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Test Drive the l.eica R4. 
We invite you to experience the perfection of the Leica® R4. We 
invite you to hold, inspect, and then test the Leica that has been 
acclaimed " ... a miracle of modern technology." A limited produc
tion SLR of astonishing versatility, precision and beauty. W ith flaw
less Leitz® optics, two exposure measurement systems, five 
operation modes, and a series of advances unequalled in the his
tory of photography. 

T he Leica R4 is Leica's proudest achievement. A photographic 
instrument designed for perfection, not price. Like every Leica since 
the beginning, it is lavished with attention to detail. Hand finishing. 
Hand assembly. Hand testing. No shortcuts or compromises. 
Because the Leica R4 is designed and built never to fail. And to have 
no limit to its useful life. 

We invite you to experience the Leica R4. And through it enter 
Leica's world of superior photography. To see and appreciate for 
yourself the perfection of the photographic image that is uniquely 
Leica's. 

You can test drive the Leica R4 now, at your local Leica dealer. 
And to show his appreciation for your visit and your interest, your 
Leica dealer will enter your name in a special drawing for the ulti
mate sports coupe-the BMW 633CSi:* We think you'll find this 
high performance German import, the perfect accessory to your 
new Leica. 

For the name of your nearest Leica dealer write E. Leitz, Inc., 
24 Link Drive, Rockleigh, N.J. 07647 or call/SOO) 223-0507, ext. 
SOl. In New Jersey call/SOO) 223-0509, ext. SOl. 

And you could win a BMW 633 CSi 
to drive it home in. 

*No purchase necessary Entries must be made through your Leica dealer before January 31. 1984. The winner will be notified by March 30. 1984. Void where prohibited by law 
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B
ack in Calvin Coolidge's 
day, American business 
moved along at a nice 

comfortable pace. 
Life was simple. The 

future was solid. Even if you 
were new on the job, you could 
get the hang of it just from 
the lectures and workbooks in 
the company training program. 

Of course, all that was 
yesterday. The tougher the 
challenges we' re up against 
today, the better we' ll have to 
train our people to meet them. 

And now, thanks to a 
company called Wicat, the 
technology of training has 
finally come into its own. 

HOW TO CUT 
TRAINING TIME AND 

COST IN HALF. 

Simple. Use the power of 
computers to provide intense, 
individualized study for each 
trainee. 

Some of the world's larg
est corporations put a Wicat 
learning station in front of each 
trainee. And train them better; 
in less than half the time. And 
at less than half the cost. 

PLATO is a trademark of Control Data Corp 

DEVELOP COURSES 
OVERNIGHT WITHOUT 

PROGRAMMING. 

Until now, computer-based 
training systems demanded 
sophisticated programming 
skills. Wicat doesn' t. 

For example, it took a 
skilled programmer six weeks 
to develop one course on 
PLATO ™ (the other well
known training system). To 
develop the same course on 
the Wicat system, it took a 
non-programmer less than 
two days. 

LASERDISCS 
VERSUS LECTURES. 

There's nothing like realism to 
make training stick. Which 
is why Wicat was the first to 
incorporate the extraordinary 
graphics, sound, and simulation 
capability of the laserdisc into 
computer-based training. 

THE TOTAL TRAINING 
SOLUTION. 

At Wicat, we design and manu
facture our own hardware. 
In fact, we spent four years 
in development, to make 
this the most productive 

training machine possible. 
Our WISE authoring 

system sets new standards for 
ease of course development. 
And our large staff is ready to 
design custom courseware 
for any applications. 

We even offer software 
for program management; 
everything from scheduling to 
progress reporting to testing. 

Best of all, you can get 
started for under $1,000 a 
month. 

Call us at (801) 224-6400 
for details. Or write to Wicat 
Systems, PO. Box 539, 1875 
South State Street, Orem, 
UT 84057. 

We' ll show you how up
to-date a training system 
can be. When it 's designed by 
a company that really means 
business. 

WICATsystems™ 
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THE COVER 

The painting on the cover shows an Asian field worker planting rice in a pad
dy that is covered with about 10 centimeters of water. One of the distinctive 
characteristics of rice is that it can grow in waterlogged soil because of an air
passage system that moves oxygen from the leaves to the roots. Indeed, some 
species of rice can elongate by as much as 25 centimeters per day in flooded 
areas and can grow in water as much as five meters deep (see "Rice," by M. S. 
Swaminathan, page 80). The rice genus is Oryza, and the Asian species, which 
has a large number of varieties, is 0. sativa. Some two billion people rely on 
rice for a substantial part of their diet, and as a result the crop takes up some 
145 million hectares (358 million acres) of land. Even so, the yield would 
have been outstripped by the demand had it not been for the development in 
recent years of high-yield varieties of rice resistant to diseases and insect pests. 

THE ILLUSTRATIONS 

Cover painting by Teresa Fasolino 
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49 Rene Canul, Comision 92-93 Andrew Tomko 
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50 Brian R. Wolff (top), . Hopkins University, Theo 
Todd Pink (bottom) Koller, Swiss Federal 

51 Todd Pink Institute of Technology, 
52 Michael Matson, National and Masayasu Nomura, 

Oceanic and Atmospheric University of Wisconsin 
Administration (top); at Madison 
Arlin J. Krueger, 111-112 Ian Worpole 
Goddard Space Flight 116-120 Gabor Kiss 
Center (bottom) 121-122 N. J. A. Sloane, 

53 Todd Pink Bell Laboratories, 
54 Alan Robock, University and Gabor Kiss 

of Maryland, Michael 123 John Horton Conway, 
Matson, National University of Cambridge, 
Oceanic and Atmospheric N. J. A. Sloane, 
Administration, and Bell Laboratories, 
Todd Pink and Gabor Kiss 

56 Todd Pink 124 N. J. A. Sloane, 
59-60 Lawrence Berkeley Bell Laboratories·, 
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85 Charles Moore, Black 131-136 The Granger Collection 
Star (top); Andrew 139 Jearl Walker (top 
Holbrooke, Black and bottom), David 
Star (bottom) A. Katz (middle) 

90 Andrew Tomko 140-143 Michael Goodman 

© 1983 SCIENTIFIC AMERICAN, INC



I 
e 

- THE WORLD'S FIRST EQUATION PROCESSOR 
FOR -PERSONAL COMPUTERS™ 

The TK!Solver™ program is a 
professional tool that allows you 
to work easily with equations. 
W hether your problem is a 
simple formula or a model consis- ' 
ting of many equations, TK!Solver 
can help improve your produc
tivity. Once the equations are 
written, enter the known values, 
press the! key, and TK!Solver 
gives you the answer. 

Engineers, scientists, architects, 
financial analysts and planners, 
educators, researchers, and 
other professionals who use equations 
and mathematical models can work more 
creatively with TK!Solver. 

TK!Solver provides you with: 

BACKSOLVING 
If the programs you use now require you to 
rewrite the same equation to solve for different 
unknowns, TK!Solver can dramatically improve 
your productivity. Enter your problem once and 
then solve for the unknowns no matter where 
they are in your equation. 

ITERATIVE SOLVING 
If TK!SoIver can' t solve an equation directly, take 
an educated guess at the answer. Type the! 
key and the TK!SoIver program starts with your 
guess and performs repeated approximations 
to converge on the answer. 

LIST SOLVING 
Given a list of input values, TK!Solver automati
cally calculates the equation for every value in 

-

your list. For example, if you 
want to know how different 
interest rates will affect monthly 
loan payments, enter a list of 
interest rates and let TK!Solver 
calculate the payment amount 
for each value. 

