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OCCASIONALLY, A MOTOR CAR SO PERFECTLY BALANCES LINE, 
DIMENSION AND PROPORTION THAT IT BECOMES A 
WORK OF ART. INTRODUCING THE CORVETTE CONVERTIBLE. 

I GM I Let's get it together . . .  _ buckle up. 
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Y
OU get perfectly focused pictures. Because the What happens when you don't have much light? 
N2020 focuses automatically, whether your sub- You get perfect pictures even in total darkness. 

ject is moving or still. Because the new SB-20 Autofocus Speedlighthelps 
What happens when you don't set the exposure? the N2020 "see" in the dark. 

You get perfectly exposed pictures. Because the You also get a choice of unparalleled N ikon lenses 
N2020 offers three programmed modes for auto- including our popular new zooms. And lots of manual 
exposure, too. options, too. 

What happens when you don't advance the film? So what happens when you buy MTka 
Y0!l g�t perfect P!ctures anJ'WO:y. Because the N2020s an N20 20? Your pictures will be per- \\e Jethe� bUIlt -In motor drive advances It for you. fect whether you are or not. greatest pictures." 

What happens 
whenyou dorlt focus 

our new SLR? 

TheN2020 Autofocus SLR. 
NIIta.. One year membership in the Nikon USA Club is free with every purchase when you submit the Nikon USA Club application. For further 
l� information write: Dept. N9. Nikon Inc., 19601 Hamilton Ave., Torrance. CA 90502-1309. © Nikon 10c .. 1986. 
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How aeronautical research 
helped bring medical technology up to speed. 

For more than 70 years, Domier scientists have been 
studying the physics of flight: T heir research into pit­
ting caused by raindrops striking an aircraft in super­
sonic flight led to an authentic medical breakthrough 
-the Lithotripter. 

Developed and engineered by Domier, the Lithotripter 
combines aerospace technology with the natural laws 
of physics to disintegrate kidney stones through shock 
waves. By the use of shock waves, the pain and dis­
comfort normally associated with surgical procedures 
are eliminated. And because it is completely noninva­
sive, the Lithotripter significantly shortens recovery 
time, thus reducing cost to the patient. To date, more 
than 100,000 kidney stone sufferers have been success­
fully treated by the Lithotripter. 

Domier's Lithotripter is the first of what we envision 
as a continuing series of technological breakthroughs to 
improve the quality and lower the cost of medical care. 

A MEMBER OF THE DAIMLER·BENZ GROUP 
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THE COVER 

The painting on the cover shows the cockpit of a simulator for an F-16 jet 
fighter surrounded by a computer-generated scene. In such a simulator a pi­
lot can practice many flying tasks while sitting safely on the ground. Conse­
quently flight simulators are increasingly employed in the training of both 
military and civilian pilots (see "Flight Simulation," by Ralph Norman Ha­
ber, page 96). The painting is based on a simulator called ESPRIT, which is 
now under.construction at the Link Flight Simulation Division of the Singer 
Company. The system is designed to conserve computational power by 
tracking the direction of the pilot's gaze at each moment and displaying in 
great detail only the area that is in the line of sight (circular area on right 
bank o/image). Programs that simulate flight are also available for person­
al computers (see "Computer Recreations," by A. K. Dewdney, page 16). 
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LETTERS 

To the Editors: 
In the middle of the 19th century 

Michael Faraday discovered many 
fundamental laws of nature using 
homemade equipment, which he paid 
for with money saved from his mod­
est salary. Later James Clerk Maxwell 
was an amateur scientist, and Albert 
Einstein earned his living as a postal 
clerk while he formulated the theory 
of relativity. Only one generation ago 
pioneers in high-energy physics were 
timidly hoping to receive subsidies of 
tens of thousands of dollars to enable 
them to construct the early accelera­
tors. The accelerator escalation that 
has taken place since then is breathtak­
ing; to recognize the trend is not as 
complex as solving the equations of 
unified field theory. 

The cement is barely dry at the Su­
percERN accelerator here in Geneva, 
but the carefully reasoned budget re­
quest for the next round is already be­
ing prepared. Next in line, apparently, 
is the accelerator described in "The 
Superconducting Supercollider," by 
J. David Jackson, Maury Tigner and 
Stanley Wojcicki [SCIENTIFIC AMERI­
CAN, March]. This machine will be 52 
miles in circumference and is project­
ed to cost $4 billion. 

At each stage of the accelerator es­
calation virtually identical arguments 
have been advanced to justify the leap 
to the next quantum. These arguments 
have almost always included, in one 
form or another, the assertion that a 
grasp of the fundamental nature of 
physical reality is just around the bud­
getary corner. In the words of the au­
thors, "less energy or less luminosity 
begins to compromise the discovery 
potential." And who is willing to take 
such a risk? (Certainly no politician.) 

The Superconducting Supercollider 
(ssc) may indeed be the ultimate solu­
tion. Or it may not. Based on past ex­
perience, a fairly probable scenario is 
that after the $4 billion (plus cost over­
runs and operating expenses) is spent a 
number of obscure results will be ob­
tained (and reported on the front page 
of the New York Times), the usual quo­
ta of Nobel prizes will be awarded and 
physics will move on to the next level. 

What if, as in the past, the ssc raises 
as many questions as it resolves, if not 
more? Shall we then be asked to build 
a 200-mile accelerator at a cost of $20 
billion? Is there a limit and, if there is, 
how shall we recognize it? 

KENT GORDIS 

Geneva 
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To the Editors: 
It is intellectual curiosity and the ac­

companying ability to investigate the 
laws of nature and benefit from in­
vestigation that distinguish the human 
species from other forms of life. Sure­
ly the drive to constantly improve our 
understanding of the fundamental na­
ture of matter and energy has plenty of 
historical precedents in all areas of hu­
man endeavor. 

The continuing exploration of the 
moon and the solar system is a natural 
extension of the spirit that led the ear­
ly American pioneers to explore the 
Western frontier. The telescopes of 
Galileo and Kepler, which provided 
our earliest detailed understanding of 
planetary motion, have led to giant op­
tical and radio telescopes that enable 
us today to probe the outer reaches of 
the universe. The understanding of hu­
man anatomy and of the workings of 
the body led naturally to a quest to 
find means of fighting disease and pro­
longing human life. 

Gordis asks a legitimate question 
about whether there is an end in sight 
to our need for ever larger accelera­
tors. The simple answer is that we do 
not know, but some elaboration might 
be worthwhile. 

There are cases in the history of sci­
ence in which a discovery or a theory 
effectively terminated a certain line of 
investigation. Newton's law of gravita­
tional attraction solved the riddle of 
planetary motion; the breaking of the 
genetic code concluded a certain phase 
of molecular biology. There are strong 
reasons to believe the ssc might pro­
vide a similar breakthrough in particle 
physics, but only time and experiments 
will resolve this question. 

Gordis raises an additional ques­
tion: What is a feasible or desirable 
level of Federal support for accelera­
tor construction and hence research in 
high-energy physics? Before answer­
ing we mu·st point out that even though 
the ssc is a very expensive scientific in­
strument, its construction would not 
represent a radical break with past lev­
els of funding for high-energy physics. 
As accelerators have become bigger 
(and therefore more expensive) their 
number has become smaller. Thus the 
total funding level (after correcting for 
inflation) has not changed very much 
over the past quarter of a century. Ex­
cept for a significant increase in the 
high-energy-physics budget during the 
peak years of its construction, the ssc 
should not require major changes in 
the funding level. 

We conclude with a personal opin­
ion regarding Gordis' last question. It 
is true that the Large Electron-Posi­
tron Collider (SupercERN in Gordis' 
terminology) is still unfinished, but it 

is a complementary machine to the ssc 
and will not address the same q ues­
tions. The field of high-energy physics 
is complex enough so that a single ac­
celerator cannot address all the impor­
tant problems. Often a multi prong ap­
proach is necessary. We do not know 
whether fundamental questions about 
the nature of matter and energy will 
remain after the exploitation of the 
ssc, but if they do, curiosity will un­
doubtedly drive us to explore them. 
Because a $20-billion accelerator does 
not appear economically feasible, this 
drive will provide an additional strong 
impetus to a search for new, more eco­
nomical and more compact accelera­
tion techniques that would open a still 
higher energy regime to exploration. 

There are already significant efforts 
to develop such techniques, but the 
construction of the ssc cannot await 
them: it appears that it will be close 
to a quarter of a century before they 
could result in a proposal for a prac­
tical scientific instrument. That time 
scale is simply too long to preserve the 
vitality of the field, particularly when 
one considers that it may take more 
than a decade to design and build a 
modern accelerator. If we want to pur­
sue the age-old quest to understand the 
fundamental building blocks of mat­
ter, we have no choice but to build the 
Superconducting Supercollider. 

J. DAVID JACKSON 

MAURY TIGNER 

STANLEY WOJCICKI 

Subscription correspondence should be 
addressed to Subscription Manager, SCIENTIFIC 
AMERICAN, P.O. Box 5969, New York, NY 
10017. The date of the last issue on your 
subscription is shown in the upper right-hand 
corner of each month's mailing

' 
label. For 

change of address notify us at least four weeks 
in advance. Please send your old address (if 
convenient, on a mailing label of a recent is­
sue) as well as the new one. 

Name 

New Address 

Street 
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State and ZIP 

Old Address 
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4 DRESS SHIRTS 

2 BELTS 

All this (and more!) fits into the Lands' End Solo Voyager. 
(It nzeasures 22" x 19" x 7J 

I
t's a carry-on bag. It's a wardrobe, 
too. It has a spacious double-zip­
pered compartment you can open 

on each side. Frankly, it may be the 
only piece of luggage you'll ever need. 

We planned it that way, even 
though we make one of the most 
complete families of soft luggage 
items around-50 different styles and 
shapes and sizes last time we 
counted-all designed to travel 
compatibly together to meet the 
needs and whims of millions of Lands' 
End's fussy customers. 

The need for Solo 
is self-evident. 

For those times when you travel 
fastest traveling alone, you'll need a 
bag with a forgiving capacity-since, 
like us, you'll probably always over­
stuff it. Solo is made of Square Rigger® 
cotton canvas, which makes it tough 
enough to handle all that. Yet the bag 
has shape because we line it with 3 oz. 
vinyl. Inner seams are bound, outer 
seams welted with leather. T his bag 
simply won't come apart. 

Finally, Solo is not only great for 
what can fit into it but also for what it 
will fit into. Closed it fits nicely into 
overhead compartments. Opened to 
wardrobe length, it can shoulder into 
even over-crowded plane closets. 

All this, plus carrying strap, leather 
shoulder pad and leather luggage tag 
for only $130. We'll even monogram 
your bag for free. In Navy, Tan, 
Burgundy, or Black. 

Now a "dress-length" Solo. 
No chauvinists, we: Our Women's 
Solo Voyager opens to a length of 50 
inches to protect dresses and 

overcoats. It has everything the men's 
model has plus an extra nylon zippered 
pocket. $145, and for free it wears 
your initials. 

Both are on view-as is all our 
other soft luggage-in our newest 
Lands' End catalog. Send for it (or 
phone for it) and page through it to see 
the hundreds of other items we're 
offering you to meet and greet the 
season. Everything from sport 
clothes, to sweaters, to shoes, shorts 
and shirts-not to forget some mighty 
attractive traditional dress clothing. 

Great values, all in the best Lands' 
End tradition by which we 1) make a 
quality product; 2) price it fairly; 
3) ship it immediately; and 
4) GUARANTEE IT. PERIOD. 

Try us today. Send in the coupon, 
or better still, dial our toll-free number 
800-356-4444 and discover that with 
us, "night and day, you are the one." 

�-------------------------

Please send free catalog. 

Lands' End Dept. 0-03 

Dodgeville, W I  53595 

Name ______________________ _ 

Address ____________________ __ 

City __________________ _ 

State __________ Zip __________ _ 

Or call Toll-free: 

800-356-4444 
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50 AND 100 

YEARSAGO 

SCIENTIFIC 
AMERICAN 

JULY, 1936: "Why does alcohol 
mix freely with water while gasoline 
merely floats on top? Why does kero­
sene mix freely with gasoline but not 
with water? Why do salt and sugar 
disappear in water with the stir of a 
spoon while powdered sulfur, iodine, 
or mothballs merely settle to the bot­
tom? Why will soap mixed with water 
remove dirt and grease? The answers 
to questions such as these have come 
from a study of the sizes, shapes, and 
charges of the molecules in the new 
science of molecular structure." 

"Cutting metal bodies under water 
by burning them with an electric arc is 
being done extensively. This means of 
dealing with difficult situations is sav­
ing time and money and achieving re­
sults that would be exceedingly hard to 
effect in any other way. With the cur­
rent switched on, the diver has only to 
touch with the tip of the tool the metal 
to be burned and then retract the elec­
trode a fraction of an inch. Since the 
metal body acts as the 'ground,' or re­
turn circuit, an incandescent arc is pro­
duced, and that arc, with jets of high­
pressure oxygen issuing from the tip of 
the electrode, melts the opposing met­
al and blows the fused particles away. 
Another valuable application of the 
device is to weld metals under water." 

"A new process, applied in Germa­
ny and the Netherlands, recovers sul­
fur dioxide, the objectionable gas pro­
duced as a by-product of many indus­
trial operations, in pure form directly 
from the dilute waste gases. The new 
'sulphidine' process dissolves the gas 
in a mixture of xylidine (similar to ani­
line) and water. When the mixture is 
saturated, it readily parts with the gas 
on heating. There is an important mar­
ket for the gas in pure form." 

"A few years ago bridge engineers 
were startled by a suggestion made by 
Walter E. Irving that open gratings be 
used as decking on bridges. The tra­
ditional idea was that the floor of a 
bridge should be of solid construction. 
The new construction has been used 
with such complete satisfaction in a 
number of large bridges that it has tak­
en its place as an important contribu-

8 

tion to bridge building. Its main ad­
vantage is its light weight. Another im­
portant advantage is that at no time 
does ice or snow accumulate." 

"A possible revolution in lighting 
practice may be approaching as a re­
sult of developmental work now in 
progress on two new forms of mercury 
lamps known as fluorescent and capil­
lary types. The first appears to have 
great potentialities in providing a wide 
range of remarkable colored lighting 
effects; the second produces, in some 
cases, a brilliance exceeding that of the 
sun and emits a wealth of photo-chem­
ical rays useful in commercial, indus­
trial and therapeutic applications." 

JUL Y, 1886: "The American Tel­
ephone and Telegraph Company of 
New York has recently been organ­
ized for the purpose of establishing 
direct telephonic communication be­
tween the large cities of the country. 
The first line has been constructed 
between New York and Philadelphia, 
the length of the route adopted being 
about 100 miles. The line will proba­
bly be open for business within a few 
weeks, and it is expected that it will 
prove a great convenience." 

"It is a fact so curious as to be wor­
thy of remark that the canal projects 
of Panama and Nicaragua have, al­
most simultaneously, met with an ill­
fortune which can scarcely help but 
weaken the confidence of the public 
in their practicability. At Panama the 
$120,000,000 that was to have been 
sufficient to pay for the construction 
of a tide-level canal has been ex­
pended. Even if another $120,000,000 
should be put into the project, there 
is abundant evidence to prove that it 
would be insufficient. As to the project 
for a lifting lock canal at Nicaragua, 

the recent earthq uake in the vicinity of 
its route sweeps away in a moment 
a principal argument put forward in 
favor of its selection. Nicaragua, we 
have been told, is outside the zone of 
earthq uakes." 

"At the Royal Institution recently, 
Professor James Dewar exhibited the 
method h� employs for the production 
of solid oxygen. The successful device 
depends upon allowing liquid oxygen 
to expand into a partial vacuum; the 
enormous absorption of heat which 
accompanies the expansion results in 
the production of the solid substance. 
Oxygen in this condition resembles 
snow in appearance and has a temper­
ature about 200 degrees Centigrade 
below the freezing point of water. A 
supply of this material will enable 
chemists to approach the absolute zero 
of temperature and so to investigate 
many interesting changes in the physi­
cal properties of bodies under the pri­
mordial condition of the temperature 
of space." 

"In these days of remarkable exhibi­
tions of skill in playing baseball by 
professional exemplars of the game, 
one cannot look back to the early peri­
od without being struck by the great 
contrast between the work done on the 
diamond fields at Hoboken, in the 'fif­
ties,' and that which marks the play of 
the leading professional teams of the 
present era. The game has been won­
derfully improved, and in nothing so 
much as in the great degree of skill 
now shown in the pitching department. 
Modern pitching excels the old meth­
od in one special feature, and that is in 
the horizontal curve 0/ the ball through 
the air. If the ball be made to rotate on 
its own axis from right to left or left to 
right, to the extent of this increased lat­
eral friction is the ball retarded on the 
side on which the increased friction 
bears. The result is naturally a curve in 
the direction of the side on which the 
ball's progress has been retarded." 

How a pitcher throws a cllrreball 
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Seatbel�. 
Guaranteed 

for life. 

Seat belts help save lives. Seat belts help 
reduce injuries. Seat belts work. Guaranteed. 

But sometimes even seat belts don't work 
properly. For some people that's the perfect 
excuse not to wear one. 

Well, when it comes to seat belts, Honda 
does not believe in excuses. That's why if any 
seat belt in any Honda ever fails to function 
properly, Honda will repair or replace it� Free. 
You see, Honda wants you to wear your seat 
belt whenever you're in a car. 

All you have to do is bring your Honda to 
© 19M AmcrK."3n I-Ionda j\,I()(or Co., Inc. 

an authorized Honda dealer. It doesn't matter 
if you drive a 1970 Honda or a 1986 Honda. It 
doesn' t matter if you bought it third hand or 
brand new. The only thing that is important is 
that your seat belts work. If they don't, we 
fix them, free� Regardless of automobile's age 
or mileage. 

After that, it's up to you to wear one. Just 
remember, seat belts are a simple fact of life. 

"Limited written warranty. Some restrictions apply. See dealer for details. 
Applies to model years 1970-1986. 

:HONDA 
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e aseused 
now be used 

Introducing dBASE III"PLUS. 
The PLUS stands for all the improvements 

we've made to the world's number one selling 
database management software. 

p .441,W Update Position Ret 

Database file 
Format 
View 
Query 
Report 
Label 

The Assistant helps beginning users accmnplish day-to-day data 
management taskswitlwutprogramming. 

Mind you, dBASE III PLUS still has the 
powerful dBASE programming language, dot 
prompt, and all the features that have made 
dBASE III the standard of the industry. 

We've simply raised the standard. 
And just as dBASE III introduced more 

power to the people, our new dBASE III PLUS 
introduces more people to the power. 

People who aren' t all that crazy about 
programming, for example. 

The Assistant feature in dBASE III PLUS 
now provides them with new easy-to-use 
pull-down menus for creating, using and 
modifying multiple databases. 

So now anyone who can manage a 
simple cursor can manage day-to-day data 
management tasks. Without programming. 

And by using our new Screen Painter, 

anyone can create custom screens. Without 
programming. 

Or using View, access related information 
in several databases at one time. Without 
programming. 

With Advanced Query System, another 
new non-programming feature, any user can 
build complex queries just by selecting from 
the dBASE III PLUS pull-down menus. 

For rapidly creating entire programs, 
there 's even a new Applications Generator. 

And for all those who wish to learn to 
program, the Assistant can be of further 
assistance. By teaching you programming 
commands as you go along. Without disrupting 
your work flow. 

These are only a few of the dBASE III PLUS 
features that can help new users quickly get 
up to speed. And experienced users quickly 
increase their speed. (Sorting, for example, 
is up to two times faster and indexing up to 
ten times faster than dBASE III.) 
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by more people can 

by more people. 
And it's the fastest way to network those 

users, too. Because now, true multi-user capa­
bilities for local area networking are built right in. 

dBASE III PLUS can also help put developers 
in the fast lane. With a new Data Catalog and 
more than 50 new commands and functions. 
Plus code encryption and linking, improved 
debugging aids, assembly language calls and 
much more. 

ASHTON ·TATE 

For the name of the Ashton-Thte® dealer 
nearest you; call 800-437-4329, Extension 
284f* 

And get your hands on dBASE III PLUS. 
It's the software more people can look 

forward to using. . 

'Upgrades are available to all dBASE III owners. "In Colorado call (303) 799-4900, 
Extension 2844. Requires IBM"PC or IOO%compatible.1rademarkslowners: Ashton-Thte, 
dSASE III PLUSIAshton-Thte; IBMllnternational Business Machines Corp. 
© Ashton-Thte. All rights reserved. 1986. 

dBASE III PLUS 
The data management standard .. 
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Millions 
of people. 
MillIons 
of dollars. 

- • 

. c.g: 4 .......... � 

The numbers are impressive, but 

they mean little if the people are 

not seen and treated as individu­

als and if the money is not admin­

istered as carefully as you would 
a single dollar. 

At Catholic Relief Services, we 
look for need. We give the poor in 
70 countries a chance for a life of 
hope, rather than the despair of 
utter poverty. We see the needy 
as individuals, not as members of 
a political group or religious con­
gregation. Our grass-roots as­
sistance is strictly humanitarian 
and truly ecumenical-and it has 
been that way for 41 years. 

Catholic Relief Services works 
through small local organizations 
overseas, rather than creating its 
own costly bureaucracy. One of 
those local groups is the Mission­
aries of Charity, Mother Teresa's 
sisters. We provide the food she 
distributes to make the dying 
destitute a little more comfort­
able. Like Mother Teresa, our 
efforts are motivated by Chris­
tian principles. And, like Mother 
Teresa, most of the people we 
help are not Christian. 

Since 1943, we have worked 
quietly and effectively, helping 
refugees and the victims of disas­
ters of all kinds. We have helped 
mothers provide more nutritious 
food for their children and sup­
ported small village groups in 
their quest for agricultural and 
economic self-sufficiency. 

Each year, we administer our 
programs with a historically low 
overhead rate which is less than 
5%. Through this judicious use of 
our donors' funds, we have grown 
to be the largest and most effec­
tive American private aid agency 
working overseas. 

We have a proven track record of 
translating your concern into con­
crete action. For more informa­
tion, please contact us. 

Catholic Relief Senices 
1011 First Avenue 
New York, NY 10022 
(212) 838-4700 

THE AUTHORS 
C. WILEY HIN MAN ("Potential 

New Crops") is adjunct professor at 
the University of Arizona's College of 
Agriculture. He is also president of 
Hinman Associates and vice-president 
of Vega Biotechnologies, Inc. He was 
graduated in 1951 from Grinnell Col­
lege with a bachelor's degree in chem­
istry and earned a Ph.D. in organic 
chemistry and biochemistry from the 
University of Illinois at Urbana­
Champaign in 1954. Hinman has 
worked for the Dow Chemical Com­
pany and the Diamond Shamrock 
Corporation and has held several 
Government advisory positions. 

JACK O. BURNS ("Very Large 
Structures in the Universe") is direc­
tor of the Institute for Astrophysics 
and associate professor of physics and 
astronomy at the University of New 
Mexico. He received his B.S. in astro­
physics at the University of Massa­
chusetts in 1974; his M.S. (1976) and 
Ph.D. (1978) are from Indiana Uni­
versity. From 1978 to 1980 he was a 
postdoctoral research associate in the 
National Radio Astronomy Observa­
tory's Very Large Array program and 
then he joined the faculty at New Mex­
ico. The subject of his article, cosmol­
ogy, represents a relatively ne\\, area of 
research for Burns, his first 

·
research 

interest having been extragalactic ra­
dio astronomy. 

RONALD C. KENNEDY, JO­
SEPH L. MELNICK and GORDON 
R. DREES MAN ("Anti-idiotypes and 
Immunity") share an interest in viral 
diseases and immunity. Kennedy is as­
sistant scientist at the Southwest Foun­
dation for Biomedical Research in San 
Antonio and adjunct assistant profes­
sor of microbiology at the University 
of Texas Health Science Center at San 
Antonio. He got his M.S. and Ph.D. 
from the University of Hawaii at Ma­
noa before going on to postdoctor­
al work under Melnick and Dreesman 
at the Baylor College of Medicine, 
where he became assistant professor in 
1983. Kennedy joined the Southwest 
Foundation in 1984. Melnick is distin­
guished service professor of virology 
and epidemiology and dean of gradu­
ate sciences at Baylor. He earned his 
Ph.D. in biochemistry at Yale Univer­
sity, where he taught for 18 years be­
fore moving to Baylor in 1958. He be­
gan investigating viral vaccines during 
World War II and has been a member 
of the World Health Organization's 
expert advisory panel on virus diseases 
for 28 years. Dreesman is chairman of 

the department of virology at the 
Southwest Foundation and an adjunct 
full professor of virology at the Uni­
versity of Texas Health Science Center 
and at Baylor. He received his Ph.D. in 
microbiology from the University of 
Hawaii at Manoa (1965) and taught at 
the St. Louis University School of 
Medicine before moving to Baylor in 
1969. Dreesman became a full profes­
sor at Baylor in 1979 and left in 1984 
to join the Southwest Foundation. 

PETER MOLNAR ("The Structure 
of Mountain Ranges") is associate 
professor of earth, atmospheric and 
planetary sciences at the Massachu­
setts Institute of Technology, a posi­
tion he has held since 1978. He is a 
graduate of Oberlin College and got 
his Ph.D. in geophysics from Colum­
bia University in 1970. Molnar writes: 
"I try to spend at least three months 
each year in remote mountainous en­
vironments doing fieldwork and sa­
voring the virtues of the particular in­
digenous culture. Free time at home is 
often spent struggling to learn a little 
of the language spoken in the next 
field area or reading about the geogra­
phy, anthropology, archaeology and 
architecture of some of the extraordi­
nary cultures of the world." 

J. H. HAMILTON and J. A. MAR­
UHN ("Exotic Atomic Nuclei") are 
respectively Landon C. Garland pro­
fessor of physics at Vanderbilt Univer­
sity and associate professor of theoret­
ical physics at the University of Frank­
furt. Hamilton earned his B.S. (1954) 
at Mississippi College and his M.S. 
(1956) and Ph.D. (1958) from Indiana 
University. After finishing his gradu­
ate studies he joined the faculty at 
Vanderbilt, where he has been since, 
except for time spent on various visit­
ing research appointments and fellow­
ships in Europe. Maruhn studied at 
the University of Frankfurt, receiving 
a Ph.D. in 1973 for a thesis on mass 
distributions in nuclear fission. After 
working as a research associate at the 
Oak Ridge National Laboratory in 
Tennessee from 1974 to 1977, he re­
turned to Frankfurt to take up his 
current position at the university's In­
stitute for Theoretical Physics. 

FRANK A. GELDARD and CARL 
E. SHERRICK ("Space, Time and 
Touch") collaborated for many years 
in studies of the stimulus-processing 
capabilities of the skin. Geldard was 
Stuart Professor of psychology emeri­
tus as well as senior research psycholo-
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COME 
FACETOFACE 
WITH SPACE. 

Climb inside a real space capsule. 
Encounter simulated zero-gravity. Fire rocket 
engines and lasers. And even pilot a spacecraft 
by computer. At The Space and Rocket Center 
in Huntsville, Alabama, over 60 hands-on 

� exhibits put the space program 
at your fingertips. 

You'll also experience 
our spectacular Spacedome 

theater. Here, engulfed by a 
wraparound screen and 48-

speaker sound system, you'll 
thrill to our new film, 
"The Dream is Alive" . 

Next door at Marshall 
Space Flight Center, you'll 
witness the development of 

NASA's Space Station and see where our 
astronauts prepare for missions. 

During your visit, 
_ ...... --

you can catch your breath 
at the Huntsville Marriott, 
located on the grounds. 

Without a doubt, it's 
the best place to really get 
in touch with the space pro­
gram. So, take a day or two and come face to 
face with 30 years of American adventure. 
At The Space and Rocket Center. 

Get the right stuff for planning a 
visit, plus information on the incredible 
U.S. Space Camp. Call toll-free for a copy 
of our free brochure. 
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SCIENCE/SCOPE® 

Building blocks for what will become an electronics factory of the future are being set in place at Hughes 
Aircraft Company to cut costs in manufacturing airborne radars and other avionics programs. Lasers, 
fiber optics, remote fiber fluorometry, and advanced optics play a part in an Industrial Modernization 
Incentive Program (IMIP) contract awarded by the US. Navy with Air Force participation. IMIP is a 
share-the-savings concept to reduce costs of the F-14, F-15, and F/ A-18 Hornet Strike Fighter radar 
programs by more than $10 million, while improving the quality and reliability of the systems. Three 
projects employing new manufacturing technology focus on solder joint inspection, metal fabrication 
inspection, and continuous chemical analysis of solutions used in electroplating printed wiring boards. 

A proposed satellite system would provide mobile telephone and radio communications and rural 
telephone service direct via satellite. The mobile satellite network would relay two-way voice and data 
communications services from airplanes, cars, trains, or remote locations. Each vehicle or location 
would be equipped with antennas that will vary in size and power depending on users ' needs. The system 
would rely on cooperation between the United States and Canada, each of which would provide a satellite 
from Hughes ' new HS 393 line of spacecraft. The system would employ an antenna technique for 
supplying more power tothe ground in most places than an ordinary antenna-the key element in a 
mobile satellite system. Hughes Communications Mobile Satellite Services, Inc. is seeking authorization 
from the Federal Communications Commission to operate the system. 

Military commanders at separate headguarters can share up-to-the-minute information, thanks to a new 
automated message processing system for Command and Control Information Systems (CCIS). The 
system, developed by Hughes, handles a wide range of formatted and unformatted messages as specified 
in the Joint US/NATO military reporting system. It will dramatically lessen the time needed to update 
planning, intelligence, and force status information in command and control systems. The system can 
receive messages over a variety of digital links. Messages can be drawn automatically from complex 
relational databases, or be used to update information automatically. Information can be displayed on 
screens in a variety of formats, and be modified by commanders. 

An advanced binocular system turns night into day for military pilots flying nap-of-the-earth missions in 
helicopters. The Aviator's Night Vision Imaging System (ANVIS) is a helmet-mounted binocular that 
intensifies nighttime scenes illuminated only by faint moonlight or starlight. It uses advanced optics and 
molded mechanical components to offer high performance in a rugged, lightweight package. The optical 
system incorporates precision aspheric elements to provide high resolution and reduced complexity. 
Molded mechanical parts employ high-strength anti-friction plastics for smooth mechanical operation. 
Hughes Optical Products, a Hughes subsidiary, builds ANVIS for the US. Army. 

An ultramodern facility spanning 1.75 million sguare feet is the showcase where outstanding Hughes 
engineering combines advanced manufacturing techniques and production processes. Our complex is 
complete, so we're looking for experienced and graduating engineers to work on such programs as 
infrared thermal imaging systems, laser rangefinders and designators, artificial intelligence, signal 
processing, VLSI, component qualification, hybrid microcircuitry, and focal planes. Send your resume to 
Hughes Electro-Optical and Data Systems Group, Professional Employment, P.o. Box 913, E8/GlOl, 
Dept. S2, EI Segundo, CA 90245. Equal opportunity employer. US. citizenship required. 

For more information write to: P.O. Box 45068, Los Angeles, CA 90045-0068 

HUGHES 
© t986 Hughes Aircraft Company 

AIRCRAFT COMPANY 

Subsidiary of GM Hughes Electronics © 1986 SCIENTIFIC AMERICAN, INC© 1986 SCIENTIFIC AMERICAN, INC



gist at Princeton University until his 
death in 1984. His undergraduate and 
graduate degrees were all from Clark 
University. After getting his Ph.D. in 
1928, he joined the faculty at the Uni­
versity of Virginia. During World War 
II he was chief of the psychology sec­
tion in the Office of the Surgeon Gen­
eral of the Army Air Forces Training 
Command. After the war he remained 
at Virginia until 1962, when he moved 
to Princeton. He seredipitously dis­
covered the saltation phenomenon de­
scribed in the article while giving his 
last laboratory course in perception 
before retiring from teaching in 1972. 
Sherrick is senior research psychol­
ogist and lecturer in psychology at 
Princeton University. He did his grad­
uate work in experimental psychology 
under Geldard at the University of 
Virginia, receiving his Ph.D. in 1952. 
After a year as a research associate at 
Virginia, he moved to St. Louis, where 
he taught and did research at Washing­
ton University and at the Central Insti­
tute for the Deaf. In 1962 he returned 
briefly to Virginia and then went with 
Geldard to Princeton. Sherrick is par­
ticularly interested in the potential of 
touch as a substitute for impaired 
senses. 

RALPH NORMAN HABER 
("Flight Simulation") is professor of 
psychology at the University of Illi­
nois at Chicago Circle. He holds a 
B.A. in philosophy from the Univer­
sity of Michigan (1953), an M.A. in 
psychology from Wesleyan University 
(1954) and a Ph.D. in psychology from 
Stanford University (1957). He taught 
at Yale University for six years and 
at the University of Rochester for 15 
years before going to Illinois. He 
wrote the current article while on 
leave working as a visiting scientist in 
the Air Force Human Resources Lab­
oratory at Williams Air Force Base in 
Arizona. Haber's basic interest is in 
how humans perceive the layout of the 
visual space surrounding them. 

NEIL F. HADLEY ("The Arthro­
pod Cuticle") is professor of zoolo­
gy at Arizona State University. He got 
his B.A. in 1963 at Eastern Michigan 
University. After receiving his Ph.D. 
from the University of Colorado in 
1966, he joined the faculty at Arizona 
State. Hadley edited Environmental 
Physiology 0/ Desert Organisms (Aca­
demic Press, 1975) and is the author of 
The Adaptive Role 0/ Lipids in Biologi­
cal Systems (John Wiley & Sons, 1985). 
His research interests encompass com­
parative and environmental physiolo­
gy, with emphasis in recent years on 
the retention and loss of water by ter­
restrial arthropods. 

Jogging, Swimming, or Cycling ... 

ordlcjrack 
Jarless Total Body 

Cardiovascular Exerciser 
Duplicates X-C Skiing for the 

Best way to Fitness 

Cross.country skiing is often cited by physiologists 
as the most perfect form of cardiovascular exercise 
for both men and women. Its smooth, fluid, total 
body motion uniformly exercises more muscles so 
higher heart rates seem easier to attain. than when 
jogging or cycling. NordlCfrack closely SImulates the 
pleasant X·C skiing motion and provides the same 
cardiovascular endurance·butldlDg beneflts-nght 
in the convenience of your home, year 'round. 
Eliminates the usual barriers of time, weather, 
chance of injury, etc. Also highly effective for weight 
control. 
More Complete Than Running 
NordiCfrack gives you a more complete work out­
conditions both upper body and lower body 
muscles at the same time. Fluid, jarless motion does 
not cause joint or back problems. 
More Effective Than Exercise Bikes 
NordiCfrack's stand·up skiing motion more uni· 

fonoly exercises the large leg.muscles and also adds 
important upper body exercIse. Hlgherpulse rates, 
necessary for building fitness, seem easIer to attalD 
because the work is shared by more muscle mass. 

Even BetterThan Swimming 
NordiCfrack more effectively exercises the largest 
muscles in the body, those located in the legs and 
buttocks. When swimming, the body is supported 
by the water, thus preventing these muscles from 
being effectively exercised. The stand up exerClslDg 
position on the NordiCfrack much more effectively 
exercises these muscles. 
A Proven, High Quality Durable Product 
NordicTracks have been in production since 1976. 
NordicTrack is quiet, motorless and has separately 
adjustable arm and leg resistances. We manu· 
facture and seU direct. 1\vo year warrantee, 
30 day trial period with return privilege. . 

Folds and stands on end 
to require only 15" x 17" 

© PSI NORDICTRACK 1984 PSI. t4tF lonathan Blvd .. Chaska. MN 553t8 

"Knowl� is of two kinds. 
We mow a subject 

ourselves, or we know 
where we can find 

information upon it." 
Boswell, LlfeofJobnson{l775) 

You can find a wealth of 
infonnation from the Federal Governmenl 

at Depository Libraries. Contact your 
local library 

The Federal Depository 
Ubrary Program 

Office of the Public Printer, Wa'lhington, DC 20401 

CASSETTE 
FROM 
BERLITZ 

Now. you can learn a language while driving to 
work. Or exercising. Or traveling. It's now pos­
sible. thanks to this nell' self-stud� pro&ram 
based on the world-famous '"Berlttz Direct 
Method" of language learning. It lets you learn 
a language completely on your own, in those 
hours that are now consumed in travel and 
other everyday routines. . 
Best of all. we'll prove it to you at no cost •. In 
advance. with a FREE CASSETTE contalnlnll 
a demonstration lesson. Just fill out and mall 
the coupon below to: 

Berlitz Publications, Inc. Dept.T128 
866 Third Avenue 
New York, New York 10022 

There's absolutely no obligation and no sales­
man will call. 

FREE DEMoNsTRATION' LESSoN 
I Yes, send me my free cassette and demonstra- I tlOn lesson In (check one): 
I 0 French 0 Spanish 0 German 0 Italian I 
I I understand that I am under no obligation and I that no salesman will call. 

I 
I (N,",,' 

II I �-

I I �  �� � I I � Or call usforyourfreecassette: 
I I r;'j 1-800-341-6711 (In N.Y. call 
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COMPUTER 
RECREATIONS 

A sublime flight of fancy 

over a deserted data base 

by A. K. Dewdney 

Nervously I studied the instru­
ment panel of my Cessna 1 82. 
Was I foolish to try a solo 

flight without instruction? Should I 
find some experienced hand to take 
me aloft? Outside on the bleak land­
scape of Meigs Field in Chicago not a 
soul could be seen, not even a mechan­
ic out for a smoke in the sun. My only 
companion on this mission of madness 
was the flight manual in my lap. I had 
spent 10 minutes reading it. 

I suppose I would have been more 
confident with a joystick or a wheel in 
my hand. As a child I had seen Hellcats 
o/the Navy at least 10 times; I already 
knew the basic moves. But this air­
plane was evidently far more ad­
vanced. It was controlled entirely from 
a keyboard in front of me. 

With a sigh I turned to page 46 of the 
manual. The F2 key would nudge the 
throttle; the F4 key would push it wide 
open. Not entirely reckless, I tentative­
ly pressed F2. In the background the 
soft drone of the engine rose a semi­
tone in pitch. The runway started roll­
ing toward me, and suddenly I had a 
moment of panic. The plane almost 
immediately began to veer off the con­
crete strip. In my ignorance I had ne­
glected to read anything about the rud­
der or the nosewheel. My only salva­
tion was the ailerons, the keys labeled 
4 (left bank) and 6 (right bank). To my 
amazement one of them brought me 
slowly back to the runway. 

Only 100 yards ahead loomed the 
deep blue waters of Lake Michigan. 
More throttle. F2 F2 F2 F2. Still more. 
The engine sounded fuller but the 
plane refused to lift. The runway 
rolled ever faster below me and I had 
another wave of panic. What magic 
control would lift me away? My life 
flashed before my eyes. Scenes from 
my childhood: there I was flying a 
model airplane, controlled only by a 
pair of flaps on the tail. The elevator. 
Feverishly I looked up "elevator" in 
the manual. The elevator controls an 
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aircraft's angle of attack; raising it 
would lift the nose of the plane. I 
pressed the key labeled 2 just in time to 
avoid a watery grave. The severe ge­
ometry of land and water receded 
smoothly. I was airborne! The plane 
seemed to climb of its own accord. My 
perspective on Lake Michigan's west­
ern shoreline improved steadily, and I 
flew north for a time, hypnotized by 
my achievement. 

As many readers will have guessed 
by now, the cockpit was the study in 
my house and the controls were on the 
keyboard of my personal computer, 
which was running a program for sim­
ulating flight. My familiar surround­
ings, however, in no way diminished 
my sense of adventure; the fact that 
both the airplane and the landscape 
were mere simulations only served to 
expand my imagination. Here one can 
try things one would never attempt in 
a real aircraft. The bills for damage 
would be imaginary too. I banked the 
plane to the southwest, heading for. 
Chicago. My intention was to swoop 
down Michigan Avenue and impress 
the traffic with my derring-do. Ac­
cording to a clock on the instrument 
panel, it was 4:30, the start of evening 
rush hour. 

As I approached Chicago something 
seemed terribly amiss. Only a few 
buildings were visible along the lake­
front, and the streets were empty of 
traffic. There was absolutely no one 
about. Had there been a nuclear war? I 
noticed I had mistaken the two-hand 
altimeter for a clock, but even the dis­
covery that it was much earlier than 
4:30 could not explain the depopula­
tion of the great metropolis. With re­
luctance I concluded the flight-simula­
tion program had no people in it. Its 
data base was already crammed full 
of North American landscape, not to 
mention the geographic details for 
simulating four metropolitan areas 
and more than 20 airports. 

On more recent flights I have be-

come less and less concerned about the 
lack of company. It is just too much 
fun to fly. Many other people appar­
ently feel the same way. The program 
is called FLIGHT SIMULATOR, and it has 
been at or near the top of the recre­
ational software best-seller charts for 
many months. There are many other 
flight-simulation programs available 
both commercially and free through 
computer bulletin boards accessible 
by telephone. There is a single pres­
ence, however, behind FLIGHT SIMULA­
TOR and a number of other panic in­
ducers: Bruce A. Artwick, a software 
engineer from Champaign, Ill. Per­
haps more than anyone else, Artwick 
is responsible for the takeoff of flight­
simulation programs that can be run 
on home computers. Flight simulation 
has long been the almost exclusive 
province of pilots in training [see 
"Flight Simulation," by Ralph Nor­
man Haber, page 96], but thanks to 
Artwick and other programmers it is 
now virtually common property. 

Consider what a flight-simulation 
program must do in order to sustain 
the user's willing suspension of disbe­
lief. First it must create and re-create 
a landscape from a specific vantage 
point several times a second. As the 
simulated aircraft plies its simulated 
skies, the vantage point changes and 
the appearance of the landscape must 
be recomputed. Furthermore, for each 
vantage point there must be an appro­
priate viewing angle, which is derived 
by simulating the physics of an aircraft 
in flight. For example, as the aircraft 
banks and turns, the viewing angle as 
well as the vantage point must be shift­
ed accordingly. The basic computa­
tional cycle exploits a number of tricks 
and trade-offs that are fascinating in 
their own right. 

The geographic data base is funda­
mental to FLIGHT SIMULATOR. It is a 
vast list of the objects needed to make 
a picture of the landscapes one might 
want to fly over (or avoid crashing 
into). You gain access to the scene 
of your flight by tracing a top-down 
hierarchy of information. A block 
of memory labeled U.S.A. holds the 
names of regions such as Chicago, 
New York and Seattle. The position of 
the aircraft is then given by an ordered 
triplet of windscreen-oriented coordi­
nates: x, its latitude, y, its height above 
sea level in meters, and z, its longitude. 
FLIGHT SIMULATOR then compares the 
coordinates with the limits defined for 
each region in the U.S.A. block. For 
example, if x and z specify a point in 
the Chicago area, the program exe­
cutes an operation called a data-base 
load: the list that describes the Chica­
go area is loaded from disk into the 
memory of the computer. 
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When I first banked the plane to­
ward Chicago, no buildings were visi­
ble. After a while, however, the Sears 
Tower popped into view. Later it took 
on detail. Such is the strategy of 
FLIGHT SIMULATOR for staying within 
the speed and memory limits of a mi­
crocomputer: a feature of the land­
scape is not displayed until it is really 
needed. There are two special test rou­
tines in the program that determine the 
appearance or disappearance of a fea­
ture. The first of them, ljin2d, tests 
only two coordinates, the longitude 
and latitude, of the plane. I have al­
ready described how it associates a 
major geographic region with the two 
coordinates. 

The second test routine, i/in3d, de­
termines whether a given feature of 
the surrounding landscape is close 
enough to warrant a display. As I ap­
proached Chicago ifin3d continually 
recomputed my three-dimensional dis­
tance from certain downtown land­
marks. When I approached within 
12,800 meters of the Sears Tower, a 

miniature replica of the building sud­
denly sprouted from the landscape as 
a wriggling stack of pixels in the dis­
tance. Closer, at a distance of 7,680 

meters, more detail suddenly became 
visible. For each new set of coordi­
nates FLIGHT SIMULATOR zips down the 
display list through all the features of 
the landscape in memory and tests 
them according to the display rules in 
i/in3d. If an object passes the test, the 
program draws it according to its ap­
pearance from the current vantage 
point. If an object fails the test, it is not 
drawn and the program branches to 
the next object on the list. 

In general every object or feature of 
the simulated scenery is defined by a 
list of points, lines and surfaces. Be­
cause the frames of visual experience 
are computed five times per second, 
fast enough to exploit the persistence 
of vision, lines and surfaces must be 
drawn in the shortest time possible. 
Hence even the elementary graphic 
operations in the program were de­
signed with great care. Artwick has de­
scribed them in his fascinating book 
Microcomputer Displays, Graphics, and 
Animation. 

For example, the basic method for 
displaying a line eschews multiplica­
tion and division because they take be­
tween 10 and 100 times as long to ac­
complish on a microcomputer as addi-

tion and subtraction do. Instead the 
method is based on a careful analysis 
of the computational overhead of each 
instruction. The clever line-drawing 
algorithm that results is essentially 
made up of only four instructions: an 
addition, a test, a branch and a plot. 
Suppose the point (a,b) has just been 
plotted on a line of (positive) slope 
1/4. The program enters a loop in 
which it repeatedly adds 1 to the a co­
ordinate, adds the slope 1/4 to a spe­
cial sum called the tracking error and 
then tests the tracking error. When the 
tracking error is greater than or equal 
to a positive integer, the program exits 
the loop and plots the next point, in 
this case (a + 4, b + 1). 

FLIGHT SIMULATOR draws surfaces in 
a way that seems cumbersome to de­
scribe but is extremely fast to execute. 
Briefly, the program draws the pol­
ygon bounding the surface and then 
fills in the interior. When the shape of 
the polygon has been computed, the 
graphic routine first identifies the scan 
lines on the monitor that cross the pol­
ygon. For each such scan line the edges 
of the polygon that are crossed are also 
identified and then sorted according to 
the order in which the scan line crosses 

A view of the Statue of Liberty from the cockpit in FLIGHT SIMULATOR 
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Pleasure Trip 
Don't let radar spoil it: Remember your Passport 

Imagine setting out on a long day's 
drive and not having to worry about 
radar. Seeing America might be fun 
again if you didn't have to watch it 
unfold in the rearview mirror. 

PASSPORT means 
low-profile protection 

PASSPORT has exactly what the 
vacationing driver needs: advanced 
radar protection, yet none of the 
nuisances you've come to expect 
of ordinary radar detectors. 

The experts at Car and Driver 
magazine gave us a rave review: "In 
a word, the Passport is a winner:' 

Our customers agree, even 
though we allow them ample oppor­
tunity to do otherwise. Every Passport 
is sold with the promise that it will 
live up to the customer's highest 
hopes, not just our claims. If it doesn't 
satisfY within the first 30 days, it can 
be sent back for a full refund. 

PASSPORT has been on the 
market just over a year and already 
our money-back offer has been 
declined a quarter of a million times. 
So we'll stand on our record. 

$295 (OH res. add $16.23 tax) 
Slightly higher in Canada 

©1986 Cincinnati Microwave, Inc. 

PASSPORT means 
the size of a cassette tape 

PASSPORT provides superhetero­
dyne performance in a package the 
size of a cassette tape. This miniatur­
ization is possible only with SMDs 
(Surface Mounted Devices), micro­
electronics common in satellites but 
unprecedented in radar detectors. 

All you do is clip PASSPORT to 
your dash top, windshield or visor, 
plug it in, and adjust d1e volume. Upon 
radar contact, the alert lamp glows 
and the variable-pulse audio begins 
a slow warning: "beep" for X band 
radar, "brap" for K band. Simulta­
neously a bar graph of Hewlett-Packard 
LEOs shows radar proximity. 

PASSPORT comes complete with all accessories. 

PASSPOR� 
RADAR-RECEIVER 

As you get closer, the pulse 
quickens and the bar graph lengthens. 
PASSPORT watches for radar so you 
can watch the road. 

PASSPORT comes with a leather 
travel case and everything necessary 
to get you on the road in seconds, 
no matter what car you drive. And one 
more convenience - we deliver. We 
make PASSPORT in our own factory 
in Cincinnati and we sell direct to you. 

PASSPORT means 
an easy fit in your travel case 

Call toll free. We'll answer your 
questions. If you decide to buy, 
we'll ship by UPS the next business 
day at our expense. For $6.00 extra, 
Federal Express will deliver to you 
within two business days of shipment. 

And once again, we make this 
promise: if you're not satisfied within 
30 days, return PASSPORT We'll refund 
your purchase and your shipping 
costs. There are no hidden charges. 
Moreover, PASSPORT is backed by 
a one-year limited warranty. 

Next time you set out on a pleas­
ure trip, don't forget your PASSPORT 

Call Toll Free 800-543-1608 
Cincinnati Microwave 
Department 9167 
One Microwave Plaza 
Cincinnati, Ohio 45296-0100 
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"The difference (in this and 
other hook series) comes in 
the quality of the authors, who 
comhine eminence in their 

fields U 'ith prol 'en pJfts qf 
e:xposition. With the handsome 
I 'Olumes in front qf u.., ... 
what response can there he 
hut immediate surrender 
to thisfirepower?" 
NIGEL CALDER, NATURE 

SPEND A FEW HOURS WITH 
THE WORLD'S MOST 

DISTINGUISHED SCIENTISTS 
SCIENTIFIC AMERICAN LIBRARY 
A significant new channel of communication in the sciences 

Writing from their own distinguished contributions, the authors of 
Scientific American Library-Steven Weinberg, Christian de Duve, Philip 
Morrison, Julian Schwinger, Solomon Snyder, and John Archibald 
Wheeler, to name a few-offer you the understanding you will need to 
follow the on-going work-the controversies and breakthroughs-across 
the frontiers of science. 

. 

• Each volume covers a topiC of major interest with immediate relevance 
to on-going research. 

• Each volume carries the authority of an author who has made a signifi­
cant personal contribution in his field. 

• Each volume proves in its turn that there is no topic in any field of 
science that cannot be explained to readers who want to understand. 

YOUR RISK-FREE INVITATION TO JOIN 
15 Days' Free Examination 

Once you become a member, you will receive a volume approximate-
ly every two months-with the invitation to examine it at your leisure. 
If after 15 days you decide not to keep a particular volume, simply return 
it for a prompt credit to your account. 

No Prepayments Required 

Payment for each volume is due only after you have decided to retain 
it for your library. 

No Minimum Purchase 

From year to year, you may choose to keep as many or as few volumes 
as you like. 

Low Members' Price 

You may purchase any volume at the low members' price of $24.95 
-well below the bookstore price. 

No Strings Attached 

You may cancel your membership without notice, for any reason, with 
no penalty. 

Enroll now! 

SCIENTIFIC AMERICAN LIBRARY 
Po. Box 646 Holmes, PA 19043 

Or join today by calling us toll-free at 1-800-345-8112. 
We'll ship your first book UPS at no extra charge. 

(In Pennsvlvania, call 1-800-662-2444.) 
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THE SECOND LAW 

"The interested person can do 
no better than to peruse this fas­
cinating new volume by Peter 
Atkins .... Even those who feel 
they already know all about the 
Second Law can hardly fail to 
find new angles and fresh in­
sights into what is going on in 
the world around them. / hope 
that this remarkable book will 
be widely read by scientists as 
well as by the non-scientists for 
whom it is primarily intended." 
NEW SCIENTIST 

'1\ lovely book, beautifully illus­
trated and presented, and 
clearly commensurate with its 
companion volumes in the Sci­
entific American Librar y. It 
should engender affection as a 
sophisticated latterday Hogben, 
complete with social allusions 
implicit in the call to conserve, 
not energy, but entropy, and to 
use the vir tuous entropy ­
conserving heat pump rather 
than crude and pr ofligate 
combustion" ,," 
NATURE 

The Mark /I uniuerse model of a para­
magnetiC material at some arbitrary 
temperature. In the absence of a mag­
netic field, the opportunity for elec­
trons to be UP (yellow) or DOWN 
(green) is an additional contribution 
to the entropy of the sample. Atoms may 
still be ON (red) and OFF (White), but 
the spins they carry may be UP or 
DOWN at random. The two illustra­
tions show the same distributions of 
ON and OFF, but different distributions 
of UP and DOWN. 

YOUR PREMIER VOLUME 

THE SECOND LAW 
P.w. Atkins 

I
n his famous essay on the two cultures, C. P. Snow made the 
Second Law of thermodynamics the litmus test of scientific liter­
acy: Not to know the Second taw is the same as not having read a 

work of Shakespeare. 
This is the law, of course, that explains why hot objects grow cool 

whereas cool objects do not spontaneously become hot; why a 
bouncing ball must come to rest and a resting ball cannot, of its 
own, begin to bounce. To some people, the Second Law conjures up 
visions of clanking steam engines, intricate mathematics and in­
comprehensible physical theory. It is better known to many in its 
restatement as Murphy's second law: "Things, if left alone, will grad­
ually go from bad to worse!" 

That restatement captures, in its way, the universality and power of 
the law that inspired Arthur Eddington to call it "the arrow of time:' 

In The Second Law P. W. Atkins, of Oxford University, breaks 
through the mathematical barriers to understanding of the law. By 
vivid example he shows it at work in heat engines, refrigerators, and 
heat pumps; the cosmos, in the ecosphere and in the living cell; in 
the phYSical, chemical, and life processes that drive the changing 
world in all its richness and variety. 

A special appendix equips readers who have computers with a kit 
of tools to put the Second Law to work. 

230 pages, 104 illustrations 

I' W ATKINS is a lecturer in physical chemistry at the University of Oxford and 
a fellow of Lincoln College. He is the author of numerous distinguished 
works in his field, including PlYysical Chemistry, Second Edition, The Crea­
tion, and Molecular Quantum Mechanics, Second Edition. 
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them, from left to right. The routine 
then considers each pixel, or picture 
element, of the scan line in left-to­
right order. When the line encounters 
the first edge of the polygon, it begins 
to display points colored appropriate­
ly for the surface being represented. 
When the line encounters the next 
edge, it stops displaying points. At the 
edge after that one it begins again. 

