. W.  Majo r 

COURSES 
Snorkeli ng 
I ntroduction to SCUBA 
SCUBA Cert if icat ion 

Course 
Decompression Diving 
U nd e rw at e r  P h oto­

graphy 
Marine Identification 
P h y s i o l o g y  ( P hy s i ­

cians only) 

and 
EDUCATIONAL EX­

PEDITIONS 

U N EX S O  
Post Box F - 2 4 3 3 
Grand Bahama Island 

workmanship of risk must feel something 
of a pang at throwing such a thing away, 
for to make it by the workmanship of 
risk would be an intensely difficult and 
very long job." 

CHEMICALS FROM PETROLEUM: AN IN-
TRODUCTORY SURVEY, by A. Law­

rence Waddams. John Wiley & Sons 
($6.95). First issued by Shell Chemical 
in Britain a dozen years ago, this expert 
and easily read book has become a stan­
dard training manual in the petrochemi­
cal industry. It conveys the feeling of an 
international industry as volatile as its 
feedstocks and products, and an eco­
nomics as recycled and complex as its 
piping runs. The industry is the scene of 
ingenuity and analysis at every level, 
from the replacement of high-pressure 
reciprocating machines (mechanical 
wonders only a generation ago) by fast 
centrifugal compressors to the realization 
that the enticing economies of increased 
plant scale (cost varying with capacity 
to the .6 power) begin to pall once too 
many eggs are in one basket: the risk 
of start-up delay or plant malfunction 
grows at least in proportion to plant size. 
Although the book is up to date-three­
fourths have been rewritten since the 
second edition only five years ago-it 
makes no reference to the uncertainties 
of crude-oil supply that are now so much 
on the public mind. 

The story of the industry is told well, 
with a brief background in history, a 
long set of detailed chapters on the main 
chemicals (arranged by molecular size), a 
few chapters on economic and consump­
tion matters and useful flow diagrams 
and photographs of plant. 

The burden of the account is varia­
tions on a theme: engineers can easily 
handle liquids and gases on a large scale 
but not solids. Just as our fuel-several 
tons per year per human head world­
wide-has tended to become fluid, so 
have the raw materials of chemical pro­
duction become fluids, in part the direct 
by-products of fluid-fuel production. 
The most wanted products, however, are 
solid at the point of use (with the im­
portant exception of sulfuric acid and of 
ammonia solutions used directly for fer­
tilizer). Nearly half of all elemental sul­
fur is now recovered from petroleum or 
"sour" natural gas. 

Take tires. The commonplace automo­
bile tire is about a third carbon black 
and two-thirds butadiene-styrene poly­
mer. Carbon black is made nowadays by 
burning in a special furnace a fine spray 
of a rather heavy petroleum feedstock. 
Photographs of old plants give eloquent 
witness to how unsavory a pall of black 

"LASER LIGHT" 
A SCI ENTI FIC 

AM E RICAN 
FILM 

Fabry·Perot interferometer pattern 
i n  krypton-ion laser beam 

Almost everyone has heard of lasers, but 

rel ative ly few people have seen them in ac­

tion. The Editors of SCIENTIFIC AMERICAN now 

present " LASER L I G HT," a 1 6-mi l i i mete r 

sound fi l m  about lasers : what they are, how 

they work, the marvelously p u re and c u ri ­

o u s l y  sci nti l l ati ng l ight  they prod uce, h ow 

they are bei ng used and h ow they may be 
used in the near future. The fi l m  is  in color 

and lasts 37V2 m i n utes. I t  is  now avai lable 

for sale or rent. 

A few h ighl ights of the fi l m  are: 
• Computer-generated animation 

explaining stimulated emission and 

resonant optical cavities. 

• Ripple-tank and oscilloscope demon­

strations explaining the wave 

principles underlying laser action 

and holography. 

• Holograms, their three-dimensionality 

dramatically evoked by the moving 

camera. 

• A 600-foot, a.a-kllowatt laser In action. 

• Tunable lasers. 

• A television picture transmitted by 

laser beam. 

• The laser chalkline for the San 

Francisco Bay tunnel. 

• Laser Interferometry_ 

• Gas, solid and organic-liquid lasers_ 

• An exp!lriment on the use of holography 

in a computer memory_ 

• Original musical score. 

" LASER L I G HT" is recommended for gen­

eral audiences with an i nterest i n  science 

and technology, and for use i n  conj u nction 

with the teaching of physics and optics. The 

fi l m  i s  acco mpanied by a selection of five 

SCIENTIFIC AMERICAN arti cles on l asers and 

holography, written by lead i n g  authorit ies in 

these fields. 