UNIT CONVERSIONS 
Any type of unit conversion
Fahrenheit to Celsius, meters to 
feet, dollars to deutschmarks, 
newtons to dynes -can be made 
without altering your equations. 
Just define the numerical relation
ship between two units of measure
ment and the TK!Solver program 
automatically converts the vari

able value to the unit you specify. 
TABLES AND PLOTS 

Quickly generate tables and plots of your results 
on your screen or printer. 

If you can define a problem mathematically, 
the TK!Solver program can help you find the 
answer. It's a flexible problem-solving tool that 
you can apply easily to a variety of mathe
matical problems. 
AVAILABLE NOW 
You can run the TK!SoIver program on the 
IBM® PC and XT and compatible machines, 
the Digital'M Professional'M 350, the Digital™ 
Rainbow™ 100, the Wang Professional Computer, 
Apple® I/e, and on the following personal 
computers using MSTM_DOS: TI Professional 
Computer, GRiD Compass Computer;M Canon 
AS-100, Eagle® 1600, Toshiba T300, and the 
Zenith Z -100:M 

Software ArtsTM 
The creators of VisiCalc® and TK!Solver'" 

TK, TK!, TK!Solver, TK!SolverPock, The Problem Cruncher, the stylized! and the slogans 'NOW YOU DON'T HAVE TO THINK LIK E A COMPUTER TO USE ONE!' 
and 'THE W ORLD'S FIRST EQUATION PROCESSOR FOR PERSONAL COMPUTERS' are trademarks or reqistered trademarks of Software Arts. Inc. TK!SATN and 
Dlf are trademarks of Software Arts Products Corp. Software Arts is a trademark of Software Arts, Inc. and Software Arts Products Corp. The TK!Solver program and the 
TK!SolverPack applications packages are products of Software Arts , Inc., which is solely responsible far their contents. VisiCalc is a registered trademark of VisiCorp. 
GRiD Compass Computer is 0 trademark of GRiD Systems Corporation. Z-IOO is a trademark of Zenith Data Systems. Eagle is a registered trademark of Eagle 
Computer , Inc. IBM is a registered trademark of International Business Machines Corporation. Wang is a registered trademark of Wang laboratories Inc. Digital, 
Professional, and Rainbow are trademarks of Digital Equipment Corporation. Apple is a registered trademark of Apple Computer, Inc. MS is a trademark of 

-

Microsoft Corporation. 
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Tina has never 
had aTeddy Bear. 

A mother's love. A doll to cuddle. 
Tina knows nothing of these things. 
But she does know fear, rejection, 
and hunger. 

For just $18 a month, you can help 
save a child like Tina. 

Through our sponsorship program 
you can help provide a child with a 
better diet, clothes, medical attention, 
school. And even a toy or two. 

But don't wait. There are so many. 
And somewhere, right now, a child 
is dying from starvation and neglect. 
r----------------, 

Write to: Mrs. Jeanne Clarke Wood 
Children, Incorporated, P. O. Box 5381, 
Dept. SAIT4, Richmond, Va. 23220 USA 

D I wish to sponsor a boy D, girl D, in 
D Asia, D Latin America, D Middle East, 
D Africa, D USA, D Greatest Need. 

D I will give S18 a month (S216 a year). 
Enclosed is my gift for a full year D, the 
first month D. Please send me the child's 
name, story, address and picture. 

D I can't sponsor, but will help S __ _ 

D Please send me further information. 
D If for a group, please specify. 

Church, Class, Club, School, Busim:ss. �tc. 

NAME 

ADDRESS 

CITY STAn ZIP 
U.S. gifts �r� fully tax d�ductible. 

Annual fm:mcial statements are available on request. 

CHIlDREN, INC. 
L ________________ � 
SA 

LETTERS 
Sirs: 

In his article "Labor-intensive Agri
culture" [SCIENTIFIC AMERICAN, Octo
ber, 1983] Philip L. Martin of the Uni
versity of California at Davis gives one 
pause on the question of scientific ob
jectivity. He writes: "The University of 
California is defending itself in a law
suit brought by representatives of farm 
workers. The suit charges that the uni
versity's research on mechanization is 
biased in the direction of helping the op
erators of large farms and undermining 
farm-worker unions." Is this type of re
search really biased? Dr. Martin goes 
on: "Universities can head off some of 
the controversy by making clear the im
portance of mechanization in preserving 
a profitable fruit and vegetable indus
try." Mechanization, therefore, will help 
growers to preserve (if not increase) 
their profits. Mechanization is to be ac
companied by the restructuring of the 
production of commodities "that de
pend on alien workers" to eliminate 
these workers (and thus weaken the base 
of many existing farm-worker unions). 
This will benefit the growers. Should 
they invest in such research? This possi
bility is not even suggested. The Gov
ernment is to create a payroll tax on the 
farm worker's wages (not the grower's 
profits) to set up a special trust fund that 
"would levy a tax on the wages earned 
by alien farm workers." Dr. Martin 
thinks $150 million a year could be 
raised in this way-quite a lot for univer
sity researchers to dip into. The research 
will lead to a reduction in jobs for un
documented workers without reducing 
in any way the social causes that drive 
millions of people to come to this coun
try in search of these jobs. These pro
posals can only help the growers and 
their university hangers-on while leav
ing unaddressed the real human prob
lems of many millions of working peo
ple, "alien" or "nonalien." 

THOMAS RIGGINS 

New York, N.Y. 

Sirs: 
In "Labor-intensive Agriculture" Phil

ip L. Martin writes: "Without mechani
zation [in fruit and vegetable agricul
ture] the U.S. must both accept an iso
lated, alien-dominated labor force for 
seasonal handwork and erect trade bar
riers to keep out produce grown abroad 
at even lower wages." But if prod uce 
grown abroad is cheaper (if foreign 
farm workers need the money more 
than U.S. and Mexican ones), the U.S. 
will not need a domestic product and 

thus will need neither trade barriers nor 
its own seasonal work force. 

Martin's isolationist presupposition 
that the U.S. must be a world to itself in 
both ethnos and trade, together with his 
misuse of "American" to exclude Mexi
cans, shows clearly that the Protestant 
Republic is still alive, even among scien
tists. Pity. 

JOHN A. WILLS 

Pasadena, Calif. 

Sirs: 
Both writers miss my point: there is an 

inevitable shakeout coming in the labor
intensive fruit and vegetable industry. 
The U.S. is most likely to keep produc
ing crops that can be handled mechani
cally, since our edge is high technolo
gy, not low wages. Public policies that 
accelerate this inevitable shakeout will 
strengthen our agricultural economy, 
create jobs abroad and red uce pressures 
to migrate illegally. 

Mr. Riggins misunderstands the fact 
that, with or without alien workers, la
bor-intensive agriculture in the U.S. will 
be mechanized because countries with 
lower wages are using American-devel
oped technologies to expand their pro
duction of fruits and vegetables for dis
tant markets. American farmers will 
continue to produce crops that can be 
mechanically harvested; hand-harvest
ed crops might migrate abroad, creating 
jobs and reducing incentives to migrate 
illegally to the U.S. The trust fund is one 
way to help equalize the costs of the 
legal alien workers expected by immi
gration reform during this transition 
(otherwise alien workers are cheaper 
than American workers). The trust fund 
could also generate money to upgrade 
farm jobs and' retrain displaced farm 
workers. 