The on-again, off-again scan-orient­
ed drawing technique is based on a 
fundamental result of plane topology: 
any polygon divides the plane into two 
parts, an inside and an outside. Ac­
cordingly any line through an edge of 
the polygon passes from the inside (the 
surface) to the outside (nonsurface) 
or vice versa. Most surfaces drawn 
by FLIGHT SIMULATOR are bounded by 
fairly simple polygons. For example, 
soon after I left Meigs Field the shore­
line of Lake Michigan extended from 
below the airplane to a distant hori­
zon. On the way it followed a polygo­
nal embayment partially enclosed by a 
north-pointing spit of land. The scan 
lines of blue water in the bay were in­
terrupted by the spit and then contin­
ued to fill in the main body of the lake. 

The writers of graphic-display pro-

grams have often pondered the so­
called hidden-line problem: How is 
a program to draw an opaque, three­
dimensional object in such a way that 
only the side nearest the observer is 
visible? Some methods require the so­
lution of time-consuming equations, a 
computational load that FLIGHT SIMU­

LATOR can ill afford. Artwick's solu­
tion, largely applicable only to simple 
landscapes, is to draw the entire object 
in such a way that the side nearest the 
observer is done last. Parts of the ob­
ject not visible from the observer's 
point of view are simply erased by the 
parts that are. Representing the twin 
towers of the World Trade Center in 
New York affords a pretty example 
of this crude but effective technique. 
From every angle the nearest sides 
of each building obscure the farthest 
ones and the nearer tower eclipses the 
farther one. 

After my discovery of Chicago's de­
population, I decided to head back to 
Meigs Field. The plane's real owner 
might be getting anxious about its 
whereabouts. Still, there was much I 
wanted to learn. For one thing, I felt 
embarrassed to know only a few con­
trols. For another, I had yet to try a 

truly dramatic stunt. I flew out over 
Lake Michigan for the attempt. 

The ailerons were my favorite con­
trols. Pressing the key for the left aile­
ron made the plane bank to the left; 
ahead of me the horizon tilted to the 
right, and the scenery appeared to slide 
gently down the slope. In accordance 
with aerodynamic laws the nose of the 
Cessna turned steadily to the left. Fly­
ing straight and level once again, I 
typed a few 8's and almost physically 
felt the nose drop. Outside my window 
the horizon and scenery rose to the top 
of my view. The plane was diving. The 
airspeed indicator slid past 1 50 miles 
per hour. I tried the rudder controls. 
The addition key moved the rudder 
slightly to the right and the plane be­
gan to slue badly. I centered the rudder 
and contemplated the landscape below 
climbing toward me with deceptive 
slowness. It was time for my stunt. 

Pilots attempt loops far less often 
than programmers. I knew instinctive­
ly, however, that I needed a good deal 
of airspeed for the maneuver. First 
down, then up and over. Pressing keys 
was not my idea of pulling back steadi­
ly on the stick, but I dutifully pressed 
key 2. The plane came roaring out of 

On a death-defying course under a simulation of the Manhattan Bridge 
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its dive into level flight and then up 
into the empyrean of solid blue rasters . 

. I watched the horizon plunge below 
my windscreen and then waited. I had 
not the faintest idea whether I would 
make it or not. All was silence. Would 
I stall and plummet to the earth? My 
instruments were no help; I had only a 
vague idea what half of them were for. 

Suddenly an upside-down landscape 
swung down into my window, green 
ground above and blue sky below. 
Had I made it? I was too confused to 
answer my own question. Grimly, I 
held on. Now all was ground ahead of 
me. Then the horizon rose to its proper 
level. I tried to drop the nose to pre­
vent another loop. The horizon wa­
vered and then stayed. I had made it! It 
was becoming clear that I was one of 
those gifted people who can fly expert­
ly with almost no instruction. Ahead 
of me Meigs Field popped up into 
view. I would land and take a shower. 

The main runway stretched from 
south to north. From my position 
southeast of the field I planned to fly 
west and then turn north when lined up 
with the runway. Somehow the plan 
went awry. I never quite got the run­
way in line, and I approached the field 
from too great an altitude. It was like a 
nightmare that gets steadily worse. I 
dropped the nose of the plane to lose 
altitude quickly, while still fighting for 
a few more yards of easterly move­
ment. But the runway left the screen. I 
lost my horizon. A warning buzzer 
sounded as the ground rushed up. 
Damn! I crashed. I knew I had crashed 
because a network of cracks covered 
the windscreen and "Crash" was print­
ed across it. Was I dead? It would be a 
great pity if the Chicago data base 
should lose its only living inhabitant. 

In order to simulate these adven­
tures FLIGHT SIMULATOR must con­
stantly recompute the appearance of 
landscape from the Cessna's cockpit. 
The controls of a plane can be grouped 
according to the three kinds of rota­
tion they induce [see illustration on this 
page]. The ailerons rotate the plane 
about a line that extends from nose to 
tail, the roll axis. The elevators cause a 
rotation about a line parallel to the 
wings, the pitch axis. The rudder tends 
to rotate the plane about its yaw axis, a 
line that is vertical with respect to the 
pilot. If the current position of the 
plane is given by coordinates x, y and 
z, how does the program determine 
where it will be a split second later? 

The direction of the Cessna's nose 
and the current airspeed constitute a 
vector, and the vector gives rise to a 
new position. The program calculates 
a new direction for the plane-and 
consequently a new viewing angle­
from the equations of flight. For each 

PITCH AXIS 

YAW AXIS 

Three kinds of control surface for the rotation of an aircraft 

display cycle the inputs to the equa­
tions include the current values of the 
controls and environmental conditions 
such as air pressure and density, wind 
velocity and temperature. The flight 
equations incorporate the plane's 
flight characteristics and apply the 
laws of physics to the inputs. The 
forces of thrust, gravity, lift and drag 
are added, and the inertial effects of 
the plane's mass and geometry are tak­
en into account. The output of the 
equations is the new flight direction. 

The equations are too complicated 
to solve quickly, and so Artwick has 
replaced them with tables of values. 
For example, one table lists the lift of 
the plane corresponding to each angle 
of attack; the angles are given for each 
increment of a tenth of a degree. There 
is an additional advantage of tables: 
flight characteristics can be altered 
simply by changing the tables; new 
formulas need not be derived. 

Readers thinking of a pilot project in 
the vertical direction can buy a flight­
simulation program for any of the 
more popular makes of home comput­
er. Artwick has had a guiding hand in 
the best-known program, sold by the 
Microsoft Corporation of Bellevue, 
Wash. He has also played a major role 
in developing a program called FLIGHT 
SIMULATOR II, marketed by the Sub­
logic Corporation of Champaign, Ill. 
Both programs are available for Apple 

II, IBM, Commodore 64 and Atari 
personal computers. A third Artwick 
production was recently announced 
for the Macintosh computer. 

After a few maiden flights the read­
er may want to try some of the hair­
raising adventures suggested in a new 
book by Charles Gulick, modestly ti­
tled 40 Great Flight Simulator Adven­
tures. I am grateful to David Wehlau 
of Waltham, Mass., for calling the 
book to my attention. Each adventure 
begins when the user starts up any of 
the flight-simulation programs men­
tioned above and types in the neces­
sary data from the book. The data in­
clude latitude, longitude, altitude, con­
trol positions, time of day and so on. 

Instantly you may find yourself a 
few hundred yards from the Manhat­
tan Bridge, on a course that takes you 
directly' under it. Alternatively, in an 
adventure titled "Dead Stick off San 
Clemente, " your engine has just quit 
5,000 feet above San Clemente Island 
off the California coast. Can you land 
on the island in a dead glide? A third 
adventure is titled "Twilight Zone." 
You are parked on a grass landing 
strip. The clock on the instrument pan­
el says three minutes past midnight, 
but it is light outside. The aircraft, to 
the extent that it is visible from the side 
and rear windows, is all black. The 
takeoff is slow and, once aloft, neither 
windows nor radar show any land-
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Edward B. Becker's projection of the four-dimensional hyperdodecahedroll 

scape at all. What is to be done? Per­
sonally, I prefer a deserted data base. 

C
ore War, the subject of my inau­

gural column in this magazine 
(May, 1984), will be fought on the U.S. 
eastern seaboard later this summer. 
The Computer Museum in Boston 
plans to host the first international 
Core War on the last weekend in Au­
gust. The cleverer programs will ren­
der their weaker colleagues inoper­
able by destroying vital instructions. 
The (human) winner will be Core War 
champion for a year. 

For interested competitors a docu-

ment that defines the standards for the 
entries and an entry form are available 
from Mark Clarkson, 8619 Wassall 
Street, Wichita, Kans. 672 1 0. Clark­
son directs the International Core War 
Society, an organization of some 1 50 
core warriors. Many of them are cur­
rently preparing their entries, but it is 
not too late to order the standards doc­
ument and write a program of your 
own. I shall have more to say about the 
tournament in next month's column. 

High-LQ. programs, the subject of 
this department in March, led many 
readers to try a hand at the minitest. A 
few others even wrote HI Q programs 

Shortest Steiner tree known for the 4-by-9 rectangle 
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of their own. Paul A. Cook of Sud­
bury, Mass., among others, wqndered 
how Marcel Feenstra, the originator 
of HI Q, arrived at a measured LQ. of 
160 for his program. As Feenstra ex­
plains the matter, the idea came from 
an Australian friend, Chris Harding, 
who holds the Guinness record for the 
highest identified LQ. Harding sug­
gested a test of the program based on 
all the sequence-completion questions 
appearing in the book Know Your Own 
I.Q., by Hans J. Eysenck. Feenstra 
adapted the method of measurement 
suggested in Eysenck's book. 

The April Fools' edition of "Com­
puter Recreations" apparently fooled 
no one. Everyone who wrote a version 
of HYPERCUBE retained both sanity and 
corporeality. In a startling case of pre­
cognition David Ecklein of Rumney, 
N.H., developed the program several 
months before I described it. Ecklein's 
program develops all the effects that 
HYPERCUBE does, but it uses only four 
planes of rotation instead of six. Eric 
Halsey of Seattle, Wash., was not satis­
fied with twiddling HYPERCUBE. He 
went on to other higher-dimensional 
objects including the four-dimensional 
cross polytope, the four-dimensional 
simplex and a special polytope called 
the 24-cell. 

Finally, I must mention Edward B. 
Becker of Riverhead, N.Y., who has 
had a close encounter with the hyper­
dodecahedron [see top illustration on 
this page]. An ordinary dodecahedron 
is the classical, 12-faceted platonic sol­
id. Becker's hyper dodecahedron is 
made up of 120 ordinary dodecahe­
drons constructed from 1,200 lines. 
The image shown was obtained by 
projecting the monstrous figure onto 
three-dimensional space, then shifting 
each component dodecahedron by a 
small amount in a specified direction. 
It happens that each line belongs to 
three of the component dodecahe­
drons. Becker writes: "The planes are 
bounded by the edges in their shifted 
versus unshifted positions. In this 
manner I replaced each line ... with a 
kind of Y beam, which better suggests 
some of the overall structure, at least 
to my 3D perception." 

Last month Martin Gardner chal­
lenged readers to find a Steiner tree 
shorter than 32.095 units that would 
span a 4-by-9 array. No one yet has 
improved on the result obtained by 
Ronald L. Graham and Fan R. K. 
Chung of AT&T Bell Laboratories [see 
illustration at left]. Its length is 

7[1 + v3] + 
[([([3(2 + v3)] - 2)2 + 1]'12) / 2] + 
[([([5(2 + v3)] - 2)2 + 1]"2)/2], 

or approximately 32.094656 .... 
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BOOKS 

Antarctic antiresource, molecular therapeutics, 
Dr. Dee's Shew-Stone, Sculptor Moore's words 

by Philip Morrison 

T
HE SEVENTH CONTINENT: ANT­
ARCTICA IN A RESOURCE AGE, 
by Deborah Shapley. Resources 

for the Future, Inc. Distributed by the 
Johns Hopkins University Press ($35). 
Fabian von Bellingshausen, a veteran 
captain in the imperial Russian navy, 
seated among his officers stiff in their 
regalia, listened gravely. The two lofty 
frigates of his expedition rode at an­
chor among the mists of an icy South 
Shetlands summer. Between them 
rode a little sloop, not much bigger 
than the longboats of the warships. It 
was the Yankee captain of that sloop 
who spoke, beardless Nathaniel Palm­
er, aged 21, master over his mate and 
four men. 

Yon Bellingshausen, so far from 
Kronstad, had been charged that year 
of 1820 to search out new southern 
lands for the maritime glory of Czar 
Alexander and all the Russians. Palm­
er too was an explorer dispatched in 
quest. His modest aim was not high 
discovery; he sought unvisited seal 
beaches, whereon the fleet of sealers 
for whom he sailed out of Stonington, 
Conn., could club more little southern 
fur seals, a most lucrative prey while 
they lasted. 

Dressed in sealskins, Captain Nat 
told his hosts how earlier that sea­
son he had caught sight of and then 
charted the long continental shore 
only 50 miles south of their island 
anchorage. His logbook confirmed 
his words. "What shall I say to my 
master? " cried the forestalled Russian 
commander. 

The tale (the three anchored ships 
are shown in an old print) holds more 
than such stirring folklore. Since Cap­
tain Cook's long ocean circuit of the 
1770's, geographers had come to ac­
cept the inference he first drew: south 
beyond the ubiquitous floes of ice in 
rough seas there lay an icy island con­
tinent of little worth. Beginning in 
about 1820 American, British and 
Norwegian sealers had pressed south 
along the coastline of South America. 
Then they sailed to the offshore Ant­
arctic islands, also thronged with seal; 
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we simply do not know who was the 
first among many hardy captains to 
make out the peninsular mainland 
nearby, past its guardians of ice and 
fog. There are British claims; one log­
book out of Nantucket records an ac­
tual Antarctic landing in 1821; there 
are even those who maintain that von 
Bellingshausen himself was not behind 
Palmer but ahead of him. 

In this single tale of Antarctic dis­
covery are hinted the chief themes of 
almost two centuries of history. They 
are explored in a penetrating work 
by Deborah Shapley, an intelligent in­
vestigative journalist familiar with 
contemporary science and its politics. 
Hers is an intricate political tapestry 
woven from national pride and rival­
ry, glittering but transient sources of 
wealth, the ways of military and civ­
il authority, and a pervasive sense of 
daring, adventure and discovery. Er­
ror and incomplete knowledge often 
hamper the principal figures. Underly­
ing the pattern are both the impersonal 
findings of science and the personal re­
lations existing within the community 
of science. 

That lonely seventh continent is dis­
tinct. It accounts for a fifteenth of the 
land surface of the earth (conceded, 
the ground there is mostly buried un­
der thick ice). Yet today's Antarctic 
population reaches a peak of only 
2,000 under the summer sun and dwin­
dles to a far smaller number during 
winter night. At most only a couple of 
human beings have been born there, 
and a major fraction of those who 
have died on the continent were pas­
sengers on a single tourist flight that 
crashed into Mount Erebus in 1979. 

This singular land is governed in a 
singular way. Since 1961 the inhabit­
ants of Antarctica have lived under a 
brief document drawn up by diplo­
mats from a dozen countries, who met 
biweekly in a board room of the Na­
tional Academy of Sciences in Wash­
ington for a year or two before the 
treaty went into effect. 

The treaty binds its signatories to a 
rational regime that has about it the 

openness of the Enlightenment, before 
the nation-states had seen the power 
they could derive from science-based 
technologies. It holds that the Antarc­
tic can be used for peaceable purposes 
only: no military bases, forts or weap­
ons tests are allowed; military person­
nel and equipment engaged in peace­
ful work are acceptable. Nuclear ex­
plosions and nuclear-waste disposal 
are forbidden. Research is to be open 
and cooperative and its results made 
available to all. Advance notice is to 
be given of all stations and expedi­
tions, and of the introduction of mili­
tary personnel and equipment; the 
right of inspection from the air at any 
time and place, along with free access 
on the ground for designated observ­
ers, is assured. Any disputes are to be 
settled by agreement if possible, oth­
erwise the International Court is to in­
tervene. 

In 1991, by its own terms, that treaty 
is expected to undergo review by the 
states that are parties to it. Those doz­
en nations were the original ratifiers. 
By now four more countries have an­
ted up the requisite investment for par­
ticipation: "substantial scientific re­
search activity" in the Antarctic. The 
total includes four of the Big Five, all 
explorers long active in the south for 
one reason or another. (The fifth, the 
People's Republic of China, has no 
record of past interest, but it has indi­
cated its intention of joining soon, and 
a few Chinese scientists are now at 
work as visitors to stations on the ice.) 
The five southernmost countries, clos­
est to the ice, are motivated, as one 
might expect, by practical and even 
territorial interests. The other coun­
tries include five more explorers from 
the heroic past, Belgium, Japan, Nor­
way, Poland and West Germany, and 
two big nations whose scientists have 
worked on the ice only during the past 
few years, India and Brazil. 

The treaty contains a key provision 
that has defused the disputes of a long 
history. All territorial claims are sim­
ply finessed; the signatories agree that 
no claim is to be diminished or fur­
thered by any action under the treaty. 
Certainly problems might arise here: 
treaty breakdown, mineral rights . . . .  
But so nice a political balance has been 
struck that the meager benefits of sov­
ereignty over so frozen a land have not 
yet moved any state to act against the 
treaty. Even brief war in the Falklands 
between two treaty states did not dis­
turb their correct treaty relations. 

Interest is the nub. Brevity, the inno­
cent good will of the scientists, even 
textual ambiguity, although they have 
their uses, are not the main points. Na­
tions calculate what they stand to gain 
or lose. Only today the game appears 
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to be gaining newer and richer stakes. 
Two potentially large resources are 

hinted in the Antarctic. The million 
whales taken in its waters during the 
20th century drew whalemen by the 
tens of thousands who worked there 
offshore and on the islands. Only a 
remnant of the whales remain. But 
their primary fodder, the krill, thrive. 
The take of those shrimplike crea­
tures, whose red-brown swarms stain­
ing the cold green waters have long 
fed whale, seal, sq uid and seabird, has 
risen to half a million tons a year, a 
haul equivalent to the biomass of 10,-
000 whales. There is an old dream 
that protein from krill might one day 
even become a major foodstuff for 
a hungry world; that would imply 
growth yet to come in the krill fishery 
of more than an order of magnitude. 

The treaty structure has managed to 
meet the intensifying challenge of eco­
nomic interest by indirection. Its re­
search-centered provisions were not 
relevant to such a scale of activity; in­
stead the parties to the treaty devised a 
new agreement, the Convention on 
the Conservation of Antarctic Marine 
Living Resources; it took effect in 
1982. A legal "umbilical cord" ties the 
convention to the original treaty. The 
new agreement is open wide to states 
not previously involved. (The EEC has 
signed on, along with both Oermanys. ) 
It provides for what appears to be a 
very farseeing management of all ma­
rine resources by a new commission 
sitting in Hobart, Tasmania, and by its 
scientific arm, charged with the task of 
coming to understand the unique eco­
system of the circumpolar ocean. 

Minerals around and under the ice 
are still only of potential value, not 
likely to be realized on a large scale 
in this century. Yet the first deep-sea 
drillship did find traces of hydrocar­
bons beneath the Ross Sea, and several 
treaty states are focusing geophysical 
operations there. Would a bonanza re­
vive old claims to newly oily territory? 

Hard-rock mining is further off, al­
though the geologists who match plate 
boundaries mutter about a vast new 
Rand hidden somewhere under the ice. 
Economics will in the end determine, 
but the calculus will be of tomorrow's 
return on investment, not our own. 

It may well turn out that the most 
important geophysical value is a nega­
tive one, a kind of antiresource; it is the 
effect the ice can have on weather and 
on sea level during climatic change. 
The solution of that equation may 
mean more to humankind than krill, 
petroleum or diamonds. Close moni­
toring of changes and, even more im­
portant, new insight into their cause 
and course are likely to be the highest 
prizes won on the Antarctic ice. 

28 

There were no Americans on the 
southern ice during the heroic age of 
Robert F. Scott and Ernest Shackleton 
before World War I. Our time came 
when in 1929 Richard E. Byrd flew 
in his trimotor over the South Pole. 
His energy and charm moved the dis­
tant Antarctic into the spotlight back 
home. Who did not know his base, 
called Little America? Who did not 
become aware of eager Boy Scout ex­
plorers, ham radio operators, comical 
penguins, wealthy sponsors? Behind 
those engaging scenes there were dip­
lomatic and strategic plans, covert be­
fore World War II, more visible there­
after, to stake U.S. claim to much of 
the area, or at the least to deny such 
claims made by any adversary. 

The Antarctic Treaty that now rules 
was no outcome of years of diplomatic 
calculation. It sprang from a dinner 
party for scientific guests that James 
Van Allen-he of the famous Van Al­
len belt-held in 1950 at Silver Spring, 
Md. There the idea grew of steering 
the Third Polar Year of 1957 toward 
the Antarctic, where new scientific 
methods promised new geophysical 
results. The scheme soon blossomed 
into worldwide enthusiasm for an In­
ternational Oeophysical Year, deliber­
ately setting hopeful cooperation with­
in science against the ominous divi­
siveness of the Cold War. 

The I.O.Y. was a hit around the 
world. Although many of its organiz­
ers did not suspect it, the I.O.Y. plans 
fitted well enough into a classified pol­
icy of the National Security Council to 
play out a rather modest American 
hand in that southern continent. The 
improvising scientists seemed to Presi­
dent Eisenhower an open, hopeful and 
much cheaper alternative to the ex­
pensive stratagems of the diplomats 
and the armed services. The I.O.Y. 
got what it needed from the U.S. , in­
cluding generous logistic support, and 
remained a bargain by bureaucratic 
standards. 

As the I.O.Y. began, Navy Sea bees 
were building red structures around a 
barber pole marking the South Pole it­
self. We are there still at the symbolic 
heart of the ice cap, the permanent sta­
tion to this day supplied exclusively by 
military air transport. But our policy 
has shifted with that of all 16 nations 
on the ice (and 15 more that are less 
than full partners in the treaty) into 
"an amalgam of nationalistic elements 
subordinated to international cooper­
ation in the name of science. " It is 
likely that another shift toward ap­
plied science, a wider environmental 
ecology at sea and onshore, with geo­
physical exploration inland, is at hand, 
still under the improvised regime of 
the philosophers. 

The objections to the treaty regime 
by the some 100 nations that are in no 
position to occupy a station on the ice 
seem to have been met in part by the 
evolution of the treaty group from a 
self-chosen club of the powerful into a 
majority of humankind. The partici­
pants should become a little more gen­
erous to outsiders. The I.O.Y. spirit, 
never quite as lofty or disinterested in 
reality as it seemed in the abstract, has 
proved a hopeful basis for working out 
one solution, if a local one, to the 
daunting riddle of national rivalry. We 
can look to the year 1991 with modest 
satisfaction. 

When the U.S. began construction 
of its South Pole station in 1957, no 
one was certain that the snow would 
bear the load of the aircraft ski. A 45-
year-old photograph posed by Scott's 
doomed party fixed the hardness of 
the snow at the pole itself by showing 
just how far their boots had sunk in. 
The future often puts to good use what 
the past did not quite intend. 

MOLECULAR BIOLOGY AND HUMAN 
DISEASE, edited by Alexander 

MacLeod and Karol Sikora. Blackwell 
Scientific Publications (paperbound, 
$17). A dozen molecular biologists 
and physicians around the labora­
tories and clinics of the Medical Re­
search Council in Cambridge, En­
gland, with help from some of their ex­
pert friends in London, Edinburgh and 
Baltimore, join here to survey the state 
of the molecular approach to disease. 
Their story is brief but full, aimed at a 
readership of students and of physi­
cians in practice. It is the firsthand ex­
pertise of these redoubtable authors 
that distinguishes the fine text, al­
though it cannot compete with the 
pages of this magazine for visual sup­
port. There are some valuable illustra­
tions, but they are few. 

The first half-dozen articles lay out 
the new technologies that enable us to 
examine and then to edit the genetic 
message, down to the level of errors in 
spelling. The first task is to publish a 
gene-a molecular rarity, parts per 
billion by weight-in an edition large 
enough for study. That is cloning. The 
methods are of course biological: en­
zymatic selection from the DNA text, 
followed by cellular mUltiplication 
and then recognition on fusing with 
the complementary strand fragment, 
itself prepared from natural templates. 
The text must next be read. This is 
done through letter-by-letter sequenc­
ing, still difficult; reading the full se­
quence of the Epstein-Barr virus, some 
250 kilo bases long, is the greatest 
achievement of this technique today. 
The blotting techniques, which com­
bine spatial separation of pieces of the 
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DNA by electrostatically driven diffu­
sion with recognition by specific par­
tial markers, facilitate the task. 

One chapter summarizes the re­
markable processes leading from gene 
to protein, and another is a revealing 
essay on the cytoskeleton, that com­
plex dynamic framework, based on 
three distinct kinds of protein micro­
filaments, that supports the cell in life 
and in motion. The cytoskeleton's 
most classical display occurs during 
the chromosome ballet in mitosis. 
(This chapter has, surprisingly, not one 
illustration.) 

The powerful technique of recogni­
tion by monoclonal antibodies is well 
described; particular B lymphocytes, 
each producing a single antibody, can 
now be propagated indefinitely. The 
lymphocyte is usually fused with a cell 
from a malignant line; the pathologi­
cal propensity for indefinite self-repli­
cation copiously amplifies production 
of the particular antibody. 

The physicists have added to this 
biological armory. The technique here 
is flow cytometry. Down a fine capil­
lary tube cells flow swiftly one by one, 
a few thousand per second. For simple 
counting, laser light can be scattered 
off the cell stream. Deeper character­
izations at similar speeds can be made 
by first marking each cell in some spe­
cific way with a fluorescent dyestuff. 
Optical pulse-height sorting and com­
puter display are by now familiar in 
many laboratories. A million cells 
can be sorted in a few minutes by 
their content of as few as 50 to 100 
specific molecules per cell. Cells have 
been sorted according to the ratios 
of the base pairs their chromosome 
DNA contains, double-dyeing them 
with two colors of base-specific dyes 
and exciting the two pulses of color 
with appropriate lasers. That scheme 
already works for half of the human 
chromosomes. 

What can these techniques do for 
medicine? Somewhat more than half 
of the book outlines six or eight groups 
of molecular diagnoses and thera­
pies-essentially all for genetic dis­
eases-now in clinical service at some 
level. The most mature is our remark­
able understanding of the wide variety 
of molecular lesions found in the red 
protein hemoglobin. A widespread 
class of genetic disorders, the thalasse­
mias, spans the clinical spectrum from 
lifelong carrier states without any 
symptoms to fetal death. A few differ­
ent mutations in a cluster of genes can 
account for this phenotypic diversity. 
One form, which lacks one of the glo­
bin chains that join to make the work­
ing tetrameric molecule, is a common 
cause of fetal death in Southeast Asia. 
Only 20 percent of the infant's he-

moglobin is functional; "it is surpris­
ing that these infants survive to term." 
Prenatal diagnosis, for this condition 
as well as more generally, is in wide 
use; sampled cells can be probed for 
faulty DNA sequences. 

An account of oncogenes, first steps 
to cancer, is presented, along with a 
discussion of the opportunities for po­
tential therapy that this knowledge im­
plies. The forecast is for a full-blown 
course of treatment in 20 years or so, 
not before. 

There are known molecular disor­
ders of muscular tissue, some in the 
mitochondria, some in sp-ecific neuro­
receptors in the muscle-nerve inter­
face. Hope is offered for eventual con­
trol of DNA repair processes; it may 
even be possible to restore genes dam­
aged by ionizing radiation. 

Two brief papers treat genetic fixes 
to nonhuman DNA that could have 
medical importance. One paper out­
lines efforts to generate a strain of 
wheat safe for those who cannot toler­
ate one of the gluten proteins. The oth­
er discusses the production of more 
than a dozen classes of complex, thera­
peutically interesting molecules by en­
gineering the genetic implantation and 
expression of new biochemical capa­
bilities in one or another microorgan­
ism. This chapter reads a little like the 
business columns of a newspaper; the 
market has long admired the pharma­
ceutical potential envisioned here. 

Insulin synthesis is a case worth cit­
ing. Pig and cow have been the only 
practical sources of the hormone. The 
distressing immune response of some 
patients to porcine insulin has prom­
ised a fine reception for a synthesized 
molecule with exactly the amino acid 
sequence of human hormone. "Unfor­
tunately for the genetic engineer" pig 
and human insulin differ by only one 
amino acid. It may be cheaper and 
simpler to snip off the 30th link in the 
B chain than to genetically engineer a 
bacterial product. 

Genetic disease is fascinating; the 
side-by-side discussion of many ap­
proaches in this book makes a strong 
impression on the reader, a kind of re­
view of molecular biology with thera­
py as exemplar. It is clear that much of 
the impact must be made before birth. 
A couple of percent of human bei.ngs 
carry some kind of "potentially lethal 
inherited blood diseases." Therapy is 
then in fact the termination of preg­
nancy, with all its social and ethical 
problems. Manipulating genes in em­
bryos is possible in vitro, but it too is 
surrounded by profound problems in 
ethics. Adult gene therapy is surely the 
most difficult technically; how can the 
involved tissues be replaced? The only 
disorders that show promise are some 

of those of the blood. The bone mar­
row is accessible for manipulable sam­
ples; what remains can be eradicated 
easily. It is not too much to imagine 
laundering the bone marrow of all 
stem cells, say, with a given defect. For 
success the genetic controls must ac­
company the pure protein informa­
tion. That may demand "the manip­
ulation of some very sophisticated 
genetic switches." 

A reader comes away from this re­
warding and difficult book with deep 
admiration for the evident ingenuity 
of the workers, but one also feels that 
the major achievements of biomolecu­
lar engineering may already be among 
us in the form of those symbiotic or­
ganisms we call domesticated plants 
and animals, the foundation of civil 
society for 10,000 years. 

THE MIRROR AND MAN, by Benja­
min Goldberg. University Press of 

Virginia ($20). What an intelligence 
scandal it must have been! First, the 
dozen foreign experts who had been 
cleverly cajoled and then smuggled 
into France found themselves con­
fronted by pleading letters from their 
wives back home, urgent letters that 
turned out to be forgeries. The king 
himself was induced to pay the anx­
ious little group a visit, bringing pres­
ents and praise. (In the same manner, 
Jack Kennedy would one day come to 
Huntsville.) Then some of the lonely 
wives were brought over as well. The 
stakes grew. The expatriates' factory 
wa� attacked by armed men. That 
pitched battle ended only on the inter­
vention of a company of soldiers. Lat­
er a couple of the best workers were 
even poisoned. 

Thus was the long-secret process 
first winkled out of its home in Venice 
to be set up for the Sun King by an en­
terprising subject, Jean-Baptiste Col­
bert, in the Faubourg St.-Antoine. The 
secret was not the design of some 
weapons system but the technique for 
the manufacture of fine glass mirrors. 
These were mirrors not far from mod­
ern quality; they could be made in any 
size for which there was crystal-clear 
glass sheet, a key material developed 
two centuries earlier in Venice. The re­
flecting surface was a later Venetian 
invention, a mercury-tin amalgam ap­
plied to suitable glass at room temper­
ature to form a coating that is bright, 
adhering and durable. Commonplace 
mirrors of good quality are still made 
in that way, although vacuum-evapo­
rated aluminum has ended almost four 
centuries of tin-amalgam monopoly. 

The French proved able journey­
men; within five years the much-need­
ed Venetian experts went home with 
gifts and a full pardon from their Re-
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public. By then the new shop in Paris 
could already meet the mushrooming 
national needs, easily grasped on a vis­
it to the endless mirrored galleries of 
Versailles. Within 20 years the French 
artisans had perfected the manufac­
ture of superb mirrors from plate 
glass, which they cast into flat sheets 
while the glass was fluid instead of 
shaping it from large heat-softened 
blown cylinders. The Compagnie de 
Saint-Gobain, a world leader today in 
the glass industry, is the direct descen­
dant of Jean-Baptiste Colbert's secret 
enterprise, moved from Paris to the 
castle town for which it is now named. 

That tale out of the history of tech­
nology is taken from one delightful 
chapter that divides into two parts this 
monograph by a veteran optical physi­
cist. The latter third of his book briefly 
surveys with diagrams and data (but 
not mathematics) the nature and de­
velopment of the outward-looking 
mirrors of modern science and tech­
nology, those of the multiple-mirror 
telescope, the 60-inch shopping-mall 
searchlight, the lighthouse, the space 
probe, the laser and the 20 acres of 
computer-steered solar-power mirrors 
in the desert pilot plant at Barstow. 

Benjamin Goldberg has understood 
how ancient and important is the de­
vice he treats; human beings have been 
fascinated by the image in the mirror 
for a very long time. He documents 
with sympathy and erudition the long 
biography of the inward-looking mir­
ror, that in which we see our own 
double, the visible hint of the soul 
that must one day depart the body. He 
follows this theme from Narcissus 
through Egypt, India, China, Japan 
and pre-Columbian America. He ex­
pands on European mirror thought 
and practice from early times to the 
growth of Renaissance perspective 
theory under Alberti, Brunelleschi and 
Leonardo. There are good discussions 
of the mirrors that the Dutch masters 

employed as tools and represented in 
their paintings, and of the mirror-dec­
orated rooms of the well-to-do clients 
of Thomas Chippendale and Robert 
Adams. 

We possess 2,000 bronze Etruscan 
hand mirrors from as long as 2,500 
years ago, as old as any mirrors in Eu­
rope. The Greeks used mirrors free­
ly too, although we have fewer from 
them. The engraved backs of Etruscan 
mirrors mostly depict Greek myths; 
Hercules was a favorite. Those mir­
rors were used mainly by women, and 
they are found associated solely with 
female burials. The oldest glass mir­
ror in Europe is Roman, plainly made 
on an Egyptian model, dark and dis­
torting when compared with the fine 
white-bronze mirrors of later Rome; 
glass mirrors do not reappear until the 
13th century. 

Chinese cast-bronze mirrors were in 
vigorous development for 20 centu­
ries, from the Shang to the Tang. The 
backs of those mirrors are themselves 
a kind of mirror of both the cosmolog­
ical and the domestic concerns that oc­
cupied Chinese culture over the dynas­
ties. A poignant poem by Li Po is cit­
ed. In it a woman polishes again and 
again with her red sleeve "the bright 
moon, / .. .its splendor lighting up ev­
erything. / In its center is my reflec­
tion ....  " That moon is the mirror that 
her long-absent husband, on indefinite 
duty at some border, had given her. 
There is a brief explanation of the im­
ages cast by certain "magic" concave 
mirrors that reflect onto a wall the 
relief pattern seen cast in the mir­
ror back. A photograph shows the 
effect as it is now exhibited in the 
Shanghai Museum. 

In Japan the mirror was revered; the 
oldest ones are preserved in Ise as sa­
cred attributes of the ancestral Shinto 
sun-goddess herself. The three artisans 
who create bronze mirrors-design­
er, molder and polisher-were until 

the past century considered an official 
part of the imperial court. An inge­
nious composite magic mirror that re­
flects a hidden design of the Buddha 
is shown producing its visible effect. 
Once glassmaking finally arrived in 
Japan the three bronze mirror makers 
had to seek other trades. 

Mosaic mirrors made up of polished 
pieces of iron oxides and iron pyrites 
have been known from Olmec ruins 
in Mexico for almost 50 years. They 
are concave and well polished still. 
Too small to ignite fire from sunlight, 
they could in the tropical sun certain­
ly raise smoke from dry tinder. They 
may be the source of the theme of 
smoking mirrors that is so widespread 
in Mesoamerica. 

In the British Museum there can 
now be seen the very black mirror, or 
Shew-Stone, in which its owner, the 
scholar-sorcerer Dr. John Dee, did of­
ten scry for hints and glimpses of the 
spirits of the dead. In 1575 he noted 
that his patron Elizabeth the Queen 
had "willed me to fetch my glass so fa­
mous ....  " Dee's stone is a polished 
mirror of obsidian from Mexico, no 
doubt brought from the New World to 
Europe during the generation of the 
conquest of Mexico; the Aztecs there 
were reputed to be great scryers. The 
iron minerals are not hard to work and 
to polish with sand and rouge; obsidi­
an makes sterner demands on lapidary 
skill, but its hardness and luster are 
prized. The skillful Aztec craftsmen 
needed patience as well. 

The oldest-known manmade mirror 
is of selenite, crystalline gypsum, with 
a few traces of what was once a wood 
frame. It was found in the predynastic 
graves of El-Badari in middle Egypt, 
datable before 4500 B.C. Earlier than 
that reflections of self were surely seen 
in still water held in hand, cup or pool. 
Goldberg's final chapter returns to the 
issue of self-image. There is an ac­
count of contemporary studies of the 
subject that presents both psychologi­
cal experiments and the observations 
of artists and writers from Lewis Car­
roll to Robert Coles. 

No summary of the behavior of ani­
mals toward reflected images is given, 
but not much else that is relevant 
seems missing from this graceful and 
yet compact study. The lists of sources 
given chapter by chapter are danger­
ously inviting. 

HENRY MOORE: My IDEAS, INSPIRA­
TION AND LIFE AS AN ARTIST, 

by Henry Moore and John Hedgecoe. 
Chronicle Books ($22.50). Intimate, 
unpretentious and beautiful, this book 
offers Henry Moore's direct reflection 
on the springs and flow of his art over 

Projected reflectioll of Buddha (left) and X ray of mirror, showillg concealed relief (right) nearly 60 years. He is 88 now, still 
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drawing, although his arthritic joints 
can no longer support his lifelong 

'campaign to extract from matter "the 
full three-dimensional world with air 
around it. " 

The recorder and editor of his narra­
tive is his longtime friend and teaching 
colleague, whose apt and brilliant pho­
tographs document here much of what 
was around the artist, from the heaps 
of mine waste "like pyramids, like 
mountains" where the sculptor played 
as a boy, through the mean streets of 
his youth, to his bone-strewn studios 
and his models, on to the triumphant 
sculpture. Besides these sympathetic 
illustrations, the volume presents a 
systematic selection of smaller photo­
graphs of about SO of Moore's works 
arranged to bring out his development 
of a few recurrent themes. There are 
also a number of photographs made 
by Moore himself, landscapes, tex­
tures, masks and sculpture of the past, 
and his own drawings. 

"I have always been excited about 
natural strata and the actual forms of 
stone. . . .  I like ruins, the Parthenon, 
for instance. Now that light passes 
through it, it is far more sculptural 
than if it were all filled in . . . .  A sculp­
tor wants to know what a thing is like 
from on top and from beneath-a 
bird's eye view and a worm's eye view. 
It's infinite. 

"Brancusi's dictum of truth to ma­
terial. . .  had a big influence on me . . .  
a thing in stone should look differ­
ent from a thing in bronze . . . .  Later, 
though, this became a restriction . . .  . it 
is, of course, the vision behind a work 
that matters most, not the material. 

"I liked carving stone . . . .  But, after 
a time, I began to realize that it was 
preventing me from including the 
full three-dimensional world with air 
around it. . . .  I was trying to make the 
sculpture as fully realized as nature, 
not just two reliefs. For me, this was a 
revelation . . . .  

"I used to collect pebbles and flints 
from the beach-the back of the car 
used to sag with the weight of them 
all. . . .  I regarded them as nature's 
sculpture. Nobody is sure how flint­
stones came about. I think some 
were formed by a natural casting 
process . . . .  Nature produces the most 
amazing variety of shapes, patterns, 
and rhythms. What we see with our 
eyes has been added to by the use of 
the camera, the telescope and the mi­
croscope . . .  enlarg[ing] the sculptor's 
vision. But merely to copy nature is no 
better than copying anything else. " 

If today the sculptors dare to ex­
plore motion, stress and change, the 
work of Moore seems a celebration of 
the substantial, of matter itself, seat 
alike of art and of science. 
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I 
I or write: T he Delta Queen Steamboat Co. 

I Dept. SA 76 #30 Robin St. Wharf· Ne� Orleans, LA 70130 2 to 12 Nights. 

I Suites. Staterooms. Cabins. 

I Name: ----------------------
I 
I Address: -----------------------------
I 
I City: _____________ State: ---- Zir: ------
I 
I Telephone: --- Area Code (--- ) ------------------
I Age: D Under 35 D 36-49 D 50-64 DOver 65 Ocean cruises taken: DOD 1 D 2 or more. I 
L _____________________________________ J 
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JOJOBA SHRUBS grow on land owned by Agrifuture, Inc., in 
California. Jojoba (Simmolldsia chillellsis) is a desert plant valued 
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for its seeds, which yield an oil that can replace sperm-whale oil 
(now banned by the U.S.) in a number of commercial applications. 
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Potential New Crops 
Buflalo gourd, crambe, jojoba and kenaf are approaching 

commercial production. A number of other plants show 

promise as sources of food and as industrial materials 

W
heat, corn, soybeans and oth­
er crops pour out of the U.S. 
agricultural system at such a 

prodigious rate that one tends to over­
look the economic potential of several 
plants not now grown on farms. Yet 
there are good reasons to look for such 
plants, and over the past decade a few 
workers in government, university and 
industrial laboratories have been do­
ing so. They have come up with some 
surprises: plants that yield not only 
food and fiber but also an amazing va­
riety of commodities with applications 
in industry. The commodities include 
a long-chain fatty acid useful as a lu­
bricant in rolling steel; medium-chain 
fatty acids for making soaps, deter­
gents, surfactants and lubricants; an 
oil that can substitute for sperm-whale 
oil in cosmetics and that is a good lu­
bricant as well, and organic com­
pounds that can serve as feedstock in 
making hydrocarbon fuels and rubber. 

Some of the main reasons for seek­
ing new crop varieties were cited in a 
report to the National Science Foun­
dation in 1978 by Soil and Land Use 
Technology, Inc., of Columbia, Md. 
One reason, according to the report, is 
that the genetic pool of existing agri­
cultural crops might become too shal­
low, leaving the plants vulnerable to 
disease or environmental shock, unless 
it is enriched and diversified by new 
genetic material from wild plants. 
Another is that "present crops are ei­
ther very demanding environmental­
ly," meaning they require more wa­
ter or nutrients than nature provides, 
"or narrowly adapted ecologically," 
meaning they have limited tolerance 
to temperature or soil conditions be­
yond a narrow range. Third, they re-

by C. Wiley Hinman 

quire "high energy inputs in the form 
of fuel, fertilizers, pesticides, process­
ing and irrigation." Finally, farmers 
locked into the production of a crop 
such as wheat would be less vulnerable 
to price instabilities if they could turn 
to alternative crops. 

So far the search for new crops has 
turned up four that are within reach 
of commercialization: buffalo gourd, 
cram be, jojoba and kenaf. Several oth­
er plants that are under study offer ex­
citing possibilities for eventual com­
mercialization and the solution of ag­
ricultural and economic problems. 

The buffalo gourd (Cucurbita /oeti­
dissima) is a wild member of the 

genus that includes cultivated squash 
and pumpkins. It is indigenous to the 
arid and semiarid regions of North 
America. The species reproduces asex­
ually as a perennial vine yielding a 
large crop of seeds valuable in various 
ways and exceedingly large roots rich 
in high-grade starch. 

Although the vine is killed by tem­
peratures below freezing, the gourd's 
roots survive even when the tempera­
ture is as low as -25 degrees Celsius 
(-13 degrees Fahrenheit), particular­
ly when an insulating layer of snow 
covers the ground. These properties 
indicate that the buffalo gourd could 
be grown successfully in the entire re­
gion overlying the Ogallala aquifer, an 
underground reservoir extending from 
South Dakota and Missouri to Texas 
and New Mexico. 

All parts of the plant can be put to 
use. The vines, which have a high con­
tent of protein and are readily digest­
ed, can serve as a forage. The roots, 
which reach a weight of nearly 40 kilo-

grams in only three or four growing 
seasons, contain a starch similar to the 
starch from the cassava root. It can 
be transformed into the sweetening 
agents dextrin, maltose and glucose. 
The seeds are rich in oil and protein. 
Moreover, the fruit that contains the 
seeds lends itself to mechanical har­
vesting. The fatty acid composition of 
the oil (65.3 percent lineolic acid, 23 
percent oleic, 6.13 percent palmitic 
and 2.2 percent steric) makes it excel­
lent for human consumption. (A fat­
ty acid contains tne COOH group of 
the elements carbon, oxygen and hy­
drogen, usually in straight chains 
with even numbers of carbon atoms.) 
The meal remaining after the oil has 
been extracted contains about equal 
amounts of protein and 'fiber and is 
suitable as feedstuff for animals. 

Scientific examination of the buffa­
lo gourd began in the U.S. Department 
of Agriculture in the 1940's and is 
continuing today in the U.S., Mexico, 
Australia and Lebanon. Studies of the 
plant and its domestication have been 
part of a research project at the Uni­
versity of Arizona since 1963. On the 
basis of these studies it appears that 
seed yields of two tons per hectare are 
possible. (A hectare is 2.47 acres.) In 
comparison, the yield of soybeans is 
about 3.5 tons per hectare and of sun­
flower seeds about 1.5 tons. Less in­
formation is available on the yield 
of buffalo-gourd roots, but current 
data point to the likelihood of an an­
nual harvest of eight tons or more per 
hectare. Little information is available 
on the yield of vines. 

Buffalo gourd may also turn out to 
be a source of liquid fuels. Preliminary 
investigations indicate that it is capa-
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ble of good annual yields of oil that 
can serve as diesel fuel and as a source 
of ethanol. Studies are continuing at 
the Energy Institute of New Mexico 
State University, focusing in particu­
lar on whether the plant yields more 
oil as an annual or as a perennial and 
on how well the gourd grows when the 
water available to it varies in salinity. 

More research, both systematic and 
well financed, will be needed to estab­
lish the conditions that will make the 
gourd a commercial crop. The best re­
sults would probably be achieved if a 
single company coordinated efforts to 
grow buffalo gourd as a commercial 
crop and to manage the development 
of its various products. 

C ram be (Crambe abyssinica) holds 
promise as a source of erucic acid, 

a long-chain fatty acid that serves 
commercially in the production of 
lubricants and plasticizers. The tradi­
tional source of this major commodity 
was imported rapeseed oil. In recent 
years this source has become increas­
ingly scarce as rapeseed growers have 
switched to varieties that give higher 
yields but contain less erucic acid. The 
Agriculture Department, in its new­
crop program, has stressed the need to 
find alternate crops that could serve as 

a 

a domestic source of erucic acid and 
other long-chain fatty acids. 

Cram be is a member of the Cru­
ciferae family (also called Brassica­
ceae), which includes the mustards, 
cabbages and rapes. C. abyssinica, 
grown originally in countries around 
the Mediterranean Sea, is a leading 
candidate to replace rapeseed. Indeed, 
whereas rapeseed oils contain from 40 
to 50 percent erucic acid, crambe oil 
contains as much as 60 percent. 

The plant offers the advantage of a 
short growing season (90 to 100 days). 
Preliminary trials have shown that it 
grows from North Dakota to Texas 
and from Connecticut to California. In 
each area it yields economically at­
tractive quantities of oil. Collections 
of the plant's germ plasm, or heredi­
tary material, were made at Purdue 
University, and extended study of the 
material led to the development of im­
proved seed lines. Three cultivars, or 
strains, have been registered with the 
Agriculture Department. 

Early field trials yielded enough 
seeds to enable workers at the Agri­
cultural Research Service's Northern 
Regional Research Center (NRRC) in 
Peoria, Ill., to do chemical studies. 
The workers also explored methods of 
processing aimed at obtaining high-

quality oil and nutritious meal from 
the seeds, evaluated the oil as'a substi­
tute for rapeseed oil and even devel­
oped new products. 

One problem with crambe as a live­
stock feed is that, like other members 
of the Cruciferae family, the plants 
contain glucosinolates, often concen­
trated in the seeds. These compounds 
are toxic to humans and animals. Be­
fore the effort to develop crambe it 
was rare to include meal from seeds 
containing glucosinolates in feeds for 
animals. Cram be meal could not be 
fed to animals without the approval of 
the Food and Drug Administration. 

To gain that approval it was neces­
sary to show that feeding a cram be­
meal ration to beef cattle for up to six 
months was as beneficial as feeding 
them soybean meal in terms of weight 
gain and of edible products containing 
no more than one part per million of 
glucosinolates or compounds known 
to result from the chemical breakdown 
of glucosinolates. Tests over a period 
of several years showed that cram be­
meal rations constituting up to 15 per­
cent of the total diet caused no serious 
problems in beef cattle. The FDA there­
upon granted clearance for the use of 
the meal at a maximum of 4.2 percent 
of the diet. 

b 

SEEDS 

FOUR PROMISING PLANTS for commercial development are 

the buffalo gourd (a), crambe (b), jojoba (c) and kenaf (d). The buf­

falo gourd (ClIclIrbita !oetidissill/a), in the squash and pumpkin fam-

i1y, yields seeds rich in oil and protein, vines with a high protein 
content and roots with starch similar to the starch of the cassava 

root. Crambe (Crall/be abyssillica) is a source of erucic acid, which 
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The NRRC study compared cram be 
. oil with rapeseed oil in commercial 
applications. Crambe oil was found 
to be satisfactory in every case and 
superior to rapeseed oil in several ap­
plications. There appears to be no 
technical obstacle to the direct sub­
stitution of cram be oil for high-erucic 
rapeseed oil in commerce. 

The new-product studies by the Peo­
ria investigators showed that hydro­
genation of crambe oil yields a solid 
harder than beeswax. It could be used 
in making candles and several cosmet­
ics. Another finding was that the eru­
cic acid from the oil can be convert­
ed chemically into brassylic acid and 
pelargonic acid. Brassylic acid can be 
transformed into liquid waxes useful 
in high-pressure lubrication, and even 
into a form of nylon that has excellent 
properties as a plastic to be made into 
such 'industrial products as electrical 
insulation and gear wheels. Pelargonic 
acid produces salts that in aqueous so­
lutions help to dissolve substances that 
do not dissolve well in plain water, and 
it also serves in the manufacture of 
lacquers and plastics. 

The current outlook for cram be as a 
new agricultural product is favorable. 
The plant can be grown in virtually all 
the 48 contiguous states. Economic 

evaluations of the plant suggest that it 
could be a profitable item for both 
farmers and chemical processors. 

] ojoba (Simmondsia chinensis) is a 
shrub native to the Sonora desert 
of Mexico and the southwestern 

U.S. It became of agricultural interest 
somewhat more than a decade ago 
when oil from the sperm whale was 
banned from the U.S. in an effort 
to protect the endangered animals. 
Sperm-whale oil had for many years 
been the only commercial source of 
liquid-wax esters for cosmetic prod­
ucts (such as lotions, shampoos and 
conditioners), high-performance lubri­
cants and even transmission fluid. 

Studies done in several laborato­
ries showed that oil from the jojoba 
seed could serve as a replacement 
for sperm-whale oil. Data from these 
chemical studies, together with inter­
est on the part of environmentalists 
and financial backers, stimulated com­
mercial plantings of the species. By 
last year roughly 16,000 hectares 
had been planted commercially in the 
Southwest. The oil currently com­
mands a high price (more than $30 per 
gallon), but through increased produc­
tion the price can be expected to reach 
about $15 within a few years. At that 

price the oil should be able to gain a 
larger market. 

The jojoba plant must be three or 
four years old before it bears seeds and 
up to 10 years old to achieve maxi­
mum yields. The maximum yield has 
not yet been determined from either 
wild or cultivated shrubs, but wild 
plants have been known to produce be­
tween 14 and 18 kilograms of clean, 
dry seeds per plant per year. Several 
studies are under way to determine 
such matters as the optimal spacing of 
rows, the best ratio of male to female 
plants, the optimal amounts of irriga­
tion and fertilization, efficient meth­
ods of harvesting the seeds and effec­
tive ways of controlling pests. 

For every pound of oil obtained by 
pressing jojoba seeds one obtains a bit 
more than a pound of meal. This meal 
contains residual oil and also proteins, 
fiber, tannins and other substances. At 
present the meal has no commercial 
use. It has possibilities as animal feed, 
but before it could be sold for that pur­
pose it would require extensive proc­
essing to remove the residual oil, a 
toxic component called simmondsin 
and materials (probably tannins) that 
make the meal unpalatable to animals. 
The cost of this processing eq uals or 
surpasses the value of the meal as a 

BAST FIBERS 

WOODY 

FIBERS 

is important in the production of lubricants and plasticizers. The 

jojoba shrub is valued not only for its oil-producing seeds but also 

for its ability to thrive in arid regions where few other agricultural 

crops will grow without extensive irrigation. Kenaf (Hibiscus call1la­

bi IIUS) is a potential source of fiber for making paper and paper­

board. It yields a pulp as good as or better than pulp from wood. 
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OTHER POTENTIAL CROPS include Cuphea, bladderpod, gum­

weed and guayule (a-d). Cuphea can be a source of fatty acids. 

Bladderpod is a desert genus (Lesquerella) producing seeds that are 
a source of an acid similar to the ricinoleic acid from imported 

castor oil. Gumweed (Grilldelia camporum) could be a substitute 

for the wood rosin employed industrially in making adhesives and 

paper sizings. Guayule (Parthenium argelltatum) produces rubber 

in its stems and roots; the shrub could also yield hydrocarbon fuels. 

feed. Because of a low content of ni­
trogen, the meal is worth even less as 
a fertilizer. Perhaps its greatest value 
will be as a heating fuel, valued at an 
estimated $50 to $75 per ton at the site 
of origin. Transportation costs suggest 
that the likeliest markets will be close 
to such sites. 

About 30 percent of the meal is pro­
tein. A significant part of the protein 
could be extracted for sale as a supple­
ment to animal feed. It also has possi­
bilities as a component of cosmetic 
products and as a sizing material in the 
paper industry. 

The tannins in the meal, which are at 
an unusually high concentration of 8 
percent, may also have a commercial 
future. All the tannin consumed in the 
U.S. today (in tanning, dyeing, ink­
making and various medical applica­
tions) is imported. If jojoba tannins 
turn out to be effective in such appli­
cations, the plant may become the first 
domestic source of the material. 

The possibility of isolating other 
profitable products from jojoba 

meal is good. The meal contains the 
starting material for a potential new 
drug for appetite control; sugars capa­
ble of serving as substrates in fermen­
tation; lignins for conversion into ad­
hesives, plastics and chemicals, and 
cellulose fibers useful in many ways. 