Renta l :  $3 7 . 50 for 3 days.  For p u rchase a n d  
preview write MOTION PICT U R E  DEPT. , SCi­
ENTIFIC AMER ICAN, 4 1 5  M a d i son Ave . , N ew 
York , N . Y. 1 00 1 7 . (20 1 )  89 1 - 7 7 2 7 .  I N  CANA­
DA: I ntern a t i o n a l  Te le-F i l m  Enterpri ses , 2 2 1  
V i ctoria St . , Toronto 2 0 5 .  (4 1 6 ) 3 6 2 - 2 3 2 l .  
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soot used to be tolerated by the rural 
consumers of the air above the gas fields 
of Texas; the new furnace-black plant 
appears spotless. Butadiene? In Europe 
it is a solvent-separated product of the 
stream of four-carbon molecules arising 
from the high-temperature, steam-aided 
cracking of a feedstock rather like gaso­
line. Styrene? It is made in two steps 
from the catalytic alkylation of benzene 
with ethylene. Benzene? Once the prin­
Cipal aromatic-ring product of coal tar 
from the great coking furnaces, it now 
comes from catalytic hydrogenation in 
the petroleum refinery. By now most 
U.S. benzene is petroleum-born (more 
than 90 percent). In Europe too: in 
1970 three tons of benzene came from oil 
for every one made from coal. Coke is 
still essential for steel and coal-gas man­
ufacture, and benzene is still a side prod­
uct. Those industries have been static, 
however, compared with the rising de­
mand for petroleum aromatics. The shift 
from coal to oil-derived benzene took 15 
years. Ethylene? This double-bonded 
two-carbon molecule is produced in the 
largest volume of any pure organic com­
pound (ammonia is inorganic by current 
convention). In the U.S. it has been pro­
duced mainly by the pyrolysis of our 
ethane-rich natural gas; in Europe it is 
made by cracking a liquid petroleum 
fraction, since the natural gas of Europe 
is almost pure methane. 

Tires, the various plastics-aU the vi­
nyls, polyethylene, polystyrene, poly­
propylene, phenolics, nylon, acrylics­
ammonia, fertilizer and sulfur itself now 
derive from air and the automated and 
continuous flow of the petroleum indus­
try. How closely the economics and the 
chemistry are linked to the much larger 
production volume of liquid and gaseous 
fuel is an important theme of the story; 
how that will resist change is unclear. 

The economics of petroleum will not 
remain long in its present disarray but it 
is sure that costs will rise. The era of the 
chemical engineer's delight, with raw 
materials piped and tanked to the plant 
in a smooth fluid flow at the lowest 
prices in an ever increasing stream, is 
nearing an end. All curves of growth 
flatten in time. Solid coal will come back 
and itself be turned into fluid feedstocks. 
A tenth or so of the flood of fuel should 
meet all our needs for petrochemicals; 
perhaps it is true that "petroleum prod­
ucts are better used to make something 
tangible and useful, as an alternative to 
being burned to produce energy." Sure­
ly that will describe the industry better 
a generation hence, however useful our 
wrappings, roofing and gimcrack toys 
may be deemed to be in that wiser age. 
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The real 
Every time we allow ourselves to litter we betray 

our trust in the land. 

Through technology, weve created practically 

indestructible paper, corrosionless metals, eternal 
plastics . Throw something carelessly away and it 
lies there forever. Some of the most beautiful vistas 

in America are littered with the carcasses of empty 
cans, broken bottles, picnic litter, and abandoned 

autos. Not only is it ugly, it's a tragic waste of 

materials. 

The ideal -

America, the beautiful. America, the clean. 

AtianticRichfieldCompany �� 
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Our goal was to make gelling there as much fun as being there. 
When we designed our GMC 

MotorHome, we had something quite special 
in mind. We wanted a motorhome that would 
actually be fun to drive. 
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low -lower than any other motorhome. So 
it can handle crosswinds. And corners. 

That's also why we've provided it 

with front-wheel drive, a 455 -cubic-inch V-8 
with automatic transmission, and tandem rear 
wheels with air suspension. So it can handle 
highway speeds. And off-highway bumps. 

Not that we've ignored living comfort. 
In fact, 1 5 floor plans, in four different color­
coordinated decors, are available. 

If you want specifics, send for our 
28-page color catalog. Simply write: GMC 

MotorHome Headquarters, Drawer Y, Dept. 
3 t 1. Lansing, Mich. 48909. 

Better yet, see your local GMC 
MotorHome dealer. 

TheGMC MotorHome. It doesn't 
look like a box. It doesn't ride like a truck. 

The MotorHome from General Motors. 
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