Mr. Wills's letter includes a non sequi
tur. American farmers today prod uce 
and export labor-intensive crops. For
eign producers are taking away tradi
tional export markets and will eventual
ly export cheaper citrus fruits, tomatoes 
and strawberries to the U.S. At that 
time-sooner for tomatoes, later for 
strawberries-farmers will argue that 
they cannot pay higher wages because 
of low-wage foreign competition or that 
the U.S. must exclude the products 
grown with cheap labor abroad. In ei
ther case the U.S. faces an unpalatable 
choice: an isolated farm labor market or 
protectionist trade policies that keep out 
foreign produce and encourage illegal 
immigration. 

PHILIP L. MARTIN 

University of California 
Davis 

© 1983 SCIENTIFIC AMERICAN, INC



UTo ignore this passionate presentation is to turn 
our backs on the most urgent issue of our time/' 

-Walter Cronkite 

ULast Aid is a no-nonsense description of the horrifying 
medical consequences of nuclear war from the leading 
experts in the field. This invaluable and timely work should 
be read by everyone who cares about the future of humanity/' 

-Coretta Scott King 

What kinds 

of tragedies 

would medical 

professionals 

encounter the 

day after a nuclear 

holocaust? Written 

by those very pro

fessionals, this vital 

book considers not 

one but several sce

narios of the physical 

and psychological effects 

of nuclear war on the 

global population. A reac-

tion to government leaders 

who speak rationally of a 

conflict than can have no 

rational basis, Last Aid offers 

a compelling assessment of the 

most critical issue of our time. 

Yes, please send me a copy of Last Aid. 

D 
I enclose a check for 510.95 (paper), plus $1.50 to cover postage and 
handling. (California, New York, & Utah residents add appropriate sales tax.) 

Charge my 0 MasterCard 0 VISA 

Account# ___________ Expires ____ _ 

Signature _____ -:-:-;;-----::-:;;::-::-::-==--=::-:=-==::-:;-;-____ _ 

(All credit card orders must-be: signed.) 

Name ___________________ __ 

Address __________________ _ 

City ________ State ____ Zip ____ _ 

w. H. Freeman and Company 
4419 West 1980 South 
Salt Lake City, Utah 84104 

ISBN paper 0-7167-1435-3 

0117 
----------------------------
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50 AND 100 

YEARSAGO 

SCIENTIFIC 
AMERICAN 

JANUARY, 1934: "In recent years 
France, taking example by the lessons 
learned in the World War, has creat
ed an extensive system of fortifications 
along her frontiers. Some of the projects 
built for this purpose consist of strong 
forts while others are most spectacular 
in that they are composed chiefly of 
subterranean structures. The essential 
points of the system, built on a gigantic 
scale and thought to be the strongest 
ever evolved, consist of a line of forti
fied casemates interconnected by un
derground galleries safe from bombard
ment. At intervals along the communi
cating galleries the casemates rise to 
the surface on shafts in which there are 
electrically operated lifts. This system 
will allow a sudden concentration of 
troops in an emergency. Plans for the 
'Maginot line,' so called after the late 
Minister of War, M. Andre Maginot, 
who was in charge of the works, were 
first submitted in 1925, when it was de
cided to make a stretch of about 200 
kilometers as far as possible impregna
ble. It is believed by those who maintain 
the thesis that adequate preparation for 
war operations is the best insurance 
against the outbreak of war that this sys
tem of defense will go far toward pre
serving peace in Europe." 

"On October 9 American observa
tories received from the central office 
for astronomical telegrams at Harvard 
the message, 'Belgium and Poland re
port great meteoric shower in progress.' 
Wherever the skies were clear they were 
assiduously watched, but before the 
news had reached our side of the world 
the display was over. All across Europe, 
from Russia to Spain, a magnificent 
shower was observed. Gerasimovic at 
Poulkovo reports a rate of more than 
100 meteors per minute, Witkowski at 
Poznan a maximum rate of 10 per sec
ond, some with brightness of the zero 
magnitude--equal to Vega or Arcturus. 
This is the finest 'meteoric display since 
the great fall of Leonids in 1866. Meteor 
swarms of this kind are always associat
ed with comets, and the body responsi
ble in this case was at once identified as 
the periodic comet discovered by Gia
co bini in 1900 and independently at a 
later return by Zinner." 

"A process by which files of newspa
pers may be preserved for posterity on 
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photographic safety film was described 
recently by Charles C. Case of the East
man Kodak Company. The process is 
made possible by the development of a 
camera that can photograph more than 
eight full-size newspaper pages on a 
strip of film 1 % inches by 12 inches and 
a month of 50-page papers on a single 
reel less than four inches in diameter. 
The film can be read in newspaper of
fices on a simple viewing device that will 
enlarge the tiny page images from the 
film up to half again the size of the origi
nal newspaper page. The new miniature
image process is also useful for public 
libraries, which store large quantities of 
newspapers." 

JANUARY, 1884: "Will electricity 
enable us to transmit power in large 
quantities more efficiently than other 
means? This question was put to the So
ciety of Arts and answered by Professor 
Osborne Reynolds in his Cantor lectures 
as follows. Thanks to the experiments of 
M. Deprez, we can say that a current of 
electricity equivalent to five horse pow
er can be sent along a telegraph wire 1/6 
inch in diameter some 10 miles long 
with an expenditure of 29 per cent of the 
power, because it has already been done. 
Compared with a moving wire rope, this 
means it falls short in actual efficien
cy, as the Messrs. Hems send 500 horse. 
power with a 3/4-inch flying rope. To 
carry this amount, as in the experiment 
of Deprez, 100 telegraph wires would be 
req uired; these wound into a rope would 
make it more than 1.4 inches in diame
ter, four times the weight of the Hems 
rope. With the moving rope the loss per 
mile is only 1.4 per cent, whereas with 
the electricity it is nearly 6 per cent; so 
that, as regards weight of conductor and 
efficiency, the electric transmission is in
ferior to the flying rope. Nor is this all. 
With the flying belt the Messrs. Hems 
found the loss at the ends, in getting the 
power into and out of the rope, was 2'/2 
per cent, whereas in M. Deprez's experi
ment 30 per cent was lost in the electric 
machinery alone, which is very small 
as such machinery goes. No account is 
here taken of the loss of power in trans
mission to and from the electric ma
chinery. Taking the whole result, it 
does not appear that more than 15 or 20 
per cent of the work done by the steam 
engine could have been applied to any 
mechanical operation at the other end 
of the line, as against 90 per cent that 
might have been realized with wire rope 
transmission. " 

"M. Ferdinand de Lesseps has com
municated an interesting note on the tid
al waves of earthquakes to the French 
Academy of Sciences. On the 27th of 

August last, after 4:00 P.M., the sea level 
at Colon, on the Atlantic side of the Isth
mus of Panama, began to oscillate, as 
was shown distinctly by the marigraph 
of the Inter-Oceanic Canal Company. In 
amplitude the oscillations equaled the 
usual tidal rise but succeeded one anoth
er at intervals of 1'/2 hours instead of 12 
hours, as in the case of the normal tides. 
The curve of the marigraph showed that 
between 3:30 P.M. and 1:30 A.M. the sea 
oscillated eight times with a rise of from 
0.30 to 0.40 meter. The movement be
gan with an ebb of the water, as if a 
hollow had been in the sea, and gradu
ally diminished after 1 :30 A.M. on the 
28th, till 11 :00 P.M. on the succeed
ing night. M. de Lesseps can connect 
this phenomenon only with the volcanic 
eruptions in the Straits of Sunda, near 
Java, which began on August 25th and 
reached their height during.the nights of 
the 26th and the 27th of August." 