Perhaps the most valuable attribute 
of jojoba is that it will grow well in 
arid regions where most other crops 
req uire extensive irrigation. Many of 
the world's warm and arid regions 
have fertile soil and a highly devel­
oped agriculture, but the irrigation 
needs of conventional crops have 
ca used alarming declines in ground­
water levels. Both jojoba and buffalo 
gourd could help to alleviate the prob­
lem if further research and develop­
ment efforts are successful. 
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Kenaf (Hibiscus cannabinus) is a her­
baceous annual from eastern central 
Africa. It grows as thick stands of 
straight, slender stems six meters or 
more in length and about five centime­
ters in diameter at the base. The plant 
is important as a potential source of fi­
ber for making paper and paperboard. 

In 1983 the worldwide output of pa­
per and paperboard by the major pro­
ducing countries exceeded 150 million 
metric tons. Nearly all the fiber re­
quired for the manufacture of those 
products was wood pulp obtained 
from forests. The production and con­
sumption of these materials generally 
increase at a rate of about 10 percent 
per year. Shortages of fiber are ap­
pearing in many regions. The pulp in­
dustries in Finland and Sweden, for 
example, now need to import wood 
chips, and as of 1982 at least two pulp 
mills in the U.S. were resorting to recy­
cled newsprint to fill out an inade­
quate supply of wood. One authority 
has predicted a worldwide wood short­
age of some 200 million cubic meters 
by the year 2000. 

The greatest potential for increasing 
the fiber supply lies in nonwoody fi­
brous plants. Forests, which have a 30-
year regeneration cycle, cannot pro­
duce as much fiber per year as suitable 
annual plants do. An annual crop also 
provides many other advantages, such 
as a yearly return on investment, im­
proved planning through short-term 
forecasting and greater flexibility in 
the use of land. 

ACIDS AND OILS important in industri­

al processes could be obtained from several 
of the potential new crops. The uses and 

sources of some of the items are shown. 
In the diagram of chemical structure black 

dots represent carbon atoms and colored 
dots oxygen atoms. Hydrogen is not shown. 

With these considerations in mind 
the Agriculture Department began in 
the 1950's a screening program to 
identify annual fibrous plants that 
could be cultivated specifically for pa­
permaking. Data were accumulated 
for 506 species and reported in 1960. 
On the basis of preliminary appraisals 
92 species were tested by pulping on a 
laboratory scale. Kenaf made the best 
showing and was chosen for detailed 
development work. 

Field trials designed to evaluate ke­
naf for its potential as a pulp crop were 
undertaken in 1957. By 1965 it had 
been established that the species 
would grow without irrigation in the 
lowlands of Alabama, Florida, Geor­
gia, Louisiana, Mississippi, North 
Carolina, South Carolina and eastern 
Texas. Good yields were reported for 
areas as far north as Indiana, Iowa, 
Kansas and Nebraska. 

Kenaf can yield from 25 to 45 met­
ric tons (dry weight) of stems per hec­
tare per year. The stems contain two 

PRODUCT USES 

ERUCIC ACID 
LUBRICANTS, PLASTICIZERS, 
FOAM SUPPRESSANTS 

OIL 
COSMETICS, LUBRICATION, 
FOAM SUPPRESSANTS 

LAURIC ACID SOAP 

RICINOLEIC ACID 
TEXTILE FINISHING, 
PLASTICS, SOAPS 

VERNOLIC ACID 
PLASTICS, COATINGS, 
ADHESIVES 

j 
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distinct types of fiber: the outer-bark 
fiber, which can be a substitute for 

. jute, and a thick inner core of short, 
woody fibers. Both types serve for 
making pulp. It is also possible to com­
bine wood and kenaf fibers. 

Processed on an industrial scale, ke­
naf yields pulp with properties usually 
as good as or better than wood pulp. In 
recent years the American Newspaper 
Publishers Association has expressed 
interest in paper made from kenaf 
pulp, causing manufacturers of news­
print to explore the possibility. Their 
interest is buttressed by the fact that in 
suitable conditions kenaf can be pro­
duced in greater quantities per hectare 
than pulpwood and at about half the 
cost. In the South particularly the crop 
now appears to be competitive with 
the standard commercial crops. 

Buffalo gourd, cram be, jojoba and 
kenaf are at or close to commer­

cial development. Currently many 
other plants that offer interesting pos­
sibilities for commercialization are be­
ing studied. 

One of the plants is the group that 
makes up the genus Cuphea. A screen­
ing program at Peoria identified the 
genus as a potential source' of short­
and medium-chain fatty acids. The 
current source of lauric acid and acids 
with shorter chains is coconut oil from 
the Philippines; the chemical industry 
processes much of this imported oil 
to make surfactants and lubricants. 
The discovery of Cuphea stimulated 
research at a number of institutions, 
which demonstrated that oil extracted 
from the seed of various Cuphea spe­
cies is of satisfactory quality for ind us­
trial applications. Developing one of 
the species as a crop will depend main­
ly on harvestable yields and the price 
of oils of this type. 

Another possibility is Lesquerella, a 

OLD SOURCE NEW SOURCE 

IAPESEED CRAMBE 

;PERM WHALE J OJ OBA 

desert genus of plants often known 
as bladderpod. The plants are a good 
source of hydroxy fatty acids, chiefly 
lesquerolic acid, which is quite similar 
to ricinoleic acid from castor oil. U.S. 
imports of castor oil amount to some 
60,000 tons per year. The acids serve 
in making many products, including 
plastics and coatings. In addition les­
querella oil can be polymerized to 
yield a new class of tough plastics. 
Bladderpod can be grown with less 
water and on poorer soil than the cas­
tor-oil plant (Ricinus communis) and 
does not have the toxic and allergenic 
properties of castor beans. 

Several plants screened at Peoria 
show potential as a source of epoxy 
fatty acids, which are consumed by 
U.S. industry at a rate of 70,000 tons 
per year in a variety of products. Cur­
rently the acids are prepared from soy­
bean or linseed oil in a process that is 
expensive in both money and energy. 
The leading alternative species are 
Vernonia an thelm in tica, V. galamensis 
and Stokesia laevis. 

Gumweed (Grindelia camporum) is 
a possible substitute for wood rosin, 
which industry consumes in large 
quantities to prepare adhesives, pa­
per sizings and many other products. 
The traditional source, old southern­
pine stumps, is approaching exhaus­
tion. G. camporum is a desert plant 
that could thrive with much less wa­
ter than the conventional crops now 
grown in arid regions require. 

Other plants have been given re­
search attention in recent years be­
cause they produce organic chemicals 
that could serve as sources of hy­
drocarbon products from which rub­
ber and fuel could be made. Guayule 
(Parthenium argentatum) is probably 
the leading candidate for rubber. In­
terest in plant sources for fuel hydro­
carbons is temporarily at a low point 

STRUCTURE 
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: OCONUT CUPHEA �H 
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.lNSEED OIL OR VERNONIA 
; OYBEAN OIL ANTHELMINTICA 

because of the large worldwide supply 
of fossil crude oil. Nevertheless, prom­
ising candidates have been identified 
and doubtless will be developed when 
it is economically feasible to do so. 

A final possibility is Sesamum indi­
cum, the source of sesame seeds and 
oil. It was grown commercially in the 
U.S. more than a century ago but is 
not a commercial crop now in spite of 
the fact that some 40,000 metric tons 
of sesame products were imported in 
1983. The plant's decline as a cash 
crop in the U.S. is attributed to uneven 
ripening of the seed and to the lack of 
mechanical harvesting equipment. En­
couraging efforts to overcome these 
problems are under way in Arizona 
and South Carolina. 

When a plant with crop potential is 
identified, much remains to be 

done to make it a commercial success. 
The first step is a research and devel­
opment effort encompassing workers 
in many disciplines: botanists, geneti­
cists, agronomists, chemists, engineers, 
nutritionists, economists and others. 

In addition there is the problem of 
gaining the interest of organizations 
that have the imagination and the capi­
tal to exploit a new crop to the fullest 
extent. Many such crops yield not only 
a primary product but also secondary 
products that may be outside the de­
veloper's field of interest. Accordingly 
it is hard to find organizations in the 
private sector thai are willing to pro­
vide all the money and effort needed 
to make a crop a commercial success. 
Often such an organization wants fi­
nancial backing or an assured market 
to see the undertaking through the cru­
cial early years. It is therefore likely 
that new crops will become commer­
cial only when government and pri­
vate organizations cooperate to devel­
op them. 
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Very Large Structures 
in the Universe 

Clusters of galaxies make up enormous superclusters, which 
al ternate in space with immense voids. Such structures were 
born in the high-energy interactions of the early universe 

A
decade ago most astronomers 

believed that on large scales the 
universe is dull and featureless. 

Such aggregations of matter as clus­
ters of galaxies, it was thought, are 
scattered uniformly throughout space. 
Recent observations have shown this is 
not the case. Even in the largest ob­
servable dimensions the luminous 
matter in the universe is gathered into 
formations that seem to have a few 
characteristic shapes. Enormous su­
perclusters-that is, clusters of clus­
ters of galaxies-share the universe 
with equally enormous voids, regions 
containing little or no luminous mat­
ter. What is the origin of such struc­
tures? How did they come to exist and 
how can they be explained? 

During the past few years astrono­
mers, particle physicists and cosmol­
ogists have joined forces to answer 
these questions. Their joint effort has 
led to a dramatic new comprehension 
of the structure observed in the uni­
verse today. The astronomers' role is 
to find and map the very large struc­
tures, determining the characteristics 
that are common to all; the physicists' 
role is to discover the nature of the 
physical laws that governed the early 
universe and influenced the formation 
of the earliest structures; the cosmolo­
gists' role is to describe precisely how 
the earliest structures formed, under 
the influence of these laws, and how 
they evolved into the structures con­
temporary astronomers have located 
and mapped. 

The largest structures found and 
mapped so far, superclusters, are long 
filaments or shells that are themselves 
made up of many clusters of galaxies. 
Clusters of galaxies tend to be approx­
imately spherical in shape and may 
contain hundreds or thousands of gal­
axies each; superclusters may consist 
of tens of clusters linked like beads on 
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a string. The largest supercluster is 
more than a billion light-years long. 
Voids, which are hundreds of times 
less dense than the superclusters, sepa­
rate superclusters from one another. 

The discovery of superclusters and 
voids is one of the major advances that 
has occurred in observational astrono­
my in the past decade. Equally major 
advances in the field of particle phys­
ics are now making it possible to un­
derstand the structures' creation and 
evolution. The very large structures 
we observe today are actually the re­
sults of very small perturbations that 
arose in the early universe. As the uni­
verse expanded and cooled after the 
big bang, the single unified force of na­
ture separated into the four aspects we 
know today: gravity, electromagnet­
ism and the strong and weak nuclear 
forces. The separation of the forces, 
and the quantum nature of interac­
tions in the early universe, caused tiny 
fluctuations in the density of an other­
wise smooth background. The fluctua­
tions grew as the universe expanded, 
eventually reaching the proportions of 
superclusters. In a sense, then, these 
structures are the fossilized remains of 
high-energy processes that occurred 
soon after the creation of the universe. 

The starting point in understanding 
the very large structures is to map 

their shapes and distribution in space. 
Making such maps requires in turn 
that investigators ascertain the three­
dimensional positions of galaxies and 
clusters. Obtaining these data is a two­
step process. 

The first step is to form a two-di­
mensional image of the positions of 
galaxies and clusters as they are seen 
from the earth. In the 1950's the Palo­
mar Observatory, in conjunction with 
the National Geographic Society, pho­
tographed the entire sky of the North-

ern Hemisphere, forming images of 
features with brightnesses a million 
times fainter than those visible to the 
unaided eye. In 1958 the late George 
o. Abell of the California Institute of 
Technology examined glass copies of 
the Palomar sky survey to find clusters 
of galaxies. He defined a cluster as any 
agglomeration of galaxies in which 
there can be found at least 50 bright 
galaxies within a sphere whose radius 
is 6.5 million light-years. Abell found 
2,712 clusters, some of which, when 
larger radii are considered, contain 
thousands of galaxies. 

The second step in mapping large­
scale structures is to determine each 
object's position in the third dimension 
of space: to find how far each object is 
from the earth. This can be done by ex­
amining the spectrum of light emitted 
by the object. Because of atomic proc­
esses in the atmospheres of their con­
stituent stars, galaxies emit light that is 
particularly intense at certain frequen­
cies. Since all other galaxies are mov­
ing away from the Milky Way, the 
spectrum observed from each galaxy 
will appear to be shifted toward the 
red, or longer-wavelength, end of the 
spectrum (just as the horn of an auto­
mobile that is moving away seems to 
emit a lower tone than the horn of a 
car that is standing still). The amount 
by which a galaxy's spectrum is red­
shifted is a measure of how fast the 
galaxy is receding. In 1929 Edwin P. 
Hubble showed that galaxies are re­
ceding from the earth because of the 
expansion of the universe as a whole, 
and that more distant galaxies are re­
ceding at greater velocities and hence 
have greater red shifts. The measured 
red shift of a galaxy therefore gives a 
good indication of its distance from 
the earth. 

Until recently surveys of galaxy red 
shifts have been limited in scope be-

© 1986 SCIENTIFIC AMERICAN, INC



cause they require large amounts of 
time and telescopes with particularly 

,large apertures. New detectors, which 
are faster and gather more of the avail­
able light, have made extensive sur­
veys much easier by drastically reduc­
ing the amount of time needed at the 
telescope. The most ambitious survey 
so far, which required five years of ob­
servation and data analysis, was re­
cently completed by John P. Huchra, 
Marc Davis and their colleagues at the 
Center for Astrophysics of the Har-

(jJ u 

-10 

-50 

� -90 
a: 
It 
<I: 
CJ w 
6 
w 
u z f'5 -130 
(/) 
is 

-170 

-210 

vard College Observatory and the 
Smithsonian Astrophysical Observa­
tory. They measured the red shifts of 
all the galaxies in the Northern Hemi­
sphere that are brighter than magni­
tude 14.5 (a brightness about 2,500 
times dimmer than that visible to the 
unaided eye). The farthest galaxies of 
this magnitude are about 300 million 
light-years distant. 

These data, when taken together 
with additional red shifts determined 
by R. Brent Tully of the University of 

Hawaii at Honolulu, have provided a 
complete map of the local supercluster 
(in which our galaxy lies). It is com­
posed of a core of at least 11 separate 
galaxy clusters, joined by low-densi­
ty bridges that consist mainly of sin­
gle galaxies. Surrounding the core is a 
halo of up to 50 additional groups of 
galaxies and thousands of individual 
galaxies, distributed within a sphere 
whose diameter is roughly 100 million 
light-years. There are strong indica­
tions that this local supercluster has 

LARGEST KNOWN STRUCTURE in the universe is a filament­

shaped supercluster (red spheres), or cluster of clusters of galaxies, 

that lies in the region of the constellations Perseus and Pegasus and 

is more than a billion light-years long. Nearly all the luminous mat­

ter in the universe is gathered in superclusters, which are separated 

from one another by enormous spherical or elliptical voids. In this 
illustration, which is based on a model built by David J. Batuski of 
the University of New Mexico, spheres represent clusters of galax­
ies. The earth is at point (0,0,0) in this coordinate system, which 

is in megaparsecs (one megaparsec is 3.26 million light-years). 
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branches reaching outward to link it 
with several distant superclusters. 

O ther red-shift surveys, which have 
covered smaller angular scales 

but greater distances, have also yield­
ed critically important information on 
superclusters. For example, the find­
ing that there are significant structures 
hundreds of millions of light-years in 
scale was made in 1978 by Stephen A. 
Gregory, Laird A. Thompson and Wil­
liam G. Tifft, then all at the University 
of Arizona, who had observed a strip 
of sky only 15 degrees wide. They 

found that a thin chain of galaxies con­
nects two rich clusters, known as the 
Coma cluster and Abell 1367. They 
also found a roughly spherical void, 
which lies in the foreground of the su­
percluster and is nearly as large as the 
supercluster itself. 

Since the work of Gregory, Thomp­
son and Tifft more than a dozen oth­
er superclusters have been discovered 
and explored, including several that lie 
in the directions of the constellations 
Perseus, Hercules, Ursa Majoris and 
Pisces. The Hercules supercluster is 
more than 260 million light-years long 

RIGHT ASCENSION 

EARTH 

WEDGE DIAGRAM depicts a section of the Perseus-Pegasus supercluster (jilament­
shaped formation at right). Points represent galaxies, whose positions are plotted according 

to their right ascension (a variable partially describing an object's position as it can be 
observed from the earth) and their approximate distance from the earth (a variable that 

cannot be observed directly). A galaxy's distance from the earth is gauged by measuring the 

amount by which the spectrum it emits is shifted toward the red, or long-wavelength, end of 
the spectrum. A galaxy's red shift is directly proportional to the speed with which it is 

receding from the earth. The recession of the galaxies is caused by the overall expansion of 
the universe, and so more distant galaxies generally have greater red shifts. Abell clusters 

(the best-catalogued and brightest clusters of galaxies) are circled by broken white lines. 

Many of the red shifts here were provided by John P. Huchra of the Center for Astrophys­
ics of the Harvard College Observatory and the Smithsonian Astrophysical Observatory. 
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and consists of six Abell clusters and 
the bridges connecting them. 

One exceptionally large void, in the 
constellation Bootes, was discovered 
in 1981 by Robert P. Kirshner of the 
University of Michigan and several 
colleagues. This region is about 250 
million light-years in diameter and is 
ringed by "walls" made up of galaxies. 
The central region of the void is re­
markably free of normal elliptical and 
spiral galaxies, although recent work 
by Kirshner and J. Ward Moody of the 
University of New Mexico indicates 
that a few dim dwarf galaxies may lie 
in the void's core. 

In more recent work Valerie de Lap­
parent, MargaretJ. Geller and Huchra 
at the Harvard-Smithsonian Center 
for Astrophysics have extended a 117-
degree-by-six-degree slice of the Cen­
ter for Astrophysics survey by measur­
ing the red shifts of galaxies with mag­
nitudes as low as 15.5. They have 
found a series of filamentary exten­
sions emanating from the rich Coma 
galaxy cluster. Between the filaments 
are voids whose diameters measure 
about 100 million light-years. These 
observations have led the investigators 
to propose a "bubble" theory of the 
universe, according to which galaxies 
and clusters actually form the surfac­
es of giant bubblelike structures. The 
largest bubble would have a diameter 
comparable to that of the void found 
in 1981 by Kirshner. 

How large might the largest super­
cluster structures be? The ques­

tion has remained unanswered in part 
because less than 1 percent of the vol­
ume of the universe lying within a few 
billion light-years of the earth has been 
surveyed adequately. There may be 
more than a million galaxies within 
this volume, and the amount of tele­
scope time needed to make red-shift 
surveys out to these distances with cur­
rent technology makes such surveys 
impossible. 

Perhaps a starting point would be to 
try to get some rough indication of 
where in space candidate supercluster 
structures might lie and then to exam­
ine those regions. If some such tracer 
of supercluster structure, that is, some 
indication of regions that might con­
tain superclusters, could be found, 
astronomers would have a powerful 
method of quickly mapping out some 
of the large structures in the universe. 

For about four years David J. Ba­
tuski (a graduate student of mine at the 
University of New Mexico) and I have 
been trying this approach. We started 
from the observation that all the su­
perclusters found to date have consist­
ed in part of rich clusters (clusters con­
taining a large number of galaxies) 
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CLUSTER OF GALAXIES in the constellation Virgo is roughly 

spherical and includes nearly every known type of galaxy. Super-
clusters consist of tens of such clusters (which may in turn contain 

hundreds or thousands of galaxies), linked like beads on a string. 

linked by low-density bridges. Closely 
spaced groups of rich clusters might 
therefore be a reasonable place to look 
for large-scale structures. In particu­
lar, we reasoned, the Abell clusters, 
which are generally quite rich and 
whose positions are well catalogued, 
might provide the tracer we needed to 
find and map the positions of at least 
the richest superclusters. 

Abell had recognized in the early 
1960's that the clusters of galaxies he 
had found might themselves be clus­
tered together, but he was not able to 
pursue the speculation further because 
he lacked the necessary red-shift meas­
urements. Today the red shifts of more 
than 560 of the Abell clusters have 
been measured. (The red shift of a 
cluster is determined by measuring the 
red shifts of the three to five brightest 
galaxies in that cluster; this process re­
quires only modest amounts of time 
and has been shown empirically to 
give accurate results.) 

Batuski and I first assembled, from 
the literature and from unpublished 
sources, a collection of all the meas­
ured red shifts of Abell clusters within 
a distance of 1.4 billion light-years. We 
estimated the distances of Abell clus­
ters whose red shifts had not been 

measured by applying the relatively 
well-established rule of thumb that the 
magnitude of the tenth-brightest gal­
axy in a cluster is usually a good indi­
cator of the distance to that cluster. 

Having obtained three-dimensional 
positions for 652 Abell clusters, 

Batuski designed a computer algo­
rithm that searched for overall struc­
ture by a method known as percola­
tion. The computer examined a spher­
ical volume with a radius of 130 
million light-years centered on a ran­
domly selected Abell cluster. If any 
neighboring Abell cluster was found 
within that volume, the computer con­
sidered the two clusters to be part of 
the same formation and examined a 
sphere centered on the second one as 
well. The process was repeated over 
the entire volume in which Abell clus­
ters are known to lie. Any regions in 
which Abell clusters were found to 
have near neighbors were identified as 
candidate superclusters. 

With this algorithm we found a to­
tal of 102 candidate superclusters. To 
check the legitimacy of our algorithm 
(and so the significance of our find­
ings) we ran a series of simulations in 
which 652 clusters were scattered ran-

domly over a volume equal to the ac­
tual volume of space we had studied. 
We then ran our algorithm on these 
simulated distributions to see how 
many candidate superclusters a ran­
dom distribution would give rise to. 
Our comparison showed there is much 
less than one chance in a million that 
the supercluster candidates we had 
found earlier were simply random co­
incidences and not indicative of under­
lying structure. 

We were further encouraged by the 
fact that our algorithm had identified 
as supercluster candidates all the su­
perclusters that were already known; 
this made it less likely that there were 
superclusters we had failed to identify. 
The major difference between these 
superclusters as they were previously 
known and as our algorithm had iden­
tified the� was that our algorithm 
suggested they are much more exten­
sive than had previously been sup­
posed. For example, the Hercules su­
percluster had been thought to contain 
six Abell clusters; our algorithm indi­
cated it might contain as many as 42. 

In addition to searching for can­
didate superclusters we searched for 
candidate voids; using a separate algo­
rithm, we identified volumes of space 
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) EVENTS IN THE EARLY UNIVERSE determined the nature of 

the large-scale structures observed today. In the 10-43 second im­
mediately following the big bang, the four fundamental forces that 
are known to act today were unified into a single force. No adequate 

theory has yet been constructed to describe this period; such a theory 
would have to combine the theoretical structures of general relativity 

and quantum mechanics. Quantum fluctuations during this phase of 

the universe may have created the seeds for the very large structures 

that were to form later. After 10-43 second had passed, gravity 
"froze out" from the other three forces, acquiring different charac­

teristics and mediating different interactions. The other three forces 
remained unified. When 10-35 second had passed, the strong nuclear 
force froze out from the electroweak force (the combination of the 
weak nuclear force and electromagnetism) in a way that caused the 
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universe to expand rapidly. From that time until 10- 6 second later 

the universe was a hot soup of quarks and electrons. When the uni­

verse was one second old, the electromagnetic and weak forces disso­

ciated. By this time the universe had cooled enough for quarks to be 

able to bind together to form protons. For the next 100,000 years 

matter and radiation were strongly coupled: regions that were dense 
with matter were also dense with radiation. During this period pro­

tons and electrons merged to form neutrons, and neutrons and pro­
tons bonded to one another to form nuclei of helium, deuterium and 

lithium atoms in the process known as nucleosynthesis. Matter then 
decoupled from radiation and the universe became transparent: radia­

tion could stream freely. During this epoch fluctuations in the density 
of matter began to form into protogalaxies and protosuperclusters, 
structures that were later to evolve into galaxies and superclusters. 
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with diameters of at least 160 million 
light-years that contain no Abell clus­
ters. We found 29 candidate voids, all 
of which are spherical or elliptical. 

Having identified the candidate su­
perclusters, our next step was to try to 
determine whether the Abell clusters 
that made up each candidate were ac­
tually connected. This is a long-term 
project that will take years to com­
plete. We began by measuring the red 
shifts of the rich clusters whose posi­
tions and estimated red shifts indicat­
ed they were part of three of the larg­
est candidate superclusters; we also 
examined a few poorer clusters and 
individual galaxies that seemed to lie 
between the Abell clusters in· candi­
date superclusters. To ensure that our 
search pattern did not preferentially 
find only filament-shaped superclus­
ters, we also measured the red shifts of 
clusters and galaxies lying in fields on 
each side of our putative bridges. 

Our examination prod uced one par­
ticularly interesting result: we 

found a linear string of galaxies and 
clusters, in the region of the constella­
tions Perseus and Pegasus, that is more 
than one billion light-years long. This 
is the largest known structure in the 
universe. It begins with the Perseus su­
percluster, which had already been 
discovered, and it curves gently south­
ward and away from the earth along 
our line of sight. The filament is com­
posed of 16 remarkably well-aligned 
Abell clusters; no gap between the 
clusters exceeds 160 million light­
years. Those gaps that do exist are par­
tially filled by a combination of poor 
clusters and individual galaxies. 

The filament is particularly striking 
because of the three voids that sur­
round it. Each void is roughly 300 mil­
lion light-years in diameter, is free of 
rich clusters and is relatively free of 
bright galaxies. We are confident that 
these are real voids and not just re­
gions that appear dark because of dust 
clouds in the Milky Way; most of the 
filament and the great majority of the 
voids lie well away from the plane of 
our galaxy. 

The filament may be even longer 
than we envision; it may not end at 
the Perseus supercluster. Several years 
ago Riccardo Giovanelli and Martha 
P. Haynes of Cornell University sug­
gested that the Perseus supercluster 
may in fact extend to the northeast, 
where it might be connected to the 
Ursa Majoris supercluster. This con­
jecture will be difficult to confirm, be­
cause any bridge between the super­
clusters would lie behind the highly 
obscured plane of the Milky Way. 
Giovanelli and Haynes are making ob­
servations in the radio frequencies 

with wavelengths of about 2 1  centime­
ters, which are generally not obscured 
by foreground dust. If the two super­
clusters do indeed connect, the entire 
filament would be more than 1. 3 bil­
lion light-years long. 

Is this filament just an accidental 
alignment of clusters and galaxies? As 
a test Batuski and I did another series 
of simulations, in which the computer 
randomly scattered clusters through­
out a volume equivalent to the one ac­
tually occupied by the Abell clusters; 
the pseudoclusters were constrained to 
follow the correlation ,statistics actual­
ly found in real Abell clusters. We 
were not able to reproduce randomly a 
filament resembling the Perseus-Pega­
sus supercluster, and we determined 
that an accidental alignment of so 
many clusters over such a distance has 
a probability of less than .3 percent. I 
should add, however, that the Perseus­
Pegasus filament seems to be a rarity 
among the distributions of clusters in 
the Abell catalogue; we know of no 
other filament of such length and de­
gree of alignment. It will be known for 
certain whether other such filaments 
exist only when a volume of space 
much larger than the one with which 
Batuski and I were concerned has been 
explored. 

Our analysis of the Abell catalogue 
indicates that superclusters and voids 
are very common structures in the uni­
verse. This leads us to ask whether 
there is an overall pattern to these 
structures. Are the superclusters, fila­
ments and voids independent of one 
another, or do they interrelate in some 
way to form a single cosmic tapestry? 
In 1980 Jaan Einasto, M. Joeveer and 
Enn Saar of the Struve Astrophysical 
Observatory in Estonia suggested that 
superclusters and voids might form a 
cellular structure. The universe would 
then resemble a giant sponge or Swiss 
cheese, since most of the luminous 
matter would be concentrated into cell 
walls that are separated by large emp­
ty regions. The elongated, linear fila­
ments would occur at intersections of 
cell walls. It is still too soon to tell 
whether the universe does indeed have 
such regularity or whether it is com­
posed of an irregular distribution of 
supercluster structures, some of which 
interconnect. 

What accounts for the existence of 
such large structures? The an­

swer is to be found by looking back in 
time to the energetic processes that oc­
curred not long after the big bang. Re­
cent progress in the physics of high­
energy particles has revealed much 
about the conditions then prevailing. 
Attempts to devise a grand unified the­
ory, a theory that describes all the 

forces of nature as aspects of a single 
force, have led physicists to examine 
regimes of very high temperature and 
energy. Such conditions could have ex­
isted only within the tiny fraction of a 
second immediately after the creation. 

There is not yet an adequate theory 
to describe the behavior of the uni­
verse in the 10-43 second following the 
big bang. At th�t time the gravitational 
fields in the universe would have been 
exceedingly strong and would have 
acted over very short distances. To 
describe such conditions adequately 
would require a theory that combined 
the general theory of relativity, which 
is the currently accepted theory of 
gravity, and quantum theory. No com­
plete theory of quantum gravity has 
yet been formulated [see "Quantum 
Gravity," by Bryce S. DeWitt; SCI­
ENTIFIC AMERICAN, December, 1983]. 
Many of the fluctuations in the density 
of matter that developed in the later 
universe into superclusters and galax­
ies may have originated in quantum 
fluctuations (randomly occurring non­
uniformities in the density of matter 
and energy) that arose during this peri­
od, when the universe was less than 
10-50 centimeter across. 

After about 10-43 second gravity 
began to "freeze out," that is, it began 
to acquire unique characteristics dis­
tinct from those of the remaining uni­
fied force and to mediate different in­
teractions. Since that time gravity has 
gone its own way; it is now the domi­
nant force at long ranges. The forces 
that remained unified were the electro­
magnetic force, which in the present­
day universe operates on both macro­
scopic and microscopic scales and is 
the dominant force on the scale char­
acteristic of atomic distances; the 
weak nuclear force, which operates 
only within the atomic nucleus and is 
responsible for radioactive decay and 
certain other radioactive processes, 
and the strong force, which also oper­
ates only within the nucleus and binds 
quarks together to form such particles 
as protons. 

About 10-35 second after the big 
bang the strong force separated from 
the eIe"ctroweak force (the combina­
tion of the electromagnetic and weak 
forces). Alan H. Guth of the Massa­
chusetts Institute of Technology has 
suggested that the separation of the 
weak force precipitated a phase of 
rapid expansion, or inflation, during 
which the universe grew by 50 orders 
of magnitude in 10-32 second [see 
"The Inflationary Universe," by Alan 
H. Guth and Paul J. Steinhardt; SCIEN­
TIFIC AMERICAN, May, 1984]. 

Between 10-35 and 10-6 second the 
universe consisted of a very hot soup 
of electrons and free quarks (quarks 
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that have not been bound together to 
form larger particles). The tempera­
ture of the universe was still so high 
that no quarks could bind together to 
form such particles as protons: any 
quarks that had been bound together 
would have been shaken apart by ther­
mal energy. By 10-6 second the uni­
verse had cooled sufficiently for pro­
tons to be able to form. Strong experi-

a 

mental evidence suggests there are no 
longer any unbound quarks. 

When the universe was about one 
second old, the electromagnetic 

and weak forces dissociated. A great 
deal is now known about this epoch 
because, unlike the energies involved 
in the grand unification of the electro­
weak and strong forces, the energies 
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SCALE SIZE OF FLUCTUATIONS---7 

FLUCTUATIONS in the density of matter in the early universe could have arisen on 
several scale sizes. The size of the earliest fluctuations to develop would have determined 

the size of the earliest structures to grow and so would have played an important role in 

determining the nature of large-scale structures in the later universe. In an isothermal 

model (a), in which the background thermal radiation in the early universe is roughly the 

same throughout space (even though matter is distributed in clumps), fluctuations may arise 

on all scale sizes. The first structures to grow would then be the smallest, simplest ones, 
such as protogalaxies, which would later have aggregated through mutual gravitational at­

traction to form protoclusters and protosuperclusters. The model is called the bottom-up 

model, because the smallest structures form first. In another model (b) the early universe is 
dominated by fast-moving neutrinos, which break up any density fluctuations much as a 

fast-moving cannonball might scatter a stone wall. Once the neutrinos have slowed down, 
fluctuations can form. The smallest-scale fluctuations have all been damped out, however, 

and so the first fluctuations are on the same scale as the horizon of the universe (the 

distance that could have been traversed by a photon since the big bang). Fluctuations on 

other, even larger scales grow at later times as the universe expands, but they are not 

nearly as dominant in the structure of the universe. This is called the top-down model, 

because the early, large-scale fluctuations condense first to form the largest objects (proto­
superclusters), which then fragment into smaller structures. In a variant model (c) the early 
particles are not neutrinos but certain very massive particles predicted by the new theory of 
supersymmetry. These would be slower (colder) than neutrinos, and so fluctuations could 
form earlier, and on smaller scales, than in the neutrino model. These small-scale fluctu­
ations are soon followed by large-scale ones. This is called the hybrid bottom-up model. 
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necessary to observe unification of the 
electromagnetic and weak forces can 
be obtained in high-energy particle ac­
celerators. In the mid-1970's Steven 
Weinberg, Abdus Salam and Sheldon 
Lee Glashow first described the way in 
which the electromagnetic and weak 
forces are unified at high energies, and 
in 1983 Carlo Rubbia and his col­
leagues were able to observe the parti­
cles, called Wand Z bosons, that me­
diate electroweak interactions. 

For roughly 100,000 years after the 
first second of its birth the universe 
was dominated by radiation remaining 
from the primeval fireball. Matter and 
radiation were strongly coupled; that 
is, those regions in which matter was 
dense were also dense with radiation. 
During this period some protons 
merged with electrons to create neu­
trons. The process of nucleosynthesis, 
in which protons, which are hydrogen 
nuclei, merge to form the heavier nu­
clei of helium, deuterium and lithium, 
also began in this period. 

At the end of the period, about 
100,000 years after the creation, mat­
ter began to decouple from radiation 
and the universe became transparent 
for the first time: radiation could flow 
through the universe without much in­
terference from matter, and fluctua­
tions in the density of matter were no 
longer matched with fluctuations in 
the density of radiation. This epoch 
also marked the beginning of the peri­
od in which superclusters and galaxies 
grew rapidly from the seeds formed in 
earlier density fluctuations. This mat­
ter-dominated era has extended to the 
present time, some 15 billion years af­
ter the big bang. 

The particles produced in various 
phases of the early universe strong­

ly influenced the formation of struc­
ture. Small fluctuations in the density 
of these particles in space eventually 
grew into superclusters. 

Even during the earliest epochs the 
universe was never perfectly smooth. 
Quantum-mechanical fluctuations, al­
ways present, were particularly impor­
tant in the era of quantum gravity. 
Moreover, the freezing out of the' fun­
damental forces was a turbulent, dis­
organizing process. The fluctuations in 
density that evolved into galaxies, 
clusters and superclusters could have 
originated in any of a number of ways. 
Tracing such mechanisms is the task of 
the cosmologist. 

As physics and astronomy have ad­
vanced, the cosmologist has had better 
information to work with and has been 
better able to refine his theories. In re­
cent years three general kinds of mod­
el have been proposed to describe the 
formation of the early structures. 
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SUPERCLUSTERS AND VOIDS that would form in a neutrino­

dominated universe have been modeled on supercomputers by Joan 

M. Centrella of Drexel University and Adrian L. Melott of the 

University of Chicago. These models predict that matter would ag­

gregate into shell-like structures and filaments (left) alternating 
in a cellular structure with spherical or elliptical voids (right). 

One, called the bottom-up model, 
derives from work done in the late 
1960's and early 1970's by P. J. E. Pee­
bles and his colleagues at Princeton 
University. They were studying fluctu­
ations in the density of matter in a 
hypothetical early universe that was 
dominated by baryons (ordinary mat­
ter, such as protons and neutrons). For 
the sake of simplicity they assumed a 
universe in which fluctuations in den­
sity were isothermal, that is, one in 
which the background radiation (and 
hence the temperature) was smoothly 
distributed, although the matter in the 
universe was strongly clumped. Under 
this set of assumptions the fluctuations 
in the distribution of mass first form 
protogalaxies that have masses from 
100,000 to one million times the mass 
of the sun. The protogalaxies become 
galaxies, which are then grouped into 
clusters by mutual gravitational at­
traction. This scenario is called the 
bottom-up model because smaller 
structures (namely galaxies) form first 
and then grow into larger structures 
(namely superclusters). 

The bottom-up model was faced 
with a severe problem in the late 
1970's, when superclusters hundreds 
of millions of light-years long were 
discovered. There simply has not been 
enough time since the big bang for 
such large structures to have formed 
by the gravitational aggregation of 
galaxies. 

A second kind of model considers 
a universe of adiabatic density fluc­
tuations (fluctuations in which the 
amount of thermal radiation, or heat, 

in a given amount of matter remains 
constant even as the spatial density of 
the matter fluctuates over time). In 
such a universe the ratio between the 
energy density of matter and that of 
radiation must be the same in all re­
gions of space, and so the distribution 
of radiation is clumped in a way that 
matches the distribution of matter. 
The size and distribution of such den­
sity fluctuations was studied indepen­
dently in the early 1970's by Edward 
R. Harrison of the University of Mas­
sachusetts at Amherst and Yakov B. 
Zel'dovich of the University of Mos­
cow. Guth has shown that a similar 
distribution would emerge naturally in 
the inflationary model he proposed. 

In the earlier, isothermal model, 
variations in density occurred on all 
scales of length. In the adiabatic mod­
el, on the other hand, only fluctuations 
on very large scales are allowed be­
cause the dynamics of the interactions 
among particles and between particles 
and radiation suppress the smaller per­
turbations. In this model, then, proto­
superclusters, diffuse objects that pre­
cede superclusters, form first, later 
collapsing to become denser and then 
fragmenting to form galaxies. This is 
called the top-down model. 

Zel'dovich has demonstrated that in 
the environment of the early universe 
the protoclusters would tend to col­
lapse rapidly in one dimension, tak­
ing on the shape of a flattened pan­
cake. Linear filaments would be found 
wherever two pancakes intersected 
[see "The Large-Scale Structure of the 
Universe," by Joseph Silk, Alexander 

S. Szalay and Yakov B. Zel'dovich; 
SCIENTIFIC AMERICAN, October, 1983]. 

Early versions of the top-down mod­
el had one major flaw. In his ini­

tial formulation of the model, Zel'do­
vich assumed that the universe today is 
composed mainly of baryons. Because 
this model of the universe is adiabatic, 
however, the large fluctuations in the 
density of matter necessary to produce 
the observed level of structure would 
have to correspond to equally large 
fluctuations in background radiation. 
This is inconsistent with the well-es­
tablished observation that the universe 
is filled with background radiation 
that is virtually isotropic (the same in 
all directions). 

The top-down model was salvaged 
by discarding the assumption that the 
universe is made primarily of baryons. 
Although the earth consists almost ex­
clusively of such "normal" matter, the 
universe as a whole could be dominat­
ed by some other kind of matter. In 
particular, it could be made of matter 
that, unlike baryons, does not tend to 
undergo interactions in which photons 
are emitted. Such matter would be 
dark and therefore hard to observe di­
rectly. There is already good observa­
tional reason to believe some kind of 
dark matter is present in great abun­
dance in certain systems. For example, 
certain galaxy clusters must be made 
up of tens or hundreds of times more 
mass than can be directly inferred 
from the amount of luminous matter 
they contain; otherwise they would not 
be able to hold together all their con-

45 
© 1986 SCIENTIFIC AMERICAN, INC



stituent galaxies by the force of gravi­
tation alone. 

What might the dark matter consist 
of? One candidate is neutrinos. The 
neutrino is a weakly interacting parti­
cle (one that tends not to interact with 
other particles) that had been assumed 
for many years to be massless. Theo­
retical considerations and several un­
confirmed experiments have recently 
suggested, however, that the neutrino 
might indeed have mass and could. 
therefore be the constituent particle of 
dark matter. 

If the neutrino does have mass, it 
could, play an extremely important 
role in the pancake model. Neutrinos 
decoupled from radiation before ordi­
nary matter did. When they first de­
coupled, they were very hot and had 
velocities close to the speed of light. 
Because of their high speed and the 
low probability that they would inter­
act with one another, the neutrinos 
"free-streamed" through the early uni­
verse: they flowed through the uni­
verse in every direction at high veloci­
ties and their motion was not apprecia­
bly perturbed by the distribution of 
energy and matter. Such high-velocity 
free-streaming particles tend to elimi­
nate any fluctuations in the density of 
matter, much as a cannonball moving 
at high speed might scatter a loosely 
built wall of stones without being ap­
preciably slowed by the collision. 

As the universe expanded, the neu­
trinos cooled; once their velocities 
were less than a tenth the speed of 
light, they no longer damped out fluc-

tuations in density, and so density per­
turbations began to grow. These first 
perturbations were on the scale size of 
the horizon (the distance that could 
have been traversed by a photon in the 
time since the big bang), because all 
smaller perturbations had been erased 
by the free-streaming neutrinos. As 
in the original pancake model, then, 
the first structures to condense would 
have been the largest: the protosu­
perclusters. Protosuperclusters would 
have begun as fluctuations in the den­
sity of neutrinos; a slow-moving neu­
trino might be stopped and gathered in 
by a density fluctuation, much as a 
cannonball moving at low speed might 
bounce into a stone wall and stop mov­
ing, adding its own mass to the wall. 
Later, baryons fell into the neutrino 
superclusters, eventually producing 
the structures observed today. 

This model of a universe dominated 
by neutrinos leads to three predic­

tions that can be tested by new obser­
vations. First, it predicts that there is 
little or no matter, either luminous or 
dark, in the voids: any aggregations 
of matter must have descended from 
the earliest, supercluster-forming per­
turbations, which formed around the 
voids. New observations to test this 
prediction are being made by Kirshner 
and his colleagues, who are examin­
ing the Bootes void, and Gregory and 
his colleagues, who are examining the 
Coma void. There are already prelimi­
nary indications that some dwarf gal­
axies may lie in the Bootes void. If 
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SUPERCLUSTER MEMBERSHIP SIZE 

MORE THAN 10 
CLUSTERS 

SIZE OF SUPERCLUSTERS that would 

form in the various models does not match 
well with the observed distribution of Abell 

clusters. In particular, the models predict 

a high percentage of isolated clusters and 
small superclusters, and none predicts as 
many very large clusters as actually exist. 

these indications bear up under de­
tailed scrutiny, the model is in serious 
observational trouble. 

The second observationally testable 
prediction of the neutrino-dominated 
pancake model is that the major axes 
of galaxies should tend to be aligned 
with the short axis of the supercluster 
in which they lie (the axis along which 
the pancake was first flattened). Such 
an alignment, which would represent a 
preserved memory of the one-dimen­
sional collapse that initially formed 
the supercluster and its constituent 
galaxies, was suggested by Stephen 
Gregory and Laird Thompson. Bryan 
E. Laubscher, Gregory and I are now 
checking this prediction by making a 
detailed study of the orientations of 
galaxies in the Perseus supercluster. 

The third way to test the neutrino 
model is derived from calculations 
done on supercomputers by Joan M. 
Centrella of Drexel University and 
Adrian L. Melott of the University of 
Chicago [see illustration on preceding 
page]. They predict that in a neutrino­
pancake universe relatively simple 
structures will form: large pancakes 
and the filaments that form at the in­
tersections of pancakes should alter­
nate regularly with spherical voids. 
Observationally, it is still too soon to 
tell whether such simplicity and regu­
larity actually exists in the large-scale 
structures. 

Regardless of how these observa­
tional tests turn out, the neutrino mod­
el is faced with some potentially dev­
astating problems, according to com­
puter simulations done by Simon D. 
M. White of the University of Arizona 
and Marc Davis of the University of 
California at Berkeley. First, because 
the neutrinos had such a high velocity 
after decoupling, and because neutri­
nos must have a very low mass if they 
have any mass at all, neutrinos could 
be expected to free-stream for quite a 
long time before cooling down enough 
to allow appreciable fluctuations in 
density to grow. Perturbations would 
not grow until the universe was rela­
tively large and old, and the first gal­
axies would not form until quite late in 
the evolution of the universe--so late, 
in fact, that their ages would be in­
consistent with the currently acceptt<d 
ages of some of the oldest stars, which 
lie in the so-called globular clusters 
found near many galaxies. 

White and Davis also argue that 
the neutrino model produces a much 
greater amount of clustering than has 
been observed, at least in the local re­
gion of the universe. In addition, be­
cause of the neutrinos' low masses and 
high velocities, they would not bind 
easily to the halos of galaxies and to 
clusters of galaxies, and so one would 
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have to invent a second particle (or 
some other mechanism) to explain the 
anomalies in galaxy dynamics that are 
now explained by the hypothesis of 
dark matter. This is not aesthetically 
pleasing. 

Decent advances in theoretical phys­
l.\... ics may provide a way out of the 
dilemma in the form of a new model 
of the formation of large structures, a 
model that combines features of the 
isothermal model with those of the 
neutrino model. A relatively new con­
cept called supersymmetry [see "Is 
Nature Supersymmetric? " by Howard 
E. Haber and Gordon L. Kane; SCIEN­
TIFIC AMERICAN, June] predicts the ex­
istence of certain particles called pho­
tinos, gravitinos and ax ions, which 
might pave been created very early in 
the history of the universe. These par­
ticles would be much more massive 
than neutrinos, and so they would not 
free-stream after decoupling from the 
background radiation. They would be 
slower-colder. Fluctuations in densi­
ty could then grow at much earlier 
times and on much smaller scales than 
in the neutrino-dominated model. In 
the new model, galaxies would form 
first and larger-scale structures would 
evolve from fluctuations that form 
during a later period in the early his­
tory of the universe. Because large­
scale structures derive from early fluc­
tuations, the slow process of gravita­
tional aggregation is not the only 
source of supercluster formation, as it 
was in the isothermal model. This 
model, which relies on slow, or cold, 
particles, and in which galaxies form 
before superclusters but both form 
from early fluctuations, is called the 
cold-particle model or the hybrid-bot­
tom-up model. 

Three observationally testable pre­
dictions arise from the cold-particle 
model. First, galaxies should be older 
than superclusters. The interrelations 
among the alignments of superclusters 
and their constituent galaxies should 
therefore not be as strong as they are in 
the neutrino model. Second, because 
the spectrum of density fluctuations in 
this model prefers smaller structures 
over larger ones, such enormous struc­
tures as the Perseus-Pegasus filament 
should be rare in the universe. Third, 
although the voids should still be rela­
tively barren, they might be expected 
to contain some matter, which would 
have descended from matter that was 
not included in the relatively late fluc­
tuations that brought about the super­
clusters. 

Batuski, Melott and I have under­
taken to test the relative merits of the 
isothermal, neutrino and cold-particle 
models by simulating on a supercom-

RICH CLUSTER of galaxies in the Corona Borealis is captured in an image made by a 
new charge-coupled device at the University of New Mexico's Capilla Peak Observatory. 

In this false-color image red represents the most intense optical light and blue the least 

intense. Charge-coupled devices require less light and shorter observing times than photo­
graphic plates, and they also provide more precise information about the galaxies' sizes, 

colors and orientations; they are making possible much more extensive surveys of the struc­

ture of deep space than have been done in the past. Better knowledge of the shapes and 
distribution 'of very large structures will provide the data necessary to confirm theories 

about their origin. The image was made with equipment provided by grants from the Na­
tional Science Foundation, the Research Corporation and the University of New Mexico. 

puter the distribution of rich clusters 
that might be expected in each model. 
Preliminary comparisons of the clus­
tering predicted by each model with 
that actually found in the Abell clus­
ters are not encouraging. None of the 
models is able to reproduce the ap­
parent abundance of supercluster fila- . 
mentation on large scales. In particu­
lar, the neutrino model produces too 
many small, tight superclusters and 
too many galaxy clusters overall; the 
isothermal and cold-particle models, 
on the other hand, provide much less 
structure than is seen in the Abell clus­
ters. We are beginning more extensive 
modeling in order to confirm and en­
large these tentative conclusions. 

The simulations we have done so far 
leave us with an interesti,lg theo­

retical quandary. What if, after we 
have completed our simulations, none 
of the proposed models is able to re­
produce the very large structures that 
have recently been discovered? 

In such a case I can foresee two al­
ternatives. First, the distribution of lu­
minous matter, such as galaxies and 
superclusters, might not match very 
well the distribution of dark matter. 
The dark matter is really what we are 
mapping in our simulations, and the 
distribution of the dark matter may 
be much smoother than the relatively 

clumpy distribution of the luminous 
matter, which can be observed and 
mapped directly. 

The second alternative is that densi­
ty perturbations may originate from a 
totally different mechanism than we 
have been considering. Perhaps the 
formation of galaxies and clusters was 
stimulated by cosmic strings: long, 
one-dimensional defects in the struc­
ture of spacetime that produce abnor­
mally strong gravity in regions where 
they kink. Alternatively, the new "su­
perstring" theories of fundamental 
physics, in which particles are viewed 
not as zero-dimensional points but as 
tiny one-dimensional vibrating strings, 
may have astrophysical implications 
that have not yet been fully explored. 
In particular, it might be that super­
string theories call for some kind of 
"shadow matter" to have been created 
during the era of quantum gravity. 
Shadow matter would interact with or­
dinary matter only through the force 
of gravitation. 

Challenging puzzles and problems 
remain for both the theoretician and 
the observer. We are living in a partic­
ularly exciting time in cosmology and 
in high-energy particle physics, be­
cause the conjoining of the two disci­
plines promises to answer questions 
about the largest and the smallest ob­
jects in the universe. 
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Anti-idiotypes and Immunity 
Anti-idiotype antibodies recognize the molecular individuality of other 

antibodies. They modulate the immune response and open the way to 

experimental and therapeutic manipulations of the immune system 

by Ronald C. Kennedy, Joseph 1. Melnick and Gordon R. Dreesman 

T he immune system of an individ­
ual can make millions of differ­
ent kinds of antibodies: the com­

plex molecules that recognize and bind 
to alien substances that invade the 
body, marking them for destruction. 
Each antibody can in turn be the target 
of other antibodies that recognize its 
uniq ue molecular characteristics. By 
means of such antibody-antibody re­
actions the immune system interacts 
with itself. Networks of reactions seem 
to modulate the normal immune re­
sponse, and disorders of the networks 
may underlie autoimmune diseases, 
such as rheumatoid arthritis, systemic 
lupus erythematosus and myasthenia 
gravis, which stem from an immuno­
logical attack on the body itself. 

Work done in our laboratory and 
elsewhere has shown that these inter­
actions, known as idiotype-anti-idio­
type reactions, can be exploited to 
manipulate the immune system. The 
possibility could have profound im­
plications for the therapy of a spec­
trum of illnesses ranging from infec­
tions through many kinds of cancer to 
autoimmune diseases. 

Idiotype-anti-idiotype reactions are 
a product of the diversity and specific­
ity of antibodies themselves. Immu­
noglobulins, the class of proteins to 
which antibodies belong, are made by 
white blood cells called B lympho­
cytes. The population of B lympho­
cytes is divided into many millions 
of different clones, each clone consist­
ing of one or a few cells that make a 
uniq ue antibody. The multiplicity of 
clones means that almost any large 
molecule can act as an antigen and 
elicit a specific immune response. 

Ordinarily the antibody molecules 
are bound to the membrane of B cells 
as surface receptors. When one of the 
membrane-bound antibodies encoun­
ters an appropriate antigenic determi­
nant (the part of an antigen to which 
the antibody binds directly), the 8-cell 
clone expands into a large population 
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of plasma cells. The plasma cells se­
crete free antibody molecules, all of 
which are specific for the same anti­
genic determinant. The antibody binds 
to the antigen, setting in motion a com­
plex process that leads to its destruc­
tion or neutralization. Most antigens 
on the surface of a foreign cell or sub­
stance bear numerous antigenic deter­
minants and hence stimulate the secre­
tion of many different antibodies. 

The basis of each antibody's speci­
ficity resides at one end of its constitu­
ent chains of amino acids. There are 
four such chains in an antibody mol­
ecule: two identical heavy, or long, 
chains flanked by two identical light 
chains, or shorter segments. Much of 
each chain is taken up by a constant re­
gion whose makeup is similar for ev­
ery chain within a broad class; there 
are five broad classes of heavy chains 
and two of light chains. Each chain 
also includes a variable region that has 
a unique chemistry and conformation 
for each B-cell clone. At the end of 
each of the antibody molecule's two 
arms the variable regions of a heavy 
chain and a light chain form a combin­
ing site, where the antibody interacts 
with its specific determinant. 

I n the 1950's it was demonstrated 
that molecules of immunoglobulin 

themselves bear antigenic determi­
nants. Myeloma proteins, which are 
immunoglobulins that are spontane­
ously made in large amounts by B-cell 
cancers, were injected into experimen­
tal animals. The animals responded by 
producing antibodies that reacted with 
the myeloma proteins. 

In 1963 Henry G. Kunkel and his 
colleagues at the Rockefeller Institute 
for Medical Research and Jacq ues Ou­
din of the Pasteur Institute indepen­
dently made an analogous observation 
for antibodies made normally, by cells 
stimulated by antigen. An experimen­
tal animal was exposed to antigen, 
eliciting the production of antibody. 

The initial antibody (Ab-I) was isolat­
ed from the animal's serum and inject­
ed into another animal, where it in­
duced a second antibody (Ab-2). The 
Ab-2 bound only to the Ab-I and not 
to other antibodies against which it 
was tested. It could therefore be said to 
recognize the primary antibody's indi­
viduality. Oudin referred to the unique 
antigenic determinants on the Ab-I as 
its idiotype (from the Greek roots for 
"individual" and "form"). For the Ab-
2 produced in response to the idiotype 
he coined the term anti-idiotype. 

Other work showed the immune sys­
tem can make various kinds of anti­
bodies in response to an Ab-I. Some of 
them bind not only to the Ab-I that in­
duced them but also to other antibod­
ies with the same class of heavy or 
light chains. Presumably those second 
antibodies, which are known as anti­
isotypes, recognize antigenic determi­
nants in the constant regions of the 
heavy and light chains. Another set of 
antibodies, called anti-allotypes, react 
with every antibody made by the indi­
vid ual from which the Ab-I was taken, 
although not necessarily with antibod­
ies from other individuals. The allo­
types to which such second antibodies 
respond are analogous to the blood­
group antigens of red blood cells: all 
the antibodies in an individual share 
the same allotype, but the allotype var­
ies within a species. The determinants 
that make up an allotype lie primarily 
in the constant regions as well. 