"Dr. Carlos Finlay of Havana main
tains that yellow fever may be commu
nicated from one individual to another 
through the agency of mosquitoes. He 
has seen under the microscope spores 
and filaments of a particular nature on 
the sting of one of these insects that 
had just bitten a patient suffering from' 
yellow fever, and he thinks the germs 
may undoubtedly be introduced into a 
healthy individual by the bite of a mos
quito, He recalls the fact that these 
insects were remarkably numerous in 
Philadelphia at the time of the great 
yellow fever epidemic in 1797, and he 
states also that the same conditions of 
temperature are necessary for the life 
of the mosquito as are necessary for the 
existence and spread of yellow fever." 

"We are pleased to find that increased 
attention is being paid to the question of 
the physical training of young and grow
ing girls, The Swedish physical exercises 
have found general favor, while many 
games and athletic pursuits are now al
lowed which formerly were proscribed 
by prudish schoolmistresses and tim
id mamas, When the girl is naturally 
healthy,.little is wanted but to encourage 
ordinary systematic exercise being tak
en daily. This should consist of certain 
gymnastic exercises,' which are to be 
practiced each day as part of the school 
work, supplemented by such games as 
lawn tennis, rounders, golf, etc. Swim
ming is an exercise that every girl should 
indulge in, and it ought to be taught sys
tematically at all our girls' schools. Un
til recently dress proved a great barrier 
to free exercise of the limbs and body, 
but the introduction of a more sensible 
costume for the playground will in the 
future, it is to be hoped, remove the dis
advantage. The costume in use consists 
of a short skirt of blue serge. draped 
with a crimson scarf, blue jersey, short 
trousers and long stockings," 
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THE AUTHORS 
JOHN STEIN BRUNER ("Launch 

under Attack") is director of foreign
policy studies at the Brookings Institu
tion. He got a B.A. at Stanford Universi
ty and went on to earn his Ph.D. in polit
ical science from the Massachusetts In
stitute of Technology. He taught briefly 
at M.LT. before moving to the Institute 
of Politics at Harvard University. There 
he became associate professor of public 
policy and assistant director of the Pro
gram for Science and International Af
fairs before joining the faculty at Yale 
University as associate professor of po
litical science. He left Yale in 1978 to 
take up his current job .. Steinbruner is 
author of The Cybernetic Theory 0/ Deci
sion: New Dimensions 0/ Political Analysis 
(Princeton University Press, 1974). 

MICHAEL R. RAMPINO and STE
PHEN SELF ("The Atmospheric Ef
fects of El Chichon") are geologists who 
are collaborating in a study of volcan
ic eruptions and their effect on world 
climate. Rampino writes: "I received a 
B.A. from Hunter Colle.ge and went on 
to earn a Ph.D. in geological sciences 
from Columbia University. From 1978 
to 1980 I held a National Academy of 
Sciences research associateship at the 
Goddard Institute for Space Studies of 
the National Aeronautics and Space 
Administration. Since 1980 I have been 
a research associate in the department 
of geological sciences at Columbia 
working at the Goddard Institute and 
have also been visiting assistant profes
sor at Dartmouth College. At Goddard 
I became involved in an effort to make 
a model of global climate and specifi
cally to predict the effects of explosive 
volcanic eruptions on the atmosphere." 
Self was born in England and got a B.S. 
at the University of Leeds. He continued 
his study of geology at the Imperial Col
lege of Science and Technology, which 
awarded him his Ph.D. in the subject. 
He did field work in New Zealand and 
served on the faculty at Arizona State 
University before taking up his current 
job in the department of geology at the 
University of Texas at Arlington. 

WM. C. McHARRIS and JOHN O. 
RASMUSSEN ("High-Energy Colli
sions between Atomic Nuclei") are nu
clear chemists who share an interest in 
the subject of their article. McHarris 
was educated at Oberlin College and the 
University of California at Berkeley; 
his Ph.D. in nuclear chemistry was con
ferred by Berkeley in 1965. After ob
taining his doctorate he joined the facul
ty at Michigan State University, where 
he is currently professor of chemistry 
and physics. Rasmussen got a B.S. from 
the California Institute of Technology 
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before earning his Ph.D. in chemistry 
at Berkeley. He joined the faculty at 
Berkeley in 1952 and has been there 
since with the exception of the period 
from 1969 to 1973, which he spent as 
professor of chemistry at Yale Univer
sity. He has also served as visiting pro
fessor at the Nobel Institute of Physics 
in Stockholm and as National Science 
Foundation senior fellow at the Niels 
Bohr Institute in Copenhagen. 

M. S. SWAMINATHAN ("Rice") 
is director general of the International 
Rice Research Institute in the Philip
pines. His career has combined work in 
genetics with the application of scientif
ic results to agricultural practice. Born 
in Kumbakonum, a temple town in 
southern India, he received a B.S. from 
the Agricultural College at Coimbatore 
before beginning his studies in genetics 
at the Indian Agricultural Research In
stitute (IARI). He did graduate work in 
the Netherlands and at the University of 
Cambridge; his Ph.D. was awarded by 
Cambridge in 1952. He then moved to 
the U.S. to take a job at the University of 
Wisconsin. In 1954 he returned to India 
and the IARI. In 1972 he was appoint
ed director general of the Indian Coun
cil of Agricultural Research, a post he 
held until 1979, when he became Secre
tary of Agriculture and Rural Develop
ment in the Indian government. He was 
appointed director of the International 
Rice Research Institute in April, 1982. 

CHARLES J. COLE ("Unisexual 
Lizards") is curator in the department of 
herpetology at the American Museum 
of Natural History in New York. He got 
a B.A. at Wesleyan University and an 
M.A. at the University of Kansas before 
obtaining his Ph.D. at the University of 
Arizona. After earning his doctorate he 
joined the staff of the American M use
um. In the work on unisexual lizards 
described in his article he was assisted 
by his son, Jeffrey A. Cole, a student 
at Louisiana State University at Baton 
Rouge. The work is supported by grants 
from the National Geographic Society 
and the National Science Foundation. 

MASA Y ASU NOMURA ("The 
Control of Ribosome Synthesis") writes: 
"I received my college education during 
the miserable post-World War II period 
in Japan. I majored in microbiology and 
fermentation chemistry in a department 
of applied science at the University of 
Tokyo. I selected the department to get 
a job in industry and not to become a 
scientist. After I started to take applied
science courses, however, I realized that 
I had more interest in basic science than 
in its applications. Around that time we 

were just starting to hear news of the 
development of molecular biology. The 
news excited me, and in 1957 I came to 
the U.S. as a postdoctoral fellow. I spent 
the next three years working in the labo
ratories of Sol Spiegelman at the Uni
versity of Illinois, James D. Watson at 
Harvard University and Seymour Ben
zer at Purdue University. I returned to 
Japan in 1960 to become assistant pro
fessor at the Institute of Protein Re
search at Osaka University. After three 
years I made the difficult personal deci
sion to leave my own country and com
mit myself to doing science in the U.S. 
I took up a job in the department of ge
netics at the University of Wisconsin at 
Madison. In 1970 I moved to the Insti
tute for Enzyme Research at Wiscon
sin, with appointments in the depart
ment of genetics and the department of 
biochemistry." 