An anti-idiotype, in contrast, was 
defined as an antibody that is able to 
react only with the Ab-I elicited by a 
single antigen. The idiotype therefore 
must lie in the variable region of the 
Ab-I. During the late 1960's and early 
1970's studies done by Alfred Nison­
off, now at Brandeis University, Klaus 
Eichmann of the Max Planck Institute 
for Immunobiology in Freiburg and 
a series of independent investigators 
yielded a more precise picture of idio­
types and anti-idiotypes. 
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A simple organic molecule or a bac­
terial sugar served as the antigen in 

'some of the demonstrations, ind ucing 
the Ab-l, to which an Ab-2 (the anti­
idiotype) was then generated, By incu­
bating the Ab-l with the antigen, the 
workers were often able to prevent the 
anti-idiotype from reacting with the 
idiotype, Presumably the antigen 
blocked the binding of the anti-idio­
type by filling the combining site on 
the Ab-l. Hence the idiotype must lie 
at or close to the combining site. 

Other studies showed that the asso­
ciation between the idiotype and the 
antigen-binding site can imply a simi­
larity between the anti-idiotype and 
the antigen. When a hormone such as 
insulin served as the antigen, the re­
sulting anti-idiotype was able to com­
pete with the hormone itself for bind­
ing to its cell-surface receptor, which 
suggested the Ab-2 resembled the anti­
gen. Because it arises within the im­
mune system and yet mimics a mole­
cule that originates elsewhere, such an 
Ab-2 is said to bear the "internal im­
age" of the antigen, It was found, how­
ever, that these internal-image anti-id-

iotypes are a minority; most anti-idio­
types do not mimic the effects of the 
original antigen. 

The idiotype, moreover, does not al­
ways coincide with the combining site; 
not all anti-idiotypes are prevented 
from binding when the Ab-l is incu­
bated with antigen beforehand. The 
combining site of an antibody consists 
of amino acid sequences that vary con­
siderably among antibody molecules; 
sandwiched among these segments are 
"framework" regions that vary much 
less. An Ab-2 that recognizes antigenic 
determinants on a framework region 
still qualifies as an anti-idiotype, since 
it will bind only to a specific Ab-l. But 
because it does not interact with the 
combining site, it is not inhibited by 
the presence of bound antigen, Such an 
anti-idiotype need not bear any resem­
blance to the antigen. 

I n the studies that established the 
concept of idiotype and anti-idio­

type experimental animals were chal­
lenged with antibody generated in oth­
er experimental animals, Do similar 
interactions occur naturally, within a 

single immune system? In the early 
1970's Niels Kaj Jerne of the Basel In­
stitute for Immunology proposed that 
they do-that a network of idiotypes 
and anti-idiotypes regulates the im­
mune response, Jerne suggested that 
idiotypes are displayed on antibodies 
and the surface receptors of B cells 
and T cells. (T cells are the other class 
of lymphocytes, which kill foreign 
cells directly and have regulatory roles 
[see "The T Cell and Its Receptor," 
by Philippa Marrack and John Kap­
pler; SCIENTIFIC AMERICAN, Febru­
ary]. ) When, in response to an antigen, 
B cells and T cells proliferate and anti­
body levels rise, the concentration of 
idiotypes increases. 

The body is normally "tolerant" of 
molecules of its own manufacture: it 
does not mount an immune response 
against them. Jerne proposed that indi" 
vidual idiotypes ordinarily exist at a 
level too low for tolerance to develop. 
Hence the rising concentration of id­
iotypes stimulates the proliferation of 
other sets of lymphocytes bearing anti­
idiotype receptors. 

The B cells in the second population 

BINDING OF ANTI-IDIOTYPE to its target antibody is signaled 

by green color in an enzyme-linked immunosorbent assay (ELISA). 
The plastic wells were first coated with various samples of human 
or mouse antibodies. Rabbit serum containing an anti-idiotype made 

against human antibody to hepatitis-B antigen was incubated in the 

wells and then washed off. Next the wells were exposed to a goat 

anti rabbit antibody to which the enzyme horseradish peroxidase 

had been coupled; last they were filled with a colorless solution that 

changes to green in the presence of horseradish peroxidase. The 
color reveals bound goat antibody, which in turn indicates the pres­

ence of bound anti-idiotype. Hence the samples in the colored wells 

contain the anti-idiotype's target, antibody to hepatitis-B antigen. 
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ANTIBODY RESPONSE to an antigen, or foreign molecule, ensues when B-cell clones, 

each consisting of one or a few identical lymphocytes, or white blood cells, recognize sur­

face patterns known as antigenic determinants. The membrane receptors of each B-cell 

clone bind to a specific determinant. The clone then multiplies and develops into a popula­

tion of plasma cells, which secrete free antibody molecules. Each Y -shaped antibody mole­

cule has two combining sites, one on each arm, which have the same specificity as the 

receptors of the parent clone. The combining sites enable the antibodies to bind to other 

molecules of antigen and effect their destruction or neutralization. Because every antigen 

bears many determinants, many B-cell clones collaborate in the antibody response. The 

diagram simplifies the actual process; in fact B cells require aid from other cells, including 

the kind of white blood cells known as T cells, if they are to mount an antibody response. 
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MAP OF AN ANTIBODY MOLECULE reveals two heavy, or long, chains of amino acids 

flanked by two light, or shorter, chains. Each chain is divided into a constant region (red) 

and a variable region (green). The constant regions are similar in all antibodies belonging to 

the same broad class, but antibodies from a given B-cell clone are distinctive at their vari­

able regions. The segments that make up the combining site vary the most among clones; 

the intervening framework regions vary less. Each region of an antibody bears antigenic 
determinants that can stimulate the production of other antibodies. The constant regions 

carry determinants that are identical for antibodies belonging to the same class; they make 

up an antibody's isotype. Determinants that are identical for all the antibodies from one 

individual but that vary among individuals also occur in the constant regions (and occasion­

ally in the variable regions as well). They constitute an antibody's allotype. Determinants 

that lie only in the variable regions, either at the combining site or in framework re­

gions, are known as the idiotype. Antibody from each B-cell clone has a distinct idiotype. 
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of lymphocytes secrete anti-idiotype 
antibodies, which regulate .the initial 
immune response. Jerne suggested 
that they do so either directly, for ex­
ample by binding to the idiotype­
bearing antibodies and inactivating 
them, or indirectly, by binding to idio­
types on the surface of T cells that reg­
ulate other lymphocytes. The effects 
of anti-idiotypes on the immune re­
sponse may be either stimulatory or 
suppressive. 

The interactions triggered by an 
antigen, Jerne proposed, do not end 
with the anti-idiotype (Ab-2), since 
anti-idiotypes themselves bear idio­
types. The huge diversity of antibodies 
has the result that every determinant 
in an idiotype is recognized by the 
combining site of some other anti­
body. Thus the anti-idiotype antibod­
ies evoke anti-anti-idiotype antibodies, 
or Ab-3, which stimulate the produc­
tion of anti-anti-anti-idiotypes, or Ab-
4, and so on. The initial antigen there­
by triggers a far-reaching perturbation 
in an intricate network [see "The Im­
mune System," by Niels Kaj Jerne; 
SCIENTIFIC AMERICAN, July, 1973]. 

The first experimental evidence that 
such an idiotype network may operate 
within an individual immune system 
came in 1974. Leo S. Rodkey, who is 
now at the University of Texas Health 
Science Center in Houston, exposed 
rabbits to an antigen and purified the 
antibody they made in response (Ab-
1). He allowed the animals' immune 
system to rest for 14 months and then 
reinjected Ab-l into the individual ani­
mals from which it had come. He test­
ed for an Ab-2 response in their serum 
by means of a radioimmunoassay. Ab-
1 was labeled with radioactive iodine 
and treated with an enzyme that re­
moved the effector region of the im­
munoglobulin chains, a crucial part of 
their constant regions, but left their id­
iotype-bearing variable regions intact. 
The Ab-l was mixed with serum and 
exposed to a goat immunoglobulin ca­
pable of binding to the effector region 
on any rabbit antibody and causing a 
precipitate to form. Because the effec­
tor region had been removed from the 
Ab-l, it could not react on its own with 
the goat immunoglobulin. An unal­
tered antibody from the rabbit serum 
had to be bound to the Ab-!. 

The formation of a radioactive pre­
cipitate indicated that a second, intact 
antibody was bound to the Ab-!. To 
confirm that the intact antibody was 
indeed an anti-idiotype, Rodkey incu­
bated radioactively labeled Ab-l with 
the original antigen and repeated the 
assay. This time much less Ab-l was 
precipitated by the goat immunoglob­
ulin, which indicated that the second 
antibody's target was the variable re-
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IDIOTYPE NETWORK regulates the immune response to an anti­

gen, according to a scheme proposed by Niels Kaj Jerne of the Ba­

sel Institute for Immunology and supported by recent findings. An 

antigen stimulates the proliferation of specific lymphocytes that 

recognize determinants on its surface. The surface receptors of the 

cells and the combining sites of the antibodies they secrete bear 

idiotypes, which cause a second population of lymphocytes, having 

anti-idiotype receptors that interact with the idiotypes, to expand. 

Those cells also bear idiotypes, which stimulate a third population 
of lymphocytes. Jerne proposed that a disturbance propagates 

through the idiotype network as such interactions are repeated in­

definitely, but it is now believed they may be limited to a finite 

number. The interactions also take place in reverse: each population 

of cells secretes anti-idiotype antibodies that bind to idiotypes on 

the preceding population of cells and antibodies (colored arrows). 

Those reactions can shut down the immune response or bolster it. 

gion of the Ab-!. Rodkey called the 
Ab-2 auto-anti-idiotype. Since then 
other investigators have demonstrated 
that auto-anti-idiotypes are secreted 
during a normal immune response. 

Constantin A. Bona of the Mount 
Sinai School of Medicine made a more 
extensive demonstration of an idio­
type network in mice. A monoclonal 
antibody (an antibody made in culture 
by a single clone of antibody-secreting 
cells) that was specific for a bacterial 
sugar served as the Ab-1; Bona inject­
ed it into the mice to produce an Ab-2, 
which he isolated and reinjected into 
the animals. In this way he elicited an 
Ab-3 and then, by repeating the cycle, 
an Ab-4. Just as others have shown 
that an Ab-2 can mimic the antigen, so 
Bona found patterns of resemblance in 
his network. Since the Ab-4 and the 
Ab-2 both react with the Ab-3, Bona 
reasoned, their combining sites should 
be similar. Therefore the Ab-4, like the 
Ab-2, should bind to the Ab-!. Indeed, 
60 percent of Bona's Ab-4 did bind to 
the Ab-l, the initial idiotype. 

Other investigators have found evi­
dence that, as Jerne postulated, the id­
iotype network embraces T cells as 
well as B cells. In one study T cells pro­
liferating in response to an antigen 
were taken from an experimental ani­
mal and injected into another animal. 
Antibodies to idiotypes on the T-cell 
receptors were isolated from the se-

rum of the second animal and injected 
into the first one. Their effect was to 
inhibit the immune response. By bind­
ing to surface receptors on T cells of 
the class whose function is to suppress 
the immune response, the anti-idio­
types may have triggered suppression. 

Our group has investigated the idio­
type networks that develop in hu­

man beings infected with hepatitis-B 
virus (HBV). The motivation for the 
work is practical as well as scientific: 
HBV causes a serious primary infec­
tion, and chronic infection often leads 
to the development of other liver dis­
eases and primary liver cancer. An un­
derstanding of the immune networks 
stimulated by the virus, we thought, 
might suggest immunological means 
of preventing the disease. 

Liver cells infected with HBV re­
lease large quantities of viral envelope 
protein. The envelope material is anti­
genic and is known as hepatitis-B sur­
face antigen (HBsAg). HBsAg con­
tains three distinct antigens, designat­
ed by letters. The a antigen is present 
in every strain of HBV. The other two 
antigens vary in a consistent way: in 
every strain the d or the y antigen is 
paired with the w or the r antigen. An­
tibody to the a antigen provides pro­
tection against reinfection with HBV 
of any strain [see "Viral Hepatitis," by 
Joseph L. Melnick, Gordon R. Drees-

man and F. Blaine Hollinger; SCIEN­
TIFIC AMERICAN, July, 1977]. 

We asked whether human antibod­
ies prod uced in response to HBsAg 
display a variety of idiotypes, corre­
sponding to combining sites recogniz­
ing the various antigens. If they do, our 
task of unraveling the idiotype-anti­
idiotype reactions initiated by infec­
tion would be complicated considera­
bly and our chance of finding a way to 
manipulate them would be reduced. 

We demonstrated, however, that hu­
man antibody molecules made after 
exposure to HBsAg through hepatitis­
B infection or vaccination all express a 
common idiotype. Our strategy was to 
inject antibody from a single individ­
ual into rabbits, from whose serum we 
then isolated an anti-idiotype. Anti­
bodies from several different people 
were equally capable of reacting with 
the anti-idiotype, suggesting the anti­
bodies bore the same idiotype. That id­
iotype, we found, is induced by the a 

antigen. We tested HBsAg from each 
of several viral strains individ ually for 
its ability to block the reaction of anti­
idiotype with human antibody. All the 
strains were equally effective at inhib" 
iting the reaction, which indicated that 
the idiotype was binding to an anti­
genic determinant shared by all the 
strains. That determinant must reside 
on the a antigen. 

Does the rabbit anti-idiotype bear 
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COLUMN 1 

MANUFACTURE OF ANTI-IDIOTYPE to a human antibody 

against hepatitis-B virus begins with the injection of the purified 

antibody (Ab-l) into a rabbit (a). Serum extracted from the rabbit 

contains preexisting antibodies, antibodies to the isotype and allo­
type of the human antibody, and anti-idiotype. The unwanted anti­

bodies are removed in affinity columns, which contain a matrix to 

which other antibodies have already been allowed to bind (b). One 
column has been treated with human antibodies that have the same 
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COLUMN 2 

PURE ANTI-IDIOTYPE 

isotype and allotype (red al/d blue) as the Ab-l but a different idio­

type; the second column has been treated with Ab-l, the original 

idiotype (greel/). The rabbit serum is passed through the first col­

umn, which removes the anti-isotype and anti-allotype antibodies, 

leaving the anti-idiotype and the preexisting antibodies. Passage 

through the second column removes the anti-idiotype, leaving only 

the extraneous antibodies. The second column is then flushed with a 
compound that releases bound antibody, yielding pure anti-idiotype. 
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an internal image of the a antigen? 
The fact that HBsAg can prevent the 
anti-idiotype from binding to the hu­
man Ab-l suggests it does. But HBsAg 
is a large molecule; it might block an 
anti-idiotype reaction sterically-sim­
ply by virtue of its bulk-even if the 
anti-idiotype interacted with a frame­
work region of the Ab-l rather than 
with the combining site itself. We 
therefore tested a rnuch smaller mole­
cule-a synthetic peptide (a short se­
quence of amino acids) mimicking one 
of the determinants in the a antigen­
and found that it too could inhibit the 
binding of the anti-idiotype. 

Other observations also suggested 
that the rabbit anti-idiotype mimics 
the shape of the hepatitis-B antigen. 
Antibodies that all recognize the anti­
gen but are made in different species 
may differ in their biochemistry, even 
when the shape of their combining site 
is the same. Hence an anti-idiotype 
might react with Ab-l from only one 
species, responding to the chemical 
makeup of the variable region rather 
than the shape of the combining site. 
We found, however, that the rabbit 
preparation was able to bind to Ab-l 
produced in mice, chimpanzees and 
five other species of mammals besides 
human beings. Evidently the anti-idio­
type, like the hepatitis-B antigen itself, 
interacts with the combining site of the 
Ab-l on the basis of shape. 

C ould the rabbit anti-idiotype simu­
late the protective effect of con­

ventional hepatitiS-B vaccine, which 
consists of HBsAg? The notion that 
an idiotype bearing an internal image 
could serve as a vaccine against an in­
fectious agent had been proposed by 
Nisonoff and Edmundo Lamoyi, now 
at the National Institute of Allergy 
and Infectious Diseases, and inde­
pendently by Ivan M. Roitt and his 
colleagues at the Middlesex Hospital 
Medical School in London. Early re­
sults that seemed to confirm the possi­
bility included work on skin-graft re­
jection by Jeffrey Bluestone and Da­
vid H. Sachs at the National Cancer 
Institute. In rejecting foreign tissue the 
immune system responds to proteins 
known as histocompatibility antigens 
on the membrane of the foreign cells. 
Bluestone and Sachs isolated antibod­
ies to histocompatibility antigens from 
the serum of mice that had received 
skin grafts and then generated an anti­
idiotype in other species. 

When mice that had not been ex­
posed to foreign tissue were inoculated 
with the anti-idiotype, they secreted 
antibodies that could bind to histo­
compatibility antigens. Apparently the 
anti-idiotype preparation contained 
internal images of the histocompatibil-

ity antigens. The internal-image Ab-2 
must have stimulated the immune sys­
tem to make an Ab-3 with a specificity 
similar to that of an Ab-l. 

In a second study bearing on the 
possibility of anti-idiotype vaccines, 
David L. Sacks of the National Insti­
tute of Allergy and Infectious Diseases 
injected mice with a monoclonal Ab-l 
that recognized a surface antigen on 
Trypanosoma, a protozoan that in hu­
mans causes African sleeping sickness. 
Other mice given the resulting anti-id­
iotype were protected against a dose of 
Trypanosoma that would ordinarily be 
lethal. Later studies showed, however, 
that the anti-idiotype protected mice 
only if they were closely related to 
the mouse that was the source of the 
monoclonal Ab-l. 

Such genetic restriction suggested 
that the anti-idiotype did not bear an 
internal image of the antigen; other­
wise it should have been able to stimu­
late the immune system of any mouse 
to make protective antibodies. Pre­
sumably the idiotype that induced the 
Ab-2 was associated with parts of the 
variable region whose makeup dif­
fered in genetically diverse mice, even 
on equivalent antibcdies. Thus the 
anti-idiotype could induce a protective 

a 

Ab-3, identical with the monoclonal 
Ab-l in its antigen specificity, only in 
the same inbred mouse strain that pro­
vided the Ab-l. (Recently Sacks and 
his colleagues succeeded in making an 
anti-idiotype that does appear to bear 
an internal image of a Trypanosoma 
antigen and should not be subject to 
such genetic restriction. ) 

As a first step in determining whether 
n our anti-idiotype could serve as a 
vaccine against hepatitis B we investi­
gated the effect of pretreatment with 
the anti-idiotype on a subsequent im­
mune response to HBsAg. We injected 
groups of mice with either our rabbit 
anti-idiotype or, as a control, a nonspe­
cific rabbit immunoglobulin prepara­
tion. We then exposed the animals to 
HBsAg and analyzed their antibody 
response by means of a hemolytic­
plaque assay. B cells from the spleens 
of the mice were placed in layers of 
sheep red cells pre coated with HBsAg. 
When complement, a system of blood 
proteins that ruptures cells to which 
antibody is bound, was added, the ap­
pearance of clear zones called plaques 
indicated the destruction of red cells 
near antibody-producing B cells. 

To our pleasant surprise significant-
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EQUIVALENCE of hepatitis-B surface antigen (HBsAg) and an anti-idiotype made by 

injecting human antibody to hepatitis B into rabbits was demonstrated by the authors. 

When another batch of the human antibody is incubated with a synthetic peptide (a short 

chain of amino acids) that mimics a crucial antigenic determinant on HBsAg, the anti­

idiotype can no longer react with the antibody (a), suggesting that the idiotype lies at the 

occupied antigen-binding site of the antibody. Conversely, incubation with the anti-idiotype 

prevents the human antibody from subsequently reacting with the peptide (b). By showing 

that the anti-idiotype and the antigen interact with the same site on the human anti-hepati­

tis antibody, the results suggest that at its combining site the anti-idiotype may be structur­

ally similar to the antigen: the anti-idiotype may bear an "internal image" of the antigen. 
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Iy more plaques appeared around 
spleen cells from mice that had been 
pretreated with the anti-idiotype than 
around cells from control mice. The 
pretreatment, it seemed, had bolstered 
the later immune response. We also 
detected antibody secretion in cells 
from a group of mice that had received 
the anti-idiotype alone, without a later 
injection of HBsAg. A separate assay, 
in which the serum rather than the 
spleen cells of the mice was tested, 
confirmed that the anti-idiotype by it­
self was able to elicit antibody capable 
of reacting with the viral antigen. 

Are the Ab-3 antibodies induced by 
the anti-idiotype (Ab-2) equivalent to 
those made during a natural infection 
with HBV? Those antibodies recog­
nize the a antigen, which is common 
to all strains of the virus. To find out 
whether the antibodies induced by the 
anti-idiotype also react with the a anti­
gen we isolated the Ab-3 by passing se­
rum from treated mice through a col­
umn lined with HBsAg and extracting 
the bound Ab-3 from the column. We 

PROTECTIVE 
IMMUNITY 

Ab-3 

then tested the ability of HBsAg from 
various viral strains to inhibit the bind­
ing of the Ab-3 to the Ab-2. In every 
case binding was inhibited, which indi­
cated that the combining site of the 
Ab-3, like that of the human Ab-l, rec­
ognizes the a antigen. We also com­
pared the mouse Ab-3 and the human 
Ab-l directly, by allowing them to 
compete for binding to the rabbit Ab-
2. The human antibody, which is pro­
tective against HBV, and our experi­
mental mouse Ab-3 bound to the anti­
idiotype with comparable reactivity. 

These findings suggested to us that 
the Ab-3 induced by the anti-idiotype 
can confer protective immunity to 
hepatitis B. In order to test the poten­
tial of rabbit anti-idiotype as a hepati­
tis vaccine for humans, however, we 
needed an appropriate animal model. 
HBV does not actually cause disease 
in mice, even though the animals 
do mount an antibody response when 
they are injected with HBsAg. Chim­
panzees do develop hepatitis B and 
so are the appropriate animal in which 

HEPATITIS-B 
VIRUS 

}f:mIGEN 

Af/!� 

�� 
Ab-2 
(VACCINE) 

ANTI-IDIOTYPE VACCINE against hepatitis B uses an internal image of the viral anti­

gen. Human antibody (Ab-J) to the antigen is injected into a rabbit, which makes an anti­

idiotype (Ab-2). The anti-idiotype is injected into a mouse or a chimpanzee, which makes 

antibody (Ab-3) to the anti-idiotype. Because of the similarity in shape of the hepatitis 

antigen and the anti-idiotype, the third antibody structurally resembles the first antibody, 
even though they differ biochemically. The similarity makes the Ab-3 able to react with the 

viral antigen and protect a vulnerable animal, such as a chimpanzee, against infection. 
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to test a vaccine against the pathogen. 
In collaboration with Jorg W. Eich­

berg and Robert E. Lanford of the 
Southwest Foundation for Biomedical 
Research, we injected two chimpan­
zees with the rabbit anti-idiotype and 
two with a control preparation made 
of nonspecific immunoglobulin. We 
challenged all four animals with infec­
tious HBY. The serum of control 
chimpanzees showed elevated levels 
of liver enzymes and other markers of 
infection, but the animals that had re­
ceived the anti-idiotype failed to de­
velop any signs of disease. 

O ur work with chimpanzees is the 
most direct demonstration up to 

now of the vaccine potential of an anti­
idiotype. There are also preliminary 
indications that anti-idiotypes could 
serve as vaccines against other dis­
eases. Pretreatment with anti-idio­
types has been shown to protect mice 
partially or completely against a range 
of infectious agents: Sendai virus and 
reovirus (which cause mild brain in­
fections), rabies virus, herpes simplex 
virus, poliovirus and a number of dis­
ease-causing bacteria and protozoa. 

If anti-idiotype vaccines prove fea­
sible in humans, they would have a 
number of advantages. Current vac­
cines consist either of the infectious 
agent itself, killed or attenuated, or of 
purified antigen. Many antigens, such 
as HBsAg, are difficult to purify, al­
though protein antigens can now be 
made through the techniques of re­
combinant DNA. The antigenic parts 
of many bacteria and protozoa consist 
of carbohydrates or fats, ·however, and 
cannot be made by recombinant meth­
ods or synthetically. The alternative of 
administering the pathogen itself is not 
always attractive; attenuated organ­
isms, for example, sometimes regain 
their virulence. Anti-idiotype vaccines 
would be easy to produce through 
monoclonal-antibody technology and 
could not cause the disease they are 
designed to prevent. 

Their specificity is also appealing. 
An anti-idiotype triggers an antibody 
response only to the one antigenic 
determinant 'Whose internal image it 
bears. An attenuated infectious agent, 
in contrast, may carry a number of 
antigenic determinants besides the 
one that induces protective immunity. 
Some may resemble determinants on 
tissue in the body itself and hence may 
trigger an autoimmune response. 

Anti-idiotype vaccines might be of 
particular value in newborn infants, 
whose immature immune system can­
not make antibodies to the envelope 
material of certain pathogenic bacte­
ria, which consists of a sugar. Conven­
tional vaccines against the bacteria are 
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ineffective in newborns. An anti-idio­
type could mimic the structure of the 

. envelope material, but because the 
anti-idiotype is a protein, it would elic­
it an immune response. The effective­
ness of such anti-idiotype vaccines has 
already been shown in newborn ex­
perimental animals. 

Several factors could limit the use of 
anti-idiotypes as human vaccines. The 
injection of an anti-idiotype serum 
made in another animal, such as a rab­
bit, could cause fever and allergic re­
actions in some people. Moreover, be­
cause of the complexity of the idiotype 
network, the effect of an anti-idiotype 
may not always be salutary. Many 
anti-idiotypes appear to elicit a re­
sponse equivalent to the one evoked 
by the antigen itself; others, however, 
may exert the suppressive effects on 
the immune system that were postulat­
ed by Jerne. We observed that the ad­
ministration of an anti-idiotype made 
against mouse monoclonal antibody 
that was specific for herpes simplex vi­
rus significantly shortened the survival 
of mice later infected with the virus. 

Anti-idiotypes may prove to be effec­
.f\. tive against cancer, perhaps as 
both a vaccine and a treatment. Can­
cers of the immune system can arise in 
a single clone of B or T cells; in such 
cancers all the cells express the same 
idiotype on their surface. A suitable 
anti-idiotype could in theory eliminate 
all the cancerous cells while leaving 
normal tissue unharmed. Ronald Levy 
and his co-workers at the Stanford 
University School of Medicine used 
specific anti-idiotypes made in mice to 
treat many patients suffering from B­
cell lymphomas. One patient has been 
in complete remission for five years, 
and about half of them have shown 
clinically significant responses. Recent 
studies by Levy's group and by Jeffrey 
Cossman and his colleagues at the Na­
tional Cancer Institute indicate, how­
ever, that.other cancer cells expressing 
a different idiotype can emerge during 
anti-idiotype treatment. Coping with 
the population of variant cells might 
require the administration of multiple 
anti-idiotypes. 

Keith A. Krolick of the University 
of Texas Health Science Center at San 
Antonio and Ellen S. Vitetta and Jona­
than W. Uhr of the University of Tex­
as Health Science Center at Dallas 
took a different approach to treating 
cancer with anti-idiotypes. They cou­
pled ricin, a plant toxin, with an anti­
idiotype and found that the prepara­
tion destroyed mouse leukemic B cells 
in culture. The anti-idiotype bound to 
the surface receptors of the B cells and 
thereby positioned the toxin molecules 
to destroy the cancer cells specifically. 

The workers also tested their prepara­
tion in living mice afflicted with B-cell 
leukemia and observed that it slowed 
the growth of the cancer. 

It may even be possible to mobilize 
the body's own anti-idiotypes in fight­
ing cancer. In a study done by Dor­
othee Heriyn and Hilary Koprowski of 
the Wistar Institute of Anatomy and 
Biology, patients with cancer of the 
colon and cancer of the rectum im­
proved when they were treated with a 
mouse monoclonal antibody to an an­
tigenic determinant on the surface of 
the cancer cells. Many of the patients 
made anti-idiotype to the mouse anti­
body. Koprowski proposed that the 
anti-idiotype carried an internal image 
of the cancer antigen and thereby stim­
ulated the patients' immune system to 
react against the cancer itself. 

Recently the group reported pro­
ducing such an anti-idiotype in labora­
tory animals. The anti-idiotype bore 
an internal image of the major colon­
cancer tumor antigen. When the anti­
idiotype was injected into other ani­
mals, it elicited antibody (Ab-3) that 
could react with the tumor antigen 
and that was identical with the mouse 

a VIRUS 

monoclonal antibody (Ab-l), which 
had induced the anti-idiotype. 

The unusual manipulations to which 
anti-idiotypes lend themselves also 

make them valuable as a tool for re­
search into disease mechanisms. Anti­
idiotypes have served, for example, to 
pinpoint the site on the cell surface 
through which a virus infects a cell. 
Anti-idiotype made against antibody 
recognizing the part of the virus's pro­
tein envelope that adheres to the cell 
membrane can mimic the crucial enve­
lope molecule. Such an anti-idiotype 
can seek and bind to the matching re­
ceptor on the cell surface. Mark I. 
Greene and Bernard N. Fields, who 
are now respectively at the University 
of Pennsylvania School of Medicine 
and at the Harvard Medical School, 
adopted that strategy to identify the 
receptor for reovirus on the surface of 
nerve cells and cells of the immune 
system. The same method has enabled 
us to identify what is probably the re­
ceptor for HBV on liver cells. 

The results of anti-idiotype stud­
ies have suggested the possibility that 
idiotype-anti-idiotype reactions may 
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SITE OF VIRAL ATTACK on a cell surface can be pinpointed with an anti-idiotype. For a 

virus to infect a cell, part of its protein envelope must bind to a receptor: a complementary 

protein on the cell surface (a). The viral protein can be injected into an experimental animal 

to make antibody, which in turn can induce an anti-idiotype when it is injected into another 

animal (b). If the anti-idiotype bears an internal image of the original antigen (the viral 

protein), it will be able to bind to the cell-surface receptor (c). The anti-idiotype can be 

labeled with a fluorescent or electron-dense substance so that its target on the cell surface 

will be identifiable under the light or the electron microscope. The strategy is valuable for 

identifying a cell-surface receptor when the virus itself is hard to isolate and use as a probe. 
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themselves precIpItate some autoim­
mune diseases. One such disease is my­
asthenia gravis, a disorder in which 
muscles are afflicted with extreme 
weakness and fatigue. The symptoms 
reflect an immunological attack on the 
acetylcholine receptor, a cell-surface 
molecule through which muscles re­
ceive chemical signals from nerves. 

Bernard F. Erlanger, Norbert H. 
Wassermann and their colleagues at 
Columbia University sought to char­
acterize the attack. The workers raised 
rabbit antibodies to a substance that 
binds to the acetylcholine receptor and 
then injected the antibodies into other 
rabbits to make an anti-idiotype. The 
anti-idiotype seemed to carry the im­
age of a crucial part of the binding 
substance: it was able to bind to the 
rabbit acetylcholine receptor. In doing 
so it produced symptoms of myas­
thenia gravis in the animals. Recently 
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W. L. Cleveland of Columbia Univer­
sity, along with Erlanger and Wasser­
mann, induced the disease in mice by 
injecting them with cells secreting a 
similar monoclonal anti-idiotype. 

In myasthenia gravis, then, an anti­
idiotype somehow induced in the body 
may react with the acetylcholine re­
ceptor, blocking or destroying it. In 
Graves' disease, an autoimmune disor­
der marked by abnormal growth of the 
thyroid gland, an anti-idiotype may 
have the opposite effect. Workers have 
been able to induce the disease in ex­
perimental animals by administering 
an anti-idiotype made against anti­
body to thyrotropin, a hormone that 
stimulates thyroid growth. The anti-id­
iotype presumably mimicked the hor­
mone and so was able to bind to its 
cell-surface receptor, stimulating thy­
roid growth. The same interactions, 
occurring spontaneously in the body, 
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could bring about the human disease. 
In two other autoimmune diseases, 

rheumatoid arthritis and sy
'
stemic lu­

pus erythematosus, a disorder of con­
nective tissue, there are also some indi­
cations that anti-idiotypes participate. 
A sign of both diseases, and perhaps a 
fundamental aspect of their mecha­
nisms, is the presence in the serum of 
particular antibodies: rheumatoid fac­
tors (antibodies to a segment of the im­
munoglobulin molecule) in rheuma­
toid arthritis and anti-DNA antibodies 
in systemic lupus erythematosus. Such 
antibodies have been shown to express 
a common idiotype in each victim, 
which suggests that they interact with 
a single anti-idiotype. It is conceivable 
that the anti-idiotype helps to initiate 
the disease by stimulating the produc­
tion of the serum antibodies. 

T hus the intricacy of idiotype-anti­
idiotype reactions opens the way to 

the development of complex and un­
likely disorders. It also makes subtle 
preventive and therapeutic interven­
tions in the immune system conceiv­
able. Manipulating the immune net­
work by means of anti-idiotypes in or­
der to prevent certain infections and to 
treat some kinds of cancers now seems 
within reach. A deeper understanding 
of idiotype-anti-idiotype reactions 
could make it possible to cure diseases 
in which the defect lies in the immune 
network itself. It is not unreasonable 
also to speculate that an anti-idiotype 
may in the future serve as a vaccine 
or a therapeutic agent for a very dif­
ferent kind of disease affecting immu­
nity: AIDS. 

VARIABLE 
REGION 

IDIOTYPIC 
DETERMINANT 

COMBINING 
SITE 

AUTOIMMUNE DISEASE might arise from idiotype-anti-idio­

type reactions. One proposed mechanism depends on the fact that, 

as shown at the right, an antibody may bear idiotypic determinants 

that do not lie precisely at its combining site. Such an antibody, 

produced in response to a bacterium or a virus (top left), may stimu­

late a population of regulatory lymphocytes bearing anti-idiotype 

receptors that do not mimic the original antigen. Alternatively, the 

regulatory lymphocytes might be stimulated not by the antibody to 

the pathogen but by the pathogen itself, that is, by a surface deter-

minant resembling a host idiotype (top eel/ter and right). The regu­

latory cells would then induce the production of a new set of anti­

bodies (bottom). Because the idiotypic determinant is unrelated to 

the combining sites of antibodies on which it is found, the new anti­

bodies need not bear any functional similarity to the original anti­

body: they may have quite different specificities. If the target of 

the antibodies is host tissue, an autoimmune reaction ensues. Pre­

liminary results suggest the possibility that this mechanism might 

precipitate rheumatoid arthritis and systemic lupus erythematosus. 

56 
© 1986 SCIENTIFIC AMERICAN, INC



© 1986 SCIENTIFIC AMERICAN, INC



SCIENCE AND THE CITIZEN 
Outo/Space 

I
t is no secret that the U.S. space pro­

gram is in trouble. Four acci­
dents-the explosion of a Titan 

rocket carrying a Department of De­
fense satellite last fall, the loss of the 
space shuttle Challenger and its crew 
of seven in January, the explosion in 
April of another Titan (and the result­
ing damage to that rocket's launch 
pad) and the failure early in May of a 
Delta launcher carrying a weather sat­
ellite-have severely limited, at least 
temporarily, the U.So's ability to put 
satellites in orbit. The current crisis is 
leading to a full-scale examination of 
the nation's strategy in .space. This ex­
amination has turned up deficiencies 
that may in the long run have even 
more serious consequences than the 
current shortage of launchers has. 

How bad is the current situation? 
According to Albert Wheelon, an ex-

ecutive vice-president of the Hughes 
Aircraft Company who is a member of 
the commission examining the Chal­
lenger accident and of the President's 
Foreign Intelligence Advisory Board, 
"we have an unqualified disaster on 
our hands .... We are essentially out of 
business." All shuttle missions are on 
hold for at least a year and a half to 
two years; Delta and Titan missions 
are delayed until the causes of the 
recent accidents can be determined. 
Moreover, the Titan accident in April 
caused significant damage to the only 
operating Titan launch pad at Vanden­
burg Air Force Base, which is the only 
base in the continental U.S. from 
which satellites can easily be put in po­
lar orbits. Since most spy satellites and 
military weather satellites require po­
lar orbits, and since the Titan is the 
only U.S. rocket that can carry the 
largest satellites, those programs have 
had to be delayed until the pad can be 

EXPLOSION in April of a Titan rocket at Vandenburg Air Force Base c�used heavy 

damage to the only launch pad able to put large satellites in polar orbits, the ones occupied 
by most spy satellites and military weather satellites. Photograph from Wide World. 
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repaired. That might take as long as 
a year. 

Among other payloads affected by 
the recent series of accidents are com­
munications satellites that were due to 
be launched for India, Indonesia, the 
British Ministry of Defence, Hughes 
and RCA; several scientific missions, 
including the Galileo and Ulysses plan­
etary probes (which can be launched 
only in limited "windows" of time) 
and the Space Telescope; diverse pay­
loads for the U.S. Department of De­
fense, and several weather satellites. 
The weather satellites are crucial be­
cause the failure in 1984 of the GOES-
5 weather satellite and the destruc­
tion of the GOES-7 that was on board 
the failed Delta have left the Nation­
al Oceanic and Atmospheric Adminis­
tration with only one satellite to cover 
the entire country, in place of the two 
(one on each coast) that are needed for 
full coverage. (The remaining satellite 
is now shuttled back and forth from 
coast to coast to cover major meteoro­
logic events.) According to Chester M. 
Lee, the head of customer services at 
the National Aeronautics and Space 
Administration, "some of those satel­
lites will be delayed, and some may 
never get up." 

Many analysts point out that the 
current situation is not quite as bad as 
has been suggested; it is not complete­
ly impossible for the U.S. to launch 
critical payloads. Two Atlas launch­
ers, one carrying a weather satellite 
(but not a replacement for the GOES-
5) and the other a naval fleet-commu­
nications satellite, are scheduled to be 
launched in mid- to late June. (The At­
las is not an acceptable replacement 
for the Titan because it can carry only 
about a third of the Titan's payload.) 
More significant, a number of older 
launchers are available that could be 
reconfigured, in an emergency, to car­
ry certain smaller payloads. Accord­
ing to one industry source, it would 
even be possible to make available an 
emergency launcher for a large polar­
orbit satellite. 

The real problem is cost. Modify­
ing a launch pad to make it compat­
ible with an emergency, jury-rigged 
launcher would require a minimum 
expenditure of $40 to $50 million. 
Modifying the vehicles themselves 
would cost as much as $60 to $70 mil­
lion per vehicle, even if the costs of 
tooling up to reconfigure the rockets 
could be spread over 10 to 12 vehicles. 
The emergency polar-orbit launcher, 
according to the industry source, 
"would be a hand-built system. You 
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The fruits of Hitachi's ongoing research (from left to right). 

computed tomography, lasers, robots, a computer-scanned human eye, 
and optical memory disks. 
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For seven and a half decades, Hitachi has 
conducted research with a single goal in mind: 
To serve the world through technology. T he 
company's independent research facilities 
have developed a wide range of original tech­
nologies, innovative electrical and electronics 
products for use in homes, offices, schools, 
and hospitals across the globe. 

Most recently, Hitachi opened its 21 st R&D 
center, the Advanced Research Laboratory. 
Its purpose: To develop long-range projects 
for applications that will be serving you in the 
21st century. 

The results can be seen all around you 

Hitachi laser research has allowed high­
density recording of business data in optical 
disk filing systems. Complex manufacturing 
operations have been automated thanks to 
advances in robotics. New audio/Video 
systems make use of Hitachi's digital tech­
nology for ultrahigh-fidelity sound and high­
definition television pictures. 

Each year, Hitachi devotes some $1 billion 
to research. Our efforts to further improve 
advanced technology involve the talents of 
16,000 R&D personnel. And our desire to share 
the benefits of new knowledge with others 
has made available over 35,000 patents for 
licensing worldwide. 

In 1985 alone, six Hitachi products were 
cited by Industrial Research 100, one of the 
world's top research forums, as among the 
year's 100 best technical innovations-a rare 
honor for a single company to achieve. 

The best of worlds is yet to come 

Our vision of the future includes machine 
translation systems that will speed and improve 
cross-cultural communications. We're devel­
oping nuclear fusion systems to meet tomor­
row's energy needs, 300-mph trains that 
float above the ground on super-conductive 
magnetic fields, 3-D color scanners for medical 
diagnosis and simulation of operations-and 
much, much more. 

As technology advances, machines will 
become more complex than anyone can im­
agine. Hitachi research aims at bringing man 
and machine closer together by developing 
products that are technically sophisticated 
but easy to access, and easy to use. T hrough 
such research, we truly can meet the needs of 
people and improve the quality of life around 
the world. 

WE BELIEVE RESEARCH IS THE LEADING EDGE OF PROGRESS 

.HITACHI 
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would be launching a Rolls-Royce." 
Modifying older launchers is unsat­

isfactory for another reason as well: 
there are not many of them left. They 
are being phased out of operation in 
order to let the shuttle take on the role 
of primary launch vehicle. (Only two 
Delta's remain in NASA'S stockpile.) 
The only replacements in sight are a 
limited number of "complementary 
expendable launch vehicles" (CELY's) 
that were bought by the Air Force two 
years ago ("over NASA'S vigorous op­
position," according to Wheelon) and 
are due to be delivered in 1988. The 
CEL V's would probably not be used 
to launch commercial telecommunica­
tions satellites. 

The phaseout of older launchers is 
at the root of what may be an even 
more serious crisis. Enough telecom­
munications satellites are now in orbit 
to meet the needs of most users. By 
1989 or 1990, however, a majority of 
those satellites will have to be serviced 
or replaced; there may be no launcher 
available for these missions. When the 
satellites begin going out of service, 
the resulting shortage will have effects 
throughout the economy. A spokes­
person for the Department of Trans­
portation (the agency responsible for 
private-sector commercial use of 
space) asks: "What about all those 
chains that run their businesses on 
computers linked by satellite and that 
use no hard copy? The dimensions of 
the problem loom much larger than is 
currently being reported." 

Within the department there is a 
good deal of enthusiasm for "privatis­
ing" commercial space operations: en­
couraging private-sector companies to 
buy their own launch vehicles (and 
perhaps even to prepare their own 
launch sites) and to offer space trans­
portation as an ordinary commercial 
service. To encourage such activity, 
the Department of Transportation 
suggests, NASA (and the shuttle in par­
ticular) should be barred from carry­
ing commerical payloads. Private 
firms would thus be assured of a mar­
ket and would not have to compete 
with Government-subsidized prices. 

What broader changes need to be 
made in u.s. space strategy to ensure 
that this crisis does not develop again? 
Almost any new national space strate­
gy would include building a larger, 
more diverse fleet of launch vehicles 
to complement the shuttle. Analysts 
within and outside the Government 
are now saying with increasing fre­
quency that too much emphasis has 
been put on the shuttle as a single sys­
tem capable of carrying out most U.s. 
space missions. Among many observ­
ers the consensus is that not enough at­
tention has yet been paid to developing 

62 

a coherent overall plan for gaining ac­
cess to space. The emphasis may now 
turn toward saving the shuttle for the 
tasks only people can perform and de­
pending on small unmanned vehicles 
for the others. It is not yet clear wheth­
er the same philosophy will be applied 
to NASA'S proposal to build a large, in­
habited space station to act as the cen­
ter of in-space manufacturing and de­
velopment. 

Dirge 

W
arnings to Congress and the Ad­
ministration about deterioration 

in U. S. science and technology have 
reached a crescendo in recent weeks. 
A panel of the White House Science 
Council declared that "our present 
leadership in science and technology is 
challenged" by shortages of faculty 
and students in important fields and by 
obsolete equipment. The National Sci­
ence Board pointed to "serious defi­
ciencies" in undergraduate education 
in science, mathematics and engineer­
ing. A committee of the National Re­
search Council warned that the nation 
may soon be short of physicists at a 
time when "major advances are to be 
found in every field." 

The White House panel pointed out 
that Federal support 'of research in 
universities has declined for the past 
six years as a percentage of the gross 
national product. It should be in­
creased, the panel said. Other recom­
mendations included the award of 
merit scholarships to encourage tal­
ented students to pursue mathematics, 
engineering and the natural sciences, 
the establishment by the Government 
of university centers for broad-based 
research and the creation of a fund the 
National Science Foundation could 
employ to help universities rebuild 
their infrastructures by refurbishing 
aging buildings and replacing obsolete 
equipment. 

The National Science Board, which 
is the policymaking body of the Na­
tional Science Foundation, said the 
major problems in undergraduate edu­
cation in science, mathematics and en­
gineering are that laboratory instruc­
tion is often dull and done with obso­
lete equipment, that faculty members 
have difficulty keeping up with their 
field and that courses and curricula 
are often out of date. The board urged 
the National Science Foundation to 
deploy "$ 100 million in new funds" 
by fiscal 1989 in an effort to remedy 
the problems. 

The committee of the National Re­
search Council, which is an arm of the 
National Academy of Sciences and 
the National Academy of Engineering, 
said research in physics is jeopardized 

because many physics teachers are due 
to retire and the number of people able 
to replace them is declining. Accord­
ing to the committee, the number of 
students receiving a doctorate in phys­
ics has dropped from 1,500 in 1970 
to about 900 this year. Moreover, the 
proportion of Americans in the group 
is declining. In addition, increasing 
numbers of the students are going on 
corporate payrolls rather than into 
academic research. These trends, the 
committee said, could have serious 
consequences both for the economy 
and for national defense, which rely 
heavily on the development of new 
technologies. 

Pocketbook Voting 

T
he concern of political parties for 
the "image" of their presidential 

candidate is largely misplaced, accord­
ing to a study by Gregory B. Markus 
of the University of Michigan. Voters, 
he said in a paper presented at a con­
ference on economics and politics at 
the California Institute of Technology, 
make up their minds primarily on the 
basis of personal and national eco­
nomic conditions. Hence the "expen­
sive and exhausting" presidential cam­
paigns are "ultimately a wash in terms 
of affecting election outcomes." 

Markus, who is associated with the 
Center for Political Studies of the uni­
versity's Institute for Social Research, 
examined national economic statistics 
in conjunction with data from the in­
stitute's studies of national elections 
from 1956 through 1984. He found 
that he could have predicted the out­
come of the presidential elections in 
those years by means of econometric 
models alone, disregarding the person­
alities of the candidates, policy issues 

. and' campaign themes. The economic 
data in the models include the percent­
age change in real disposable personal 
income per capita and the percentage 
of people who feel they are better or 
worse off financially than before. 

Markus estimates that each increase 
of 1 percent in disposable income in­
creases the vote for an incumbent by 
2.2 percentage points, other things be­
ing equal. He points out that a decline 
in real disposable personal income has 
occurred in only one presidential-elec­
tion year since 195 2, namely in 1980, 
when President Jimmy Carter lost to 
Ronald Reagan. A close analysis of 
that election, he says, "provides no evi­
dence for the contention that Reagan's 
victory was the result of his policy or 
ideological positions." 

Markus intends to apply his econo­
metric-model approach to the 1988 
presidential election to see whether he 
can predict the outcome in advance. 
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135 million year old fossils one day, 
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Even though there will be no incum­
bent running, he notes, it can be argued 
that the effect of the economic situa­
tion on the Republican nominee will 
be the same as it would be if President 
Reagan were running again. 

PHYSICAL SCIENCES 

Holes in the Atmosphere 

W
here did the earth get its water? 
The conventional answer is that 

water, along with the main atmospher­
ic gases, was "cooked" out of molten 
rock and discharged from volcanoes 
soon after the planet formed. A new 
hypothesis challenges that view. Ac­
cording to Louis A. Frank of the Uni­
versity of Iowa and his colleagues, the 
earth has acquired water gradually 
over billions of years-from small, icy 
comets that continue to plunge into the 
upper atmosphere at a rate of about 20 
per minute. 

The evidence for this startling pro­
posal, presented by Frank, John B. Sig­
warth and John D. Craven in Geophys­
ical Research Letters. comes from sat­
ellite observations of the ultraviolet 
dayglow emanating from the upper at­
mosphere. Ultraviolet sunlight is scat­
tered in all directions by atomic oxy­
gen, which is the dominant atmospher­
ic constituent at altitudes of more than 
about 100 kilometers. In ultraviolet 
images made from much higher alti-

tudes by the polar-orbiting Dynamics 
Explorer 1 the day side of the earth is 
suffused in a seemingly uniform glow. 

The appearance is deceptive: after 
closely inspecting thousands of images 
over the past five years, Frank and his 
colleagues have found that the day­
glow is not so uniform after all. It is 
interrupted by transient dark spots, 
called holes, in which the intensity of 
the ultraviolet emissions falls to be­
tween one-fifth and one-twentieth of 
its normal value. Over the entire day 
side of the earth the holes appear ap­
proximately 10 times a minute and 
persist for several minutes. Although 
they are sometimes as much as 150 
kilometers in diameter, the typical di­
ameter is about 50 kilometers. That 
means a typical hole covers just one 
pixel, or picture element, on a com­
puter-processed satellite image. The 
Iowa workers contend that the holes 
must nonetheless be real, in part be­
cause they occur much too frequently 
to be attributed to an instrumental 
artifact or to noise in the data-trans­
mission system. 

After considering several possible 
explanations for the holes, the workers 
concluded that the most plausible one 
is an influx of comets. Comets consist 
mainly of water ice or snow, and water 
vapor is an effective absorber of ultra­
violet radiation. If an incoming comet 
were to vaporize at an altitude be­
tween the glowing oxygen layer and 
Dynamics Explorer 1. the resulting wa-

ATMOSPHERIC HOLES show up as dark spots on an image of the earth's dayglow made 

at ultraviolet wavelengths by the satellite DYllamics Explorer 1. The hole in the inset is 150 
kilometers in diameter and is unusually large. About 10 holes appear every minute. They 

may be clouds of ultraviolet-absorbing water-the vaporized remains of small, icy comets. 
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ter cloud would block the ultraviolet 
radiation and produce a dark hole on 
the satellite image. 

. 

To produce a hole 50 kilometers 
in diameter, according to Frank and 
his colleagues, the comet would have 
to be a fluffy 100-ton snowball about 
12 meters across. As the comet ap­
proached the earth it would be disrupt­
ed by tidal or electrostatic forces, the 
snow would vaporize and the water 
vapor would spread out, ultimately 
plunging into the atmosphere as a "pis­
ton of gas." Since 10 holes per minute 
are observed in the dayglow, and since 
an equal number of comets must be 
falling into the night side of the atmos­
phere unobserved, the Iowa group esti­
mates that the earth is currently bom­
barded by 20 100-ton comets every 
minute. An influx of water at that 
rate-about one ten-thousandth of an 
inch of rainfall worldwide per year­
would be more than enough to form 
the oceans over the 4.6-billion-year 
history of the planet. 

Frank and his co-workers suggest a 
broad range of other implications for 
their hypothesis. ICe ages, for instance, 
might be caused by dramatic increases 
in the comet flux: if the flux were from 
100 to 1,000 times greater than its pre­
sent value, a global, sunlight-blocking 
ice cloud might form at high altitudes. 
Climate changes induced by peaks in 
the small-comet flux might also ac­
count for the periodic mass extinctions 
that other investigators have attribut­
ed to catastrophic impacts of large 
comets or asteroids. Moreover, the ef­
fects of the small comets would not be 
limited to the earth: presumably the 
other planets, at least those farther 
from the sun, would also be subjected 
to a persistent hail of icy bodies from 
outside the solar system. 

Indeed, some critics of the small­
comet hypothesis have focused on 
Mars. It should have received about as 
many comets as the earth, yet it has no 
ocean. Where has all the water gone? 
According to Thomas M. Donahue of 
the University of Michigan, there is no 
way much of the water could have es­
caped from Mars, where the average 
temperature is - 5 3  degrees Celsius; if 
the water were still on the planet, the 
surface layer of permafrost would 
have to be hundreds of kilometers 
deep, which Donahue considers physi­
cally unthinkable. 

More fundamentally, other skeptics 
doubt that small comets could have 
produced holes in the earth's dayglow. 
To make it all the way to the earth a 
fluffy comet would have to be protect­
ed from the sun's heat by a mantle of 
dust. According to Ian Stewart of the 
University of Colorado at Boulder, the 
gravitational field of a comet 12 me-
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ters in diameter would not be strong 
enough to keep such a mantle intact. 

, Furthermore, Stewart argues, to pro­
duce a water-vapor cloud 50 kilome­
ters wide at the level of the dayglow, 
the comet would have to begin disinte­
grating and vaporizing at a distance of 
about one million kilometers from the 
earth, In the process a lot of ionized 
hydrogen and oxygen would be inject­
ed into interplanetary space-much 
more, Stewart says, than is compatible 
with the measured concentrations of 
those elements, 

Stewart is one observer who is not 
yet convinced that the atmospheric 
holes are real, but neither he nor any­
one else has identified a source of 
error in the Iowa group's data. Other 
investigators apparently do believe in 
the reality of the phenomenon, And so 
far no one has come up with a good 
alternative to the surprising expla­
nation proposed by the Iowa workers 
themselves. 

Miss ing Neutrinos 

Atankful of cleaning fluid under the 
South Dakota prairie has posed a 

major conundrum. The cleaning fluid 
is the sensing element in a solar-neutri­
no detector. Since it began operating in 
1968 the device, emplaced in the 
Homestake gold mine, has detected 
only a third of the number of these 
virtually massless particles that theory 
predicts should be streaming toward 
the earth from the sun, 

It seems unlikely that the neutrinos 
are getting lost along the way, Equally 
unlikely is the possibility that the sun 
is in fact producing the elementary 
particles at an unexpectedly low rate, 
since the prevailing theory successful­
ly accounts for other important char­
acteristics of the sun, such as the rela­
tion of its mass and composition to its 
luminosity and lifetime. Last year at a 
meeting in Finland two Soviet physi­
cists suggested a possible explanation 
for the discrepancy, Hans A. Bethe, 
who won the Nobel prize in physics in 
1967 for his work on energy produc­
tion in stars, comments: "I think this 
is the first explanation that could be 
right. " Bethe offers some modifica­
tions and extends the Soviet calcula­
tions in Physical Review Letters. 

The apparent resolution of the prob­
lem hinges on the fact that there are 
different "flavors, " or types, of neutri­
nos: an electron neutrino, a muon neu­
trino and a tau neutrino. Electron neu­
trinos are prod uced during thermon u­
clear fusion processes within stars. 
S. P. Mikheyev and A. Yu, Smirnov 
of the Institute for Nuclear Research 
in Moscow suggest electron neutrinos 
emitted by the core of the sun might 

interact with matter in the sun in such 
a way that they change into muon neu­
trinos on their way out. The fraction of 
neutrinos that undergo the metamor­
phosis would be quite large owing to 
the high density ( 130 grams per cubic 
centimeter) of matter at the center of 
the sun. (The density of water, in com­
parison, is only one gram per cubic 
centimeter.) 

In contrast with electron neutrinos, 
muon neutrinos would not interact 
with the chlorine atoms in the Home­
stake cleaning fluid. Plans to build 
detectors that would be sensitive to 
muon neutrinos are under way in both 
the U. S. S. R. and Western Europe. The 
Soviet experiment will use 60 tons of 
gallium and the European experiment 
6,500 tons of chilled argon, 

Seeing Double 

Ateam of astronomers led by Edwin 
L. Turner of Princeton University 

has collected evidence showing that 
what were thought to be a pair of dis­
tinct and separate quasars, or starlike 
objects, may in fact be two images of 
the same quasar. Although instances 
of such astronomical image splitting 
have been reported before, the ob­
served angular separation between the 
two putative split images is at least 20 
times wider than any previously re­
ported separation. 

The only known mechanism that 
can account for such image splitting is 
one first predicted by Albert Einstein 
in 1936: a gravitational lens. Such a 
lens is formed when spacetime is dis­
torted by the gravitational field of a 
massive object. Because the path of 
light conforms to the local geometry 
of spacetime, in the vicinity of a mas­
sive object light rays are forced to 
curve, Hence diverging light rays from 
a distant source that pass by the object 
can be "bent" around and made to 
converge, If the earth intercepts some 
of these rays, each approaching from a 
slightly different direction, multiple 
images of the light source can be ob­
served spread across a �mall area of 
the sky. 

Until now the widest angular sepa­
ration between a pair of gravitational­
lens images had been about ,002 de­
gree. When two close quasars were dis­
covered in 1979, the possibility that 
they were in fact two images of one 
quasar was therefore dismissed: the ce­
lestial objects (respectively designated 
1 146 + 1 1 1  B and 1 146 + 1 1  1 C) were 
separated by .04 degree, which seemed 
to be implausibly large for a gravita­
tional-lens image separation, Yet there 
was some suggestive evidence for a 
possible connection between the two 
quasars, 

Quasars are characterized by a sub­
stantial displacement of their light 
spectra toward the long-wavelength 
(red) end of the spectrum, the effect 
called red shift. Such a displacement 
of the spectrum can be the result of 
a quasar's high recessional velocity 
(which is thought to be directly corre­
lated with its distance from the earth) 
or perhaps of its own strong gravita­
tional field. Curiously, the spectra of 
1 146+ 1 1 1  B and C appeared to be 
red-shifted by the same amount, im­
plying they were eq ually far from the 
earth or of eq ual mass or both. 

In a letter to Nature in February, 
Bohdan Paczynski, also of Princeton, 
pointed out that the 1 146+ III pair, 
among other pairs and triplets of q ua­
sars, might in fact be the kind of ill u­
sion that would be expected if a gravi­
tational lens were in front of a single 
quasar. Paczynski suggested that accu­
rate red-shift measurements and pro­
files of the emission spectra of these 
quasars could serve as "fingerprints" 
by which to determine whether any of 
the quasar groups are images of one 
and the same quasar. 

It was Turner's team of astronomers 
that finally matched the spectral fin­
gerprints of 1 146 + 1 1 1  B and C and 
found them to be remarkably similar. 
The investigators collected the spec­
trographic data at the Kitt Peak N a­
tional Observatory; they present their 
findings in Nature. 

Preliminary searches using optical 
telescopes have not revealed any su­
perclusters of galaxies that are large 
enough to account for the separation 
between the images of 1 146 + 1 1 1  B 
and C. As a result astronomers are 
speculating that more exotic manifes­
tations of huge masses may be in­
volved: black holes or cosmic strings, 
Cosmic strings are extremely fine but 
enormously dense threads of mass and 
can extend perhaps the entire length 
of the universe; they are predicted by 
certain theories of the universe's ori­
gin. The possibility that such a cosmic 
string is at the heart of the gravitation­
al lens affecting the observation of 
1 146+ 1 1 1  B and C has aroused con­
siderable interest in astrophysical and 
cosmological circles because no cos­
mic string has yet been detected, 

BIOLOGY 

Tumor-Cell Armor 

M
any cancers respond at first to 

a cytotoxic drug but eventual­
ly become resistant to it-and, disas­
trously, to a host of other, unrelated 
drugs to which they have not been ex­
posed. Why? Different lines of investi-
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gation are converging to produce a 
picture of a single versatile defense 
mechanism that is activated under the 
pressure of drug treatment. 

Two groups, one led by Ira Pastan 
and Michael M. Gottesman of the Na­
tional Cancer Institute and the other 
by Igor B. Roninson of the University 
of Illinois College of Medicine, have 
concentrated on the genetic basis of 
multiple-drug resistance in human 
cells. Working with cancer-cell lines in 
culture, the investigators have studied 
a specific segment of DNA called 
mdrl. Earlier work with a line of cells 
from the Chinese hamster had implied 
that the mdrl sequence might play a 
crucial role in the development of 
multiple-drug resistance. 

Roninson, then at the Massachusetts 
Institute of Technology, in collabora­
tion with an M.LT. group led by David 
E. Housman, had compared the genet­
ic material of drug-resistant hamster 
lung cells with that of the parent drug­
sensitive cells. The experimental pro­
cedures were designed to detect DNA 
sequences that were present in more 
copies in the resistant cells than in the 
sensitive ones. Such amplified se­
q uences, the investigators surmised, 
would bear some relation to the cells' 
capacity to cope with drugs. Two resis­
tant cell lines contained a similar am­
plified seq uence. 

Roninson and his colleagues isolat­
ed and cloned the amplified seq uence 
and from it constructed a DNA probe 
that could recognize and bind to simi­
lar sequences in the total DNA from 
lines of human tumor cells. The probe 
bound to two different segments of 
DNA, both of which were amplified in 
drug-resistant cells. Those sequences 
in turn were isolated; they served as 
probes for the matching messenger 
RNA (mRNA) in the human cells. The 
presence of mRNA corresponding to a 
DNA sequence indicates the sequence 
is expressed and may be directing the 
production of a protein. Only one of 
the DNA sequences, designated mdrl, 
seemed to be expressed. 

Pastan, Gottesman and their col­
leagues, working with Roninson, have 
now determined that the level of mdrl 
mRNA in cultured cells representing 
several kinds of human cancer corre­
sponds to the degree of multiple-drug 
resistance. They report in Science that 
a thousandfold increase in resistance 
to colchicine (a cytotoxic drug that is 
ordinarily given as a remedy for gout) 
was correlated with an 820-fold in­
crease in mdrl mRNA. In cell lines 
that were highly resistant to colchicine 
and conventional anticancer drugs the 
DNA sequence itself was amplified; in 
less resistant cells the mdrl gene was 
no more prevalent than it was in sensi-
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tive cells, but it was expressed more 
abundantly. 

These observations have led the 
authors to propose that selection for 
multiple-drug resistance takes place in 
two stages: first the mdrl gene is acti­
vated by a mutation or a nongenetic 
change in the DNA, leading to in­
creased expression, and then the gene 
is amplified, leading to higher levels of 
resistance. 

How might mdrl enable a cell to 
survive a varied onslaught of cytotoxic 
drugs? Studies of the surface proteins 
characteristic of multiple-drug-resis­
tant cells, carried out over several 
years by Victor Ling of the Ontario 
Cancer Institute and his colleagues, 
suggest an answer. When such cells are 
exposed to cytotoxic drugs in culture, 
they tend to accumulate much smaller 
amounts of the drugs than sensitive 
cells do. The difference seemed likely 
to reflect a change in the properties of 
the cell membrane. 

Ling and other workers found that 
the membrane of resistant cells bears 
unusually large amounts of a protein 
he called P-glycoprotein. Monoclonal 
antibodies to the protein showed an af­
finity for cell membranes that was cor­
related with the cells' level of drug re­
sistance. The antibodies also detected 
an overabundance of P-glycoprotein 
on tumor cells taken from patients 
with drug-resistant ovarian cancers. 
The workers suggest P-glycoprotein 
modulates the permeability of the cell 
membrane; in unusual quantities it 
might change the properties of the 
membrane and thereby limit the intra­
cellular accumulation of foreign com­
pounds-including cytotoxic drugs. 

The gene for P-glycoprotein appears 
to be closely related to or identical 
with mdrl itself. Ling and his col­
leagues have identified and cloned 
the DNA encoding P-glycoprotein, as 
have groups led by Peter W. Melera 
and June L. Biedler of the Memorial 
Sloan-Kettering Cancer Center and by 
Piet Borst of the Netherlands Cancer 
Institute. The workers have found 
that, like mdrl, the DNA sequence is 
amplified in multiple-drug-resistant 
cell lines. Other factors also suggest 
that the two DNA segments are relat­
ed: they are found on the same chro­
mosome, and they encode mRNA's of 
the same size. 

The close association of the glyco­
protein and its gene with multiple­
drug resistance points to some new 
approaches to cancer therapy. Mono­
clonal antibodies to P-glycoprotein 
or genetic probes for mdrl mRNA 
could detect the activity of the gene in 
cells biopsied from a tumor, yielding 
a measure of the cancer's sensitivity 
to cytotoxic drugs. Such antibodies 

might also have a direct therapeutic 
role if P-glycoprotein is crucial to mul­
tiple-drug resistance. By incapacitat­
ing the protein, they might make resis­
tant cells sensitive again. 

Setting the Clock 

Everyone who has flown across more 
than one or two time zones is fa­

miliar with the chronological disori­
entation that accompanies east-west 
travel. Innumerable travelers, lying 
wide awake in the middle of the night 
in a new city, have wished for a pill 
that would make possible a quick, 
painless adjustment to local time. Re­
cently that weary traveler'S dream 
moved toward fulfillment when Fred 
W. Turek and Susan Losee-Olson of 
Northwestern University found that a 
commonly prescribed medication can 
reset the internal clock of a golden 
hamster. 

Turek and Losee-Olson worked 
with a drug called triazolam, which is 
used in treating insomnia. Triazolam 
is a member of the family called ben­
zodiazepines; the most frequently pre­
scribed member of that family is vali­
um. The benzodiazepines are thought 
to work by heightening the effect of 
gamma-aminobutyric acid (GABA), a 
neurotransmitter that is widely distrib­
uted in the central nervous system. 
Nerve cells containing GABA are found 
in the suprachiasmatic nuclei, paired 
structures in the hypothalam us that 
appear to form the basis of the central 
biological pacemaker in mammals. 

The golden hamster is an excellent 
species for tests of circadian (daily) 
rhythms because its behavior in cap­
tivity is remarkably regular. Caged 
golden 'hamsters begin their workout 
orr the treadmill at exactly the same 
time every day, and so changes in the 
time they begin to run can indicate ai­
terations of internal rhythms. Turek 
and Losee-Olson recorded daily activ­
ity in a group of hamsters for two 
weeks to provide a baseline and then 
injected each hamster with triazolam 
at one of eight times spread equally 
over the animal's circadian cycle. 

Intriguingly, the results showed the 
effect of the drug varied considerably 
with the timing of the injection. When 
triazolam was injected six hours be­
fore running would otherwise have be­
gun, the circadian cycle was advanced 
by about 90 minutes. When the drug 
was injected from six to nine hours 
after the beginning of running, how­
ever, the circadian cycle was retarded 
by as much as an hour. Injections giv­
en at other intervals yielded smaller 
phase shifts. 

Turek and Losee-Olson's findings 
were published in Nature along with a 
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commentary by Arthur T. Winfree of 
the University of California at San 

. Diego. Winfree writes: "The potential 
practical interest of [Turek and Losee­
Olson's] results lies in the hope that the 
same or a related fast-acting, quickly 
eliminated chemical without conspic­
uous side effects may also abruptly re­
set the circadian clock in humans. If 
so, then we may soon find ourselves 
carrying pills and a schedule whenever 
we cross time zones at a pace much in 
excess of one per day." 

Chief of Staph 

T
he bacterial species Staphylococcus 
aureus gives rise to an array of hu­

man diseases that includes boils, toxic­
shock syndrome and skin, blood, heart 
and lung infections. It also causes the 
antibiotic-resistant staphylococcus in­
fections that can plague hospitals. The 
bacteria are thought to cause disease 
mainly by releasing enzymes and toxic 
proteins into cells and tissues. Now in­
vestigators seem to have found a trig­
ger for the production of these sub­
stances; it is a "master gene"-called 
the accessory gene regulator (agr)­
that activates the genes encoding sev­
eral of these exoproteins. Richard P. 
Novick and his colleagues at the Pub­
lic Health Research Institute in New 
York and at the University of Minne­
sota Medical School report their re­
sults in Molecular and General Genetics: 

The investigators knew that muta­
tions of S. aureus affecting exoprotein 
production often alter the levels of 
many proteins simultaneously. This 
suggested that there might be a single 
gene coordinating multiple exoprotein 
genes. The team's demonstration of 
the gene's existence was nonetheless 
somewhat serendipitous. In the course 
of attempting to isolate the gene en­
coding the toxin associated with toxic­
shock syndrome (the toxin had been 
identified earlier), the group was test­
ing a recombinant strain of S. aureus 
to see how well it produced the tox­
in. The workers knew the strain was 
not able to produce alpha hemolysin, 
a toxin that damages red and white 
blood cells, presumably because the 
alpha hemolysin gene was inactivated 
by a transposon, or "jumping gene, " 
inserted into it. They did, however, ex­
pect that the gene for the toxic-shock 
toxin (which was definitely present) 
would be expressed. 

The investigators were therefore 
surprised to find that when the strain 
was grown in culture, it produced de­
pressed levels not only of alpha hemo­
lysin but also of the toxic-shock toxin 
and of two additional toxins that dam­
age blood cells. This suggested that the 
trans po son had been inserted at a site 

outside the alpha hemolysin gene­
into a master gene controlling the ac­
tivity of not one but several exoprotein 
genes. Indeed, when the investigators 
examined the alpha hemolysin locus 
of the S. aureus strain, they found no 
transposon there. 

On further examination of the cul­
ture, the team also found a reduced 
level of messenger RNA (mRNA) for 
both the toxic-shock toxin and alpha '
hemolysin. Since mRNA acts as a tem-
plate for the production of substances 
encoded by DNA, such a reduction 
suggested that the master gene, agr, 
acts at the level of mRNA, perhaps by 
enhancing the rate of its transcription 
from DNA. 

Novick says he and his colleagues 
are about to complete the isolation 
and sequencing of agr. Having done 
that, they expect to be able to identify 
the product encoded by the master 
gene and to trace its activities. The 
product quite likely is a protein and 
certainly is a mediator of agr's activity. 
In the more distant future the group 
also hopes to discover the trigger that 
activates the activator. 

TECHNOLOGY 

Chern obyl, U.S.A.? 

T
he explosion at the Chernobyl nu­
clear reactor in the U. S. S.R. and 

the accompanying spread of radioac­
tive fallout have raised the question 
of whether a similar series of events 
could happen in the U. S. Determining 
the answer is not easy, largely because 
the details of the cause of the Soviet di­
saster are so far not known. Yet the 
consensus among nuclear physicists 
and engineers suggests thfit the U. S. 
does not have a shield of inherently su­
perior technology. 

The cause of the Chernobyl acci­
dent was initially linked to a reactor 
component called the moderator. It 
reduces the speed at which a neutron 
travels, thereby enhancing the likeli­
hood that the particle wiil be captured 
by a nucleus and induce it to fission. 
The moderator in the Chernobyl reac­
tor is graphite. The moderator in all 
but two U. S. reactors is water. (The re­
actors at the Hanford site near Rich­
land, Wash., and the Fort St. Vrain 
commercial reactor in Platteville, 
Colo., do have graphite moderators. 
Both reactors are believed to have 
more safety features than the one at 
Chernobyl, but only the Fort St. Vrain 
reactor meets all the U. S. safety codes 
for-commercial reactors.) 

Western experts initially thought the 
Chernobyl accident was the conse­
q uence of annealing, a process that re-

stores the neutron-controlling proper­
ties of a graphite moderator. Graphite 
consists of a lattice of carbon atoms. 
When neutrons pass through it, they 
knock carbon atoms out of their rest­
ing positions, raising the internal ener­
gy of the lattice. The phenomenon is 
called the Wigner effect because it was 
postulated by Eugene P. Wigner of 
Princeton University. Over a period 
of many months the internal energy 
can reach dangerously high levels. To 
purge the lattice of its energy, that is, 
to allow the carbon atoms to return 
to their normal resting positions, the 
graphite is typically annealed, or heat­
ed, once a year. Although heating the 
graphite is a standard procedure (the 
flow of coolant water is simply re­
duced), overly rapid heating can cause 
an explosion. Such an explosion did 
occur in 195 7  at the Wind scale reactor 
in England. 

As more information has become 
available, however, it seems increas­
ingly unlikely that the Wigner effect 
was responsible for the Chernobyl ac­
cident. Richard K. Lester, associate 
professor of nuclear engineering at the 
Massachusetts Institute of Technolo­
gy, notes that at the time of the ex­
plosion the reactor was operating at 
full power, which is not usually the 
case during the annealing procedure. 
Moreover, reports indicate the normal 
operating temperature of the Cherno­
byl reactor appears to have been from 
25 0 to 300 degrees Celsius-high 
enough so that carbon atoms can re­
turn to their resting positions without 
annealing. 

The currently favored scenario to 
explain the start of the Chernobyl acci­
dent, which seems to have culminated 
in a fire in the moderator and at least a 
partial meltdown, has little to do with 
the choice of moderator-be it graph­
ite or water. Most experts, including 
Harold R. Denton, director of regu­
lation for the U. S. Nuclear Regula­
tory Commission (NRC), believe the 
difficulties began when cooling water 
stopped flowing to the reactor core, 
perhaps because of a leak in the cool­
ing system or a turbine failure. As the 
core heated up, cooling water inside 
fuel rods was converted into steam. 
The steam may in turn have interacted 
with zirconium cladding on the rods 
to produce free hydrogen. Enough 
hydrogen may eventually have been 
generated so that explosive reactions 
between hydrogen and oxygen took 
place. A brief explanation given by <::0-

viet leader Mikhail S. Gorbachev dur­
ing a televised address appeared to 
confirm this course of events. 

Could there be a hydrogen-oxygen 
explosion in a U. S. reactor? Thomas 
B. Cochran, a senior scientist at the 
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Natural Resources Defense Council 
and a former adviser to both the NRC 
and the U.S. Department of Energy, 
points out that hydrogen was released 
during the 1979 accident at the Three 
Mile Island-2 reactor near Harrisburg, 
Pa. There was no chemical explosion 
because little or no free oxygen was 
present. Nevertheless, both Cochran 
and Robert D. Pollard, a nuclear safe­
ty engineer with the Union of Con­
cerned Scientists and a former mem­
ber of the staff of the NRC, caution that 
there is little reason to believe U.S. re­
actors are immune to hydrogen-oxy­
gen explosions. Brian W. She ron, dep­
uty director of safety review and over­
sight for the NRC, takes issue with that 
point. He comments: "Zirconium can 
react with steam to produce [free] hy­
drogen. But I must qualify my state­
ment. U.S. plants are designed so that 
you don't get that situation." 

Proponents of nuclear power and in­
dustry officials have argued that even 
if an accident did occur, the contain­
ment buildings surrounding U.S. reac­
tors would prevent the release of sig­
nificant amounts of radiation. One 
version of a containment building is 
a domed concrete structure with an 
airtight steel liner. The containment 
building at Three Mile Island is credit­
ed with having prevented the release 
of large amounts of radiation into the 
atmosphere even though a partial fuel 
meltdown took place. 

Initially word was spread by the 
Atomic Industrial Forum, Inc., and 
other organizations in the West that 
the Chernobyl reactor had no contain­
ment building. Subsequent informa­
tion gathered by the Central Intelli­
gence Agency and American nuclear 
experts who have visited Chernobyl, 
as well as information from technical 
literature, indicates otherwise. West­
ern experts now agree that a large 
structure of heavy steel and concrete 
did in fact enclose the Chernobyl reac­
tor. Moreover, it appears to have been 
designed to withstand pressures that 
are comparable to those in many 
American reactors. 

It remains unclear how effective 
U.S. models are compared with the So­
viet structure. Cochran thinks the con­
tainment buildings in the U.S. cannot 
confine full-core meltdowns: "Large 
power reactors of very different de­
signs can undergo a core meltdown .... 
I think it would be a mistake to seek 
assurances in the technical differen­
ces among various confinement struc­
tures." Cochran has testified before a 
House subcommittee on energy con­
servation and power that "the most 
important lesson to be learned from 
Chernobyl [is that] a core melt can 
happen. It can happen anywhere, any-
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time, in any large operating reactor in 
the U.S. or abroad." 

Sheron, on the other hand, remarks 
that "the Soviet enclosures seem to 
be philosophically very different from 
those in Western nations." He contin­
ues: "Based on everything we know 
about Chernobyl, there is no reason 
for us to change our regulation. There 
is nothing jumping out saying what we 
should fix." He argues that although 
"we can possibly postulate accidents 
that would fail confinement. .. , the re­
sulting risk is still acceptably low. We 
can't live in a risk-free society." 

Sunspots 

T
he economical conversion of sun­
light into electricity suitable for 

the utility grid has been a goal long 
pursued by solar-energy advocates. 
Up to now attempts to generate elec­
tricity directly from sunlight have 
been frustrated by the expensive pro­
d uction techniques and low efficien­
cies associated with photovoltaic, or 
solar, cells. A new, record-setting level 
of efficiency in solar-energy conver­
sion attained by a research team at 
Stanford University therefore repre­
sents a significant step toward cost-ef­
fective generation of electricity by 
means of solar cells. 

Solar cells are made of semicond uc­
tor materials, such as crystalline sili­
con, which release electrons from their 
bonding sites when they are exposed to 
light of certain energies. An electron 
thus released can travel through the 
silicon, leaving behind it a "hole" (the 
vacated bonding site). By interspersing 
atoms of other elements in silicon's 
crystalline structure (a process called 
doping), silicon can be made preferen­
tially receptive either to the negative­
ly charged electrons (in which case it 
is called n-type silicon) or to the posi­
tively charged holes (p-type silicon). 
Charges generated by photons at the 
interface between layers of n-type 
and p-type silicon therefore segregate 
themselves, the electrons migrating to 
the n-type layer and the holes migrat­
ing to the p-type layer. 

The electric current generated by 
the moving charges can be tapped sim­
ply by placing electrical conductors on 
the outside surfaces of the layers. Un­
fortunately, because the conductors 
cover the surfaces of a conventional 
solar cell, they unavoidably block out 
some of the impinging sunlight. More­
over, the presence of the doping impu­
rities in the regions under the current 
collectors tends to cause freed elec­
trons to recombine with holes before 
they have had a chance to generate a 
current, further reducing the efficien­
cy of the cell. 

The Stanford investigators managed 
to reduce both types of losses by dop­
ing tiny spots on the back surface of a 
layer of silicon dioxide. Fine "fingers" 
of deposited aluminum serve as cur­
rent collectors at each p-doped and n­
doped spot. Such a novel design elimi­
nates the blocking of sunlight at the 
front surface and minimizes the doped 
regions. As a result the Stanford so­
lar cell attains an efficiency of 27.5 
percent (in concentrated sunlight). Al­
though the nearest competitor has an 
efficiency that is only about 1. 5 per­
cent less, it is made of gallium arse­
nide, which costs considerably ·more 
and is difficult to process. 

The Stanford researchers are confi­
dent that they can further improve 
their silicon solar cell to reach a maxi­
mum efficiency of 29 percent. At the 
same time studies are being done to de­
termine whether the cell can be mass­
produced at a cost low enough for 
practical large-scale power generation. 

Mussel Power 

I
n order to attach itself to a surface 

the mussel secretes a sticky glue 
that is as powerful as epoxy; it offers 
the additional advantage of working 
even under water. After 10 years of ef­
fort J. Herbert Waite of the University 
of Connecticut has succeeded in iden­
tifying the main ingredient of the sub­
stance and has synthesized the mate­
rial. He and the National Institute 
of Dental Research, which supported 
his work, foresee applications for the 
adhesive in dentistry, medicine and 
industry. 

Over a period of three years Waite 
and his associates laboriously extract­
ed tiny amounts of glue from more 
than 3,000 mussels. They found that, 
like epoxy, it consists mostly of a resin 
called polyphenolic protein. Chemical 
analysis showed that a repeating se­
quence of 10 amino acids makes the 
glue work. Apparently the surface ten­
sion of the molecule displaces water, 
so that the molecule can form three 
types of bond (hydrogen, ionic or va­
lence) with the substrate. By means of 
solid-phase peptide synthesis Waite's 
group was able to reproduce the adhe­
sive in the laboratory. 

Because the adhesive binds in a wet, 
saline environment, it is expected to be 
effective for tooth repair and perhaps 
for mending broken bones or injured 
tendons. Moreover, it has the remark­
able property of not accepting anoth­
er adhesive once it sets. Hence the 
U.S. Navy, in what a mussel might re­
gard as the ultimate irony, hopes to 
employ the adhesive as a coating for 
ship hulls to prevent fouling by marine 
organisms. 
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The Structure of Mountain Ranges 

What holds mountains up? Some stand on plates of strong rock; 

others are buoyed by crustal roots reaching deep into the mantle. 

The latter may collapse when their flanks are not pushed together 

I
n looking at mountains one is gener­

ally first struck by the topography: 
the extraordinary scale, the shapes 

carved by glaciers and streams, the 
contours smoothed and decorated by 
vegetation. Many people are inspired 
by the same awe they feel before cer­
tain manmade structures, such as the 
soaring arches and stained glass of a 
Gothic cathedral. Yet as the eye steps 
from detail to detail across a land­
scape it is easy to forget that enormous 
forces are required not only to build 
but also to support a mountain range. 
Each range, like each cathedral, stands 
on a foundation, without which it 
would collapse. If one wants to feel 
more than inarticulate wonder before 
mountains or buildings, it helps to 
understand the invisible mechanisms 
that support the visible beauty. Hence 
the purpose of this article: to describe 
the underlying structure-the tecton­
ics, if not the architecture-of moun­
tain ranges. 

Two Kinds of Support 

The analogy to architecture is not 
merely rhetorical; the different solu­
tions architects have found to the 
problem of supporting buildings have 
parallels in the structure of mountain 
ranges. One solution is to build on 
a basement of strong, inflexible rock. 
Some of the world's tallest buildings, 
for example, stand on the Manhattan 
schist, a rock formation that has not 
been significantly heated or deformed 
(and thereby weakened) since the Pre­
cambrian era ended some 600 million 
years ago. The world's highest moun­
tains, the Himalayas, are like the Man­
hattan skyscrapers: they stand on a 
thick shield of strong Precambrian 
rock, the northern edge of the Indian 
subcontinent. 

A basement of strong rock, howev­
er, is not necessary for the support of a 
large structure. I work in a 20-story 
building in Cambridge, Mass., that 

70 

by Peter Molnar 

rests on pilings pounded 40 meters into 
artificial fill and glacial moraine in 
what was once a tidal basin along the 
Charles River. To some extent the 
building floats on water-saturated de­
posits, and in that respect it is not un­
like a large ship. Mountains too can be 
supported by the buoyancy of light 
material floating on heavier material. 
An example is the Tibetan plateau 
north of the Himalayas, nearly all of 
which lies above 4,500 meters. Unlike 
the substrata of the Himalayas them­
selves, the substrata of the plateau 
appear to be weak and easily de­
formed-like the landfill under my of­
fice building or the water under a ship. 

The Survey of India 

The Himalayas and the neighboring 
Tibetan plateau thus exemplify two 
quite distinct mechanisms for support­
ing mountain ranges (which is not to 
say that both mechanisms cannot op­
erate in the same range). In fact, it 
was the study of this area 140 years 
ago that led to the first advances in un­
derstanding the structure of moun­
tains. The pioneers were the surveyor 
George Everest, J. H. Pratt, the scien­
tifically inclined archdeacon of Cal­
cutta, and George B. Airy, the eminent 
mathematical physicist and Astrono­
mer Royal of Britain. The story of 

their work is in itself a fascinating bit 
of intellectual history. 

In the 1840's Everest was directing 
the first topographical survey of the 
Indian subcontinent. His crews had 
two methods of measuring distances. 
First, they could measure short dis­
tances by the conventional surveying 
technique of triangulation, arriving at 
longer distances step by step. Second, 
they could determine the relative posi­
tions of two widely separated points 
directly by observing the position of a 
reference star from both points at the 
same time of day. In principle the two 
methods should have yielded similar 
results, but in practice there were large 
discrepancies. The most celebrated of 
these concerned the distance between 
the towns of Kaliana and Kalianpur, 
respectively some 100 and 700 kilome­
ters south of the Himalayan front. The 
astronomical survey placed the two 
towns about 150 meters closer to each 
other than triangulation did. 

Everest assumed that cumulative er­
rors in triangulation accounted for the 
discrepancy, but in 1854 Pratt showed 
that the error lay instead with the as­
tronomical measurements. To deter­
mine the position of a star on the celes­
tial sphere the surveyors had to know 
precisely the direction of the zenith 
(the vertical direction), which was de­
fined by a plumb line. Pratt suggested 

HIMALAYAS AND TIBET exemplify the two mechanisms by which mountain ranges and 

high plateaus can be supported. The view in this photograph, taken from the space shuttle 

Challenger, is to the south over southern Tibet, Nepal and northern India; the area covered 

is about 175 kilometers wide. The snowcapped Himalayan peaks are partially masked by 

clouds. They stand on the northern edge of the strong Indian plate, which bends down to 

distribute their weight; the Ganges plain, just visible beyond the mountains, owes its exis­

tence to the bending. In contrast, the high Tibetan plateau is supported by a deep root of 

buoyant crust. Thick crust tends to be weak, and if it is not held together by horizontal 

forces, it can spread. Tibet is slowly spreading and collapsing. The large valley in the center 

of the photograph is a graben that has formed where a block of crust has dropped down 

along normal faults as the adj acent crust has spread apart. The graben cuts through east­

west-trending folds left by the collision between India and Eurasia that raised the Hima­

layas. To the south it continues into the Kali Gandaki valley, which is flanked by Anna­

purna to the east and Dhaulagiri to the west. Both peaks are more than 8,000 meters high. 

© 1986 SCIENTIFIC AMERICAN, INC



© 1986 SCIENTIFIC AMERICAN, INC



that the gravitational attraction exert­
ed by the large mass of the Himalayas 
and the Tibetan plateau would deflect 
the plumb bob to the north, and the de­
flection would be greater at Kaliana 
than at Kalianpur because Kaliana is 
closer to the mountains. The resulting 

difference in the measured directions 
of the zenith would introduce an error 
into the calculation of the relative po­
sitions of the two towns. 

teau, he made a puzzling discovery. 
His results indicated that a plumb bob 
should be deflected by 28 seconds of 
arc at Kaliana and by 12 arc seconds at 
Kalianpur. The 16-arc-second differ­
ence may seem small, but actually it 
corresponded to an error in the astro-

When Pratt tried to determine the 
size of the error by estimating the mass 
of the Himalayas and the Tibetan pla-
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THREE MECHANISMS of isostatic compensation embody differ­

ent ideas of how mountain ranges are supported. In the 19th centu­

ry J. H. Pratt and George B. Airy suggested that mountains are 

supported solely by the buoyancy of the crust floating on the denser 

mantle; in this view the excess mass in a mountain range is compen­

sated by a mass deficit directly under the range. Pratt (top) pro­

posed that the density of the crust varies laterally and that moun­

tains stand high where the density is low (light gray). Airy (middle) 
assumed that the crust is of uniform density but that it is thicker 
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under mountain ranges: like icebergs, mountains are supported by 

deep roots of buoyant material. Felix A. Vening-Meinesz, however, 

proposed that a mountain range is compensated regionally rather 

than locally (bottom). The weight of the mountains bends a strong 

layer, now called the lithosphere, that usually includes the crust and 

part of the mantle and that overlies a weak, fluidlike layer called 

the asthenosphere. The bending of the lithosphere distributes the 

load over a broad region. Mountains stand higher on thick litho­

sphere because it bends less than thin lithosphere (brokell lilies). 
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nomical distance measurement that 
. was three times larger than the ob­

served discrepancy of 150 meters. Ap­
parently, Pratt concluded, the real dif­
ference in the gravitational deflection 
of the plumb bob was only about five 
arc seconds, which implied that he had 
overestimated the mass of the moun­
tains; there was a lot less mass under 
the Himalayas and Tibet than his anal­
ysis of their topography had suggest­
ed. Indeed, had Pratt had access to ac­
curate topographic maps (his maps put 
most of Tibet at just over half its 
true altitude) he would have inferred 
an even greater "missing" mass. 

Crust and Mantle 

Airy read Pratt's paper at his desk in 
London. At first the idea of missing 
mass surprised him, but then he quick­
ly realized that the surface of the earth 
is probably not strong enough to sup­
port a huge mass of mountains with­
out deforming in some way. The de­
formation leads to a mass deficit un­
der the mountains that compensates 
the excess mass on the surface. Com­
pensation of this type is familiar to 
most people as the phenomenon Ar­
chimedes discovered when he got into 
a full bathtub and it overflowed; to ge­
ologists it is now known as isostasy. 

In Airy's conception of isostasy the 
earth's light crust floated on a heav­
ier but weak, fluidlike substratum: the 
mantle. The chemistry of the crust is 
well known today, and it is indeed 
lighter than the mantle. Although both 
layers consist primarily of oxygen and 
silicon, the relatively heavy elements 
iron and magnesium are much more 
abundant in the mantle. In contrast, 
larger fractions of the relatively light 
elements, including sodium, calcium, 
aluminum and potassium, are concen­
trated in the crust. As a result the crust 
is less dense than the mantle, and so it 
is not unreasonable to think, as Airy 
did, that the crust floats on the man­
tle as cream floats on milk. Like the 
boundary between cream and milk, 
the boundary between crust and man­
tle is quite sharp. 

Pratt shared Airy's conception of a 
floating crust, but the two men dis­
agreed on the mechanism underlying 
isostatic compensation. Pratt thought 
the temperature and hence the density 
of the crust vary from place to place. 
Where the crust is hotter and lighter 
than average it rises to form moun­
tains; where it is cold and dense it sub­
sides to form vast lowlands. Airy, on 
the other hand, thought the density of 
the crust is fairly uniform but that its 
thickness varies. The crust is thicker 
under mountains, he argued, than un­
der lowlands; the visible mountains 
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ASTHENOSPHERE 

LITHOSPHERE AND ASTHENOSPHERE are shown in vertically exaggerated (top) and 

unexaggerated (bottom) cross sections. The two layers differ in temperature: the lithosphere 

is cooler and therefore stronger than the asthenosphere. The boundary between them is not 

sharp; it can be taken as lying roughly at 1,300 degrees Celsius. In contrast, the chemical 

boundary between crust and mantle is sharp. The thickness of the lithosphere varies consid­

erably. Under midocean ridges, where it is created by the upwelling of hot material from 

the asthenosphere, it is very thin; under continental shields, which are made of crust that 

has not been heated for 600 million years or more, its thickness may increase to more than 

150 kilometers. Under some high plateaus, however, the lithosphere is not thick. Indeed, 

under Tibet the thermal boundary between lithosphere and asthenosphere appears to fall 

within the crust instead of in the upper mantle. The crust under Tibet is warm and pliable. 

are like the tips of icebergs, and like 
icebergs they are supported by deep, 
invisible roots. 

Seismological studies over the past 
several decades have confirmed Airy's 
prediction that the thickness of the 
crust varies substantially. Continental 
crust is on the average between 30 and 
40 kilometers thick, but under moun­
tains the thickness may increase to 
as much as 75 kilometers. The crustal 
roots compensate the excess mass of 
the mountains by displacing denser 
mantle rock. Conversely, the crust un­
der the deep oceans compensates the 
low density of water by being only 
about six kilometers thick. Gravity­
ind uced rock movements keep the 
earth in approximate isostatic eq uilib­
rium, such that the mass of an imag­
inary column through the earth is 
roughly the same whether its surface is 
a mountain range or part of an ocean. 

Lithosphere and Asthenosphere 

In spite of such impressive confir­
mations Airy's version of isostasy is 
only approximately correct. Early in 
this century, even before seismologists 
had confirmed that the thickness of the 
crust varies, they had found that the 

mantle, like the crust, is solid rather 
than liquid. Hence the image of the 
crust floating on the mantle is an over­
simplification, and the same must be 
true of Airy's hypothesis. In the 1930's 
the Dutch geophysicist Felix A. Yen­
ing-Meinesz suggested that the isostat­
ic compensation of a topographic load 
should take place on a regional rather 
than a local scale and should involve 
more than just the formation of crustal 
roots. (In the limiting case this is obvi­
ous; the crust does not poke hundreds 
of meters into the mantle under the 
Empire State Building.) 

Specifically, Yening-Meinesz pro­
posed that a large load such as a 
mountain range deflects the earth's 
strong outer layer, now called the 
lithosphere. The lithosphere usually 
includes not only the crust but also the 
uppermost part of the mantle. It over­
lies a weak, fluidlike layer called the 
asthenosphere. To a first approxima­
tion the lithosphere can be treated as 
elastic, and under a mountain range it 
bends downward, thereby distributing 
the weight of the range over a broad 
region. The bending of the lithosphere 
creates a trough parallel to the range. 
As a result the excess mass of the 
mountains is compensated in part by a 
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HIMALAYAS WERE FORMED when the Indian lithospheric 

plate drifted northward and collided with the Eurasian plate. The 

collision is shown here in simplified, vertically exaggerated dia­

grams. Some 60 million years ago the oceanic lithosphere at the 

leading edge of the Indian plate was being subducted under south­

ern Tibet (1). Magma rising above the Indian plate erupted from 

volcanoes and formed granite intrusions. Sediments and oceanic 
crust scraped off the descending plate piled up in an accretionary 

wedge, which created a forearc basin that trapped sediments eroded 

from Tibet. Sometime between 55 and 40 million years ago the two 

landmasses collided (2). Presumably the Indian crust was too buoy­

ant to plunge far under Tibet; as a result a new fault, the Main 
Central Thrust, broke through the Indian crust. Subsequently mo-
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tion continued along the fault (3). A slice of Indian crust, topped by 

Paleozoic and Mesozoic sediments that had been deposited on the 
continental shelf, was thrust up onto the oncoming subcontinent. 

The accretionary wedge and the forearc sediments were thrust 

northward onto Tibet. (Much of this material has since been eroded 

away.) About 20 to 10 million years ago the Main Central Thrust 

became inactive. Since then India has slid northward along a second 

fault, the Main Boundary Fault (4). A second slice of crust has 

been thrust up onto the subcontinent, lifting up the first slice. The 

two uplifted slices make up the bulk of the Himalayas; many of the 

peaks are capped by Paleozoic sediments. The Indian plate bends 

slightly under the weight of the mountains, and the resulting trough, 

now filled with sediments, can be detected under the Ganges plain. 
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mass deficit in the trough and not just 
by a deficit directly under the range. 

The lithosphere, it is now known, is 
not a continuous layer but instead con­
sists of 20 or so separate plates. The 
movements of the plates over the as­
thenosphere account for the formation 
of ocean basins and mountain ranges 
and for the other phenomena known 
collectively as plate tectonics. Al­
though descriptions of such horizontal 
plate movements generally treat the 
plates as being rigid rather than elastic 
bodies, this does not contradict Ven­
ing-Meinesz' hypothesis that the litho­
sphere bends elastically under a top­
ographic load. A lithospheric plate is 
somewhat like a wood table: the table 
moves rigidly when it is pushed across 
the floor, but it may sag in the middle 
when a heavy load is placed on it. 

The asthenosphere offers buoyant 
resistance to the sagging of the litho­
sphere, but the lithosphere does not 
float on the asthenosphere. Unlike the 
boundary Qetween crust and mantle, 
the boundary between lithosphere and 
asthenosphere is not a chemical one, 
and the density contrast across the 
boundary is therefore negligible. The 
buoyant restoring force exerted by the 
asthenosphere arises from its being 
much denser than the layer of air or 
water overlying the flexed lithosphere. 

The lithosphere and asthenosphere 
differ in temperature rather than in 
composition: the lithosphere is cool­
er, which explains why it is stronger. 
Within the lithosphere temperature in­
creases rapidly with depth, reaching a 
level of roughly 1,300 degrees at the 
boundary of the asthenosphere. The 
boundary is not sharp like the chemi­
cal boundary between crust and man­
tle, and there is no general agreement 
among investigators on how to define 
it. What is clear is that like the crust 
the lithosphere varies widely in thick­
ness, from as little as 10 kilometers to 
more than 150. 

The thicker a wood table is, the 
greater the load it can support and the 
less it sags. The same is true of the 
lithosphere. A thick plate is stronger 
than a thin one and bends less under 
the weight of a mountain range. Con­
sequently a range should stand higher 
on a thick plate, other things being 
equal, than it would on a thin one. 
High mountains can nonetheless exist 
on a thin plate if they are supported 
in the way Airy envisioned, by deep 
crustal roots. The isostatic mecha­
nisms put forward by Airy and Ven­
ing-Meinesz are not mutually exclu­
sive. On the contrary, it has been 
found that a mountain range can be 
supported by a strong foundation of 
thick lithosphere (like the New York 
skyscrapers), by deep roots of light 

crust (like a ship) or by a combina­
tion of both mechanisms. The relative 
importance of the mechanisms varies 
from range to range. 

The Himalayas and Tibet 

To determine which mechanism is 
more important in the case of the Hi­
malayas and the Tibetan plateau one 
must first consider how those moun­
tains were formed. Some 70 million 
years ago India and the rocks that now 
make up the Himalayas were about 
8,000 kilometers south of their present 
position, drifting northward from Ant­
arctica toward Asia on a large plate 
consisting primarily of oceanic litho­
sphere. Southern Tibet was at that 
time on the south coast of Asia and lay 
about 2,000 kilometers south of where 
it is now. As the Indian and Eurasian 
plates collided the oceanic lithosphere 
north of the Indian landmass was bent 
down and thrust under Tibet, much 
as the plates under the Pacific Ocean 
are now being thrust under Japan, the 
Aleutians and South America. (Geolo­
gists call this process subduction.) It 
was as if the Indian plate were a con­
veyor belt trundling around a spool 
under southern Tibet. 

Sometime between 55 and 40 mil­
lion years ago the Indian landmass it­
self struck the south coast of Asia, and 
at that point the conveyor belt began 
to jam; the speed of the Indian plate 
was red uced from between 10 and 20 
centimeters per year to about five cen­
timeters per year (the rate at which In­
dia still plows into Eurasia today). As 
India plunged under Tibet with tre­
mendous force, a northward-dipping 
fault tore through the northern edge of 
the subcontinent. The crust under the 
fault plane continued to move north­
ward and downward, but a slice of 
continental shelf and deep crust above 
the fault plane was in effect shaved off 
the oncoming subcontinent and thrust 
backward on top of it. Between 20 and 
10 million years ago the process was 
repeated: the first fault became inac­
tive and a second fault formed at a 
deeper level. A second slice of Indian 
crust was thrust onto the subcontinent, 
lifting up the first slice. The eroded 
remnants of these two slices of ancient 
Indian crust are exposed today in the 
Himalayas, and they constitute the 
bulk of the range. 

The heavy weight of the Himala­
yas bends the Indian plate downward 
south of the range. Over millions of 
years sediments eroded from the 
mountains have filled the resulting 
trough, forming the broad plains of 
the Ganges and Indus rivers. Seismo­
logical and drilling results obtained by 
the Oil and Natural Gas Commission 

of India have documented the pres­
ence of the trough in the Precambrian 
bedrock under the sediments. The bed­
rock dips smoothly down toward the 
mountains, reaching a depth of about 
five kilometers at the front. Some 200 
to 300 kilometers south of the front, at 
the edge of the trough, the bedrock is 
exposed at the surface. 

Considering the great weight of the 
Himalayas the trough is not very deep. 
The Indian plate does not bend much 
because it is particularly thick and 
strong. Just how thick it or any plate is 
cannot be determined precisely, but by 
making some simplifying assumptions 
one can calculate the comparative 
thicknesses of different plates. Helene 
Lyon-Caen of the University of Paris 
has shown, for example, that the Indi­
an plate is more than twice as thick as 
the Pacific plate under Hawaii. 

The strength and thickness of the In­
dian lithosphere are a major reason the 
Himalayan peaks are so high. They are 
definitely not supported by deep crust­
al roots in the manner proposed by 
Airy. The thickness of the crust under 
the Himalayas is only about 55 kilo­
meters, which is more than the 35 to 40 
kilometers observed under the rest of 
India but much less than the 80 or so 
kilometers that would be needed to 
support the mountains solely by crust­
al buoyancy. The Himalayas are a 
clear case in which Airy's notion of lo­
cal isostatic compensation fails and 
Vening-Meinesz' notion of regional 
compensation through bending of the 
lithosphere is required. 

The Tibetan plateau, on the other 
hand, does fit Airy's conception. The 
plateau extends north of the moun­
tains for hundreds of kilometers, and 
only in a few valleys near the edges 
does its altitude drop below 4,500 me­
ters. Seismological work by Wang­
Ping Chen of the University of Illinois 
at Urbana-Champaign and Barbara 
Romanowicz of the University of Par­
is suggests the Tibetan crust is general­
ly between about 65 and 70 kilometers 
thick-thicker than the crust under the 
Himalayan peaks. The weight of the 
high plateau is compensated primarily 
by the buoyancy of its deep crustal 
root, as Airy proposed 130 years ago. 

Other Ranges 

Other mountain ranges and high 
plateaus bear out the structural di­
chotomy exemplified by the Himala­
yas and Tibet. The abundant folding 
of rock layers in the Alps is evidence 
that they were formed in much the 
same way as the Himalayas, by crust­
al material that was sheared off the 
southern edge of Europe and over­
thrust northward onto the European 
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plate when it collided with the Italian 
prong of the African plate. The Mo­
lasse basin in northwestern Switzer­
land is analogous to the Ganges and 
Indus plains: it is filled with debris 
eroded from the Alps, and its existence 
is due at least in part to the downward 
flexing of the European plate under 
the weight of the mountains. Garry D. 
Karner, now at the University of Dur­
ham, and Anthony B. Watts of the 
Lamont-Doherty"GeologicaIObserva­
tory of Columbia University have 
shown that the European plate is less 
than half as thick as the Indian plate. 
The difference probably helps to ex­
plain why the Himalayas are nearly 
twice as high as the Alps. The Himala­
yas stand on a stronger foundation. 

The Rocky Mountains in Canada 
also rest on a downward-flexed litho­
spheric plate. The exact manner in 
which the Rockies formed is still a 
matter of debate. It is clear, however, 
that the Canadian Rockies consist of 
slices of sedimentary rock that were 
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successively detached from the under­
lying basement rock and thrust east­
ward on top of one another. A detailed 
exploration of this area has shown that 
the basement rock, part of the Precam­
brian Canadian shield, dips gently to­
ward the west under the mountains. 
The dip in the lithosphere indicates 
that the weight of the mountains is 
compensated regionally, as Vening­
Meinesz predicted. 

Although they were formed in an 
altogether different way, the Hawai­
ian Islands provide another example 
of regional compensation. The islands 
were built up volcanically, by molten 
rock rising from the asthenosphere 
through the Pacific lithosphere and 
pouring out onto the ocean floor. The 
resulting peaks are gigantic: Mauna 
Kea on Hawaii stands more than 4,200 
meters above sea level and some 9,000 
meters above the surrounding ocean 
floor. The weight of the islands bends 
the Pacific plate downward by a few 
hundred meters, creating a "moat" 

around the islands. Just outside the 
moat the plate is warped slightly up­
ward. The upwarping arises because 
the asthenosphere resists the bending 
of the lithosphere. 

Whereas the Alps, the Canadian 
Rockies and the Hawaiian Islands 
have foundations similar to those of 
the Himalayas, the Andes, the high­
est mountains in the Western Hemi­
sphere, are more akin to Tibet. The 
weight of the range seems to be sup­
ported by a buoyant crustal root as 
much as 70 kilometers deep. Indeed, 
the Andean crust has been the focus of 
debate on one of the main unresolved 
questions about mountain building: 
the question of how (as opposed to 
why, which Airy explained) the crust is 
thickened under many ranges. 

There are two conceivable answers. 
First, the crust can be thickened by 
volcanic magma that wells up from 
the mantle and cools in the crust, 
forming intrusions of granite and oth­
er igneous rocks. Second, a block of 
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BENDING OF THE LITHOSPHERE is evident in this bathymet­

ric chart of the region around the Hawaiian Islands. The islands are 

volcanic structures built of lava erupted onto the sea floor. Their 

weight bends the lithosphere downward by several hundred meters, 

forming a "moat" that is deepest around the island of Hawaii. A 
broad region of the sea floor around the islands is probably swelled 

by an upwelling of hot rock in the asthenosphere; to the north and 

south of the Hawaiian region the ocean gets progressively deeper. 
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crust becomes thicker if its edges are 
pushed together by horizontal· for­
·ces and it is thereby shortened. In the 
Andes intrusive volcanism and crustal 
shortening occur side by side; the ques­
tion is which process contributes.more 
to the thickening of the crust. 

The western cordillera of the Andes 
is a volcanic arc of the kind typically 
found above a subduction zone, where 
one lithospheric plate dives under 
another. As the Pacific-crust-bearing 
Nazca plate dives into the astheno­
sphere it is heated, and molten rock­
either from the plate itself or from the 
asthenosphere above it-rises into the 
crust of the overriding South Ameri­
can plate, forming volcanoes and gra­
nitic intrusions. Consequently rocks in 
the western Andes and on the coastal 
plains of Peru and Chile are predomi­
nantly volcanic. Most of the rocks in 
the high central plateau and in the 
eastern cordillera, however, are not 
volcanic. Instead they are primarily 
sedimentary rocks folded and thrust 
on top of one another. The folding and 
overthrusting is evidence that the crust 
in those regions has been shortened in 
a direction perpendicular to the range. 

Crustal shortening continues today 
on the eastern flank of the Andes. 
Seismograms analyzed by Douglas S. 
Chinn and Bryan Isacks of Cornell 
University, Gerardo Suarez of the 
National Autonomous University of 
Mexico and William Stauder of St. 
Louis University indicate that earth­
quakes on the eastern flank occur 
along faults where the Brazilian con­
tinental shield is thrust westward un­
der the mountains. The rate of under­
thrusting is apparently only a few mil­
limeters per year, but it may have been 
higher in the past. I hiiVe argued, along 
with Suarez, Lyon-Caen and B. Clark 
Burchfiel of the Massachusetts Insti­
tute of Technology, that this crustal 
shortening, and not volcanism, is 
largely responsible for the thick crust 
under the eastern cordillera. As the 
Andes are squeezed by the eastward 
thrust of the Nazca plate and the west­
ward thrust of the Brazilian shield, the 
crust is thickened. 

The Mountains Are Falling 

The buoyancy of the crustal root 
supports the weight of the mountains, 
but the horizontal forces that created 
the root also seem to have a more di­
rect effect. It appears that they help 
to buttress the Andes and prevent 
the range from spreading and collaps­
ing. Ironically, evidence for this view 
comes in part from the observation 
that the buttresses are beginning to 
fail. While the crust on the sides of the 
range is being pushed together, the 

CORDILLERA 

PERUVIAN ANDES are shown in a simplified cross section. The mountains are supported 
by a deep crustal root. Under the western Cordillera Blanca the crust has been thickened by 

intrusions of volcanic material rising above the Nazca plate as it plunges under South 
America. The convergence of the two plates also thickens the crust by pushing it together, 

or shortening it. Folded rock formations in the eastern sub-Andes prove that the crust there 

is being shortened and lifted up as the Brazilian shield is thrust under the mountains. 

Folded sedimentary rock in the high plateau suggests it was formed earlier by the same 
process. Hence many workers think crustal shortening rather than volcanism is primarily 

responsible for the height of the Andes and the thickness of the crust. Although the sides of 

the range are still being pushed together, the crust in the high Andes is stretching: on the 

western side of the Cordillera Blanca great blocks of crust have dropped down along normal 

fanlts. The Andes may be collapsing as the horizontal forces that snpport them diminish. 

crust in some regions of the high An­
des is being pulled apart. The Cordille­
ra Blanca, a western chain that in­
cludes Peru's highest peak, Huasca­
ran, is a good example. The chain is 
bounded on its western side by a steep 
fault running parallel to the range; to 
the west of the fault the crust has 
dropped and moved away from the 
mountains. This type of fault, along 
which one block of crust drops in rela­
tion to another, is called a normal 
fault. It is a clear indication that the 
crust is extending. 

My introductory analogy between a 
mountain range and a Gothic cathe­
dral may help to clarify the signif­
icance of the normal faults in the 
Andes. The Andean peaks and high 
plateaus, the roof of the Western 
Hemisphere, are like the vaulted ceil­
ing of a cathedral. The vaults exert 
outward thrusts on the walls that tend 
to push the walls apart. (III the case of 
the cathedral the thrust is due not only 
to gravity but also to wind loading.) 
To prevent the ceiling from collaps­
ing, Gothic architects built huge flying 
buttresses that countered the outward 
forces on the walls. Another way of 
solving the problem, which a present­
day architect might favor, would be 
simply to stretch steel cables between 
the opposing walls; the cables would 
have enough tensile strength to hold 
the walls together. 

In a sense the Nazca plate and the 

Brazilian shield are the flying buttres­
ses of the Andes. Their inward hori­
zontal thrust on the flanks of the range 
helps to support the high peaks and 
plateaus. What the normal faults in the 
high Andes suggest is that the horizon­
tal buttressing forces are no longer 
strong enough to discharge their func­
tion satisfactorily; nor are the rocks 
that make up the mountains strong 
enough to serve the function of steel 
cables and hold the mountains togeth­
er. Although the crust is still being 
pushed together on the eastern flank of 
the mountains, in the high Andes it is 
being stretched apart: the roof is fall­
ing. The range as a whole may be en­
tering a stage of decline that will ulti­
mately lead it to collapse completely 
under its own weight. 