N. J. A. SLOANE ("The Packing of 
Spheres") is a member of the technical 
staff at Bell Laboratories. A native of 
Wales, he received his ed ucation in A us
tralia and the U.S.; his B.A. is from the 
University of Melbourne and his M.S. 
and Ph.D. in electrical engineering are 
from Cornell University. He became as
sistant professor of electrical engineer
ing at Cornell in 1967 and stayed there 
until moving to Bell Laboratories two 
years later. Sloane's scientific work has 
concerned coding theory, communica
tion theory and combinatorial mathe
matics. Outside the laboratory his main 
interest is rock climbing. 

ARTHUR F. SCOTT ("The Inven
tion of the Balloon and the Birth of 
Modern Chemistry") was emeritus pro
fessor of chemistry at Reed College at 
the time of his death in 1982. He was 
graduated from Colby College with a 
B.A. in 1919. His Ph.D. in chemistry 
was awarded by Harvard University 
in 1924. He joined the Reed faculty in 
1923, moving to Rice Institute three 
years later. He returned to Reed in 1937, 
ultimately becoming chairman of the 
chemistry department, a job he held un
til 1965. During World War II he served 
as acting president of the college. His 
initial scientific interest was in the deter
mination of the atomic weights of ele
ments. In the 1950's he became interest
ed in the chemistry of the radioactive 
elements and helped to set up the first 
radiochemistry laboratory in a Portland 
hospital. From 1962 to 1964 he was di
rector of special projects in science edu
cation for the National Science Founda
tion. Toward the end of his life his inter
ests turned to the history of chemistry. 
At the time of his death he had written a 
manuscript on the subject of the present 
article. The manuscript was prepared 
for publication by Joel Keizer of the 
University of California at Davis, a for
mer student of Scott's. 
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Whether they're collaborating on com
petitive strategies or accessing data 
bases for valuable information, more 
and more corporate managers are com
municating with each other. With 
networks, data bases and mail services 
all over the country. And for thousands 
of personal computer owners, we are 
providing the communications link. 

Hayes Smartmodem. Think of it as 
your computer's telephone. Just plug 
Smartmodem into any phone jack. and 
watch it send messages to and from 
your computer. Over ordinary phone 
lines, and without using the telephone 
receiver. 

Operating with rotary. Touch-Tone® 
and key-set systems. Smartmodem will 
dial. answer, and disconnect calls. 
Automatically. 

Choose your speed; choose your 
price. The lower-priced Smartmodem 
300™ is ideal for inter-office communica
tions and local data swaps, transmitting 
at 300 bits per second. For longer dis
tances and larger volumes, Smartmodern 
1200™ communicates at speeds up to 

four times faster. 
Both are compatible with many com

puters (any computer with an RS-232C 
port), and a variety of communications 
programs. However. if you have an 

Your computer's telephone. 

IBM® Personal Computer, Hayes also pro
vides the perfect companion software. 

Smartcom lIN communications soft
ware, For the IBM PC. 

We've spent a lot of time developing it. 
so you can spend less time using it. 

��//IIII!!!!B. 1111111 I""IIIII� � � 
I �, �/LIIIII/l 

stores. Trouble-free 
'
factory service and 

call-in assistance. A limited two-year 
warranty on all hardware. And the 
most efficient telecomputing system, 
available. Anywhere. 

To appreciate the capabilities of Hayes 
Smartmodem and Smartcom II fully, 
see your dealer for a demonstration. 
Then get beyond "desktop" computing. 
Get a telephone for your computer. 

Hayes Microcomputer Products, Inc. 
5923 Peachtree Industrial Boulevard, 
Norcross, Georgia 30092. 
404/441-1617. 

Smartcom II makes quick work of the 
communications process-reducing to 
mere keystrokes what would take a 
lengthy series of entries on other pro
grams. Because Smartcom II is menu 
driven, you simply respond to the 
saeen's prompts. There are no compli
cated procedures to learn or trouble
some instructions to unravel. Success 
comes SWiftly. Simply! (l) 

And now, a com-

H 
® 

plete pl�g-in tele- aVes computmg system I� • 

for the IBM PC, Smart-
modem 1200B:M All the great features that 
have made our freestanding Smart-
modem a hit. On one, con- ----

venient plug-in board. And 
packaged with its own soft
ware. Smartcom II. Together , 
they're all you need to communicate-fast! 

Backed by the experience and repu
tation of Hayes, Our record speaks for 
itself. Five years of solid leadership in 
the microcomputer industry. Nationwide 
availability through retail computer 

smartmxiem 300. Smartmodem 1200. Smartmcxiem 1200B and 
Smartcom II are trademarks of Ha� Microcomputer Products. Inc 
Te1t'mai! Eb:trOllk Mail ServiCe is a service mark of GTE Telenet 
Communications Corp. TeIeSoft is a trademark of TeIeSoft. Inc 
Touch-Tone is a registered service mark of American Telepl'lJne and 
Telegraph. IBM is a registered trademark of International Business 
Machines. Corp. ©198� Hayes Microcomputer Products. Inc. 
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COMPUTER 

RECREATIONS 

On the ups and downs 

of hailstone numbers 

by Brian Hayes 

Three steps forward and two steps 
back: it is not the most efficient 
way to travel, but it seems certain 

to get you there in the end. A curi
ous unsolved problem in the theory of 
numbers puts that conclusion in doubt. 
The problem can be stated as follows. 
Choose any positive integer (any whole 

number greater than zero) and call it N. 
If the number is odd, triple it and add 1, 
or in other words replace N by 3N + 1. If 
the number is even, divide it by 2, re
placing N by N /2. In either case the re
sult is the new val ue of N and the proce
dure is repeated. After many iterations 
do the numbers tend to grow larger or 

9,500 r----------------------------------, 
9,232 

9,000 

8,500 

8,000 

7,500 
7,288 

7,000 

6,500 

6,000 

5,500 

5,000 

4,500 

4,000 

�,500 

3,000 

2,500 

2,000 
1,780 

1,500 

STEP NUMBER 

The sequellce of hailstolle /lumbers begi/lni/lg with 27 
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smaller? Do they converge on some par
ticular value or diverge toward infinity? 
How long does it take to settle the "fate" 
of a number? 

For any given value of N, answering 
these questions calls for nothing more 
than simple arithmetic. For example, if 
Nis 27, an odd number, the next value is 
(3 X 27) + 1, or 82; it is followed by 4 1  
and then by 124. E vidently there will be 
many ups and downs in this series of 
numbers; the value goes up whenever N 
is odd and down whenever it is even. 
The reader is invited to extend the series 
to see where it leads. 

The difficult task is not evaluating the 
series for a given N but finding a general 
solution, one that applies to all possible 
val ues of N. As yet no general sol ution 
has been devised. A great many num
bers have been tested explicitly, and 
they all follow the same pattern, but 
no one has been able to prove that ev
ery number conforms to the pattern. It 
is hardly the most important unsolved 
problem in number theory, but it is one 
of the most irksome. The proced ure is 
easy to describe and to carry out, but it is 
remarkably difficult to understand what 
is going on. 

The problem illustrates well both the 
utility and the limitations of the digi
tal computer as a mathematical instru
ment. To explore beyond the smallest 
integers some mechanical aid to compu
tation is needed, but almost any com
puter will do, even a programmable cal
culator. On the other hand, extending 
the calculation to a significantly larger 
range of numbers is practical only with 
the most powerful computing machin
ery. When it comes to the very deepest 
questions, it is not certain any computer 
can be of help. For the most part the 
computer is a tool of "experimental" 
mathematics: it generates examples and 
counterexamples. Discovering a prin
ciple in the peregrinations of N seems 
to call for theorem proving rather than 
number crunching. 