If the Andes do collapse, they will 
probably not have been the first moun­
tains to suffer such a fate. Many work­
ers, myself included, consider the An­
des a modern analogue of a mountain 
range that dominated the western U.S. 
between 80 and 30 million years ago, 
when the Rockies were just being built 
farther east. At that time a lithospheric 
plate under the eastern Pacific Ocean 
was converging with the North Ameri­
can plate, and the oceanic lithosphere 
was being subducted, just as the Nazca 
plate is now being subducted under 
South America. Sometime between 30 
and 10 million years ago the subduc­
tion under North America stopped. 
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With the cessation of convergence the 
horizontal forces that had shortened 
and thickened the crust under the 
mountain range would have dimin­
ished or even disappeared. 

When that happened, the crust 
would have begun to spread. Signs of 
crustal extension are plentiful in the 
Basin and Range province west of the 
Rockies, between central Utah and 
the Sierra Nevada: the alternating ba­
sins and tilted ranges are bounded by 
normal faults like the ones west of 
the Cordillera Blanca. As the crust has 
spread apart, blocks of crust have 
dropped along the normal faults to 
form the basins. (One of the basins is 
Death Valley, which is now below sea 
level but may once have been at an al­
titude of several kilometers.) Accord­
ing to this view, the Basin and Range 
province is the remnant of a broad belt 
of mountains and high plateaus that 
collapsed after the horizontal forces 
supporting the belt were removed. One 
day the Andes may look like the Basin 
and Range. 

Tibet too may be collapsing. Al­
though the pressure applied by India's 
northward motion to the rest of Asia 
seems to be enough to prevent Tibet 
from extending in a north-south direc­
tion, the high plateau has no similar 
buttress on its eastern flank. Accord­
ingly the plateau is laced with norther-

Iy trending normal faults, along which 
one side moves down and away from 
the other. Tibet is spreading to the 
east, and in the process it is pushing 
southeastern China eastward with re­
spect to the rest of Asia. 

Why are the Andes and Tibet in par­
ticular susceptible to collapse? It is 
precisely because they are supported 
mainly by deep crustal roots. The 
strength of crustal rock decreases rap­
idly with increasing temperature and 
hence with increasing depth, probably 
more rapidly than the strength of man­
tle rock. Thick crust therefore tends to 
be weak. Moreover, for reasons that 
are not fully understood, the crust and 
upper mantle under Tibet and the An­
des seem to be comparatively warm; 
indeed, the boundary between the cool 
lithosphere and the warm astheno­
sphere may actually lie within the 
crust rather than well below the crust, 
as it does in most areas. As a result the 
crustal roots of Tibet and the Andes 
appear to be weak and fluidlike, and to 
the extent that they are not restrained 
by horizontal buttressing forces they 
tend to spread out. The horizontal 
forces are what keep the roots deep 
and the plateaus high. Paul Tappon­
nier of the University of Paris and I 
have suggested that the plateaus can 
be thought of as pressure gauges: the 
more they are subjected to horizontal 

pressure, the greater their elevation is. 
In Tibet and the Andes the pressure 
may have begun to drop. 

The Himalayas, the Alps and the 
Rockies, on the other hand, are sup­
ported primarily by strong, thick lith­
osphere consisting of relatively cold 
crust and mantle. (The crust under the 
Himalayas, for example, is much cold­
er than the Tibetan crust because it is 
underthrust by the cold Indian plate.) 
Although these ranges were formed by 
horizontal forces, they have no need 
of horizontal buttressing to remain 
standing. Judging from the general ab­
sence of normal faults in them, they do 
not seem to be collapsing. 

Dynamics 

Some mountain ranges are like pres­
sure gauges, others are like loads on 
elastic plates-the analogies are cor­
rect as far as they go, but I must stress 
that they are simplifications. At a finer 
level of detail they reveal their limita­
tions. Karner and Watts have shown, 
for instance, that the weight of the 
Alps is not great enough to bend the 
European plate down as much as it is 
under the Molasse Basin; some addi­
tional force must pull the plate down. 
In contrast, Lyon-Caen and I have 
found that the strength of the Indian 
plate, great as it is, does not fully ac-

TILTED AND FOLDED sedimentary rock in the high plateau of 

the Andes indicates the plateau was formed by shortening of the 

crust. The view is to the southeast from east of the Cordillera Blan-

ca. The folded limestone, sandstone and shale layers were pushed 

together from the east and west. The rocks in the distant snow­

capped mountains, part of the western cordillera, are also folded. 
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count for the high altitudes in the Hi­
malayas; an additional force apparent-

. ly flexes the northern edge of the plate 
up. Hawaii also is pushed up. The 
depth of the ocean floor in a large area 
around the islands outside the Hawai­
ian moat is only about 4,500 meters, 
whereas 1,000 kilometers or so to the 
north and south the ocean depth is 
about 5,500 meters. 

These deviations indicate that the 
simple model of a plate bending under 
the weight of the mountains is incom­
plete. What is missing is a consider­
ation of plate dynamics, of the forces 
that drive continents together, shorten 
the crust and cause huge terrains to be 
thrust onto the edges of strong plates. 
Plate motions are widely thought to be 
the surface manifestations of a con­
vective circulation that extends deep 
into the mantle, but the overall pattern 
of the circulation is not well known. 

Nevertheless, some conclusions can 
be drawn. It seems clear, for example, 
that Hawaii lies above a region of 
the asthenosphere where hot material 
wells upward. Some of the material 
erupts at the volcanoes on the islands, 
but the upwelling column is much 
broader than the islands themselves. 
The upward thrust of the hot material 
accounts for the broad swell in the sea 
floor around Hawaii. 

Under other mountain ranges one 
might expect to find a downwelling of 
relatively cold material. Under the 
Himalayas the Indian plate, stripped 
of the crustal slices that make up the 
mountains, may be plunging into the 
asthenosphere. The material in the up­
per part of the plate is significantly 
colder and therefore denser than the 
asthenosphere, and so it should sink. 
The weight of the sinking material 
may help to pull the plate down. At the 
same time, as Lyon-Caen and I have 
contended, the part of the plate just be­
hind the leading edge would be flexed 
upward, which would help to push the 
mountains up. (To visualize the phe­
nomenon take a plastic or metal ruler 
and bend one end over the edge of a ta­
ble.) The sinking material might also 
drive a circulation in the mantle that 
helps to push the Indian and Eurasian 
plates together. 

Measuring Gravity' 

How can one study the dynamics of 
the mantle and determine in particu­
lar if dense sinking material is present 
under mountain ranges? One method 
is to measure variations in the earth's 
gravity field; the field should be slight­
ly stronger above regions of the earth 
that are underlain by dense material. 
Unfortunately the differences in gravi­
ty caused by density variations in the 

NORMAL FAULTS are responsible for the steep western face of the Cordillera Blanca. 

The peak on the left, Huandoy, is 6,356 meters high. The escarpment running along the 

base of the mountains and across moraines left by a receded glacier is an active normal 

fault. In relation to the mountains the valley in the foreground has dropped several kilome­
ters along this and parallel faults. Apparently the range is collapsing as the crust spreads. 

mantle are small, probably less than 
about .0 1 percent of the average value 
of 9.8 meters per second squared. In a 
mountainous region they are masked 
by the much larger differences caused 
by variations in topography. To cor­
rect for topographic effects one must 
have extremely accurate maps, which 
in areas such as the Himalayas are 
simply not available. 

The solution is probably to measure 
gravity with satellites. A satellite trav­
els far above the gravitational influ­
ence of ridges and valleys, but its orbit 
is slightly perturbed by gravitational 
anomalies resulting from density vari­
ations in the mantle. By tracking the 
perturbations one can map the gravi­
ty field and the density variations. So 
far only large-scale gravity anomalies, 
thousands of kilometers wide and un­
related to mountain ranges, have been 
mapped. With improved tracking or, 

alternatively, with new satellite-borne 
instruments that directly measure lat­
eral variations in gravity, it should 
eventually be possible to detect the 
smaller anomalies caused by density 
variations under mountain ranges. 

When such measurements become 
available, a major step will have been 
taken toward understanding moun­
tains not as static features but as fea­
tures that grow and decay, as elements 
of an evolving earth. A deeper appre­
ciation of the dynamics of mountain 
ranges will undoubtedly force a mod­
ification of some of the simple con­
cepts I have presented here. Until then 
geophysicists fascinated by mountain 
architecture will remain in a situation 
not unlike that of the Gothic archi­
tects, who found they could support 
giant cathedrals with flying buttresses 
but who never really understood the 
underlying physical principles. 
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Exotic Atomic Nuclei 

They have abundances of neutrons and protons quite different from 

those in the nuclei found in nature. Their un usual properties are 

yielding new views of motions and structure within nuclear matter 

by J. H. Hamil ton and J. A. Maruhn 

W
hen an object is less than a 
millionth of a millionth of 
a centimeter in size, even its 

simplest properties cannot be meas­
ured directly but have to be deduced. 
This makes it all the more remarkable 
that the properties of the atomic nucle­
us, the cluster of protons and neutrons 
at the center of an atom, are becom­
ing rather well known. It was long 
supposed, for example, that all nuclei 
are spherical. It then emerged that 
some nuclei are prolate (shaped like an 
American football). It now turns out 
that atomic nuclei seldom are spheri­
cal; research made possible by a new 
generation of particle accelerators and 
detection systems shows that nuclei 
can be not only spherical or prolate 
but also oblate (like a discus), triaxial 
(like a partially deflated football) or 
octupole (like a pear). Indeed, an inter­
play of deformations can render a nu­
cleus peanut-shaped or make it look 
like a football with a bulge around the 
middle. Certain newly discovered nu­
clei are found to have deformations 
far greater than it was ever thought a 
stable nucleus could have. Moreover, 
in contradiction of ideas of only a dec­
ade ago, certain nuclei turn out to have 
more than one fixed shape. 

Many of these new insights come 
from studies of atomic nuclei under 
exotic conditions far removed from 
those of the stable nuclei found in na­
ture. By exotic we mean that a nucleus 
has a total number of neutrons or pro­
tons markedly different from those 
of the nuclei found naturally in the 
crust of the earth. For example, in 
the course of our experiments at the 
Oak Ridge National Laboratory the 
isotope thallium 184 was discovered. 
Like all other thallium atoms its nucle­
us includes 81 protons. (The number 
of protons is the same for all the iso­
topes of a given chemical element.) On 
the other hand, thallium 184 has only 
103 neutrons, or 19 fewer than the 
lightest thallium isotope found natu-
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rally in the earth. (The number of neu­
trons varies from one isotope of an ele­
ment to another.) 

How has the study of exotic atom­
ic nuclei modified the understanding 
of what might be called the nuclear 
landscape? For one thing, new "magic 
numbers" have been identified. The 
established magic numbers represent 
quantities of protons or neutrons that 
make a spherical nucleus resistant to 
changes in properties such as shape; 
the new numbers significantly aug­
ment the list of the old ones by bestow­
ing a similar stability on deformed nu­
clei. The existence of the new numbers 
sometimes leads to conflicts between 
one magic number (40, for example) 
that can stabilize a spherical nuclear 
shape and a nearby number (38) that 
can stabilize a deformed shape. More­
over, in certain exotic nuclei the abun­
dances of protons and neutrons are 
both near deformed magic numbers. A 
strong reinforcement then occurs. The 
result is superdeformation: the most 
deformed ground states, or states of 
least energy, ever observed in atom­
ic nuclei. 

The study of exotic atomic nuclei 
has also led to the discovery of exotic 
modes of radioactive decay. In the fa­
miliar modes, called alpha, beta and 
gamma decay, a radioactive nucleus 
emits an alpha particle (two neutrons 
and two protons, which amounts to a 
helium-4 nucleus), a beta particle (an 
electron or a positron) or a gamma ray 
(a high-energy photon, or quantum of 
electromagnetic radiation). The newly 
discovered, exotic modes begin with 
a beta decay. After that the nucleus 
emits one or two protons, one, two or 
three neutrons, or even a hydrogen-3 
nucleus, which consists of one proton 
and two neutrons. In other and still 
more exotic modes the decaying nu­
cleus emits a cluster of eight neutrons 
and six protons (a carbon-14 nucleus) 
or even 14 neutrons and 10 protons (a 
neon-24 nucleus). The cluster decays 

offer clues to the ways nucleons (pro­
tons and neutrons) are organized In­
side a nucleus. 

The insights provided by the study 
of exotic atomic nuclei are best un­

derstood as an outgrowth of explora­
tions of the nuclei found in nature. 
These explorations span less than 80 
years; before the end of the 19th centu­
ry the nucleus was unknown, and the 
atom was thought to be the smallest 
unit of matter. Then in 1896 radio­
activity was discovered. In effect the 
alpha, beta and gamma rays emitted 
by certain atoms were ambassadors 
bringing the first news of the existence 
of an unknown world, the nucleus 
of the atom. It was another 14 years 
before Ernest Rutherford established 
that all the positive electric charge in 
an atom, and nearly all the mass, are 
contained in the nucleus, a minute cen­
tral body 100,000 times smaller than 
the atom itself. 

The ensuing 30 years brought little 
new knowledge. The nucleus was con­
ceived of as resembling a spherical 
liquid drop that could vibrate or be 
broken apart into smaller drops. Then 
came two insights. The first of these, 
the spherical-shell model of the atomic 
nucleus, was proposed in 1949 by Ma­
ria Goeppert Mayer of the Argonne 
National Laboratory and the Univer­
sity of Chicago and J. Hans D. Jensen 
of the University of Heidelberg. It im­
poses on the nucleons in a nucleus the 
same principles of quantum mechan­
ics that had been applied earlier to the 
electrons orbiting the nucleus. In par­
ticular, quantum mechanics establish­
es that the neutrons and protons con­
fined in a nucleus have available to 
them a set of discrete states, each cor­
responding to a particular amount of 
energy and a particular pattern of mo­
tion. On the other hand, the law of 
quantum mechanics called the Pauli 
exclusion principle dictates that in a 
nucleus no neutron can occupy the 
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ON-LINE ISOTOPE SEPARATOR at the Holifield Heavy Ion 

Research Facility of the Oak Ridge National Laboratory in Tennes­
see serves investigations of exotic atomic nuclei. The exotic nuclei 
emerge, behind concrete shielding, from collisions of heavy ions and 

the nuclei of atoms in a target, typically a metal foil. A set of mag­

nets then divides the exotic nuclei into streams, each stream con· 
sisting of nuclei of a particular mass. A given stream can be shunted 

into any one of three channels, which diverge toward the bottom of 
the photograph. The channel at the right also receives a beam of 

laser light, which excites the electrons orbiting each exotic nucleus. 
In turn the electrons interact with the nucleus, providing investiga­
tors with a means of determining the average radius of the nucleus, 
a clue to the nuclear shape. The laser light is produced by a se­

Quence of two lasers installed in the enclosure at the center right. 
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state filled by another neutron and no 
proton can occupy the state filled by 
another proton. As a result a nucleus is 
"constructed" by filling a succession 
of states with neutrons and a succes­
sion of states with protons, beginning 
in each case with the state that has the 
least energy. 

The states tend to cluster in sets; 
hence large energy gaps separate the 
most energetic state in one set, or shell, 
and the least energetic state in the 
next-higher shell. Here the similarity 
between the quantum mechanics of 
nucleons in the nucleus and that of 
electrons orbiting the nucleus becomes 
particularly striking. The filling of an 
atom's electron shells yields an inert 
chemical element: helium, neon, argon 
and so on. In nuclei the case is much 
the same: according to the spherical­
shell model, the filling of nuclear 

e 

shells yields a nucleus whose spheric­
ity is notably "hard," or unchanging. 
Thus the model becomes pervaded by 
the magic numbers 2, 8, 20, 28, 40, 50, 
82, 126 and 184. In the jargon of nucle­
ar physics they identify spherical nu­
clei that have closed shells of neutrons 
or protons. 

The spherical-shell model therefore 
establishes some nuclear categories. 
Nuclei that match two spherical magic 
numbers (for example oxygen 16, with 
eight protons and eight neutrons, or 
lead 208, with 82 protons and 126 
neutrons) have particular stability in 
their properties, including a spheri­
cal shape: they are spherical-double­
magic. Nuclei that match one magic 
number and thus have one closed 
shell, either of neutrons or of protons, 
gain in their stability and are thought 
to be nearly spherical. The same ap-

RANGE OF SHAPES of atomic nuclei is much broader than was once thought. For sphe­

roids (top) each shape is described by the lengths of three mutually perpendicular axes (col­
ored lilies). In a spherical nucleus (a) the axes are all equal. In a prolate spheroid, or 

football-shaped nucleus (b), one axis is longer than the other two, which are equal. In an 

oblate spheroid, or discus-shaped nucleus (c), one axis is shorter than the other two, which 

are equal. In a triaxial nucleus (d) the axes are all unequal. Some nuclei manifest addition­
al, higher-order deformations, which make their shape more complex. Examples include the 
ground state, or state of least energy, of the nuclei of uranium 234 (e) and hafnium 180 (f). 

82 

plies to nuclei whose endowments of 
neutrons and protons place them only 
a few nucleons away from 'a magic 
number. Conversely, among deformed 
nuclei the "hardest" ones, namely the 
ones with the greatest stability in their 
properties, are the ones that are far­
thest from any spherical magic num­
ber: their shells are half-filled in re­
gard both to neutrons and to protons. 
"Soft," slightly deformed nuclei are 
found in the periodic table between 
spherical nuclei and deformed ones. 

The second insight into the shape 
and structure of the atomic nucleus 
was the collective model of nucle­
ar deformation, proposed in 1952 by 
Aage Bohr and Ben Mottelson of the 
Niels Bohr Institute in Copenhagen. In 
essence it imposes quantum mechan­
ics on the earlier understanding of the 
nucleus as a liquidlike droplet of nu­
clear matter. In the collective model 
one imagines that the droplet could 
take any shape; one then calculates, in 
a framework of quantum mechanics, 
the energy of each shape and of depar­
tures from that shape. Some nuclei 
turn out to have a pattern in which the 
energy has its minimum at a particular 
degree of deformation and rises steep­
ly for any departures; such nuclei are 
hard and deformed. Others show little 
change in energy over a range of de­
formations; such nuclei are soft. 

The theoretical program of devising 
models of atomic nuclei has of course 
been complemented by experimental 
investigations. In one technique in­
vestigators record the energies of the 
gamma rays and other particles emit­
ted by nuclei in excited states. The 
atomic nucleus absorbs and emits en­
ergy only in quanta, or discrete units. 
Each absorption marks its transition 
to a state of higher energy and each 
emission marks its transition to a state 
of lower energy. In each state the nu­
cleus has a particular amount of en­
ergy and angular momentum. More­
over, it has a particular shape and 
supports particular rotations and 
vibrations, or motions among its nu­
cleons. From the recorded data the 
energy levels of the nucleus are de­
termined. The resulting energy-level 
diagram is in essence a shorthand 
representation of what nature allows 
the nucleus to do. 

. 

This is not to say the experiments 
are easy. Indeed, by the late 1960's 

more than 5,000 nuclei had been pre­
dicted on theoretical grounds but few­
er than 1,600 had been identified and 
fewer than 400 of those had been ex­
amined well enough so that at least 
some of their low energy levels were 
known. The problem is that unstable 
atomic nuclei tend to transform them-
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selves into nuclei that are more stable, 
as manifested by their resistance to ra­
'dioactive decay. For nuclei near stabil­
ity the energy available for such trans­
formation, in the form of a beta decay, 
is less than one million electron volts 
(MeV); the half-life of such a nucle­
us is typically measured in months or 
years. For nuclei far from stability the 
available energy is 5 to 10 MeV and 
the half-life is seconds or less. 

By the late 1960's, therefore, the sur­
veying of the nuclear landscape had 
begun to demand the study of exotic 
atomic nuclei. It would be a difficult 
project. In each experiment highly 
complex data (the energies of hun­
dreds or even thousands of gamma 
rays) would have to be analyzed in 
searches for the few nuclear transi­
tions revealing nuggets of new infor­
mation. Moreover, in each experiment 
the data would have to be gathered 
fast, sometimes no more than hun­
dredths or even thousandths of a sec­
ond after a nucleus had been created. 
Investigators were eager to solve such 
problems. New regions of deformed 
nuclei were expected, and new double­
magic nuclei, such as tin 100 (50 pro­
tons and 50 neutrons) or tin 132 (50 
protons and 82 neutrons). Would such 
nuclei be spherical and "hard" ? Or 
would the spherical magic numbers 
that yield closed-shell nuclear struc­
tures lose their magic character in re­
gions of the periodic table far from 
stability? Are the magic numbers dif­
ferent there? Do the nuclei in such re­
gions show new types of deformation? 

The resolution of the experimental 
difficulties associated with producing 
and probing exotic atomic nuclei came 
in the form of an on-line isotope­
separation system (or ISOL: isotope 
separator on-line). A target, typically a 
metallic foil, is bombarded on one side 
by a beam of particles emerging from 
a particle accelerator or a nuclear re­
actor. The particles fuse with the nu­
clei inside the target. On the other side 
the resulting exotic nuclei, propelled 
from the target, come under the influ­
ence of a strong magnetic field. Since 
nuclei have electric charge, they are 
deflected by the field; the amount of 
the deflection depends on their mass. 
As a result a continuous stream of ex­
otic, short-lived nuclei can be divided 
into beams, each beam consisting of 
nuclei of a particular mass. Each beam 
still contains a number of different 
types of nuclei, incorporating combi­
nations of the neutron number Nand 
the proton number Z that sum to the 
same mass number A. Nevertheless, 
the characteristic X rays that the nu­
clei of each chemical element emit in 
coincidence with other modes of decay 
serve to identify each nucleus. 
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TRIAXIAL REGION 

BETA-GAMMA PLANE represents a mathematical shorthand for the range of possible 

shapes among spheroidal nuclei; each point in the plane corresponds to a value of beta and a 

value of gamma, and hence to a particular deformation of a sphere. Beta, a number equal to 

or greater than 0, is a measure of the type of deformation that produces a prolate spheroid 

by lengthening one of the axes of a sphere at the expense of the other two. Gamma, an angle 

ranging from 0 to 60 degrees, is a measure of the type of deformation that turns a prolate 
spheroid into a triaxial spheroid by flattening its circular cross section. If the gamma de­

formation is sufficiently great, a prolate spheroid is transformed into an oblate spheroid. 

The first large-scale effort to study 
nuclei far from stability by means of 
an ISOL system was undertaken in the 
late 1960's at CERN, the European lab­
oratory for particle physics in Gene­
va, as a collaborative European ef­
fort called ISOLDE. The CERN device 
bombarded its target with a beam of 
high-energy protons. Then in 1972 the 
UNISOR (University Isotope Separator 
at Oak Ridge) began operation at the 
Oak Ridge National Laboratory. A 
collaboration organized by Vanderbilt 
University among investigators from 
the Federal Government, the state of 
Tennessee and a number of universi­
ties, UNISOR was the first major effort 
in which a beam of heavy ions served 
efforts to determine the structure of 
nuclei far from stability. The ISOLDE 
and UNISOR consortiums have carried 
out large-scale, systematic studies that 
would have been impossible for any 
one institution. 

By now the patterns of energy levels 
available to a nucleus, stable or 

exotic, are understood well enough so 
that the pattern for a newly created ex­
otic nucleus is sufficient to establish 
that the nucleus is spherical or de­
formed or that it has multiple "per­
sonalities": a nearly spherical shape 
in some of its states and a deformed 
shape in the others. The clues to sphe­
ricity are easy to find. The stable nu-

cleus nickel 62 offers a good exam­
ple [see bottom illustration on next two 
pages]. For one tiling, the amount of 
energy required to mise nickel 62 from 
its ground state to its first excited state 
is large: 1. 17 MeV. Hence the energy 
has powered a vibration rather than a 
rotation. (The energy required to pow­
er a rotation is typically less than .2 
MeV.) This absence of observable ro­
tation is what indicates that the nickel-
62 nucleus is more or less spherical. 
The remarkable fact is that a de­
formed nucleus can rotate but a spher­
ical one cannot. To put it another way, 
quantum mechanics dictates that the 
rotation of a nucleus about an axis of 
symmetry is undetectable, and in a 
sphere every axis is a symmetry axis. 

The energy-level diagram for a de­
formed nucleus is more complex than 
the diagram for a spherical nucleus, 
but it too has certain telltale character­
istics. The diagram for the stable nu­
cleus gadolinium 154 is typical. A gap 
of only .123 MeV intervenes between 
the ground state and the first of a series 
of closely spaced excited states. The 
excited states represent successively 
more energetic rotations resembling 
those of a football tumbling end over 
end. (In quantum mechanics a prolate, 
or football-shaped, nucleus can tum­
ble end over end but cannot spin about 
its long axis. The long axis is a symme­
try axis. It is as if a football could be 
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POTENTIAL-ENERGY SURFACES, which chart the energy in a 

nucleus as a function of its shape, are calculated by assuming that 

the nucleus could take on any shape. The shape that nature favors is 
then the one embodying the least amount of energy. Here potential­
energy surfaces are charted for the ground state of platinum iso­

topes ranging from highly stable to fairly exotic, or unstable. The 

latter contain fewer neutrons than the platinum nuclei found in na­

ture. Each chart follows the scheme set in the preceding illustra­
tion: beta increases with distance from the origin, the line for a 

gamma of 0 degrees rises diagonally and the line for a gamma of 60 

degrees forms the vertical axis. Platinum 192 (a), with its region of 

minimum energy (color) abutting the vertical axis, is oblate. Plati-

place-kicked but could not be given a 
spiraling forward pass. ) The pattern 
for gadolinium 154 is completed by 
bands of vibrational modes of the nu­
cleus, each mode combining with end­
over-end rotations. 

terns showed that the nuclei of mercu­
ry 188, 186 and 184 do not merely 
change from one hard shape at low en­
ergy levels to another, quite different 
hard shape at higher levels. Each of 
the nuclei has two distinct personal­
ities: a full set of states built on a near­
spherical ground state and a full set 
of states, initially spaced at small ener­
gy differences and then at increasing­
ly large ones, characteristic of the ro­
tations and vibrations of a hard de-
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formed nucleus. A particular energy 
level from a near-spherical set is some­
times quite close in energy to a level 
from a deformed set. The data con­
firm theoretical predictions, made as 
early as 1953, that states characterized 
by different shapes can coexist in a nu­
cleus. The predictions were made by 
David L. Hill of Vanderbilt and John 
A. Wheeler of Princeton University, 
by Walter Greiner of the University of 
Frankfurt and by Vadim G. Soloviev 
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Then there are nuclei that manifest 
the newly recognized property of 

multiple "personalities," or shape co­
existence. In this regard the isotopes of 
mercury are instructive. Stable or ex­
otic, they all have 80 protons, or only 
two less than 82, a spherical magic 
number. On that basis one would ex­
pect them all to have the widely spaced 
energy levels characteristic of a near­
spherical nucleus. The isotopes mercu­
ry 198 through mercury 192 do show 
such a pattern; indeed, in the early 
1970's the only sign of something odd 
about mercury isotopes was the evi­
dence, discovered at ISOLDE by Ernst 
W. Otten and his colleagues at the Uni­
versity of Mainz, suggesting a change 
in properties between mercury 187 
and mercury 185. Our investigations, 
undertaken at UNISOR in 1973, began 
with mercury 190. It too had widely 
spaced levels. Then came something 
unexpected. Experiments at" the Law­
rence Berkeley Laboratory, at the 
Chalk River Nuclear Laboratories and 
at UNISOR revealed that the first excit­
ed energy level for the progressively 
lighter, progressively more exotic mer­
cury isotopes 188, 186 and 184 was in­
dicative of a near-spherical nucleus; 
in contrast, the higher levels showed 
a shift to a pattern characteristic of 
a deformed nucleus. The Berkeley 
and Chalk River experiments, howev­
er, measured the energies of only some 
of the states available to the nuclei. 

w 
z --- 0+0---

Our work at UNISOR filled out the en­
ergy-level diagrams. The resulting pat-

84 

w .6 ? 

.4 1= 0+4 

.2 P 0+2 
0+0 0 

NICKEL 62 GADOLINIUM 154 
ENERGY-LEVEL DIAGRAMS display the quantized amounts of energy a nucleus ab­

sorbs or emits in the course of its transitions from one state to another. Each diagram 

offers clues to nuclear properties such as shape. Nickel 62, a stable isotope (a), has an 

almost spherical nucleus. The large energy gap between the ground state, 0+, and the first 
excited state, designated r, indicates that the energy has fueled the vibrations of a sphere. 
Gadolinium 154, a stable isotope of a rare-earth element (b), has a deformed nucleus. The 
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widespread in the periodic table. The 
phenomenon constitutes a bridge be­
tween spherical nuclei and deformed 
ones, which had seemed to be separate 
classes; hence it is proving to be impor­
tant in developing a unified descrip­
tion of nuclear matter. 

neutrons). The ISOLDE collaboration 
found a third: strontium 100 (38 pro­
tons, 62 neutrons). 

�-�--�-�--�-�--� 

As part of the effort to develop such 
a description, the status of magic num­
bers-and thus the power of the spher­
ical-shell model-is being evaluated in 
realms far from those of the stable nu­
clei found in nature. In this respect 
a series of remarkable findings have 
emerged in the part of the periodic ta­
ble below a Z of 50. No nucleus in that 
region can be very far from at least 
one spherical magic number: 2, 8, 20, 
28, 40 or 50. For that reason our dis­
covery of shape coexistence in seleni­
um 72 (34 protons, 38 neutrons) and 
selenium 74 (34 protons, 40 neutrons) 
was quite unexpected. It came as a fur­
ther surprise when exotic nuclei with 
abundances of protons and neutrons 
both near the magic number 40 proved 
to have the largest ground-state defor­
mations ever observed. A collabora­
tion among investigators from Van­
derbilt, Oak Ridge, the University of 
Cologne, the Central Institute for Nu­
clear Research near Dresden and the 
Lanzhou Institute of Modern Phys­
ics in China discovered two such nu­
clei: krypton 74 (36 protons, 38 neu­
trons) and krypton 76 (36 protons, 40 

There are at least two justifica­
tions for calling these nuclei super­
deformed. The extent of a nuclear de­
formation is specified by the param­
eter beta, which roughly corresponds 
to the difference in length between the 
long axis and the short axis of a nucle­
us divided by the average between 
those axes. Near-spherical nuclei have 
a small value of beta, say . 1, whereas 
typical deformed nuclei have values of 
from .2 to .25. The beta for a superde­
formed nucleus in its ground state is 
from . 35 to .4. 

o 

c 

.1 .2 .3 
BETA 

num 188 (b), with its minimum energy rang­

ing through all values of gamma, is a "soft" 
nucleus, unable to maintain a lasting shape. 

Platinum 180 (c), with its minimum energy 
straddling the line for gamma equal to 

0, is prolate. Platinum 176 (d) is triaxial. 

of the Joint Institute for Nuclear Re­
search at Dubna in the U.S.S. R. 

O u.r discovery .of shape coexistence 
III mercury Isotopes was accom­

panied by a similar discovery in sele­
nium 72 and selenium 74. Since then 
discoveries of shape coexistence have 
been made even in nuclei that have 
proton magic numbers, such as tin 116 
(50 protons) and lead 196 (82 protons). 
Shape coexistence is now known to be 
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small energy gap between the ground state, 0+0, and the first excited 

state, 0+2, indicates that the energy has fueled the end-over-end rota­

tions of a prolate spheroid. The rest of the pattern is formed by states 

representing vibrational modes superposed on end-over-end rotations. 
Isotopes of mercury have a variety of nuclear shapes. Mercury 190 
(c) shows the widely spaced levels characteristic of a more or less 
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The corroborating justification de­
rives from the energy of the first excit­
ed level, which in a deformed nucleus 
arises (as noted above) from rotation. 
The greater the deformation, the lower 
the energy of the first excited state. 
When the measured values are scaled 
to allow for the different masses of 
different nuclei, the deformed actinide 
nuclei, whose Z's are in the 90's, have 
first-excited-state energies of 43 to 45 
keY (thousand electron volts). Before 
the discovery of the superdeformed 
nuclei the lowest value known-42. 8 
keY-was that of the first excited state 
of the actinide nucleus plutonium 240. 
The superdeformed nucleus strontium 
100 has a scaled first-excited-state en­
ergy of 30 keY; the superdeformed nu-

f 

8. 

0+ 
MERCURY 184 

spherical nucleus. In contrast, the progressively more exotic isotopes 
mercury 188 (d), mercury 186 (e) and mercury 184 (I) have dual 

"personalities": a set of widely spaced levels revealing a spherical 
shape and an interleaved set of more closely spaced levels revealing a 

prolate shape. The numbers accompanying each level are physicists' 
shorthand for the quantized values of nuclear properties such as spin. 
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cleus krypton 74 has a scaled first-ex­
cited-state energy of 28 keY. 

Even as superdeformed nuclei were 
being discovered, theoretical cal­

culations were predicting their exis­
tence. In 1981 Peter Moller of the Uni­
versity of Lund in Sweden and J. Ray­
ford Nix of Los Alamos calculated the 
minimum potential energy for given 
numbers of protons and neutrons and 
derived the masses and shapes for the 
ground state of more than 4,000 nu­
clei. The work can be seen as part of a 
larger effort that had begun in 1955, 
when S. G. Nilsson of the University 
of Lund first calculated the energy lev­
els of the individual nucleons in a de­
formed nucleus, and would continue 
in 1984, when Moller and Nix, with 
Ragnar Bengtsson of Lund and Jing­
ye Zhang of the Lanzhou Institute 
of Modern Physics, redid the calcula­
tions, employing a more detailed mod­
el of the force between nucleons. 
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The 1981 predictions nicely corrob-
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orated the significance of the estab­
lished spherical magic numbers. Spe­
cifically, the calculations showed that 
for spherical nuclei significant gaps 
between successive single-particle en­
ergy levels came at the accepted magic 
numbers. At large deformations, how­
ever, a new, unexpected gap appeared 
at the number 38. As a result a nucleus 
with an N or a Z near 38 would appar­
ently get what amounts to a push to­
ward deformation. The deformation 
would surely prevail if the neutrons 
and protons in a nucleus both favor it; 
thus Moller and Nix predicted that nu­
clei near an N and a Z of 38 should 
be among the most strongly deformed 
in nature. The superdeformation of 
krypton 74 (36 protons, 38 neutrons) 
strongly supports the prediction. For 
strontium 100 (38 protons, 62 neu­
trons) the situation is much the same. 
As one of us (Hamilton) first pointed 
out, the neutron number 60 is a de­
formed magic number, provided it is 
reinforced by another deformed mag-

82 126 

ic number. Thus in strontium 100 as 
in krypton 74 the superdeformation of 
the nucleus is a consequence of the re­
inforcement afforded by proximity to 
a pair of deformed magic numbers: 38 
and 38, or 38 and 60. 

The situation, however, is affected 
by the proximity of the spherical mag­
ic number 40 to the deformed magic 
number 38. In particular, 40 is a spher­
ical magic number for N or for Z if its 
push toward sphericity is reinforced 
by a push toward sphericity on the 
part of the other type of nucleon shar­
ing tenancy of the nucleus. Thus zir­
conium 90 (40 protons, 50 neutrons) 
is spherical-double-magic, and so is 
the recently discovered exotic nucleus 
nickel 68 (28 protons, 40 neutrons). If 
there is no supporting push toward 
sphericity, the deformed number 38 
can become dominant. The fact that 
the Z/ N combinations 38/40, 36/40 
and 38/60 yield strong deformations 
indicates that the deformed number 
38 is more magic-more important-
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MAGIC NUMBERS signify the quantities of neutrons or protons 
that fill "shells" in a nucleus and bestow endurance on a spherical 

nuclear shape. Here each spherical magic number is represented by 
a black line across a chart that plots the proton abundance in nuclei 

(rertical axis) against the neutron abundance (horiZOlltal axis). The 
stable nuclei found in nature occupy a region (color) extending diag­

onally upward from the lightest nucleus, hydrogen 1; the region in· 

eludes some "spherical double magic" nuclei, such as the nucleus of 
oxygen 16 (eight protons, eight neutrons). Nuclei with proton and 

neutron abnndances far from spherical magic numbers should be 
deformed; in certain regions (gray) such deformation has been 

found. Meanwhile the study of exotic nuclei has revealed three de· 

formed magic numbers, repre�ented by colored lines, which bestow 
endurance on a deformed nuclear shape instead of a spherical one. 
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than the spherical number 40. Investi-
. gators are eagerly searching for the ex­

otic nuclei strontium 76 (38 neutrons, 
38 protons) and zirconium 80 (40 neu­
trons, 40 protons). So far neither has 
been discovered. 

The Vanderbilt group is intrigued 
by two isotopes of bromine. Bromine 
73 (35 protons, 38 neutrons) should be 
superdeformed and prolate, or foot­
ball-shaped, whereas bromine 71 (35 
protons, 36 neutrons) should mark 
the first discovery of a nucleus that 
is superdeformed but oblate, or dis­
cus-shaped. The work of Bengtsson, 
Moller, Nix and Zhang places an N 
and a Z of 35 at the center of a region 
of oblate superdeformation. 

I n the meantime investigators contin­
ue to survey the nuclear landscape. 

A favored technique is to plot a poten­
tial-energy surface, which displays the 
internal energy of a given nucleus as a 
function of its shape. The technique 
assumes that in principle a nucleus, ex­
otic or stable, could adopt any shape, 
except that each shape requires a cer­
tain amount of energy. The nucleus fa­
vors the shape that embodies the least 
amount. 

To begin with, one must settle on 
a mathematical way to characterize 
the various possible shapes. Imagine a 
football lying on a table, so that its 
long axis, which runs from tip to tip of 
the ball, is horizontal. The football's 
cross section (a vertical slice through 
the middle of the ball, equidistant 
from the tips) is circular. In other 
words, a football's two short axes are 
equal and the third axis is longer. Such 
shapes are prolate spheroids. Now 
imagine that the long axis shrinks 
while the circular cross section ex­
pands. The result is that the ball's two 
long axes are eq ual and the third axis is 
shorter. In brief, the football becomes 
a discus. Such shapes are oblate spher­
oids. Finally, imagine pressing.on the 
football, so that its cross section is 
more an ellipse than a circle. All three 
axes now differ in length. Such spher­
oids are termed triaxial. 

How can these distinctions be put in 
mathematical terms? A system intro­
duced by Bohr and Mottelson is based 
on two parameters, beta and gamma 
[see illustration on page 83]. Roughly 
speaking, beta (mentioned above in 
connection with superdeformed nu­
clei) is a measure of the deformation 
that turns a sphere into a football (a 
prolate spheroid) by lengthening one 
of its axes. For a perfect sphere beta is 
O. Gamma (an angle) is a measure of 
the deformation that makes a prolate 
spheroid triaxial by deforming its cir­
cular cross section. A gamma of 0 
degrees signifies a prolate spheroid. 

Then, as gamma increases, one of the 
body's short axes grows at the expense 
of the others, so that all three axes 
come to have a different length: the 
spheroid indeed is made to be triaxial. 
As gamma approaches 60 degrees the 
growing axis becomes equal to what 
used to be the long axis, and so the 
spheroid becomes flat, like a disk; that 
is, it becomes oblate. 

I n sum, each possible shape of a nu­
cleus corresponds to values of beta 

and gamma, and thus to a point in a 
pie-shaped swath of what a mathe­
matician would call the beta-gamma 
plane. The amounts of energy required 
to force that nucleus into the various 
shapes define a surface: the potential­
energy surface. Suppose a nucleus has 
the lowest point of its potential-energy 
surface at a beta equal to 0 and an en­
ergy that rises steeply for excursions to 
shapes away from a beta of O. Such 
a nucleus would be spherical in its 
ground state and any deviation from a 
sphere would give rise to a restoring 
force. Hence the nucleus should show 
vibrations about a spherical shape. 

For a second class of nuclei the 
minimum in the potential-energy sur­
face lies at a nonzero value of beta 
along the line corresponding to a gam­
ma of 0 degrees or the line for a gam­
ma of 60 degrees. These nuclei are de­
formed: in their ground state they are 
prolate (for a gamma of 0 degrees) 
or oblate (for a gamma of 60 de­
grees). Their prominent mode of exci­
tation is rotation about a nonsymme­
try axis. Such nuclei, however, can 
vibrate about their equilibrium shape. 
In turn each mode of vibration can 
support a band of rotational states. 

A third class of nuclei consists of 
those with a minimum in their poten­
tial-energy surface at a beta not equal 
to 0 and a gamma not eq ual to 0 or 
60-a minimum, that is, in the triaxial 
region of beta-gamma space. For these 
nuclei the picture loses clarity and the 
shape of the nucleus becomes harder 
to identify. If the nucleus is fairly close 
to one of the limiting cases represented 
by the first two classes of nuclei, the 
pattern revealed by the energy-level 
diagram may help to determine prop­
erties of the nucleus such as the magni­
tude of its defoI'mation and the nature 
of its vibratory excitations. 

Greiner and his colleagues at Frank­
furt have developed an elegant meth­
od that derives a potential-energy sur­
face from the measured energy levels 
of a given nucleus. In turn the poten­
tial-

'
energy surfaces are an excellent 

means of comparing the properties for 
a sequence of exotic isotopes of a 
chemical element [see top illustration 
on pages 84 and 85]. Quite recently 

groups including one from Lund and 
Oak Ridge have been making system­
atic calculations of potential-energy 
surfaces for nuclei in several regions 
of the periodic table. The predictive 
power of such work is impressive. For 
example, shape coexistence was suc­
cessfully predicted for platinum 176. 
In addition the calculations now treat 
the possibility that the constellation of 
protons and the constellation of neu­
trons in a nucleus may vibrate with re­
spect to each other, so that the nucle­
us has distinct deformations for pro­
tons and for neutrons. Such modes of 
vibration were first considered by 
Greiner, in 1965. The modes exert 
an important influence on the nuclear 
magnetic moment, a measure of the 
flow of electric charge created by mo­
tions of protons. The vibrations them­
selves have now been discovered. 

There are two aspects of exotic 
atomic nuclei we have not done 

justice to. First, a nucleus can be exotic 
(it can differ substantially from the nu­
clei found in nature) in that it has far 
more angular momentum, a measure 
of the rotation of the nucleus or of the 
motions of constellations of its indi­
vidual nucleons. Investigators at the 
Lawrence Berkeley Laboratory, the 
Argonne National Laboratory, Oak 
Ridge, the Gesellschaft fUr Schwerio­
nenforschung (GSI, the Laboratory 
for Heavy Ion Research) in Heidel­
berg and the Daresbury Laboratory in 
England have detected gamma rays 
emanating from nuclear states with 
angular momenta of 40 units and 
more. (In quantum mechanics angular 
momentum is measured in multiples 
of a quantity called Planck's constant. ) 
The states commonly observed in nu­
clei have angular momenta of, say, six 
units. As the angular momentum of a 
nucleus increases, the permanence of 
its shape breaks down. In fact, even the 
best examples of hard spherical nuclei 
or hard deformed nuclei can undergo 
a variety of changes. The penultimate 
result is superdeformation; after that 
the nucleus splits by nuclear fission. 

Second, nuclei far from stability 
have revealed many new and exotic 
modes of radioactive decay. In nuclei 
rich in neutrons (that is, nuclei that 
have many more neutrons than the sta­
ble nuclei of a given Z) a beta decay 
may leave the nucleus in such a highly 
excited state that it emits a neutron 
rather than a gamma ray (the usual 
means of "blowing off" energy). This 
two-stage radioactivity was first iden­
tified by E. T. Booth and John R. Dun­
ning of Vanderbilt and Francis G. 
Slack of Columbia University. In nu­
clei extremely rich in neutrons Born 
Jonson, P. Greggors Hansen and their 
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Doing computer backup 
really gets under people's skin. 

They 'll do anything to get 
out of doing it, because backing 
up is so utterly boring. 

But not doing it can defi­
nitely be a matter of getting your 
education at the college of hard 
knocks. 

We're reminded of the PhD 
candidate in biology who did 
hunger research for his doctoral 
thesis without backing it up. 

He had data from a year 's 
worth of injecting and weighing 
rats stored on the disk.The 
computer crashed, the rat data 
was erased from memory, 

, 

n 

-Computer backup excuse #685 

and he had it to do all over. 
Back to the rat race. 
So do your backup. Floppies 

if you don't have much memory. 
Or, if you have 5 to 10 Mbytes 
or over, on data cartridge - a 3M 
developed technology whose 
time has come. 

For example, 
the space-saving 
3M DC2000 
data cartridge 
holds 40 
Mbytes 

of information. You'd need 80 
floppies to store that much. And 
it can fit in your breast pocket. 

To read more true-to-life 
"horror stories" of people who 
didn't back up, ask your com­
puter products dealer for our 
leaflet "Horror Stories:' 

And you can forget about 
the polarity of your skivvies. 

When you 
run out of 

1M 

excuses. 
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colleagues at ISOLDE have discovered 
beta-delayed two-neutron and beta-

. delayed three-neutron modes of de­
cay. One-neutron and two-neutron ra­
dioactivities from exotic nuclei in their 
ground state have been predicted but 
have not yet been seen. 

Nuclei rich in protons have also 
yielded discoveries. V. A. Karnoukhov 
of the Joint Institute for Nuclear Re­
search at Dubna discovered beta-de­
layed proton decay. Here the nucleus 
emits a positron (a subatomic particle 
identical with an electron except for its 
charge, which is positive) and then, in 
an excited state, emits a proton. More 
recently beta-delayed two-proton ra­
dioactivity has been discovered at the 
Lawrence Berkeley Laboratory. Beta­
delayed alpha decay (the emission of a 
positron followed by the emission of 
what amounts to a helium-4 nucleus) 
has long been known; beta-delayed 
hydrogen-3 decay was discovered re­
cently at ISOLDE. Ground-state pro­
ton radioactivity was discovered in-

2 8 20 28 38 40 50 60 

dependently by two groups at GSI 
in Darmstadt. Two-proton radioactiv­
ity has been predicted but has not yet 
been discovered. 

Some of the newly discovered exotic 
modes of decay are particularly in­

triguing. Greiner and his colleagues at 
Frankfurt and at the Central �nstitute 
for Physics in Bucharest predicted in 
1980 that heavy nucleon clusters such 
as the eq uivalent of a carbon-14 nucle­
us or a neon-24 nucleus could be emit­
ted in radioactive decay if the process 
left a double-magic dapghter nucleus, 
such as lead 208 (82 protons, 126 neu­
trons), or a nucleus close to being dou­
ble-magic. Two years ago the predic­
tion was confirmed. Carbon-14 decay, 
first detected in radium 223 at the Uni­
versity of Oxford, has been detected 
in several nuclei, and neon-24 decay 
has been detected in uranium 232 and 
protactinium 23 1. 

There is increasing evidence for the 
existence of such clusters in excited 

82 126 

states and even the ground states of 
some heavy nuclei. The discoveries 
may lead, therefore, to a new under­
standing of how nucleons are orga­
nized inside the atomic nucleus. In 
turn an increased understanding of the 
collective motions of nucleons inside 
nuclei should yield insight into the 
more general problem posed by sys­
tems made up of subatomic particles. 
One of the central motivations for 
probing all aspects of nuclear struc­
ture is that the atomic nucleus is the 
major, if not the only, testing ground 
in an important intermediate realm 
of quantum-mechanical many-body 
problems, namely systems incorporat­
ing an intermediate number of parti­
cles: too few to be treated by statistical 
methods but too many to be treated 
easily one by one. Much remains to be 
done, both experimentally and theo­
retically,' if the shapes and motions 
now being observed in exotic atomic 
nuclei are to yield all the knowledge 
they promise. 
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PREDICTED SHAPES for the ground state of 4,023 nuclei rang­

ing from the nucleus of oxygen 16 to a nucleus with 279 nucleons 

(102 protons, 177 neutrons) are displayed on a chart that plots beta 
(the parameter representing the departure of a nucleus from sphe­

ricity) as a function of neutron number and proton number. Nuclei 
predicted to deviate the least from sphericity (gray) tend to lie at or 

near the lines traced out by spherical magic numbers. Nuclei pre-

dicted to be the most deformed in nature (brown) occupy a number 
of pockets, including one that constitutes a successful prediction of 

the superdeformation discovered in exotic nuclei such as krypton 74 

(36 protons, 38 neutrons). The predictions were made by Peter 

Moller of the University of Lund in Sweden and J. Rayford Nix of 
the Los Alamos National Laboratory; their calculations were based 
on a mathematical representation of the force that binds nucleons. 
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PIEZOELECTRIC SKIN CONTACTORS designed by the au­

thors for their touch experiments bend momentarily whenever they 

receive a pulse of electricity. The tip of the contactor rests on the 

skin, exerting a static pressure that can be regulated by shifting a 

weight on the other end of the brass lever arm to which the contac· 

tor is attached. A pattern of light taps can then be superposed on 

this "background" pressure by a programmed sequence of electric 

90 

pulses. In the basic experiment one contactor delivers a warning­

and-reference tap (designated P,) followed .8 second later by anoth­

er tap (P,). The other contactor, placed a certain distance away, 

then administers a third and final tap (PJ). The time interval be­

tween P, and PJ as well as the separation between the two contac­

tors can be varied readily. Marks, shown here on the subject's fore­

arm, aid in positioning the contactors for successive measurements. 
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Space, Time and Touch 
Experiments show that slight variations in the timing of taps on the 
skin can produce wide fluctuations in the taps' perceived locations. 
These findings help to reveal how the central nervous system works 

by Frank A. Geldard and Carl E. Sherrick 

T
here is a parlor game in which 
one person (the subject, as he 
would be designated in a psy­

chology experiment) closes his eyes 
while someone pokes his arm lightly 
with a pencil. The subject must then 
indicate where he thinks he has been 
touched. Almost invariably he points 
to a site somewhat displaced from the 
actual spot where contact was made. 
For more than a decade we have been 
doing experiments in our laboratory at 
Princeton University that are in effect 
controlled variations of that game. 

We began with the knowledge that 
the human senses have adapted vari­
ously to space and time and are far 
from being equally proficient at deal­
ing with these two broad dimensions 
of the physical world. Although vision 
has mastered many of the intricacies 
of space, it is rather sluggish where 
time is concerned. Consider, for exam­
ple, the way a motion picture's discrete 
frames of film, projected onto the 
screen at a rate of 24 frames per sec­
ond, dissolve into action perceived 
as smooth and continuous. Audition is 
keen at handling time but informs one 
about space only in an indirect and of­
ten faulty manner. A sound originat­
ing somewhere in the median plane of 
the body is almost as likely to be per­
ceived as coming from behind as com­
ing from in front. The senses of smell 
and taste normally contribute very lit­
tle to the formation of spatial and tem­
poral distinctions, responding relative­
ly slowly to chemical changes in the 
environment. 

What about touch? It has much to 
do with both space and time but does 
not excel in handling either. The skin is 
better than the ear at making spatial 
distinctions and better than the eye at 
making temporal distinctions; on the 
other hand, it cannot compete with the 
eye in representing space, nor is it as 
good as the ear in gauging the time in­
terval between stimuli. Touch, the one 
sense modality that is widely distribut-

ed over the entire body, occupies a 
middle position in the hierarchy of the 
senses. In a way that is roughly analo­
gous to what goes on in the retina of 
the eye, the skin is able to report on 
where it is touched, on the distance be­
tween discriminable stimuli, on what 
forms or shapes it makes contact with 
and on whether movement takes place 
over its surface; yet all these capabili­
ties are accompanied by errors. 

It was to gain some insight into the 
sense of touch, including its character­
istic fallibility, that we undertook our 
experiments. What we did was essen­
tially to vary several features of the 
parlor-game procedure, among them 
the number and the timing of the 
touches. The experiments showed that 
the amount of error in locating one tap 
on the skin with respect to a second tap 
fluctuates widely as the timing of the 
taps is varied slightly. This result as 
well as others have revealed some 
things about the organization of the 
nervous system; the findings have also 
defined a phenomenon, which we call 
saltation, that still remains to be ade­
quately explained. 

The basic experiment consists in de­
livering three distinct taps to the 

skin of a subject. Piezoelectric skin 
contactors that flex in response to 
pulses of electricity are used to gener­
ate the taps, which are designated PI, 
P2 and P3. The initial tap (PI) precedes 
the others by nearly a full second; it 
not only gives warning that two more 
taps are coming but also serves as a 
bench mark by which any displace­
ment in the perceived location of the 
second tap can be detected. The sec­
ond and third taps (respectively P2 and 
P3) are given in quick succession. The 
first of the pair is applied at the same 
spot as the precursor tap PI was; the 
second is delivered by a different skin 
contactor a certain distance away. 
Hence PI and P2 define one stimulus 
site and P3 defines another; the tempo-

ral relations among the three taps in­
volve a relatively long but constant 
wait between PI and P2 and a short, 
variable one between P2 and P3. 

As one might expect, if this experi­
ment is set up so that the taps are ap­
plied to a subject's forearm by two 
skin contactors about 10 centimeters 
apart, and if the time between P2 and 
P3 is about a quarter of a second or 
more, it will be found that the subject 
feels two consecutive taps (PI and P2) 
at the same position followed by one 
tap (P3) at a position removed from 
the other two. (Because of the normal 
touch-localization error, the felt posi­
tions are not necessarily coincident 
with the actual places where the pres­
sure was applied, but they are consis­
tently within the normal error radius.) 
If the interval between P2 and P3 is re­
duced to less than about a quarter of a 
second, however, something unexpect­
ed happens: the subject no longer feels 
P2 at its "veridical" position, that is, 
where he felt PI. Now P2 is perceived 
instead as having been applied some­
where between the positions of PI and 
P3• The last tap seems to have "drawn" 
the second one toward it. 

The apparent displacement depends 
on the P2-P3 time interval. If the 
subject is instructed to vary the PrP3 
timing slowly from the interval that al­
lows veridicality until he senses P2/ P3 
coincidence, he can tell the experi­
menter when P2 seems to have trav­
eled certain simple fractions of the dis­
tance between PI and P3. For example, 
as the interval between P2 and P3 is 
shortened from a quarter to a tenth of 
a second, P2 will seem to have moved 
halfway toward P3. If the time is fur­
ther reduced to a twentieth of a sec­
ond, P2 is felt to be three-fourths of the 
way toward P3; at about a fiftieth of a 
second P2 becomes indistinguishable 
in location from P3. 

It is obvious that this phenomenon 
is strongly time-dependent. When sub­
jects' performances of the task are av-
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eraged, the resulting curve shows that 
the perceived displacement of the sec­
ond tap varies approximately linearly 
with the time between the second and 
third taps. 

We think of the tap sensations as 
three beads on a string. The two end 
ones, those coming from PI and P3, are 
fixed in position and anchor the string. 
The sensation aroused by P2 is found 
somewhere along the string at a place 
dictated by how far P2 is from P3 in 
time. If the offset is a fiftieth of a sec­
ond or less, the tap coincides spatially 
with the one from P3; if the timing dif­
fers by a quarter of a second or more, 
the P2 sensation joins the one from PI. 
Because the sensation evoked by P2 
appears to have jumped from where 
one would expect it (at the Pd P2 lo­
cus) to where it is actually felt (nearer 
the P3 locus), all in the brief time be­
tween P2 and P3, the effect has been 
given the name saltation (from the 
Latin saltare, to leap). 

I n the experiment we have just de­
scribed it was specified that the two 

skin contactors were separated on the 
forearm by approximately 10 centime­
ters. Does the same thing happen if the 
two contactors are, say, 20 centimeters 
apart? The answer is no. It turns out 
that there is a somewhat limited field 
over which the saltatory effect oper-
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ates, and it varies in size and shape 
from one part of the body to another. 

The dimensions of the field in which 
saltation is observed can be readily es­
tablished. The contactor delivering the 
initial pair of taps is held stationary 
while the P3 contactor is moved in 
small uniform steps out along a radi­
us of a circle centered on the PI / P2 lo­
cus. At each step the observer tests all 
possible P2-P3 time intervals to see 
whether or not P2 is felt in a displaced 
location. When a point on the skin is 
reached where there is no longer any 
saltation at any time interval, the se­
ries is ended and the distance between 
the Pd P2 contactor and the P3 contac­
tor is measured. The P3 contactor is 
then moved out a bit farther along the 
radius and a new series of trials is run, 
this time at successively smaller dis­
tances from the PI / P2 locus, until sal­
tation reappears. The average of the 
two measured distances designates a 
point on the saltation boundary. If the 
procedure is repeated along several ra­
dii, the points can be connected to en­
close a field within which saltation al­
ways occurs. This is the saltatory area 
for that particular skin sample. 

Such explorations have provided 
maps of the saltatory area of various 
body parts: the inner and outer sur­
faces of the forearm, the chest, the 
front and back of the thigh, the palm 
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and the index finger. Attempts have 
been made to explore still other ex­
tended skin areas but there are some 
difficulties. It is not just a matter of 
setting contactors down and taking 
readings. The static pressure of the 
contactors has to be held rigidly con­
stant, and the body motions associated 
with breathing and circulation often 
produce great variations in contact 
force. Special provisions also must be 
made for the various shapes and skin 
textures of different body parts. 

Nevertheless, some generalizations 
can be made from the data already ob­
tained. In particular, the shapes as­
sumed by some of the saltatory areas 
are intriguing. By and large those on 
the limbs are oval, with the long axis 
parallel to that of the limb. For the in­
ner and outer surfaces of the forearm 
as well as for the front and back of the 
thigh the longitudinal axis is about 
twice as long as the transverse axis. 
The palm and the index finger have 
more nearly round saltatory areas. 
The chest follows neither rule: here 
the saltatory area is sharply truncated 
at the midline of the body. The same 
thing is found on the forehead, in the 
center of the back and near the center 
of the abdomen. In every case an im­
portant basic principle applies: salta­
tion never crosses the midline of the 
body. This says something about the 
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NORMAL ERROR ASSOCIATED WITH TOUCH can be ex­

pressed in two ways: as the average minimum separation necessary 

for two probes to be sensed as a pair of discrete touches when they 

simultaneously contact the skin (black lilies), and as the average 

separation between the perceived point of contact and the actual 

point at which a single probe touched the skin (colored lilies). As 

can be seen, the accuracy of the tactile sense varies widely from 

body part to body part, being highest on the fingertips and the lips. 

92 © 1986 SCIENTIFIC AMERICAN, INC



underlying neural events in saltation, 
because the phenomenon evidently re­. 
spects the central nervous system's 
fundamental dichotomy into right and 
left halves. 

so far we have dealt with the simplest 
case of saltation: two staggered 

taps not too far apart on the skin, pre­
ceded by a warning-and-reference tap. 
What happens if P2 consists of multi­
ple stimuli, a series of taps replacing 
the single one? Provided the series 
does not take too long to deliver and 
provided the entire train of taps is de­
livered at the PI site, two responses are 
noted. In the original experiment the 
place where the single P2 tap was felt 
could be any point along a line drawn 
from the felt position of PI to the felt 
position of P3, depending on the PrP3 
timing. It is understandable, therefore, 
that multiple P2 taps are sensed as be­
ing strung out in position between PI 
and P3: in effect, an entire spectrum of 
PrP3 intervals is administered at once 
in the revised experiment. More puz­
zling, however, is the observation that 
the saltatory area for multiple P2 taps 
is always larger than the area for single 
P2's on the same skin surface. 

Series of trials (with the same volun­
teers who served as subjects when we 
mapped the single-P2 saltatory areas) 
were carried out in which the number 
of P2 taps was varied from two to 12, 
keeping the taps a constant 25 milli­
seconds apart. The P3 skin contactor 
was. moved progressively away from 
the other contactor on successive tri­
als, and the number of P2 taps was 
changed randomly for each series. The 
findings show that the number of taps 
in the P2 train matters: the more taps 
there are, the farther away the P3 con­
tactor can be placed and still produce 
the saltatory effect. 

This characteristic of saltation along 
with the others mentioned poses neu­
ropsychological riddles, the solutions 
to which can be only guesses. Yet cer­
tain modest questions can be answered 
definitely. For example, we noted ear­
lier that the P2 tap's inability to cross 
the body's midline was in accordance 
with the symmetry of the central ner­
vous system. Can we show that the 
phenomenon indeed has its seat in the 
central nervous system and is not gen­
erated in the skin? 

To investigate this question the sur­
face layers of an oblong strip of skin 
on the forearm are anesthetized with 
procaine so that the subject cannot feel 
taps or even pinpricks on the affected 
area. At one end of the oblong, just 
beyond the insensitive area, PI and a 
train of six P2 taps are applied; at the 
other end of the insensitive strip a sin­
gle P3 tap is delivered after the P2 train 
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PERCEIVED LOCATION OF THE P, TAP (brokell circles) in relation to the perceived 

location of P, and PJ (colored circles) is approximately a linear function of the time interval 

between P, and PJ within the range from about a quarter of a second to a fiftieth. This 

defines the phenomenon of saltation: in spite of the fact that P2 is delivered by the same 

skin contactor that delivers P" the sensation evoked by P, can be far outside the normal 

touch-error radius· of P,. Given the proper P,-P3 timing, the P, stimulus seems to "jump" 

abruptly from the P, / P, contactor locus to a position nearer the PJ locus before it is sensed. 

has ended. If mechanisms in the skin 
are responsible for the saltatory effect, 
the taps should be felt only at the loci 
where the stimuli are applied. If, on 
the other hand, saltation has its source 
in the central nervous system, there is 
no reason the taps should not be felt as 
if they were in their "normal" loca­
tions: between PI and P3 on the anes­
thetized skin. 

When the experiment was carried 
out, the answer was not long in com­
ing. At all appropriate temporal sep­
arations palpable P2 taps hopped 
straight through the deadened zone. 
Saltatory leaping is obviously generat­
ed centrally, presumably in the brain, 
and not at the stimulation sites. 

Because saltation occurs at the cere­
bral level, it is reasonable to infer that 
it may have analogies in the other 
senses. As a matter of fact, an analo­
gous phenomenon in the visual system 
has been well established. If two small 
spots of light, separated from each 
other by five degrees of vertical an­
gular separation, are flashed simulta­
neously or in quick succession and are 
viewed by fixing on a point between 15 
and 40 degrees off to the side of the 

flashes, the subject can often see a 
"phantom" light somewhere between 
the two spots. Even if the two veridical 
light spots straddle the blind spot of 
the eye, the phantom is still seen be­
tween them. It has also been noted that 
if one spot is red and the other is green, 
the phantom light looks yellow. 

It is also possible to demonstrate sal­
tation in auditory space. Three clicks 
(corresponding to PI, P2 and P3 in the 
tactile case) are sounded from two 
speakers at discriminably different lo­
cations, both on the same side of the 
head and about a meter away from it. 
When the warning-marker PI click 
and the P2 click are presented from 
one speaker, followed 40 milliseconds 
later by the P3 click from the second 
speaker, P2 sounds as if it had originat­
ed between the true locations of the 
two speakers. As in the case of the 
skin, varying the time between P2 and 
P3 moves the phantom click back and 
forth between the two speakers. A sim­
ilar phenomenon was described by the 
Hungarian-born physicist and physiol­
ogist Georg von Bekesy, who believed 
it accounted for the perceived mislo­
calization of orchestral instruments in 
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concert halls that are plagued with 
echoes. When a sound reaches the ear 
by a direct path and an echo of the 
same sound reaches it by a less direct 
path milliseconds later, the conditions 
for auditory saltation, and hence the 
apparent mislocalization, are readily 
established. 

Given all the facts uncovered by 
experimentation, we can begin 

to speculate on the underlying neuro­
physiology of saltation by distinguish­
ing it from another sensory phenome­
non, called phi. Phi is a well-known 
illusion that was originally observed 
in studies of visual perception. It can 
be induced by administering in quick 
succession two spatially separated 
stimuli (light flashes in the case of vi­
sion, skin taps in the case of touch). If 
this is done properly, the subject per-

SALTATORY AREA (colored regioll) of 

the inner forearm, the palm and the tip of 

the index finger has been mapped by the 

authors. These are regions of skin within 

which the P, contactor can be moved from 

the fixed P, / P, locus (colored dot) and still 

elicit the saltation effect. The broken· line 

boundary indicates where the saltatory ar­

eas wrap around the arm and index finger. 

ceives the stimulus as moving smooth­
ly across the visual field or along the 
surface of the skin. 

Because the phi illusion occurs op­
timally with a time separation of 100 
milliseconds or less (well within the 
broad range in which saltation occurs), 
it might be mistakenly assumed that 
one phenomenon is a variation of the 
other. A careful observer would note, 
however, that there is a significant dif­
ference between the two phenomena 
with respect to their qualitative ap­
pearance. Whether in touch or in vi­
sion, the essence of phi is the per­
ception of a continuous motion. This 
distinguishes it from the saltation 
experience, which is the perception of 
one or more touches at successive, dis­
crete locations on the skin. Movement 
in this instance can only be inferred, 
not sensed. 

Of greater significance is the space 
over which the two tactile phenomena 
operate. If two properly timed taps are 
delivered to opposite sides of the fore­
head, phi can often be experienced; the 
saltatory phantom tap is never felt, 
however, because saltation never takes 
place across the body's midline. It 
seems clear that the neural mechanism 
responsible for phi is not the one that 
causes saltation. 

In spite of the many illuminating 
findings yielded by recent research on 
the central nervous system, not much 
more than this can be said with cer­
tainty about the neural mechanism 
that might account for the various 
manifestations of saltation. For now 
only hypotheses can be offered. 

Studies in monkeys of the somato­
sensory region, the part of the cortex 
of the brain that responds to tactile 
stimuli, have revealed the presence 
of receptive fields: areas of skin that, 
when they are touched, produce a dis­
charge of localized neurons in the cor­
tex. Examining the variation in size 
of receptive fields with location on the 
body, one is struck by the correspon­
dence with the relative sizes of the sal­
tatory areas. The fields are large on the 
body and upper limbs but small on 
the hands and digits. Moreover, when 
such receptive fields were studied ear­
lier on the thorax of the cat, the sharp 
boundary at the midline of the body 
was a notable feature. The finer detail 
in the spatial layout of the central ner­
vous system, in addition to the gross 
dichotomy into left and right halves, is 
therefore also reflected in the saltatory 
phenomenon. 

As we pointed out above, when sev­
eral P2 taps are inserted between PI 
and P3, the saltatory area itself seems 
to enlarge. This may be owing to the 
cumulative effect of repeated taps, 
which causes the excitatory activity to 
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expand into outlying receptive fields, 
thereby enlarging the cortical region . 
that is active in the saltatory process. 

S tudies of temporal organization in 
the cortex comparable to those 

mapping out its spatial arrangement 
have yet to be done, but an examina­
tion of the "backward masking" of 
patterns in vision, hearing and touch 
suggests it is closely related to salta­
tion. Backward masking is observed 
when two patterns, such as speech 
sounds or letters, appear in rapid suc­
cession. The lagging pattern has a sur­
prising effect on the leading one: it 
does not merely dominate or over­
come the first pattern but tends to in­
corporate it. The fact that the phantom 
tap produced by P2 seems to be drawn 
to P3 could be viewed as the result 
of a similar modification of an initial 
neural signal by a subsequent one. Be­
cause neural-activity patterns generat­
ed by later taps encroach on ones gen­
erated by earlier taps (assuming that 
the taps are confined to a small time 
span in a single saltatory zone), it is 
the later pattern that tends to prevail 
in consciousness: it is followed by rel­
ative silence, or at least by no modify­
ing stimulus. 

Indeed, close inspection shows that 
the P2 tap changes in ways other than 
in apparent position under the influ­
ence of P3: it loses its "sharpness," and 
perhaps some of its size and intensity. 
The c

'
loser it is brought to P3 in time, 

the more extensive these modifica­
tions become. In the scheme of things 
neural, however, the preeminent quali­
ty is location. The loss of spatial iden­
tity is what stands out in the expe­
rience of the observer as the tempo­
ral framework is compressed and the 
present engulfs the past. 

The neuroelectric activity of the 
cortex reflects the excitation of many 
nerve cells, since there is great over­
lapping of receptive fields. As long as 
the two taps remain within each oth­
er's overlapping receptive fields and so 
trigger the firing of the same cortical 
neurons, their temporal conjunction 
produces the backward inhibitory ef­
fects; as the taps are registered in sepa­
rate fields, the confusion produced by 
their conjoint space-time occurrence 
in the brain is reduced or eliminated. 
This suggests that the definite borders 
of a saltatory area define the boundary 
of shared receptive fields. 

All these conjectures are, to be sure, 
wholly speculative, yet they serve the 
purpose of suggesting places and proc­
esses that may be fruitfully explored. 
It is now up to those scientists who 
look for answers under the skin to de­
termine whether these hypotheses are 
supportable. 

BODY'S AXIS OF SYMMETRY (black line) defines a boundary over which the "phan­

tom" Pz touch will not jump. The saltatory area of the chest (colored region) described 

when the PI / Pz locus (colored dot) is placed a centimeter off center accordingly exhibits a 

sharp truncation at the midline. Saltation thereby betrays its underlying connection to the 

central nervous system, which preserves the dichotomy between the body's right and left 

halves. The gray lines emanating from the PI /  Pz locus are radii along which the P, contac­

tor was moved in order to determine the saltatory area's boundary points (black dots). 
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MULTIPLE Pz TAPS (color) that are evenly spaced in time (beginning, as in the single-Pz 

case, 800 milliseconds after PI) are evenly distributed in their perceived locations (broken 
colored lines) between the PI / Pz locus and the P3 locus. The position at which each Pz-

component tap is sensed reflects the tap's temporal relation to P,: the closer to P, it is in 

time, the closer to the PJ locus it is ultimately sensed to be. Multiple-Pz experiments reveal 

a more puzzling phenomenon: the saltatory area for trials with multiple taps is always 

larger than the area for trials with single Pz taps on the same skin surface. Moreover, the 

more taps there are in the Pz train, the greater is the observed expansion of the area. 
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Flight Simulation 

Simulators are increasingly employed to train pilots for 

complex tasks. Generating the accompanying visual scene 

continues to present a challenge to computer technology 

M
ost pilots learn to fly today just 

as they have for 75 years­
with their hands on the con­

trols of a real plane in real flight. They 
may begin with an instructor sitting 
beside or behind them, but as soon as 
they can land safely most of the rest of 
the training is done solo. Consequently 
learning to fly has posed increasingly 
severe problems as the performance 
capacities of planes increase and as the 
multiple demands for the pilot's atten­
tion escalate. 

Whereas a World War II fighter 
plane could barely exceed the 250-
mile-per-hour speed of the race cars 
at the modern-day Indianapolis Mo­
tor Speedway, today's fighters routine­
ly fly two to five times as fast. More 
important, their maneuverability at 
the higher speeds means that reaction 
times for responses have to be incredi­
bly quick. Even at a lazy 600 knots a 
plane travels more than 1,000 feet per 
second-a mile every five seconds. 
Moving at such a speed in level flight 
at an altitude of 1,000 feet, the plane 
will collide with the ground in 20 sec­
onds if the ground slopes upward at a 5 
percent grade, a slope often difficult to 
detect from the air. The collision time 
drops proportionately with altitude 
and becomes only two seconds for 
flight at an altitude of 100 feet. Two 
seconds may still be enough time to 
avert disaster-except that the pilot 
may also be listening to a warning 
from a wingman, or looking behind 
for a possible attacker, or preparing to 
attack a target already in sight ahead. 
Even with only a few of these added 
tasks 20 seconds may not be enough 
time to avoid crashing. 

How can pilots be trained for such 
complex tasks without killing them in 
the process? The preferred solution, 
introduced during World War II, is the 
flight simulator, in which the pilot can 
practice many flying tasks while sit­
ting safely on the ground. He or she 
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can even practice responses to unlike­
ly events, particularly those that might 
lead to disaster. 

A
commonly encountered relative of 
the aircraft flight simulator is the 

automobile driving simulator. In the 
automobile simulator the car wind­
shield is replaced by a projection 
screen on which a roadway scene is 
displayed. A preprogrammed motion 
picture presents challenges to the driv­
er, who must react to them. Other cars 
approach, for example, or the road 
turns or highway signs and signals ap­
pear. The driver's task is to control the 
car by operating its steering wheel, gas 
pedal and brake. This type of simula­
tor has a major limitation: the han­
dling of the controls by the driver does 
not produce a corresponding change in 
the scene displayed on the screen. 
Turning the wheel does not allow the 
driver to see or feel the car turn. Near­
ly all automobile simulators are of this 
"open loop" type. 

In a "closed loop" system, in con­
trast, the use of controls does prod uce 
changes in the scene. To close the loop 
in a simulator the scene being present­
ed must actually exist either as a physi­
cal model or as a program in a com­
puter. When a physical model is used 
in a flight simulator, for instance, a 
moving camera photographs the mod­
el from the position in the model occu­
pied by the aircraft and moves as the 
craft moves. In this way the pilot sees 
the part of the model over which the 
plane is traveling, so that if the pilot 
speeds up, the camera speeds up corre­
spondingly, and if the plane turns, the 
camera turns too. When the air scene is 
constructed by a program in a comput­
er, instead of using a physical mod-

el, the computer generates an image 
of that part of the scene directly in 
front of the plane. The scene changes 
in relation to the movement of the 
plane. Both procedures depend heavi­
ly on computers. 

Flight simulators are now used to 
train people for each crew position in 
every type of fixed-wing aircraft, heli­
copter and spacecraft. I shall focus on 
pilot training in jet-fighter aircraft be­
cause it is here that simulation poses 
the greatest difficulty. The combined 
effects of high speed and low altitude 
make it a technological challenge to 
change the visual scene and the appar: 
ent motion of the simulator realistical­
ly in response to the pilot's actions. 

The basis of a typical jet-fighter sim­
ulator is a real cockpit and seat with­
out the rest of the plane. The cockpit is 
enclosed by a projection surface on 
which the visual scene is shown. To 
simulate the motion of the plane the 
cockpit is mounted on a platform that 
can be moved up and down and from 
side to side liS well as tilted. As the pi­
lot operates the controls of the aircraft 
both the visual-scene content and the 
sensation of aircraft motion change. 
The simulator can also reproduce the 
sensation of atmospheric turbulence. 

The cockpit (surrounded by the im­
age-producing devices and mounted 
on the motion-producing platform) is 
generally in a room by itself. A sepa­
rate control room contains the associ­
ated computer, from which all aspects 
of the simulated flight are supervised, 
monitored and recorded. The simula­
tor is usually monitored by an instruc­
tor pilot who is in communication with 
the pilot in the simulator. The instruc­
tor can enact the role of wingman, 
ground control or mission control, and 

SIMULATED LANDING of an AV-SB Harrier II light attack aircraft on the deck of a 

carrier is demonstrated by a U.S. Marine Corps pilot. The training system, which is known 

as an Operational Flight Trainer, was developed by the McDonnell Aircraft Company. 
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he can also manipulate or interfere 
with the various tasks to be done by 

. the pilot. The instructor can, for in­
stance, move targets, fire surface-to­
air missiles, make other planes appear 
and even attack, suddenly change the 
weather, cause the plane to malfunc­
tion, amend the student pilot's orders 
and in general produce realistic chaos. 

H
ow are such simulations created? 

The first step is to make a model 
of the terrain over which the flights are 
to take place. The content and detail of 
the model are determined by the train­
ing task. The earliest models were of 
airfields or aircraft carriers, because 
flight simulators were first employed 
primarily for practice in takeoff and 
landing. Other models are of tanker 
planes in an otherwise empty sky (to 
provide practice in air-to-air refueling) 
or of one or more fighter planes (to 
simulate air-to-air combat). Recent 
models have included larger stretches 
of ground over which low-level flight 

can be simulated. Such terrain can also 
include targets to be observed or at­
tacked, surface-to-air missiles to be 
evaded and, of course, natural features 
to be avoided. 

The model begins as a conceptual 
description, which is currently realized 
in one of two ways: as a physical board 
model over which a camera is "flown" 
or as a computer program capable of 
generating and displaying an image. In 
either case the image of the scene is 
displayed to the pilot on a projection 
or video screen. 

A typical board model might be 30 
by 60 feet, scaled to represent about 
six sq uare miles of terrain. The flight 
controls operated by the pilot in the 
simulator cockpit are connected to 
high-speed motors that move a video 
camera over the board exactly as the 
plane is made to fly; the movement of 
the camera is in scale with the model. 

The main advantage of the board 
model is the tremendous detail it can 
present-something no computer im-

agery system is ever likely to dupli­
cate. The effectiveness of the board is 
limited by how close to the surface the 
camera lens can be flown. A pilot in a 
plane on a runway might be 10 feet off 
the ground, which corresponds to a 
distance of less than half an inch off a 
modeled runway constructed at a scale 
of 300 to 1; this is closer than the lens 
can be positioned without risk of dam­
age. Moreover, at that small distance 
normal lenses do not have enough 
depth of field to simulate the sharp 
images a pilot would ordinarily see. 
Newer techniq ues using laser sensing 
scanners are being developed to solve 
both technical problems. 

Board models are expensive to con­
struct, cumbersome to alter and lim­
ited as to the size they can represent. 
They are also noninteractive: objects 
do not move or disintegrate in a puff 
of smoke when they are attacked. Be­
cause board models are small, they are 
also quickly memorized during repeat­
ed practice. They are therefore effec-
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tive only for the simulation of repeat­
ed flying tasks near the ground (par­
ticularly landing), flight over difficult 
target areas or flight in which exten­
sive surface detail is required, as it is in 
hovering practice for helicopters. 

C
omputer-generated imagery is far 

more versatile, and a growing 
number of jet-fighter simulators use 
scenes generated by a computer. The 
first step is to develop a conceptual 
model similar to a physical board 
model, except that its size is limited 
only by the amount of memory and 
speed of the computer. The model de­
fines the physical dimension of the ter­
rain, its surface texture and character 
and any objects and artifacts that 
might be on its surface. 

Once a model is programmed and 
stored in the computer's memory it is 
manipulated so that particular parts of 
it-corresponding to the pilot's view 
from the cockpit at a given instant­
are displayed. This requires the pro­
gram to compute the location of each 
part of the model with respect to the 
position of the plane. The vast major-

COCKPIT 

ity of the scene is invisible at any one 
time, including what is behind the 
plane, what is too far ahead to be visi­
ble or what is hidden behind more 
prominent features in the line of sight. 

For terrain features that are visible 
the program computes the projection 
appropriate to the angle of regard of 
the pilot. A pilot flying across a square 
cornfield planted on level ground, for 
example, does not see a square im­
age. When it is approached from a 
distance, the field seen straight ahead 
is greatly foreshortened, with the far 
edge shorter than the near one and the 
two sides converging to a vanishing 
point at the horizon. When the plane 
gets closer to the field, the sides of the 
field elongate in relation to the near 
and far edges, and the shape becomes 
less trapezoidal as the sides become 
more parallel. The field would be pro­
jected as a square only if the plane 
were directly over it and all four sides 
were simultaneously visible, and that 
is possible only if the plane is diving at 
the center of the field. The geometric 
transformations of a surface as a func­
tion of viewpoint are well known, but 

MOTION-SIMULATOR -i:i��""""':::::::::'����"J1&< 
MECHANISM 

COCKPIT AIR 
I 

different computer-generated imagery 
systems follow different procedures to 
achieve them. 

The main advantage of computer­
generated imagery systems so far has 
been the unlimited size of the terrain 
they can generate and display. Where­
as board models represent only a few 
miles of ground, computer-generat­
ed imagery can encompass the entire 
vault of the sky, spanning thousands of 
square miles of every possible kind of 
terrain, from deserts to mountains. Al­
though in theory a program can be 
written at any level of detail, in prac­
tice the greater the detail is in the 
surface texture (leaves on trees, mark­
ings on buildings, roads or runways, 
rocks on mountain slopes), the longer 
it takes the computer to generate any 
specific instance of the model. Since 
the program has to generate the mod­
el in real time as the plane flies over 
it, the level of detail is limited by 
the computer's size and speed and by 
its "refresh" and "update" rates. This 
is particularly critical when the plane 
is flying close to the ground. Even 
though computer-generated imagery 

FLIGHT SIMULATOR consists of a cockpit (left) and a control 

room (right). The cockpit is enclosed by a projection surface (showll 
as a series of cathode-ray tubes) on which the visual scene is dis­

played. To simulate motion the cockpit is mounted on a platform 

that can be moved up and down and from side to side as well as 

tilted. As the pilot operates the controls of the aircraft both the 

visual-scene content and the sensation of aircraft motion change. 

The control room contains the associated computer, from which all 

aspects of the simulated flight are supervised, monitored and re­

corded. The simulator is usually monitored by an instructor pilot 
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systems could in principle generate a 
scene with as much detail as that of a 
board model, none of them is current­
ly capable of doing so in real time, par­
ticularly the real time demanded by 
rapid flight at low altitude. 

T
o display the visual scene, whether 
it is produced by a board model or 

by a computer-generated imagery sys­
tem, most simulators rely on a device 
known as a raster-scan cathode-ray 
tube, which is similar to a convention­
al television tube. A simple system ap­
propriate for an airplane with only a 
narrow field of view to the front re­
quires only a single cathode-ray-tube 
screen positioned straight ahead in the 
pilot's line of sight. Most fighter air­
craft have a wide field of view, howev­
er. In order to create a visual scene for 
them a number of separate screens are 
positioned in front of, above, to the 
sides of and even to the rear of the pi­
lot's head. 

A raster-scan cathode-ray tube pro­
duces an image through the rapid illu­
mination of discrete points, called pix­
els, arranged along scan lines. Home 

CENTRAL 
PROCESSING 
UNITB 

MASTER VISUAL 
ELECTRONICS CABINET 

I 
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who is in communication with the pilot in 

the simulator. The illustration is based on 

the C-130H flight-training simulator, which 

is under development at the Link Flight 

Simulation Division of the Singer Company. 

television sets in the U.S. have a stan­
dard number of 480 horizontal scan 
lines, regardless of the physical size of 
the tube's display area. There are 640 
separate pixel positions located on 
each scan line, and each position can 
be illuminated by an electron gun 
whose beam moves along the line. To 
red uce the flickering effect of the se­
quential illumination of the points, the 
pixels on the odd-numbered rows are 
illuminated first, starting at the low­
er left-hand corner of the tube, going 
across each of the 240 odd rows and 
sequentially moving up the screen. 
Then the process is repeated for the 
240 even rows. It takes a sixtieth of a 
second to do the odd rows and another 
sixtieth of a second to do the even 
rows. All the pixels needed to define 
the scene being displayed are illumi­
nated 30 times per second, which de­
fines the quantity known as the refresh 
rate for the cathode-ray tube. 

For flight simulators the number of 
scan lines varies from 300 to 1,024 and 
the number of pixels per scan line var­
ies from 512 to 1,024. Both variations 
affect the resolution of the tube: the 
fineness of detail that can be displayed 
and that can be distinguished by the 
viewer. For a cathode-ray tube, resolu­
tion is determined by the distance be­
tween the pixels in relation to the view­
ing distance. If the number of scan 
lines and the number of pixels per scan 
line are held constant, the resolution of 
a cathode-ray tube decreases as the 
screen size is enlarged in relation to the 
distance from which it is viewed. In 
other words, when a cathode-ray tube 
has to cover only a small visual angle, 
its resolution capabilities can be quite 
high, so that fine detail can be dis­
played and perceived. If, however, a 
cathode-ray tube has to cover a wide 
visual angle, resolution is reduced. To 
avoid reduced resolution, multiple in­
dependent tubes are mounted side by 
side in the simulator. The F-16 jet­
fighter simulator currently uses seven 
36-inch tubes, which provide a field of 
view measuring 300 degrees horizon­
tally and 150 degrees vertically. 

The brightness of a scene displayed 
on a cathode-ray tube is determined 
both by the light output of the cath­
ode-ray tube itself and by the nature of 
any optical elements placed between 
the surface of the tube and the pilot. 
When a real scene is viewed from a 
fighter, its details are effectively at op­
tical infinity. Collimating lenses are 
therefore placed between the tube and 
the pilot, so that the light rays coming 
from the tube are made parallel, as if 
they were reflected from distant ob­
jects. The scene generated on each sur­
face of a cathode-ray tube is imaged 
on a diffusing screen window. Com-

FIBER-OPTIC 
CABLES ______ 

PROJECTION SURFACE can also be in­

corporated in the pilot's helmet. The dis­

played image is transmitted from a projec­
tor behind the pilot through a pair of fiber­

optic bundles. The system has only just 

been developed; several experimental proto­

types are now in the early stages of testing. 

pared with a normal room illumina­
tion of about 50 candelas per square 
meter the cathode-ray tubes in the F-
16 system would generate about 100 
candelas (if the tubes could be viewed 
directly). The collimating lenses and 
diffusing screen windows absorb so 
much light, however, that the maxi­
mum light reaching the pilot's eyes is 
only about one candela-closer to the 
light level of twilight than to that of 
high noon. Because the pilot is able to 
adapt to such a light level easily, there 
is little difficulty in seeing all the de­
tails of the scene. Unfortunately the 
low light level puts a limit on the con­
trasts in light possible-a limit that 
makes it difficult to display objects 
close to the lower threshold of vision. 

Although cathode-ray tubes provide 
I\.. the visual simulation for most of 
the flight trainers in use today, there 
are two other display procedures. In 
one of them the scene is projected onto 
a panoramic motion-picture screen in 
front of the pilot. A system of this kind 
achieves slightly better resolution and 
brightness than a cathode-ray-tube 
display but otherwise has similar char­
acteristics. 

In the other display procedure the 
projection surface is incorporated into 
the pilot's helmet. This system has 
only just been developed, with several 
designs still in the testing stage. The 
displayed image either can come from 
a pair of miniature cathode-ray tubes 
also attached to the helmet or cs" be 
transmitted from a projector behmd 
the pilot through a pair of fiber-optic 
bundles. When it is perfected, the hel­
met-mounted display should prove to 
be a highly cost-effective visual simu­
lator because it is so small. Although 
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both the computer and the projection 
equipment are similar to those needed 
for other types of simulators, no exter­
nal screen is required or any battery of 
mammoth cathode-ray tubes: every­
thing fits in the pilot's helmet. 

Because it is capable of much great­
er resolution and brightness, the hel­
met-mounted display system offers 
substantial theoretical advantage over 
other systems. Furthermore, it allows 
separate visual input into each eye. Re­
search suggests that binocular dispari­
ty is useful in processing depth, and 
that information about depth from rel­
ative motion is also processed binocu­
larly, yet no current simulator pro­
vides the pilot with this information. 

D
isplay and computer-generated 
imagery systems are not overly 

taxed when they are used to simulate 
training tasks such as air-to-air refuel­
ing, formation flying or air-to-air com­
bat, since in each such task only one or 
two planes need be displayed against 
an otherwise empty sky. Problems in 
displaying details do occur, however, 
in the simulation of all aspects of low­
level flight, including target detec­
tion, air-to-ground attack, visual and 
radar avoidance by flying close to 
the ground, and close-in support and 
reconnaissance. 

The problems in displaying scenery 
for low-level flight arise for two inde­
pendent reasons: more detail is needed 
so that the pilot can correctly perceive 
altitude and maneuvering room (this 

demands more resolution) and the 
detail has to be changed faster given 
the rapid movement of the viewpoint 
from moment to moment (this de­
mands faster update rates). The need 
for detail arises because the ground 
cannot simply be a matrix of uniform 
checkerboards; empty checkerboards 
specify little about the undulations of 
the ground. Without substantial added 
surface details and objects a pilot has 
great difficulty telling altitude or judg­
ing whether ridges can be cleared or 
obstacles avoided. If the task is one of 
hugging the ground as closely as possi­
ble in order to avoid detection, then 
richness of surface texture and detail 
becomes overwhelmingly important. 

Three solutions have been pursued 
to provide enough detail for low-level 
flight. Since most computer systems 
create features by drawing straight 
lines or curved edges, one solution has 
been to demand more edges in real 
time. This demand is gradually being 
met. Off-the-shelf systems now have 
10 times as many available edges as 
they did just five years ago, and the 
industry expects another tenfold in­
crease in the next five years. 

The second solution has been to add 
an extra high-resolution channel to the 
display system, one that can be moved 
around depending on the direction of 
the pilot's gaze. An eye- or a head-po­
sition sensor detects the direction of 
gaze at every moment. Either electron­
ically or mechanically, the area of the 
scene directly in line with the direction 

PROJECTION SCREENS offer yet another alternative to cathode-ray tubes as a means of 

displaying simulated visual scenes. The control room of a flight simulator need not be large; 

in some instances, such as the. one depicted here, even a small microcomputer is sufficient. 
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of gaze is displayed with a resolution 
much finer than that of the re�t of the 
screen. This can be done if, instead of 
using each cathode-ray tube to cover a 
90-degree-square area, the high-reso­
lution channel is fed to a cathode-ray 
tube that covers a 30-degree-square 
area-a tripling of resolution. The 
overlapped area is blanked out of the 
background channels so that only one 
image is seen, but the display straight 
ahead is much sharper. 

The third solution depends on de­
ciding which kinds of detail are 
really necessary, and then on display­
ing just those. In the long run this ap­
proach will be more effective, but the 
research is just being done, so that only 
a few answers are available. One gen­
eral finding appears to be that the dif­
ferent sources of information vary 
in value depending on the perceptual 
task facing the pilot. When the plane is 
flying low and fast, for example, edges 
used to define surface texture are less 
important than edges used to define 
changes in relative position. In other 
words, the information about rela­
tive motion of ground features may 
be more important than information 
about ground texture itself. 

Low-level flight also strains com­
puter-generated imagery systems be­
cause all the edges in the scene must be 
replotted at a very rapid rate. The re­
fresh rate of a raster-scan cathode-ray 
tube is 60 times per second: the tube 
completely rewrites the contents of the 
scene every 16 milliseconds. Since the 
scene itself is changing, the computer 
must update the display to reflect the 
new positions of every object in the 
scene as perceived by the pilot. With 
the need for rapid change, as when the 
pilot flies low and fast, the available 
update rates for the entire scene are 
simply inadequate. Larger and faster 
computers will help to solve this prob­
lem, but more inventive display sys­
tems are needed as well. 

I
n actual flight the pilot can see the 

movement of the plane across the 
terrain and can feel the changes in 
gravitational forces on him associated 
with turns, climbs, dives and atmos­
pheric turbulence. These perceptions 
arise from visual motion information 
that comes to the eyes and gravitation­
al-force changes that come to the ves­
tibular organs in the inner ear. Most 
motion can be perceived by vision 
alone, so that the inclusion of gravita­
tional information in a simulator is 
technically not necessary. Since such 
information is always available to pi­
lots in real flight, however, many flight 
simulators include a motion platform 
whose movement stimulates the ves­
tibular organs. 
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When the body is moving at a con-
. stant speed, only changes in the rela­
tive positions and sizes of objects as 
detected by the visual system provide 
information about that movement. 
The vestibular organs can detect only 
acceleration and deceleration, which 
are changes in the rate of motion. The 
changes can be in a transverse orien­
tation, such as those felt in a car or 
an airplane when it speeds up or slows 
down. A well-tuned sports car in a 
jackrabbit start can produce an addi­
tional g (a unit of force equivalent to 
the force of gravity) of transverse 
force, equivalent to a momentary dou­
bling of the driver's weight during the 
start. A 727 jetliner creates about 1.5 
additional g's on takeoff. 

In addition to the transverse forces, 
changes in motion along a vertical di­
mension can also be felt, as in the start­
ing or stopping of an elevator. When­
ever a plane begins to climb or to bank 
into an inside turn, gravitational forces 
push the body down in the seat (posi­
tive g's), whereas beginning a dive lifts 
the body out of the seat (negative g's). 
In a fighter plane turning provides the 
strongest change in motion informa­
tion. Just as the weight of a bucket at 
the end of a rope increases as it is 
swung around faster, so the plane and 
its pilot become heavier as the plane 
makes tighter turns at higher speeds. 

Such changes are also expressed in 
terms of g forces. A roller coaster can 
prod uce up to about + 4 g's of lift d ur­
ing its sharpest turn; an F-16 jet fighter 
can exert more than + 11 g's of lift on 
the pilot (and plane) during a steeply 
banked level turn. This is eq uivalent to 
increasing the pilot's weight from, say, 
200 pounds to 2,200 pounds during 
the turn; a four-pound helmet sudden­
ly weighs more than 40 pounds. Al­
though + 11 g turns are made only 
rarely, turns producing from +6 to 
+9 g's are made routinely. 

To produce the same sensations on 
the pilot's vestibular system the en­
tire cockpit of the simulator must 
be moved physically to imitate the 
changes in speed or altitude of the air­
craft. The National Aeronautics and 
Space Administration has built centri-

GREATER DETAIL in the visual scene of 

a flight simulator can be provided by add­

ing an extra high-resolution channel to the 

display system. An eye- or a head-position 

sensor detects the direction of the pilot's 

gaze at every moment. The area of the scene 

directly in the line of sight is blanked out 

of the background channels (middle) and 

displayed with greater detail by means of 

the high-resolution channel (bottom). Only 

one image is projected; the amount of visual 
detail is greatest in the forward direction. 
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fuges to simulate the forces, which can 
exceed + 10 g's, that an astronaut ex­
periences during the lift-off and return 
of a rocket. It is theoretically possible 
to mount an entire fighter cockpit in 
such a centrifuge, but that would be 
astronomically expensive and is prob­
ably not necessary. 

Instead the cockpit is mounted on a 

24-FOOT 
DIAMETER DOME 

platform that is moved about by a set 
of hydraulic pistons. The distance of 
travel is rarely more than two feet in 
any direction, and the simulated forces 
are limited to 1.8 g's, enough to pro­
vide only "onset" cues to the beginning 
of a change in motion. The system cer­
tainly provides more motion informa­
tion than no system at ail, but there is 

little evidence that it improves flying 
performance in the simulator. In train­
ing for instrument flying (necessary in 
fog or clouds), however, even the mini­
mal motion cues provided by the mo­
tion platform are compelling. 

A relatively inexpensive and inge­
niolls method of sim ulating positive 
g forces is the inflatable g suit. A g 

BACKGROUND 
PROJECTOR 

DOME-PROJECTION SIMULATOR under construction at Link 

will provide a continuous image over a field of view measuring 270 

degrees horizontally by 138 degrees vertically. Known as ESPRIT 

(for eye-slaved projected raster inset), the system will endow the 

visual area in the trainee's line of sight with greater detail than is 

received by the remainder of the visual area (see i llllstratioll Oil pre­

cedillg page). The background projectors will display the peripheral 

images; the foveal projector will display the area in the line of sight. 
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suit covers the abdomen and legs and 
'acts much like a blood-pressure cuff 
around the lower parts of the body 
whenever positive g forces are experi­
enced. This both increases blood pres­
sure and retards the flow of blood 
away from the upper parts of the body, 
particularly the head. Even in a simu­
lator without any motion platform, if 
the plane's motion would normally 
subject the pilot to positive g forces, 
the g suit inflates, providing a cuing 
sensation of a turn or a climb. 

F
light simulators can obviously be 

justified in savings in fuel and 
maintenance for aircraft. Whereas it 
costs about $5 ,000 per hour in fuel and 
maintenance to fly an F- J 6 jet fighter 
in training, it costs less than a tenth of 
that per hour to fly the F-16 simulator. 
More important, it costs nothing to 
crash the simulator, and all risk is re­
moved that the plane and the pilot 
might be lost in an accident. 

The strongest argument for simula­
tors involves neither cost nor safety, 
however. Rather, simulators provide 
the opportunity to ensure training ef­
fectiveness in ways that are not pos­
sible in real aircraft in actual flight. 
Simulators can, for example, provide 
practice for responses to highly unlike­
ly and potentially disastrous events. 
When a DC-I0 lost an engine during 
takeoff in 1979, its crew had no experi­
ence with the sudden changes in stabil­
ity and lift resulting from the uneven 
loss of power and damage to the wing. 
Although it is not realistic to practice 
such an event in a real DC-IO, it is easy 
to simulate the effects of such changes 
on the aerod ynamics of the DC-I 0 and 
let pilots learn to handle the emergen­
cy. In the simulator a wide variety 
of emergencies, failures and accidents 
can be experienced and countermeas­
ures perfected. 

The rate of learning can also be 
improved with simulated flying. Re­
search has shown that some flying 
tasks are mastered more quickly and 
brought to a higher level of skill if the 
subcomponents of the task are prac­
ticed separately or in an order differ­
ent from the natural one. It has been 
shown, for instance, that pilots learn to 
land better if they first practice the fi­
nal approach without having to fly the 
earlier stages of the approach. 

Simulated training also allows much 
greater concentration of trials. In air­
to-air combat an hour's flying time 
may allow only three or four engage­
ments, even though each one lasts for 
only a minute. In the simulator 20 to 
30 such engagements can take place 
in an hour. As another example, in ac­
tual landing practice 95 percent of the 
time is spent circling and taxiing. All 

EARLIEST FLIGHT SIMULATOR, the Link trainer, was used during World War II. 
Demands by air forces have been the chief incentive for the development of simulators. 

of this can be eliminated in the simu­
lator, so that 20 times as many land­
ings can be made per hour of flight 
time in the simulator. 

Some flight-training simulators are 
equipped with "freeze and replay" ca­
pabilities. If the instructor sees the pi­
lot making an error, the position of the 
plane can be frozen and the error can 
be discussed and analyzed before 
flight is resumed. After the flight ends 
the entire seq uence can be repeated 
with· the computer piloting the plane 
just as the pilot had done previously. 

The simulated scene can also add in­
formation that is not in the real scene 
to aid the pilot in developing flying 
skills or distance perception. In low­
level flight, for example, pilots often 
have trouble at first in judging the 
height of objects or ground contours. 
To help them, artificial cues to height 
can be added until the pilot develops 
an internal scale. Then the cues can be 
grad ually deleted from later practice. 

'b; experiences of the major air 
for in World War II, in Korea, in 
the .v1iddle East and in Vietnam sug­
gest another potential purpose for 
simulated training. Losses in combat 
are concentrated almost exclusively 
among pilots with five or fewer com­
bat misslOns; if the fifth mission is sur­
vived, the probability of surviving the 
remaining ones is more than 95 per­
cent, regardless of how many addition­
al missions are flown. These figures 
suggest that if all pilots could be given 
the equivalent of their five combat 
missions before they face the enemy, 
losses could be minimized drastically, 
perhaps altering the outcome of the 
engagement or war. 

Flight simulators could also facili-

tate comparisons of different training 
programs-comparisons that would 
otherwise be costly, risky and difficult 
to make. The advantages and disad­
vantages of each program could be ex­
amined in the course of training in the 
simulator. It would become possible to 
determine which components of exist­
ing training programs are effective 
and which are not and to test new ideas 
and procedures. This is particularly 
advantageous when the procedure un­
der examination is only one part of a 
long training sequence. 

A
final justification for simulators 
goes beyond flight training alto­

gether. Simulators of the kind de­
scribed here are the best existing de­
vices with which to carry out basic re­
search on many aspects of visual per­
ception. Is stereoscopic vision useful at 
100 feetTHow much information does 
a moving person get from peripheral 
vision? Can peripheral information be 
processed automatically without inter­
fering with the need to focus on targets 
that lie straight ahead? 

Experimental psychologists have 
asked these questions before, but up to 
now most research has relied on either 
impoverished laboratory presentation 
of stimuli or stationary displays and 
stationary observers. Flight simulation 
allows far better control over the pre­
sentation of moving stimuli while al­
lowing for movement through or over 
the scene. It is obvious that answers to 
these questions can help to improve 
the design of simulators. More impor­
tant, however, they can significantly 
advance understanding of how even 
earthbound human beings perceive 
their environment. 
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The Arthropod Cuticle 
This complex covering accounts for much of the adaptive success 

of the arthropods. As its structure and chemistry become clearer, 

so do the properties allowing it to provide protection and support 

The phylum Arthropoda exceeds 
all other groups of animals in 
number of species and diversity. 

In fact, arthropods, which include the 
crustaceans (crabs, lobsters, isopods), 
insects (wasps, bees, ants, beetles), 
arachnids (spiders, scorpions, ticks, 
mites), centipedes, millipedes and sev­
eral lesser groups, account for approx­
imately 80 percent of all known ani­
mal species. They have also radiated 
to occupy every conceivable type of 
ecological niche. After the first arthro­
pods made a success of aquatic habi­
tats, members of the phylum eventual­
ly became not only the first animals to 
make the land their home but also the 
only invertebrates to fly and to suc­
cessfully adapt on a large scale to life 
on land. 

A key factor in the eminence of the 
phylum, whose members possess a 
segmented body, jointed limbs and a 
strong external skeleton, is the cuticle. 
This material serves as the skeleton, 
covers the body surface and appen­
dages and, in many insects, forms 
wings. It also lines the tracheal tubes, 
various gland ducts and sense organs 
and the anterior and posterior regions 
of the digestive tract. The cuticle pro­
vides support, a place for muscles to 
attach and a barrier between the ani­
mal and the environment. Indeed, one 
of the cuticle's most critical functions, 
limiting water loss from the animal, 
enabled the arthropods to make a suc­
cessful transition from an aquatic to a 
terrestrial existence. The cuticle can be 
rigid or soft. For example, many crus­
taceans and beetles have a thick, rigid, 
armor like cuticle, but soft-bodied lar­
vae of many arthropods have a thin, 
more flexible exoskeleton. 

Because the cuticle is so important 
to the evolution and continued surviv­
al of the arthropods, investigators the 
world over have studied its features 

. for decades. The effort has progressed 
remarkably in the past 15 years, owing 
in large part to advances in micro tech-
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nologies. These technologies have, in 
varying degrees, now answered such 
questions as: What is the basic fine 
structure of the cuticle? What is the 
chemical composition and architectur­
al arrangement of the major cuticular 
divisions and how do these features af­
fect cuticular function? 

Early studies done with light micro­
scopes uncovered the two major 

structural divisions: a thin top layer 
known as the epicuticle and a thicker 
layer known as the procuticle. These 
layers rest above the epidermis, a sin­
gle layer of cells that originally secrete 
the cuticle. Together the cuticle and 
epidermis form the integument, or 
outer covering, of the arthropod. 

Observation of the fine structure of 
the two basic cuticular divisions had 
to await the development of electron 
microscopes and specialized methods 
for preparation of specimens for view­
ing. Among those who have applied 
such tools, particularly the transmis­
sion electron microscope, are Antho­
ny C. Neville of the University of Bris­
tol, Michael Locke of the University 
of Western Ontario, Barry K. Filshie 
of the Commonwealth Scientific and 
Industrial Research Organization in 
Australia and Yves Bouligand of the 
Ecole Normale Superieure in Paris. 

The epicuticle, which is important 
to the ability of most arthropods to re­
tain water, contains at least two sub­
layers in spite of its being only from 
.1 micrometer to three micrometers 
thick. It may have as many as five sub­
layers in some species, although the 
cuticulin layer on top and the inner 
epicuticle, which itself accounts for 
more than 90 percent of the entire epi­
cuticle, appear to be the ones that are 
universally present. 

The surface of the epicuticle is par­
ticularly fascinating. Viewed with a 
scanning electron microscope, which 
produces three-dimensional images, 
the surface shows a surprising degree 

of microsculpturing. A common pat­
tern consists of repeated polygons, of­
ten hexagons, with slightly raised mar­
gins. Such a relatively flat surface typ­
ically makes the animal glossy and 
often appears in species that sport 
warning coloration. Often microscop­
ic structures of various shapes-such 
as knobs, spines or folds-partially 
or completely obliterate the polygons. 
These microstructures reduce the re­
flection of light from the surface and 
can give the arthropod a lusterless ap­
pearance; they are commonest in in­
sects that depend on concealment for 
protection from predators. 

The other major cuticular division, 
the procuticle, makes up the bulk of 
the integument and ranges in thickness 
from 10 up to several hundred micro­
meters. The procuticle accounts for 
the shape and strength of the cuticle. 
It typically divides into a relatively 
thin exocuticle-a pigmented layer at 
the top-and a thicker endocuticle. 
In some instances two other sublay­
ers form: the mesocuticle, between the 
exocuticle and the endocuticle, and the 
deposition layer, between the epider­
mis and the cuticle. 

Vertical channels penetrate the var­
ious cuticular layers. The largest of 
these, the dermal gland ducts, extend 
from sacs in the epidermis to the sur­
face, where their openings are often 
spaced at regular intervals. The mate­
rial secreted by these ducts has yet to 
be firmly identified. The other chan­
nels, complexes of pore canals and 
wax canals, are narrower and more nu­
merous than dermal gland ducts. The 
pore canals emerge from the epider­
mis and join wax canals at the junction 
of the exocuticle and the epicuticle; 
the wax canals terminate at or near the 
surface of the cuticulin layer. The 
complex of pore and wax canals is 
thought to be the route by which lipids 
( "waxes") travel from the epidermis to 
the epicuticle. In crustaceans pore ca­
nals also probably transport calcium 
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CUTICLE covering the wing of a tiger beetle has the layering that 
is characteristic of the arthropod cuticle. The specimen was frozen 
and fractured, and a cross section is enlarged some 7,200 diameters 
in this scanning electron micrograph made in the author's labora­
tory. Underlying the raised polygonal shapes on the surface (top) 

are the epicuticle and the exocuticle, which appear as a single dark 
area at this magnification. Under these layers is the endocuticle 
(jagged white sheet); its organization resembles that of plywood. 
The white arc below the wing cuticle is the endocuticle-lined upper 
wall of a large tracheal duct, and the black area is the duct's cavity. 
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BASIC FEATURES of the arthropod cuticle are evident in the cu­
ticle of the common house cricket (a). The major divisions, the epi­
cuticle and the procuticle, rest above a single layer of epidermal 
cells (the epidermis). The procuticle is often further divided into an 
exocuticle and an endocuticle. The cuticle is penetrated vertically 
by dermal gland ducts and narrower pore canals that join wax ca-
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nals near the top of the cuticle. At the right four micrographs from 
the author's laboratory show (top to bottom) a seta and many small­
er protrusions (microtrichia) on the surface (b); wax canals joining 
a pore canal at the junction of the epicuticle and exocuticle (e); pore 
canals (dark areas) twisting their way through the exocuticle (d), 
and a ,,-ermal gland duct emerging from a gland in the epidermis (e). 
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NEW CUTICLE IS FORMED in stages. Before the arthropod 
molts (a), or sheds its old cuticle, a new cuticle begins to form. First 
the original cuticle separates from the epidermis, which secretes 
fluid containing molting enzymes into the newly created space and 
also secretes a new epicuticle (b). Then the fluid digests the old 
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endocuticle while the epidermis secretes a new, undifferentiated 
procuticle (e). When the fluid completely digests the old endocuti­
c1e, much of the fluid is reabsorbed, the original cuticle cracks (d) 
and the animal emerges. Soon after, the new exocuticle may stiffen 
and the epidermis may add material to parts of the fresh cuticle. 
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to the endocuticle and exocuticle; cal­
cium and other inorganic materials 
'
harden the cuticle. 

Of course, the cuticular structure 
undergoes change during ecdysis, or 
molting-a process characteristic of 
arthropods and one that is essential if 
the animal is to grow. Before the old 
cuticle is shed the epidermal cells se­
crete a new, soft epicuticle. ( It is the 
epidermal cells that probably create 
the polygonal shapes that ultimately 
appear on the surface; the ridges of the 
polygons seem to correspond to the 
edges of the cells.) Once the epidermis 
secretes the epicuticle, enzymes pass 
through the new cuticulin layer and 
begin to digest the old endocuticle. 
When the endocuticle is partially di­
gested, the epidermis secretes a soft 
procuticle. Once the old endocuticle 
is fully digested, the animal emerges 
from the old outer shell and swells 
with water or air to stretch the cuticle. 
Within less than 24 hours the new exo­
cuticle stiffens. Later some arthropods 
may add calcium, lipids or other sub­
stances to the new cuticle. 

Differing chemistries in large part 
determine the functional differ­

ences of the two major cuticular divi­
sions. For example, the epicuticle is 
rich in lipids, although these chemical 
compounds are present to some extent 
throughout the cuticle. Lipids seem to 
provide the arthropod's primary barri­
er against water loss, but they appar­
ently contribute little to the shape or 
strength of the cuticle. The procuticle, 
in contrast, consists primarily of chitin 
embedded in a protein matrix. Chitin, 
which is widely thought to be absent 
from the epicuticle, is a polysaccha­
ride (a complex of linked sugars) sim­
ilar to the fibrous cellulose that is 
a structural component of plants. To­
gether chitin and protein make up 
90 percent of the organic content of 
the cuticle and also provide much of 
its structural integrity. Other cuticular 
components include pigments, acids 
known as phenols and various inor­
ganic materials. 

Because no cuticular function is 
likely to be more important than wa­
ter retention, investigators have given 
considerable attention to the chemical 
composition of cuticular lipids and to 
determining how these substances­
particularly those associated with the 
epicuticle-prevent dehydration. Lip­
ids are present in the epicuticle as free 
molecules, protein-bound molecules 
and bulk deposits on the surface. Ex­
traction of lipids from whole bodies 
or from the molted cuticles of terres­
trial arthropods usually yields a com­
plex mixture of molecular classes. 