W
hen the transformation rule is ap
plied repeatedly to an arbitrary 

number, what outcome can be expect
ed? Here are three naive hypotheses: 

The first. argument runs thus: There 
are equal numbers of odd and even inte
gers, and so in any long series of calcula
tions odd and even values of N should 
come up equally often. When N is odd, 
it is increased by a factor of 3 (and a lit
tle more), but when N is even, it is de
creased by only a factor of 2. Hence the 
value of N after many iterations should 
increase without limit: On the average 
the value should increase by (3N + 1)/2 
per iteration. For large values of N that 
is essentially 3/2 N. 

The second hypothesis relies on the 
notion that what goes up must come 
down. This line of reasoning begins with 
the observation that whenever the cal-
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culation happens to yield an exact pow
er of 2, the series of numbers immedi
ately cascades back down to a value of 
1. (When any power of 2 except 2 itself 
is divided by 2, the result is necessarily 
an even number, so that the descend
ing branch of the calculation is invaria
bly selected.) There are infinitely many 
exact powers of 2 among the infinite 
counting numbers, and a calculation 
that is continued long enough is certain 
to alight on one of them. Very large val
ues of N might well be reached in the 
course of a calculation, but eventually 
there must be a crash. 

The third argument is similar in form 
to the second but leads to a different 
conclusion. Note that whenever the 
calculation changes direction, such as 
when an odd number is encountered af
ter a series of even ones, it reenters terri
tory it has been in before. Indeed, in 
wandering up and down the number line 
it can return to a finite domain of num
bers arbitrarily often. E ventually it can 
be expected to stumble onto a value it 
has visited before, and once that hap
pens the entire future of the calcula
tion is fixed. Because the procedure for 
choosing a next step is fully determinis
tic, any duplicated value of N must 
lead into a loop that will thereafter be 
repeated endlessly. 

The three hypotheses presented here 
should not be taken too seriously. They 
cannot all be right. Some of their prem
ises are definitely open to question. In 
particular, all three theories rely on a 
probabilistic analysis, but the series of 
numbers generated by applying the rule 
is not a random one. What does mathe
matical experiment have to say about 
the matter? 

T
he place to begin the calculation is at 
the beginning, with 1. It is an odd 

number, and so the instructions call for 
multiplying it by 3 and adding 1. The 
result, 4, is even and is therefore divided 
by 2, yielding another even number; di
viding by 2 again brings the calculation 
back to 1. Hence with the first computa
tion two of the speculative theories cited 
above are given handsome support. As 
the crash hypothesis predicts, the calcu
lation stumbles on a power of 2; it does 
so after just one iteration. As the cyclical 
theory predicts, the calculation becomes 
trapped in an endless loop; the values 4, 
2 and 1 will be repeated indefinitely. 

Among all the counting numbers 1 is 
very special: it is the first and the small
est. The results obtained when Nis equal 
to 1 may therefore be atypical; before 
reaching any conclusions one ought to 
check further. Since the fate of 2 and 4 
are known already from the calculation 
for N = 1, the obvious candidate is 3. 
It is odd, and so the next value is 
(3 X 3) + 1, or 10. Dividing by 2 yields 
5, and then multiplying by 3 and adding 
1 gives a result of 16. Again a power of 2 

has turned up, and the series cascades 
through N = 8 into the 4-2-1 loop. 

After examining the first four natural 
numbers the trend seems clear, and yet 
there is still reason for doubt. In the cal
culations made so far two quantities of 
interest stand out: the highest value of 
N reached during a calc ula tion and the 
path length, which I shall define as the 
total number of iterations needed to 
reach a value of 1. For 1 itself the maxi
mum value is 1 and the path length is 
zero. For 2 the peak is 2 and the length 
is 1. For 3 the maximum is 16 and the 
length is 7. The example of 3 suggests 
that the maximum value reached and 
the length of the series can be much larg
er than the initial value of N, and so 

perhaps the function will turn out to be 
unbounded for some values of N. 

Consider again the series generated 
when the initial value is 27. As noted 
above, the first three numbers are 82, 41 
and 124, but two successive divisions 
bring the series back down to 3 1. Hence 
after five steps almost no progress has 
been made. As the calculation contin
ues, however, the three-steps-forward, 
two-steps-back mechanism gives rise to 
a series of oscillations of ever larger am
plitude. New peaks are reached at 142, 
214, 322 and 484. There are further set
backs (at step 19 the value has dropped 
to 91), but the trend continues to be up
ward. The calculation passes through 
700, through 1,186 and through 2,158 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 5 16 17 18 19 20 21 22 23 24 25 26 27 
N 

The path length (black) and the maximum value reached (color) for the first 27 illtegers 
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and by the 77th iteration has reached 
the substantial value of 9,232. It seems 
we are on our way. As it turns out, 
however, the path ends at 1 after a total 
of 111 steps, never having risen higher 
than 9,232. (The complete path is shown 
in the illustration on page 10.) 

Calculations of the kind I have just 
traced have been made for all the inte
gers in an extremely wide range. Nabuo 
Yoneda of the University of Tokyo has 
tested all values up to 240, or 1.2 X 1012. 
In every case the result has been the 
same: after a finite number of steps 
the series subsides into the 4-2-1 loop, 
where it must stay forever. Among the 
first 50 integers 27 has the longest path 

MAXIMUM 
N PATH LENGTH VALUE 

1 0 1 
2 1 2 
3 7 16 
6 8 16 
7 16 52 
9 19 52 

18 20 52 
25 23 88 
27 111 9,232 
54 112 9,232 
73 115 9,232 
97 118 9,232 

129 121 9,232 
171 124 9,232 
231 127 9,232 
313 130 9,232 
327 143 9,232 
649 144 9,232 
703 170 250,504 
871 178 190,996 

1,161 181 190,996 
2,223 182 250,504 
2,463 208 250,504 
2,919 216 250,504 
3,711  237 481,624 
6,171 261 975,400 

10,971 267 975,400 
13,255 275 497,176 
17,647 278 11,003,416 
23,529 281 11,003,416 
26,623 307 106,358,020 
34,239 310 18,976,192 
3.5,655 323 41,163,712 
52,527 339 106,358,020 
77,031 350 21,933,016 

Sequence of longest paths up to N = 100,000 

MAXIMUM 
N PATH LENGTH VALUE 

1 0 1 
2 1 2 
3 7 16 
7 16 52 

15 17 160 
27 111 9,232 

255 47 13,120 
447 97 39,364 
639 131 41,524 
703 170 250,504 

1,819 161 1,276,936 
4,255 201 6,810,136 
4,591 170 8,153,620 
9,663 184 , 27,114,424 

20,895 255 50,143,264 
26,623 307 106,358,020 
31,911 160 121,012,864 
60,975 334 593,279,152 
77,671 231 1,570,824,736 

Sequence of peak values up to N = 100,000 
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back to 1 (although 41 and 31 are not 
much shorter and reach the same peak 
value, for reasons that should be appar
ent from the information given above). 

No positive integer has been found to 
generate a series that goes off toward 
infinity, and no loops other than the 4-
2-1 loop have been found. Nevertheless, 
the conjecture that all positive numbers 
conform to the same pattern remains 
without a secure theoretical basis. 