Hydrocarbons, which contain long 

DESERT BEETLE (Ollymacris rugatipellllis) at the left is covered by a wax bloom; the 
beetle at the right (same species) has no bloom. Wax blooms are bulk deposits of lipid (wax) 
that may cover the entire cuticular surface and give the animal a frosted appearance. They 
help to prevent water loss and also can provide camouflage. O. rugatipellllis is one of many 
tenebrionid beetle species found in the Namib Desert. The photograph appears through the 
courtesy of Elizabeth McClain of the University of the Witwatersrand in Johannesburg. 

WAX DEPOSITS shown in these micrographs from the author's laboratory are examples 
of the varied shapes that wax-bloom components can take. Bulk wax deposits are said to 
form a wax bloom when they project from the cuticular surface and are randomly oriented. 
The bloom of a wood-boring beetle (top left) consists of twisting, tubular secretions. Individ­
ual secretions emerging from a pore on the surface (top right) can be seen when most of the 
bloom is removed by lightly brushing the surface. The bloom of a desert tenebrionid beetle 
(bottom), in contrast, consists of fine filaments forming a mesh that covers the cuticular 
surface (bumpy material). The "boundary layer" of air between the cuticle surface and the 
bottom of the filaments combines with the waxy mesh to provide the tenebrionid beetle with 
a water barrier that is among the most effective such barriers reported for any animal. 
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chains of hydrogen-bound carbon at­
oms, are often the most abundant lipid 
types. A preponderance of hydrocar­
bons is significant because they gener­
ally interact poorly with water. The 
hydrocarbons that have been found 
are n-alkanes, or "normal" alkanes, 
which are paraffinlike molecules com­
posed of straight chains that are satu­
rated (they contain only single bonds 
between the carbon atoms); n-alkenes, 
which are also straight chains but are 
unsaturated (they contain a double 
bond between the carbon atoms), and 
branched compounds with one or 
more methyl groups (-CH3). Oxygen­
ated derivatives of n-alkanes accom­
pany the hydrocarbons, albeit usually 
in smaller, and sometimes trace, 
amounts. These derivatives may in­
clude wax esters, free fatty acids, al­
cohols' and ketones. Cyclic, or ring­
shaped, lipids may also be present; 
sterols-particularly cholesterol-are 
the commonest. Of all these lipids 
n-alkanes and wax esters are generally 
the most hydrophobic, or water-repel­
lent. In addition long chains of any lip­
id tend to be more hydrophobic than 
shorter chains. 

Tike the chemical makeup of lipids in 
L the cuticle, the distribution of lip­
ids could be expected to influence the 

barrier properties of the epicuticle. 
Unfortunately transmission electron 
microscopy has proved to be only 
mildly successful at revealing the dis­
tribution. There are several reasons 
for the difficulty. One is that remov­
ing waxes by current methods does not 
seem to affect the thickness or shape 
of the cuticular divisions from which 
the waxes are drawn; therefore the 
presence of lipids in the divisions of 
a given epicuticular cross section can­
not be inferred by monitoring struc­
tural changes resulting from lipid ex­
traction. Moreover, although workers 
can clearly see lipids in the upper cuti­
cle when they examine stained cuticle 
with a light microscope, they cannot 
confirm the presence of lipids-or an­
alyze them in detail-with a trans­
mission electron microscope unless 
special precautions are taken; most 
conventional techniques for preparing 
cuticular samples dissolve the very lip­
ids one hopes to reveal. 

Some progress has been made, how­
ever. In 1975 Sir Vincent Wiggles­
worth of the University of Cambridge 
developed a way to view lipids in thin 
sections of cuticle by exposing the tis­
sue to myrcene, an unsaturated hydro­
carbon (C1oHI6), between applications 
of the fixative osmium. It is believed 
that myrcene becomes incorporated 
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COMPOSITION AND ARRANGEMENT of chitin rods are depicted in these illustra­
tions, which are drawn to differing scales. Chitin, found only in the procuticle, is a long­
chain polysaccharide composed of repeating residues of the amino sugar N-acetylglucos­
amine; a fragment (a) is shown. Chitin molecules arranged in two or three rows form crys­
talline, hexagonal rods (b), shown here in a highly idealized form. When a cross section (cut 
from top to bottom) of an insect procuticle is photographed with an electron microscope and 
magnified a million times (c), the ends of the chitin rods appear as translucent areas (white) 
surrounded by protein (light shading). When a section of crab cuticle is similarly photo­
graphed and magnified (d), the protein-bound chitin rods appear to be grouped into bundles 
having various diameters. The spaces between the bundles (dark shading) are occupied both 
by protein and by the mineral calcium. Calcium increases the hardness of the crab's cuticle. 
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into the existing lipids and that osmi­
um, which both fixes and stains.the tis­
sue, binds to the myrcene. With this 
techniq ue Wigglesworth revealed lipid 
in the epicuticular channels of the as­
sassin bug, Rhodnius prolixus. 

In spite of difficulty confirming the 
presence of cuticular lipids with trans­
mission electron microscopy, several 
investigators, myself included, have 
found evidence for the importance of 
these lipids, and of long-chain mole­
cules in particular, to water retention 
by the arthropod. My students and I 
have shown, for instance, that insects 
and arachnids exhibiting low rates of 
water loss or living in environments 
that favor water loss often have the 
greatest quantities of cuticular lipids 
and also the greatest quantities of hy­
drocarbons or other lipids composed 
of long-chain, saturated molecules. 

My own research seeks correlations 
between the effectiveness of the cutic­
ular water barrier and the composi­
tion, shape and distribution of cuticu­
lar lipids. In reality all cuticular layers 
and several types of chemical com­
pounds probably contribute to the wa­
ter-resisting property of the arthropod 
cuticle, but my investigations have fo­
cused on the lipids within and on top 
of the epicuticle because they appear 
to be the main barrier to water loss in 
most species. 

Much of the evidence for the pres­
ence 'of epicuticular lipids, and the im­
portance of specific types of lipids to 
waterproofing, comes from studies of 
species that bear bulk wax deposits on 
the surface, particularly species that 
have wax blooms. A wax bloom is a 
coating formed by lipid deposits that 
project outward from the surface and 
are randomly oriented. Like plants 
that have wax on the surface, an ani­
mal with a wax bloom often looks as if 
it has been frosted with powder. Wax 
blooms appear in a variety of insect 
orders, including Lepidoptera (moths 
and butterflies), Coleoptera (beetles), 
Hymenoptera (wasps and bees), Ho­
moptera (cicadas and aphids) and He­
miptera (true bugs). 

Among the investigators who have 
I\. described wax blooms are R. D. 
Pope and Jennifer M. Cox of the Brit­
ish Museum of Natural History (Lon­
don). They have applied scanning elec­
tron microscopy to the study of aphids 
and mealybugs. This approach has 
provided much information about the 
shapes of wax extrusions and the chan­
nels from which they are secreted. 
Pope and Cox found that the extru­
sions in most species have shapes and 
contours similar to the pores that se­
crete them. Mealybugs, for instance, 
extrude curled wax filaments from 
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three- and five-holed tubular canals 
and produce long, hollow filaments. 

Wax secreted by certain species, 
though, does not retain its original 
shape. I found that the desert beetle 
Cryptoglossa verrucosa secretes surface 
wax as an amorphous blob from tuber­
cles, or miniature nodules, on the cuti­
cle. On exposure to low humidity the 
wax breaks up into many slender fila­
ments (.14 micrometer in diameter) 
that radiate from the tip of the tuber­
cle and ultimately connect with other 
filaments to form a dense mesh over 
the entire beetle. 

The arthropods with the most spec­
tacular-and perhaps the most exten­
sive-wax blooms are the tenebrionid 
beetles of the Namib Desert in south­
western Africa. (Tenebrionid beetles 
are hard-bodied, generally dark insects 
that are common in deserts world­
wide.) Elizabeth McClain of the Uni­
versity of the Witwatersrand in Johan­
nesburg and Mary K. Seely of the 
Desert Ecological Research Unit of 
the Council for Scientific and Industri­
al Research in Namibia have found 
that wax blooms cover all or part of 
the body surface in 26 of the 46 species 
studied, often forming intricate pat­
terns and assuming a variety of colors. 

In a joint study McClain, Seely and I 
found that the percentage of species 
having wax blooms increases as the 
cool, foggy desert on the coast gives 
way to the hotter, drier inland desert. 
We also found that in a species in­
habiting both regions the amount of 
bloom and its distribution over the in­
tegument increase as the climate be­
comes hotter and drier. Analyses of 
the lipid components of the blooms 
showed that hydrocarbons predomi­
nate, with the majority being the most 
water-repellent type: n-alkanes. 

My students and I have also shown 
that individual animals from 

many arthropod groups can increase 
the amount of wax on their surface 
during times when conditions in the 
environment become particularly dry. 
Moreover, they can alter the composi­
tion of surface lipids when seasonal or 
laboratory-induced conditions dictate 
the need for increased water conserva­
tion. For instance, in summer teneb­
rionid beetles of the species Eleodes 
armata produce a greater quantity of 
hydrocarbons than they do in winter; 
moreover, a higher percentage of the 
hydrocarbons are long-chained. We 
also found that when beetles taken 
from a winter climate are acclimated 
to summer temperatures and humid­
ities, their pattern of hydrocarbon pro­
duction becomes similar to that of bee­
tles in the summer. 

The contribution of lipids to water 

DERMAL GLAND DUCT (dark circle) is surrounded by chitin fibers in this micrograph 
of the endocuticle of the scorpion Hadrurus ariZOllellsis, photographed from the underside 
and enlarged roughly 11,000 times. The helicoid arrangement of fibers allows the cuticle to 
withstand stress that might otherwise lead to cracking. The micrograph is from Barry K. 
Filshie of the Commonwealth Scientific and Industrial Research Organization in Australia. 
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SECTION OF ENDOCUTICLE from the thorax of a cricket, sliced at a 45-degree angle 
to the surface (top), is magnified about 50,000 times in the electron micrograph (bottom 
left). The alternating dark and light bands correspond respectively to unidirectionally and 
helicoidally arranged layers of chitin rods. The model (bottom right) illustrates rotation of 
sheets of chitin rods through 180 degrees; one full I80-degree turn constitutes one lamella. 
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retention may be the most important 
function of surface wax deposits, but 
the deposits also serve the arthropods 
in several other ways. Surface waxes 
can be a deterrent to predation. For ex­
ample, the sticky, waxy threads that 
coat the surface of larvae of many la­
dybird beetles form a physical barrier 
to attacks by potential predators and 
to infestation by parasites. Elaborate 
colors and patterns created by certain 
surface waxes may also protect ani­
mals by camouflage or mimicry or 
both. Surface wax may even save cer­
tain arthropods from themselves; for 
instance, the curled filaments of wax 
on the surface of aphids and mealy­
bugs probably prevent those animals 
from being trapped by their own vis­
cous honeydew, or secretions, as well 
as that of their neighbors. 

Temperature control is another po­
tential function of the surface lipids. 
Light-colored wax uniformly distrib­
uted over the body surface of desert­
dwelling arthropods increases the re­
flection of solar radiation, which in 
turn delays the rate at which the body 
temperature of small insects will ap­
proach lethal levels; this enables the 
animals to prolong their activity on the 
desert surface. Surface waxes may also 
reflect potentially damaging ultravio­
let light, which could partially account 
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for the high surface densities of cuticu­
lar waxes found in many insects and 
arachnids living at high elevations. 

Lipids may also deflect water that 
might otherwise enter the animal from 
the environment. For instance, it has 
been suggested that the thick wax coat 
of aphids repels water during rain­
storms. In these animals, which do not 
seek shelter during storms, the super­
ficial waxes may act as a two-way bar­
rier to the movement of water across 
the integument. Finally, mounting evi­
dence indicates surface waxes are a 
source of important chemical signals 
and visual cues that elicit mating or 
other behavior. 

Cuticular lipids are certainly crucial 
to the survival of most arthro­

pods. Of what value are the more 
abundant components-the chitin and 
protein of the procuticle? Together 
these two substances give the cuticle 
its mechanical properties, which have 
been likened to those of such strong 
two-phase materials as fiberglass. The 
chitin is bundled into rods that provide 
tensile strength but are flexible. The 
protein binds strongly to chitin and 
serves as the matrix in which the chitin 
rods are embedded, thereby cementing 
the rods together and reducing the cu­
ticle's flexibility. In combination the 
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HONEY ANT stores nourishment for the colony in its swollen abdomen, which is covered 
by a highly expandable, soft cuticle (top). Soft cuticle, more appropriately termed arthro­
dial membrane, is commonly found between plates and between appendage segments. As is 
shown at the bottom, it remains folded until the plates or segments move; then it unfolds. 
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chitin and protein enable the cuticle 
to bear a great deal of stress without 
cracking or tearing. Remarkably, the 
strength of the chitin-protein complex 
even compares favorably with steel: 
the tensile strength of steel is only 10 
times that of cuticle when samples 
with eq ual surface area are tested. 

This great durability of the cuticle is 
largely a function of both the chemi­
cal properties and the arrangement of 
chitin and protein in the procuticle. 
Chemically chitin is a long, straight 
chain of ring-shaped glucose deriva­
tives connected by covalent bonds. 
Adjacent chitin chains are held togeth­
er by hydrogen bonds. Extensive hy­
drogen bonding is particularly impor­
tant because it contributes greatly to 
chitin's stability and tensile strength. 
Chitin typically accounts for between 
25 and 50 percent of the dry weight 
of the cuticle, although estimates vary 
quite widely. 

Compared with what is now known 
about chitin, much remains to be dis­
covered about the composition and 
molecular arrangements of cuticular 
proteins. Investigators have, however, 
discovered that the protein in the pro­
cuticle can undergo sclerotization, a 
process that stiffens the cuticle and 
also causes the protein to become 
water-insoluble and usually darkened. 
Stiffness is widely believed to result 
from the linkage of adjacent protein 
chains by bridges composed of pheno­
lic compounds or other compounds; it 
has been suggested, however, that wa­
ter loss, which promotes bonding be­
tween protein chains, may alone ac­
count for stiffening. 

Sclerotization, a process that occurs 
only in the exocuticle, is not reversible 
and its extent varies greatly among 
arthropod types. Whereas the cuti­
cle of the tergites, or plates, covering 
the dorsal segments of caterpillars is 
only slightly sclerotized, the cuticle 
of mandibles (appendages for chew­
ing) of certain beetles is highly sclero­
tized. Such sclerotization, along with 
the deposition of zinc and sometimes 
of manganese, contributes to the as­
tounding ability of the beetle mandi­
bles to bite through such metals as lead 
and copper. 

Electron microscopy and X-ray dif­
fraction studies have now yielded 

insight into the complex arrangement 
of chitin and protein that accounts for 
much of the cuticle's extraordinary 
strength. Some 18 to 25 individual chi­
tin molecules grouped in two or three 
rows form a single crystalline rod 
called a microfibril. The protein that is 
bound to chitin probably links with the 
chitin at the periphery of the microfi­
brils and is thought to be part of the 
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general protein matrix. Chitin microfi­
brils are oriented parallel to the sur­
face of the epicuticle and are arranged 
in sheets. Collections of sheets com­
pose lamellae, or thin plates, within 
both the exocuticle and the endocuti­
cleo In some animals, such as crabs, 
calcium and other substances are de­
posited between chitin rods. 

The arrangement of sheets within 
each lamella is of particular inter­
est because the sheets form a helix. 
Yves Bouligand first discovered this in 
crustaceans. Anthony Neville later de­
scribed a helicoid structure in insects 
as well. In the exocuticle each sheet 
lies in a plane parallel to the sheet 
above it but is rotated counterclock­
wise at a slight but regular angle; a full 
180-degree rotation constitutes one la­
mella. In the endocuticle, arthropods 
may deposit microfibrils that are heli­
coid throughout, but more often they 
lay down stacked sheets of chitin rods 
in one direction between partial or 
complete helixes. The lamellae in the 
endocuticle are often thicker than 
those in the exocuticle. 

Combined with the microfibrils ori­
ented in single directions, the helicoid­
ally arranged microfibrils give the cu­
ticle strength in much the same way as 
the layers of plywood make that mate­
rial strong. Angled layers reduce the 
formation and spread of cracks that 
could otherwise cause the cuticle to 
fail under stress. Friedrich Barth of 
the University of Frankfurt has nicely 
demonstrated this property in spider 
cuticle. Instead of propagating, cracks 
in spider cuticle are deflected along 
the protein matrix between fibers and 
are stopped there. 

Neville demonstrated in the early 
1960's how the alternating layers of 

helicoid and unidirectional microfi­
brils are laid down. He showed that lo­
custs deposit sheets in a single direc­
tion during the day and in a helicoid 
shape at night. Neville also showed 
that daylight and darkn�ss, rather than 
the passage of time, control such depo­
sition. By rearing locusts in constant 
light or darkness, he stimulated the 
insects to produce either totally uni­
directional or helicoid cuticles. Other 
studies have since demonstrated simi­
lar daytime and nighttime variations 
in many insects; beetles are a notable 
exception. Counting the layers, which 
are visible under a light microscope, 
provides a reliable determination of 
the age of most ad ult insects. 

I f all cuticle is constructed similarly, 
why is some cuticle rigid and some 

flexible? Variations in types of pro­
tein, in the relative proportion of chi­
tin to protein and in the degree of 
sclerotization can each affect the de-

Observing the planets 
with a Questar® 3Y2 
a letter from Dr. Stanley Sprei 

"This weekend was a fine one for deep­
sky objects - no moon. MI04 showed its 
shape nicely. A more experienced observer 
than I even claimed to see its dust lane. 
I was able to find the Sombrero by scan­
ning; also helped by the positions of 
Saturn and Spica. I used the setting 
circles to find M56, a faint 9th magnitude 
globular in Lyra. It seemed a small 
round glow, but after a while, with averted 
vision, a few extremely tiny stars appeared 
around its periphery. Much more imposing 
was Omega Centauri, a grand eyepiece­
filling sight, resolved all across its 
diameter at medium power. 

"I'm afraid I must join the chorus of 
praise for planetary images produced 
by the Questar. In my years of looking 
at Jupiter with 2-to-8 inch scopes, I always 
saw the same two ruler-straight, feature­
less tan bands across its face and had 
come to the conclusion that my eyes 
were not acute enough to pick out more 
detail. With Questar, not only do I see 
5 to 7 bands but the two main equatorial 
bands are revealed to have all sorts of 
fascinating irregularities. I spotted a 
large indentation on the south margin 
of the south equatorial belt, which was 
received with skepticism by the 9-inch 
Schmidt users at the site, until it was 
confirmed with a 17.5-inch scope. Rather 
than focusing on the planet itself, I like 
to use its moons; when each one shows 
a tiny Airy disc, the planet will be in focus. 

"Saturn is also very pleasing. Cassini's 
division is seen rather than imagined. 

LET US SEND YOU OUR LITERATURE 
DESCRIBING QUESTAR. THE WORLD'S FINEST, 
MOST VERSATILE TELESCOPE. PLEASE SEND 
$2 TO COVER MAILING COSTS ON THIS 
CONTINENT. BY AIR TO SOUTH AMERICA, 
$3.50; EUROPE AND NORTH AFRICA. $4; 
ELSEWHERE. $4.50. 

QUESTAR 
P.O. Box 59. Dept. 214, New Hope, PA 18938 

(215) 862-5277 

The sharpness of the image caused me 
to underestimate the magnification; I told 
several people at the star party that it 
was 200X but it was actually 260. The 
books say you should see nothing but 
a shapeless blob at 74X per inch of 
aperture, but I found it perfectly usable 
on Saturn, as well as on Epsilon Lyrae. 
With each close pair at the extreme edge 
of the field, the diffraction images are 
still round. Another interesting aspect 
of Saturn is the distinct bluish tinge of 
the rings. Where they pass in front of the 
planet there is a very nice color contrast 
between rings and planet. 

"To make a long story short, the 
Questar is very enjoyable for both deep 
sky and planetary observing. A person 
is limited only by sky conditions and 
one's ability to stay up very late on 
good nights." 

The Questar 3Y2 and Questar 7 are 
shown below; both are complete portable 
observatories, fully mounted for polar 
equatorial observing: slow motions in 
dec/ination and right ascension, con­
tinuous 3600 rotation for both manual 
controls and synchronous drive, a built-in 
finder system, changeable high powers 
without changing eyepieces, complete 
flexibility of barrel position with tilting 
eyepiece for comfort in observing, camera 
attachment and handsome carrying case. 
The barrel of the 3Y2 supports a map of 
the moon, and over it is a revolving star 
chart with monthly settings. All in a hand­
some carrying case. 
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gree of stiffness, elasticity and stretch­
ability of cuticle in different animals 
and in different parts of the body. Tw.o 
types of specialized cuticle immedi­
ately come to mind: the one contain­
ing the rubberlike protein resilin, and 
"soft" cuticle that joins plates or ap­
penu.,ge segments. Both are much less 
stiff than the armor frequently found 
on the dorsal surface of beetles. 

Resilin is found in regions where cu­
ticular elasticity is necessary for func­
tion, such as in the wing ligaments of 
locusts, in the energy-storage pads that 
facilitate jumping in fleas and in the 
claws of scorpions, where extensor 
muscles are absent. The uniquely elas­
tic material is composed of coiled 
polypeptide chains that are linked at 

EXOCUTICLE 

their sides by amino acids. Networks 
of coiled resilin molecules in cuticle 
straighten when tension is applied and, 
even after prolonged stretching, return 
to their normal positions when tension 
is released. 

Soft cuticle, which is more appropri­
ately termed arthrodial membrane, is 
highly flexible and stretchable, large­
ly because its proteins are not sclero­
tized. Arthrodial membrane also con­
tains more chitin than stiff cuticle 
does. Such a combination of unstif­
fened protein and chitin allows the 
membrane to bend and deflect easily 
and yet sustain relatively high tension. 
Sexually mature female locusts exhibit 
extreme expansion of soft cuticle; their 
abdominal intersegmental membrane 

BOUNDARY 
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LIPIDS 

EPICUTICULAR 
LIPIDS 
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CHITIN·PROTEIN 
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BARRIERS TO WATER LOSS across the arthropod integument, which consists of the 
cuticle and the epidermis, are found throughout the cuticle. Water flow through the integu­
ment is represented as an analogue of an electric circuit (colored lille). In diagrams of 
electric circuits, resistance symbols (zigzag shapes) indicate that something opposes the 
flow of an electric current through a circuit; here the symbol means that the element listed 
next to the symbol opposes water movement. Arrows through the symbols show that the 
resistance to water loss varies over time; letters enclosed by circles indicate that the barrier 
function of the element is influenced by temperature (T) and humidity (H). Question marks 
mean that the element possibly contributes to water resistance. In spite of the series of 
barriers, some water diffuses across the apical (upper) membrane of the epidermis (thick 
arrow) and across the layers of the cuticle. Although an endocuticle having a low water 
content tends to resist such diffusion, lipids within the epicuticle and deposited on the 
cuticular surface have been found to provide the principal resistance to water loss. The thin 
layer of air immediately above the cuticle surface (boundary layer) supplements the resis­
tance provided by the integument. Some water may also cross the cuticle by way of th� 
dermal gland ducts and the pore-and-wax-canal complexes (thill arrows). The ducts and 
the canals, however, are lined by compounds that may impede water movement. Hence the 
channels may also contribute to the resistance to water loss that is provided by the cuticle. 
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can stretch up to 15 times its original 
length, enabling the female to ·lower 
her abdomen deep into the hole she 
digs for her eggs. Similarly, the ab­
dominal surface area of the queen ter­
mite increases many times to accom­
modate the developing egg mass. Al­
though not all molecular interactions 
involved in stretching are known, it is 
believed that chitin microfibrils are 
oriented'in the direction of the stretch 
and that matrix proteins of soft cuticle 
are relatively reactive to water. 

Whereas a great deal has been 
learned about the structural, 

chemical, mechanical and functional 
properties of the arthropod cuticle, 
several questions remain unanswered. 
Investigators have yet to determine the 
mechanisms by which various cuticu­
lar components cross the upper mem­
brane of the epidermal cells and be­
come part of the appropriate cuticu­
lar layers. The functions of the dermal 
glands and the chemical composition 
of their secretions are unclear. No one 
yet fully understands the workings of 
sensory structures that project from 
the cuticle, particularly the receptors 
that are believed to respond to chemi­
cals in the environment or to changes 
in temperature and humidity. More re­
mains to be learned about the proteins 
in which chitin is embedded and about 
the physical and chemical changes the 
proteins undergo when they bec.ome 
sclerotized. 

Investigators are also seeking to 
better explain the nature and mode 
of functioning of the cuticle's water­
proofing barrier. Clearly lipids associ­
ated with the epicuticle offer the prin­
cipal resistance to water loss, and this 
resistance is supplemented by the thin, 
unstirred layer of air lying immediate­
ly above the cuticle surface. Investiga­
tors know less about the contributions 
made to this water barrier by the ex­
ocuticle, endocuticle and underlying 
epidermal cells. Also not known are 
the locations of specific lipid types 
within the epicuticle and the ways 
in which each type interacts with oth­
er lipid and nonlipid cuticular com­
ponents to influence water retention. 
Studies that measure water loss from 
the cuticle of intact arthropods by 
means of miniature capsules attached 
to the surface, and that measure water 
loss across excised pieces of cuticle, 
are now under way. The results of the 
experiments may help to answer some 
of the above questions and, combined 
with continued morphological and 
biochemical investigations, should ul­
timately enable investigators to pro­
vide a more complete description of 
the structure and functioning of the ar­
thropod cuticle. 
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The thought of losing a child is unbearable 
for any parent. But I don't want your sympathy. 
I want your attention. 

My child has Cystic Fibrosis. Every year 
18,000 children are born with it, and every day 
three children die from it. 

It takes more children's lives than Multiple 
Sclerosis, juvenile diabetes, and Muscular 
Dystrophy combined. 

In spite of these bleak statistics, Cystic Fi-

brosis has yet to receive the attention it desper - r:: - - - - - - - - - - - - - - - "J 
ately needs. And this has to change. Because I I WANT TO GIVE MORE THAN SYMPATHY. I 
if it doesn't the research that's needed to find I Parents for CystIC FibrosIs Research, I ' 

fi h· d· ·11 P.O. Box 705, Plandome, N.Y. 11030 
a cur� or a treat�ent or t IS . Isease WI I 0 Please send me more information. I 
remam years behmd other childhood diseases. I 0 My $--eontribution is enclosed. I And that doesn't give children with Cystic I Name I Fibrosis much hope. Company _____________ _ 

So how will I tell my daughter she won't I ��'m I 
grow up to be a woman? I Sla" Z;p I 

If enough people help, maybe I won't have to. Lp�e 
______________ :J 

HELP CURE CYSTIC FIBROSIS. 
THISAD WAS WRITfEN If'!' A B\RENT WHO HAS A (HILDWITH CYSflC FIBROSIS AND \\f\S SPONSOR ED BY FRIENDS FOR-PARENTS FOR CYSTIC FIBROSIS RESEARCH-
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Exotic patterns appear in water 

when it is freezing or melting 

by Jead Walker 

I
f you look closely at a piece of ice, 

you will find several puzzling fea­
tures. Why is it filled with bubbles 

and with tubes that resemble worm­
holes? Why do the tubes vary in diam­
eter, sometimes in a regular pattern? 
What determines the distribution of 
the bubbles? When an ice cube begins 
to melt, why does it sputter and give 
off air and water? If a cube is held in 
bright sunlight, why do bubbles, hex­
agonal figures and fernlike figures de­
velop inside it? The answers to these 
questions lie in an examination of how 
ice crystals form as water freezes. 

Water freezes only after it has first 
cooled below the standard freezing 
point of zero degrees Celsius. In that 
state it is a supercooled liquid. The 
freezing process begins with a nucleat­
ing agent. In most cases the agent is a 
snow crystal or an impurity in the wa­
ter. Molecules of water attach them­
selves to the agent, initiating a crystal 
structure. As additional water mole­
cules join the crystal, it grows until it 
meets another crystal or the boundary 
of the container. 

When the surface has frozen, the 
freezing process moves into the liq­
uid. Freezing requires the removal of 
heat from the water to cool it to the 
freezing point and then to lock the 
atoms into the crystal structure. The 
heat passes through the ice layer by 
conduction, and then the air above the 
layer carries the heat off by conduc­
tion or convection. 

If the water is pure (an ideal case), 
the temperature is lowest in the ice. At 
the interface between the ice and the 
liquid the temperature is the freezing 
point of water. In practical cases the 
water contains impurities that lower 
the freezing point to an extent depend­
ing on the concentration of the impu­
rities. As water turns into ice at the 
freezing interface, the impurities are 
carried deeper by diffusion. Because 
diffusion operates quite slowly, the 
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concentration of the impurities is high­
est somewhat below the freezing in­
terface. 

This situation is called constitution­
al supercooling. It is unstable enough 
to cause the freezing interface to move 
downward in projections rather than 
as a plane. When constitutional su­
percooling proceeds at a low rate, the 
projections are hexagonal cells of ice 
separated by water. At higher rates of 
constitutional supercooling the projec­
tions resemble fern leaves. The pat­
tern, which is called dendritic, consists 
of sharply pointed leaves branching 
into the water in directions governed 
by the orientations of the ice crystals 
along the freezing interface. Adjacent 
crystals that are in different orienta­
tions produce branches extending in 
different directions. It is possible that 
none of the projections will be perpen­
dicular to the freezing interface. 

Constitutional supercooling favors 
the development of projections. Imag­
ine a small initial projection develop­
ing from some chance deposit of ice. 
The projection has several advantages 
over any plane area at the interface. It 
extends into the region where the wa­
ter is supercooled most. The increase 
in surface area due to the growth of the 
projection improves the removal of 
impurities and heat. Hence water be­
gins to freeze onto the projection, ex­
tending it deeper into the liquid. 

The basic geometry of an ice crystal 
is a hexagonal plate. The plane of the 
plate is called the basal plane; its per­
pendicular axis is called the c axis. 
When the crystal first forms, it grows 
much faster in the basal plane than it 
does parallel to the c axis. If the axis is 
vertical, the crystal grows horizontal­
ly as a plate. If the axis is horizontal, 
the crystal grows into either a horizon­
tal needle or a vertical plate. The ver­
tical plate is unstable and may rotate 
to the horizontal. Alternatively, it may 
be locked into position if it expands 

enough to meet adjacent crystals be­
fore it rotates. 

Evidence for a series of parallel ver­
tical plates can sometimes be seen on 
the top surface of ice. As the plates 
form in the liquid surface, they buoy 
upward because ice is lighter than liq­
uid water. When the surface freezes, 
the tops of the plates remain as narrow 
parallel ridges slightly elevated above 
the rest of the surface. 

A sample of ice is likely to contain 
many crystals initiated by many nu­
cleating agents. You can distinguish 
the crystals with the aid of polarized 
light in a procedure outlined by Rob­
ert A. Laudise and Robert L. Barns of 
the AT&T Bell Laboratories. Build a 
wood stand two feet high or less with 
open ends and an open top [see lower 
illustration on page 117]. Line the bot­
tom with white cardboard to reflect 
light. Put a sheet of glass on the top. 
Shine bright light on the cardboard 
through each open end. 

Position a polarizing filter on the 
glass. Place a thin section of ice on the 
filter. Place on the ice another filter 
with its polarizing axis perpendicular 
to that of the lower filter. (If the filters 
might be harmed by the ice, sandwich 
them between glass slides and tape the 
edges.) The different crystals within 
the ice show up in various colors or as 
gray areas. The colors change if you 
rotate the ice about the vertical axis of 
the filters. A crystal with a vertical c 

axis (along your line of sight) remains 
a gray of unchanging intensity. A crys­
tal with a c axis well off the vertical 
changes in intensity as it is rotated; if it 
is thin enough, it varies in color. 

You can detect a small deviation 
between the c axis and your line of 
sight by means of a clear glass mar­
ble placed between the ice and the top 
filter. The marble should touch the fil­
ter but not the ice. When you look 
through the top filter and the marble, 
you will see a dark cross. It is centered 
on the marble if the c axis is aligned 
with your line of sight; with increasing 
misalignment the cross becomes in­
creasingly off-center. 

Thin sections of ice can be prepared 
by placing a chunk of ice on a flat met­
al plate at room temperature. The 
plate quickly conducts heat to the ice, 
which starts to melt. When the bottom 
of the ice is smooth, turn the piece over 
to smooth the other side. If you have a 
large chunk, try melting it in a heated 
frying pan. 

Ice crystals are usually not perfect, 
because the atoms are laced with dis­
locations that spoil the crystal struc­
ture. The boundaries between adjacent 
crystals also include misfits among the 
atoms. To reveal the lines and bound-
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aries on a surface of an ice cube I di­
rect the thermal radiation from my 
desk lamp onto it. After a few minutes 
I remove the lamp and examine the ice 
surface. Atoms along the dislocation 
lines and crystal boundaries melt and 
evaporate more readily than atoms 
elsewhere on the surface, leaving nar­
row grooves. I avoid heating the ice so 
fast that the surface becomes rough 
and the lines are difficult to follow. 

When I leave an ice (cube on a poor­
ly conducting surface, it gradually 
warms in the room air. When the cube 
reaches the melting point, zero degrees 
C., thin tubes develop through the 
cube along fracture lines or bound­
aries between crystals. My name for 
these tubes is wormholes. Water and 
air bubbles move along them from the 
interior of the cube to the surface; 
there the water spews out and the air 
gurgles through the meltwater on the 
surface. You can hear the water and 
air leaving the wormholes, particular­
ly if the cube is on a plate. 

I study this activity by putting an ice 
cube on an observation platform simi­
lar to the one made by Laudise and 
Barns. A layer of glass is supported 
on one side by a box and on the other 
side by a baking dish. The glass slopes 
toward the dish so that melting wa­
ter collects in the dish. The cube does 
not slide down the glass because it 
rests against several mounds of glue 
attached to the glass. Light from my 
lamp reflects from white paper below 
the glass and travels through the ice. 

Within a wormhole air bubbles glis­
ten, displaying a fairly sharp contrast 
with the ice. Regions of water show 
poor contrast. The water and air are 
apparently pushed along the holes by 
pressure within the cloudy center of 
the cube. As the holes expand in diam­
eter with the melting of ice along their 
sides, the train of air bubbles and wa­
ter moves through them more slowly. 

The ice cubes I make from tap water 
contain many small bubbles and tubes 
filled with air. As ice advances inward 
from the six surfaces of a cube, air is 
forced out of solution and collects 
in the bubbles. When a bubble forms 
on the bottom of the cube, it usually 
breaks free and floats up to the top 
layer of ice. There the freezing inter­
face may advance around it, leaving 
it nearly spherical. Instead the bubble 
may pick up air as the interface ad­
vances; this is how a tube forms. The 
tube runs approximately parallel to 
the direction of advance and thus gen­
erally toward the center of the cube. 
Eventually the tube ends as the inter­
face is able to pass around it, cutting 
off the supply of air from the remain­
ing liquid. 
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The development of a tube depends 
on two competing factors: the rate at 
which the interface advances and the 
rate at which dissolved air diffuses to 
the site of a tube and joins the air in it. 
The advance of the interface depends 
on how quickly heat is conducted 
through the ice from the interface to 
the outer surface. As the interface 
moves deeper into the cube, the ice 
through which the heat must be con­
ducted is thicker and the conduction 
rate is therefore lower. Moreover, as 
the amount of water in the cube de­
creases, the diffusion of air to the bub­
ble inside a tube may increase. The 
changes allow most tubes to widen to­
ward the interior of the cube. Small 
twists are evident in the narrowest sec­
tions at the outer ends, presumably be­
cause the interface does not move at a 
uniform rate. 

Many tubes vary periodically in di­
ameter. This variation probably re­
sults from variations in the advance of 
the interface due to the cooling cycle 
of the freezer. The air in my freezer 
varies in temperature between -6 and 

- 14 degrees C. When the air is in the 
warmer phase, the conduction of heat 
through the ice is slow and so is the ad­
vance of the interface. The diffusion 
of air to the tube increases the diame­
ter of the bubble at its mouth, thereby 
increasing the diameter of the tube. 
When the air is coldest, the conduction 
of heat is fast and the interface ad­
vances faster than air can diffuse to 
the bubble at the mouth of the tube; 
the tube gets narrower. The periodicity 
of these variations in tube diameter is 
complicated by many other factors, in­
cluding the increasing distance in the 
ice through which the heat must be 
conducted. 

Tubes that form in the ice advancing 
from the bottom are vertical and nar­
row, varying little in diameter. This 
uniformity is due to two factors. The 
conduction of heat through the bot­
tom layer of ice is usually insensitive 
to variations in the air temperature in 
the freezer. In addition the bubbles 
forming at the mouth of these tubes 
break away when they reach a certain 
size, leaving all the tubes with about 
the same diameter. 

When the freezing process reaches 
the center of the cube, the formation 
of air bubbles and the entrapment of 
impurities in the ice become extensive. 
The center is a cloudy white rather 
than transparent because the bubbles 
and impurities scatter all the light 
reaching the center. This region is gen­
erally thinner than it is wide because 
freezing progresses faster from the top 
surface than it does through the sides 
or bottom of the ice cube. 

Delldritic growth of two crystals 

c axi:, 

Basal 
plane 

V 

Geometry of all ice crystal 

Lamp 

Wood sides 
The observation platform made by Robert A. Laudise alld Robert L. Barns 

The pressure in the bubbles and the 
expansion of the water as it freezes of­
ten rupture the ice cube. To produce 
cubes almost free of bubbles and to de­
crease the possibility of rupture, make 
ice cubes from distilled water that you 
have boiled for at least five minutes to 
eliminate the dissolved air. 

The ice cubes at each end of my ice 
tray have four or five layers of cloudy 
regions that tilt from the horizontal to­
ward a corner of the tray. The layers 
are probably due to the cooling cycle 
of the freezer. When the air tempera­
ture in the freezer is low, the rapid con­
duction of heat through the ice enables 
the freezing interface to move quickly 

into the liq uid from the top and the 
sides touching the tray. The rapid ad­
vance traps air and impurities in a 
mesh before they can escape into the 
iiquid. The warmer phase of the cool­
ing cycle slows the advance of the ice, 
allows the bubbles and impurities to 
escape and yields clearer ice. The ori­
entation of air bubbles near the cloudy 
layers reveals the advance of the ice 
from several directions. 

If ice is illuminated with bright sun­
light, it can melt internally even if its 
surface remains frozen. Internal melt­
ing was first reported in 1858 by John 
Tyndall, a British physicist who is re­
membered for his studies of acous-
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tics. He reasoned that thermal radia­
tion in the sunlight melts certain spots 
within the ice. Since ice decreases in 
volume when it melts, a small bubble 
of water vapor forms in the liquid. 
Light scattering by the bubbles makes 
the ice sparkle with bright points. 

Tyndall found that the thin spots of 
internal melting can take on a variety 
of designs. The commonest type is 
oval. More rarely there are spots dis­
playing the hexagonal symmetry of a 
snowflake. Other spots resemble fern 
leaves and are described in terms of 
a leaf and the twig to which it is at­
tached. Tyndall called all the spots liq­
uid flowers, but today they are known 
as Tyndall figures. 

Tyndall found the figures just below 
the surface of a frozen pond illuminat­
ed by strong sunlight. He could readily 

see the largest figures, which were sev­
eral millimeters long; smaller ones re­
quired a magnifying glass. Most of the 
figures were parallel to the surface of 
the pond. Tyndall suggested they fa­
vor this orientation because the freez­
ing interface of the water and ice is al­
ways approximately horizontal. 

In 1964 Keiji Higuchi of Hokkaido 
University advanced a different view. 
He said the symmetric Tyndall figures 
lie in planes parallel to the basal plane 
of the ice crystal in which they form, 
whereas the fernlike Tyndall figures 
lie in planes perpendicular to the bas­
al plane, that is, parallel to the c axis 
of the ice crystal. Hence the orienta­
tion of the figures with respect to the 
pond's surface depends on the orienta­
tion of the crystal when it freezes. Hi­
guchi also reported that the leaves of 

the fernlike figures lie at an angle of 
approximately 45 degrees to the c axis. 
In some figures the leaves are perpen­
dicular to the twig; in others the angle 
is smaller. What determines the angle 
is still not known. 

All Tyndall figures probably devel­
op where there are defects or impu­
rities in the ice. The non uniformity 
of such places increases the absorption 
of thermal radiation, bringing about 
melting. Nevertheless, the mechanism 
that gives rise to the formation of a 
Tyndall figure is poorly understood. 
Charles A. and Nancy C. Knight of the 
National Center for Atmospheric Re­
search in Boulder, Colo., speculated 
that the warming process first yields 
vapor. Thereafter the ice that borders 
the vapor cavity melts as the Tyndall 
figure evolves. The fernlike figures im-
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ply that the melting process can be the 
reverse of the normal dendritic freez­
. ing process. 

The Knights also discovered a type 
of Tyndall figure that lacks a vapor 
bubble. At sites where the ice is com­
pressed on opposite sides of a plane 
along which the ice has fractured, 
warming causes melting that forms 
thin, curved lenses of water. Each lens 
lies approximately parallel to the basal 
plane of the crystal. As a lens devel­
ops, the melting interfaces move away 
from the fracture plane in opposite di­
rections. The water molecules along 
the interfaces move somewhat toward 
the plane because of compression. 
Thus there is no net change in volume 
that would require a bubble to form. 

The Knights grew ice crystals by 
freezing distilled water in a bucket. 
Rectangular plates measuring several 
centimeters on a side were then left for 
five minutes in air at normal room 
temperature so that they warmed to 
the melting point. Then each plate was 
hung in front of a 1,000-watt quartz­
iodine lamp partially surrounded by a 
reflector. Thermal radiation from the 
lamp produced the Tyndall figures. 

When an ice plate was irradiated at 
the maximum intensity, clouds of tiny 
Tyndall figures appeared throughout 
the bulk of the ice, spreading at a rate 
of about two centimeters per second. 
Each element in the cloud was a hex­
agonal pocket of water along with a 
vapor bubble. The pockets were not 
connected. Then why did they appear 
together? The Knights suggest they are 
generated mechanically as a result of 
the strain that accompanies melting. 

Shinji Mae of the University of Na­
goya in Japan studied the production 
of more conventional Tyndall figures 
at the grain boundaries in ice he grew 
from distilled, degassed and deionized 
water. To examine a specimen he al­
lowed it to warm in worn air until he 
saw veins of water forming along the 
boundaries between adjacent crystals. 
The ice was then at the melting point. 
He next focused the light from a small 
lamp onto an area a few millimeters 
wide within the ice. 

Among the set of Tyndall figures 
produced by the lamp was one that re­
sembled a flower with 12 petals. How 
a twelvefold symmetry can develop 
from the basic sixfold symmetry of an 
ice crystal is not known. Mae also ob­
served fernlike Tyndall figures. They 
were similar to the figures Higuchi ob­
served to lie in planes perpendicular to 
the basal plane of the ice crystals. 

I studied Tyndall figures in ice cubes 
frozen in my freezer after I had boiled 
the water to reduce the amount of air 
dissolved in it. Before examining a 
cube I let it warm to the melting point 

Fernlike Tyndall figures observed by Keiji Higuchi 

in room air. At the start its surface 
clouded with condensation drops, but 
after a few minutes the surface was 
coated with a layer of meltwater that 
made the surface transparent again. 
By then water and air were surging 
through wormholes. I put the ice on 
my glass observation platform and ex­
amined it with a jeweler's glass. 

In my first experiments I heated ice 
cubes with my desk lamp for a few 
minutes. Most of the internal melt­
ing resulted in simple ovals, but I also 
spotted a few fernlike figures and one 
bright, magnificent hexagonal figure. 
Suspecting that the heat from the lamp 
was insufficient, I resorted to a 1,500-
watt quartz heater and held a cube 
in front of it, draping a thick cloth 
over my hand as a heat shield. After 
a few minutes I inspected the ice for 
Tyndall figures. 

I was rewarded immediately. The 
melting ice contained hexagonal stars 
and fernlike structures as well as ill-de­
fined figures with sharp perimeters. I 
found the figures by first bringing a 
bubble into focus and then carefully 
adjusting the height of the lens until 
the associated melting region was in 
focus. Simultaneously I adj usted the 
lighting or the position of the ice cube 
on the glass to improve the contrast of 
the melting region. 

The figures were quite thin. When 
I viewed them edge on from another 
angle, I found they were thin lenses 
of water. The interesting figures were 
often temporary, evolving into thin 
ovals. Perhaps I disrupted their growth 

when I moved the ice to the observa­
tion platform. 

The heat source also melted ice 
around air bubbles already frozen in 
the ice. When I looked down through 
the top of the ice cube, I saw each bub­
ble surrounded by an oval from melt­
ing. Often a bubble had two overlap­
ping ovals. One oval was at the top of 
the bubble and the other at the bottom, 
as could be determined by looking at 
them from another angle. 

More can be learned from observa­
tions of ice. I should like to hear from 
any reader who can discover a better 
explanation of the bubble and tube 
formations. 

Direction of thermal radiation 
t 

I 
" 

Top view 

Melting aroulld bubbles frozell ill ice 

119 © 1986 SCIENTIFIC AMERICAN, INC© 1986 SCIENTIFIC AMERICAN, INC



BIBLIOGRAPHY 

Readers interested in further explana­
tion o/ the subjects covered by the articles 
in this issue may find the /ollowing lists 0/ 
publications helpful. 

COMPUTER RECREATIONS 

MICROCOMPUTER DISPLAYS, GRAPH­

ICS, AND ANIMATION. Bruce A. Art­
wick. Prentice-Hall, Inc., 1984. 

40 GREAT FLIGHT SIMULATOR ADVEN­

TURES. Charles Gulick. COMPUTE! 
Publications, 1985. 

POTENTIAL NEW CROPS 

CHEMICALS FROM BIOMASS: PETRO­

CHEMICAL SUBSTITUTION OPTIONS. 

E. S. Lipinsky in Science, Vol. 212, 
No. 4502, pages 1465-1471; June 
26,1981. 

NEW OILSEED CROPS ON THE HORI­

ZON. L. H. Princen in Economic Bot­
any, Vol. 37, No. 4, pages 478-492; 
October-December, 1983. 

DEVELOPMENT OF NEW CROPS FOR 

INDUSTRIAL RAW MATERIALS. L. H. 
Princen and J. A. Rothfus in Journal 
0/ the American Oil Chemists' Society, 
Vol. 61, No. 2, pages 281-289; Feb­
ruary, 1984. 

VERY LARGE STRUCTURES 
IN THE UNIVERSE 

THE LARGE-SCALE STRUCTURE OF THE 

UNIVERSE. P. J. E. Peebles. Princeton 
University Press, 1980. 

SUPERCLUSTERS. J. H. Oort in Annual 
Review 0/ Astronomy and Astrophysics, 
Vol. 21, pages 373-428; 1983. 

A POSSIBLE 300 MEGAPARSEC FILA­

MENT OF CLUSTERS IN PERSEUS-PEGA­

SUS. David J. Batuski and Jack O. 
Burns in The Astrophysical Journal, 
Vol. 299, No. 1, Part 1, pages 5-14; 
December 1, 1985. 

INNER SPACE OUTER SPACE. Edward 
W. Kolb, Michael S. Turner, David 
Lindley, Keith Olive and David 
Seckel. The University of Chicago 
Press, 1986. 

ANTI-IDIOTYPES 
AND IMMUNITY 

IDIOTYPE NETWORKS IN HEPATITIS B 
VIRUS INFECTIONS. R. C. Kennedy in 
Current Topics in Microbiology and 
Immunology, Vol. 119, pages 1-13; 
1985. 

VACCINES UTILIZING INTERNAL IMAGE 

ANTI-IDIOTYPIC ANTIBODIES THAT 

MIMIC ANTIGENS OF INFECTIOUS OR­

GANISMS. Ronald C. Kennedy, Gor­
don R. Dreesman and Heinz Kohler 

120 

in BioTechniques, Vol. 3, No.5, pages 
404-409; 1985. 

ANTI-IDIOTYPIC ANTIBODIES AS IM­

MUNOGENS. Immunological Reviews, 
No. 90; April, 1986. 

ANTI-IDIOTYPIC ANTIBODY VACCINE 

FOR TYPE B VIRAL HEPATITIS IN 

CHIMPANZEES. Ronald C. Kennedy, 
Jorg W. Eichberg, Robert E. Lanford 
and Gordon R. Dreesman in Science, 
Vol. 232, No. 4747, pages 220-223; 
April 11, 1986. 

THE STRUCTURE 
OF MOUNTAIN RANGES 

ACTIVE TECTONICS OF TIBET. Peter 
Molnar and Paul Tapponnier in 
Journal 0/ Geophysical Research, Vol. 
83, No. B11, pages 5361-5375; No­
vember 10, 1978. 

CONSTRAINTS ON THE STRUCTURE OF 

THE HIMALAYA FROM AN ANALYSIS 

OF GRAVITY ANOMALIES AND A FLEX­

URAL MODEL OF THE LITHOSPHERE. 

H. Lyon-Caen and Peter Molnar in 
Journal 0/ Geophysical Research, Vol. 
88, No. B10, pages 8171-8191; Octo­
ber 10,1983. 

GRAVITY ANOMALIES AND FLEXURE 

OF THE LITHOSPHERE AT MOUNTAIN 

RANGES. G. D. Karner and A. B. 
Watts in Journal 0/ Geophysical Re­
search, Vol. 88, No. B12, pages 
10449-10477; December 10, 1983. 

SEISMICITY, FAULT PLANE SOLUTIONS, 

DEPTH OF FAULTING, AND ACTIVE 

TECTONICS OF THE ANDES OF PERU, 

ECUADOR, AND SOUTHERN COLOM­

BIA. Gerardo Suarez, Peter Molnar 
and B. C. Burchfiel in Journal 0/ 
Geophysical Research, Vol. 88, No. 
B12, pages 10403-10428; December 
10,1983. 

EXOTIC ATOMIC NUCLEI 

POTENTIAL ENERGY SURFACE MOD- \ 

EL OF COLLECTIVE STATES. M. Sei­
wert, J. A. Maruhn and W. Greiner 
in High-Angular Momentum Property 
0/ Nuclei, edited by Noah R. John­
son. Harwood Academic Publishers, 
1983. 

NUCLEAR SHAPES AND SHAPE TRANSI­

TIONS. T. Bengtsson, P. Moller, J. R. 
Nix and Jing-ye Zhang in Physica 
Scripta, Vol. 29, No. 5, pages 402-
430; May, 1984. 

MAGIC NUMBERS, REINFORCING SHELL 

GAPS AND COMPETING SHAPES IN Nu­
CLEI FAR FROM STABILITY. J. H. Ham­
ilton in Progress in Particle and Nu­
clear Physics, Vol. 15, pages 107-134; 
1985. 

ADVANCES IN STUDIES OF NUCLEI FAR 

FROM STABILITY. J. H. Hamilton, 
P. G. Hansen and E. F. Zganjar in 
Reports on Progress in Physics, Vol. 
48, No.5, pages 631-708; May, 1985. 

SPACE, TIME AND TOUCH 

THE CUTANEOUS "RABBIT": A PERCEP­

TUAL WORLD. Frank A. Geldard and 
Carl E. Sherrick in Science, Vol. 178, 
No. 4057, pages 178-179; October 
13,1972. 

SENSORY SALTATION: METASTABILITY 

IN THE PERCEPTUAL WORLD. Frank 
A. Geldard. Lawrence Erlbaum As­
sociates, 1975. 

SALTATION IN SOMESTHESIS. Frank A. 
Geldard in Psychological Bulletin, 
Vol. 92, No.1, pages 136-175; July, 
1982. 

FLIGHT SIMULATION 

VISUAL ELEMENTS IN FLIGHT SIMULA­

TION. John Lott Brown in Aviation, 
Space and Environmental Medicine, 
Vol. 47, No. 9, pages 913-924; Sep­
tember, 1976. 

THE INTERPRETATION OF VISUAL Mo­

TION. Shimon Ullman. The MIT 
Press, 1979. 

COMPUTER IMAGE GENERATION FOR 

FLIGHT SIMULATORS. B. J. Schachter 
in IEEE Computer Graphics and Ap­
plications. Vol. 1, No.4, pages 29-68; 
October, 1981. 

THE ARTHROPOD CUTICLE 

FINE STRUCTURE OF THE CUTICLE OF 

INSECTS AND OTHER ARTHROPODS. 

Barry K. Filshie in Insect Ultrastruc­
ture, Vol. 1, pages 281-312; 1982. 

CUTICLE ULTRASTRUCTURE WITH RE­

SPECT TO THE LIPID WATERPROOF­

ING BARRIER. Neil F. Hadley in The 
Journal 0/ Experimental Zoology, Vol. 
222, No. 3, pages 239-248; Septem­
ber 1,1982. ' 

BIOLOGY OF THE INTEGUMENT, VOL. 

l: INVERTEBRATES. Edited by J. Be­
reiter-Hahn, A. G. Matoltsy and 
K. Sylvia Richards. Springer-Verlag, 
1984. 

THE AMATEUR SCIENTIST 

THE FREEZING OF SUPERCOOLED LIQ­
UIDS. Charles A. Knight. D. Van Nos­
trand Company, Inc., 1967. 

SUPERHEATED icE: TRUE COMPRES­

SION FRACTURES AND FAST INTER­

NAL MELTING. Charles A. Knight 
and Nancy C. Knight in Science, Vol. 
178, No. 4061, pages 613-614; No­
vember 10, 1972. 

TYNDALL FIGURES AT GRAIN BOUND­

ARIES OF PURE icE. Shinji Mae in Na­
ture, Vol. 257, No. 5525, pages 382-
383; October 2,1975. 

© 1986 SCIENTIFIC AMERICAN, INC



A man sets out to discover the ori­
gins of human time. To define mankind's 
presence in history. 

An epic challenge. But one well-met 
by Richard Leakey. Definitive paleoan­
thropologist. Director of Kenya's National 
Museums. Author of the much acclaimed 
Origins and The Making of Mankind. 

Some men merely make history. 
Mr. Leakey re-defines it. 

His heralded finds at Lake Turkana 
in Kenya altered many previously unchal­
lenged anthropological views. 
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