T
he 3N + 1 problem, as it is generally 
called, has a murky history, but it 

does not seem to be of great antiquity. 
Over the past 30 years or so it has turned 
up repeatedly in various university de
partments of mathematics and comput
er science, its comings and goings seem
ing to be as capricious as the advances 
and recessions of the numbers them
selves, Jeffrey C. Lagarias of Bell Labo
ratories, who has recently looked into 
the origins of the problem and the pros
pects for solving it, notes that it may 
have been invented several times. In the 
1930's Lothar Collatz, who was then a 
student at the University of Hamburg, 
investigated a class of problems that 
includes the 3N + 1 problem, although 
the work was not published until many 
years later. Tn 1952 the British mathe
matician B. Thwaites independently dis
covered the problem, and a few years 
later it was invented yet again by Rich
ard Vernon Andree of the University of 
Oklahoma at Norman. 

Lagarias cites some 20 research arti
cles on the 3N + 1 problem and its gen
eralizations, most of them published 
within the past 10 years, but the prob
lem had circulated by word of mouth 
long before. Collatz' colleague Helmut 
Hasse introduced it at Syracuse Univer
sity in the 1950's, and Stanislaw Ulam 
took it to Los Alamos and elsewhere. 
Shizuo Kakutani, who first heard of the 
problem in about 1960, reported to La
garias: "For a month everybody at Yale 
worked on it, with no result. A simi
lar phenomenon happened when I men
tioned it at the University of Chicago. 
A joke was made that the problem was 
part of a conspiracy to slow down math
ematical research in the U.S." 

Another sustained attack on the prob
lem, with an emphasis on computer-aid
ed numerical calculations, was made in 
the early 1970's by a group in the Arti
ficial Intelligence Laboratory at M.LT. 
The problem is recorded as Item 133 in 
the group's informal (and unpublished) 
transactions, called HAKMEM, or "hack
ers' memorandum." 

In its wanderings the problem has 
been known by many names. Calling it 
the 3N + 1 problem does not seem en
tirely satisfactory, in that it gives undue 
attention to one half of the procedure 
and slights the other half. Of the various 
alternatives the one I find most con
genial identifies the numbers generated 

from a given starting value as "hailstone 
numbers." The path the series follows is 
rather like the trajectory of a hailstone 
through a storm cloud, rising in updrafts 
and then falling under its own weight. 

A
computer program for calculating 
hailstone numbers can be written in 

a few lines of a higher-level program
ming language such as BASIC. Indeed, the 
central algorithm can be expressed in a 
single statement. In BASIC it might be 

IFN MOD 2=O THEN N=N12 
ELSE N = 3*N + 1 .  

Here the first operation is one that peo
ple (but not computers) are capable of 
doing without explicit calculation: de
termining whether N is odd or even. N 
MOD 2 is a modulus operation, which 
computes the remainder when N is di
vided by 2. If the remainder is 0, the 
THEN part of the statement is executed 
and N is set eq ual to N 12; otherwise the 
ELSE part is executed, setting N equal 
to 3N + 1. 

A program in BASIC serves well 
enough for generating hailstone num
bers from the first few hundred inte
gers, but if more extensive calculations 
are undertaken, it becomes intolerably 
slow. The BASIC statement calls for a di
vision (as part of the modulus opera
tion), a comparison and then either a 
second division or a multiplication and 
an addition. Division and mUltiplication 
are time-consuming operations, particu
larly in a small computer system. There 
is much to be gained here by speaking 
directly to the central processing unit in 
its own language. All the division and 
mUltiplication operations can thereby 
be eliminated. 

The illustration on the opposite page 
gives a schematic account of such a ma
chine-language program. It is assumed 
that the value of N is initially in a regis
ter designated AX, which also serves as 
an "accumulator" where arithmetic op
erations are done. The value at the 
start of the procedure is the binary rep
resentation of the decimal number 27. 

The first step is to save a copy of the 
initial value in another register, here 
labeled BX. The division operation is 
avoided by exploiting a property of the 
binary number system: shifting a bina
ry number to the right one position is 
equivalent to dividing it by 2, just as 
shifting a decimal number to the right 
divides it by 10. In the course of the shift 
the rightmost digit (the units digit) is 
preserved in a one-bit storage location 
called the carry flag. Testing the car
ry flag determines whether the original 
number was odd or even, since in bina
ry notation every odd number ends in a 
1 and every even number ends in a O. 

If N is even, the calculation is now 
finished. The value remaining in register 
AX after shifting to the right one place 
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is the quotient N/2. In this case, how
ever, N is odd and further computations 
are needed. First the original value of N 
is recovered from register BX. Then, in
stead of multiplying by 3, the value is 
added to itself twice; even though this 
req uires two machine instructions in
stead of one, it is done appreciably fast
er. The final step is to increment the 
number in AX by 1. In the instruction 
set of one microprocessor the entire pro
cedure takes 20 cycles of the computer's 
clock when N is even and 18 cycles when 
N is odd. At a clock frequency of rough
ly five megahertz the program fragment 
could in principle be executed some 
250,000 times per second. (A few more 
clock cycles could be saved, at some 
cost in program clarity.) The equivalent 
algorithm employing division and mul
tiplication instructions takes 175 cycles 
for even N and 286 cycles for odd N. 

In the illustration registers are shown 
as being eight bits wide and can there
fore accommodate numbers no larger 
than 28, or 256. In most microprocessors 
the registers are actually 16 bits wide 
and can hold numbers up to 65,536. 
Even that limit is a severe constraint; a 
program employing 16-bit arithmetic 
could not calculate hailstone numbers 
beyond N = 702. Achieving a higher ca
pacity req uires multiple-precision arith
metic, in which a single number is split 
between two or more registers or memo
ry locations. With 32 bits of precision 
numbers up to about four billion can be 
represented; 64 bits extend the limit to 
IOl9. Each increase in precision, how
ever, exacts a penalty in speed. 

The algorithm for calculating one val
ue of N is only a fragment of a work
ing program. In addition there must be 
some facilities for getting input values 
into the machine and for displaying re
sults. A practical set of programs for 
exploring the hailstone numbers ought 
to do a good deal more. For example, it 
should be possible to print out the entire 
series of numbers generated by a given 
starting value, or to list the path length 
and maximum value associated with all 
the integers in a given range. Another 
program could be set up to search for 
integers yielding progressively longer 
paths or larger peak values. There are 
many other possibilities. 

Variations on the 3N + I formula em
ploying different coefficients and con
stants are also worth exploring. R. Wil
liam Gosper and Richard Schroeppel, 
when they were members of the HAK
MEM group, investigated the 3N - 1 
problem and showed that it is eq uivalent 
to the 3N + 1 problem with negative 
values of N. Every number they checked 
terminates in one of three loops; the 
longest loop begins at N = 17 and has a 
period of 18 steps. 

A program whose only aim is to 
search for numbers that do not fall into 
the 4-2-1 loop can be greatly stream-

lined. If numbers are checked in succes
sion beginning with 1, only odd numbers 
need to be examined. Any even number 
is immediately reduced by half, and so 
the path it generates would already have 
been detected. For similar reasons there 
is no need to follow the path of a num
ber all the way to 1; once the val ue of N 
falls below the initial value the candi
date can be dismissed. Still more effec
tive rules for narrowing the search have 
been developed by William H. Henne
man, a student in the HAKMEM group 
who is now at Boston University. 

Although no proof has yet been dis
.£\. covered, a hint of an explanation 
may lie in a heuristic argument more re
fined than the three naive hypotheses 
given above. There it was noted that in 
any stage of the calculation N has an 
equal probability of being multiplied 
by 3 or divided by 2, leading to the sug
gestion that the value should tend to in
crease by a factor of 3/2 per iteration. 

Lagarias points out, however, that one
fourth of all the integers are divisible 
not only by 2 but also by 4; one-eighth 
of them are divisible by 8, one-sixteenth 
by 16 and so on. Taking into account 
divisions by all possible powers of 2 
yields a prediction that N should de
crease by a factor of 3/4 per iteration. 
The empirical evidence supports the 
prediction. 

Even if it turns out that all positive 
integers fall into the 4-2-1 loop, the 
hailstone numbers offer an abundance 
of curiosities. Perhaps the most intrigu
ing properties of the numbers are con
spicuous patterns in the distribution of 
path lengths and peak values. If a num
ber as small as 27 can keep the ball in 
the air for 111 steps and reach a height 
of 9,232, one might well expect that the 
path length and the peak value would 
grow rapidly as N increased. Actually 
the path length grows very slowly; the 
increase in the maximum value is faster, 
but it is also quite erratic. 

Among the first 100 integers the long
est path is 118 steps (at N = 97); among 
the first 100,000 integers the longest 
path is just 350 steps (at N = 77,031). 
Thus increasing N by a factor of 1,000 
increases the path length by a factor of 
only 3; the relation appears to be a loga
rithmic one. The record maximum of 
9,232 set at N = 27 is not exceeded un
til N = 255, which reaches a peak of 
13,120. New maximums are recorded at 
quite irregular intervals. The hailstone 
seq uence for N = 77,671 reaches the exc 
traordinary height of 1,570,824,736. 

It is easy to see that the peak value 
reached in a hailstone calculation must 
invariably be an even number. It can 
also be proved that only an odd value of 
N can set a new record for maximum 
height (with the possible exception of 
N = 2). In the case of numbers that set 
new records for path length there is no 
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� 
STOP 

The hailstolle algorithm 

theoretical argument I know of that re
quires them to be either odd or even. 

Nevertheless, among the first 100,000 
integers path-length records are set al
most exclusively by odd values of N. 

A listing of the path length and maxi
mum value for a range of numbers has 
a frustrating mixture of regularity and 
disorder: it is definitely not random, but 
the pattern resists interpretation. For 
instance, certain maxim um val ues are 
much commoner than others and far too 
common to be explained by any statis
tical process. The outstanding example 
is 9,232, the number first reached at 
N = 27. Of the first 1,000 integers more 
than 350 have their maximum at 9,232. 

The distribution of path lengths is 
eq ually peculiar. Every possible length 
can be produced (by the successive ex
act powers of 2), but again some num
bers appear far more often than others. 
Moreover, both the path lengths and the 
maximum values show a strong tenden
cy to form clusters. In 1976 Fred Gruen
berger of California State University in 

Northridge published a list of such clus
ters; the largest was a string of 52 con
secutive numbers that all have the same 
path length. Can two consecutive val-

13 
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Definitive and authoritative - the one great private library 
brought together by the experts of Oxford University 

The Oxford Library 
of the World's Great Books 

In quarter-leather volumes of classic distinction
the leather inlaid with 22 karat gold. 

Excellent value at $24.50 per volume. 

OXFORD, ENGLAND. For the 
o first time in the history of 

England's oldest university, a 
board of eminent Oxford 

dons has come together to select 'The Ox
ford Library of the World's Great Books.' 

From out of the many thousands of 
books written over the centuries, the 
board has chosen a collection of fifty uni
versal literary masterpieces: the supreme 
works of the world's most brilliant writers. 
A source of inspiration that stands at the 
core of our civilization - the indispen
sable heritage of future g<:;nerations. 

And 'The Oxford Library' will now be 
published in a manner befitting its historic 
status. Each book in this magnificent Col
lector's Edition will be a splendid example 
of the traditional English quarter leather 
volume. The leather inlaid with 22 karat 
gold ... the entire collection as exciting as 
the literature it contains. 

A collection as worthy 
as it is beautiful 

This is a collection like no other: The 
Oxford Library of Great Books. The defin
itive private library with which to sur
round oneself and one's family - brought 
together by some of Oxford's most bril
liant minds. 

Here are the towering novels - Tol
stoy's Anna Karenina, Melville's Moby
Dick, Dickens' Great Expectations. The 
grand epics - Homer's OdyS5ry and 
Milton's Paradise Lost. The tragedies of 
Shakespeare. The comedies of Moliere. 
The immortal works of Dante, Swift, 
Shelley, Keats ... Conrad, Mann, Joyce, 
Yeats ... and other great authors from 
Chaucer to F. Scott Fitzgerald. And to 
heighten the pleasure of reading each 
book, each will contain a valuable intro
duction, commissioned by the Oxford 
University Press exclUSively for 'The Ox
ford Library.' 

Furthermore, the Oxford University 
Press has authorized the world's foremost 
creator of heirloom volumes, The Franklin 
Library, to craft each volume in the Col
lector's Edition. And they will 'quarter-

bind' each volume in the classic design 
tradition recommended at the turn of the 
century by the English Society of Arts. 

Craftsmen of exceptional skill will bind 
the spine of each volume in genuine 
leather. They will carefully work the 
leather to achieve the handsome raised 
'hubs' so prized by book collectors ... and 
will then inlay the leather with original 
designs of 22 karat gold. 

Equal care and craftsmanship will be ev
ident in the superbly embellished cover 
fabrics, the marbled endpapers, the richly 
gilded page-edges and the elegant ribbon 
bookmark bound into each volume. And 
even the papers for the text pages wfll be 
custom-milled by a costly process that en
ables them to retain their beauty for liter
ally hundreds of years. 

Each binding different ... to a purpose 

Each sumptuous, quarter-leather volume 
will be strikingly different from the others 
- and not simply for the sake of being 
different. For each volume has been in
dividually designed to perfectly com
plement its literary content. 

Shakespeare's Tragedies, for example, is 
quarter-bound with crimson leather, be
fitting the splendor and richness of the 

literature. The book is inlaid with a motif 
recalling the famous "Azure Tooling" that 
distinguished many fine volumes of the 
1600s. Even the typeface can trace its her
itage to a special style that originated at 
the time of Shakespeare's First Folio. 

Thus, when the complete collection is 
arranged in the owner's home, its variety 
will fire the imagination. The different 
leathers, each with its own pleasing grain, 
color and texture ... the beautiful fabrics, 
with their varied designs ... the fascinating 
patterns of hubbing and 22 karat gold inlay 
on the spines ... and all the different styles 
of illustration, including the work of such 
masters as Tenniel, Rowlandson and Dore. 

Printed and bound only for subscribers 

The books are available only by subscrip -
tion - and will be issued on a monthly 
basis at $24.50 per volume. This is indeed 
outstanding value today, considering all 
the advantages that these extraordinary 
quarter-leather volumes have to offer their 
owner: The certainty of possessing the 
very greatest works of literature. The plea
sure of seeing and handling and reading 
these beautiful, individually designed vol
umes whenever you wish. The satisfaction 
of knowing that this magnificent private 
library, by its very presence in your home, 
encourages younger members of the fam
ily to experience great literature and to 
share your own appreciation of excellence 
as a desirable goal in life. 

Apply by February 29, 1984 

In addition, the original issue price of 
$24.50 per volume will be guaranteed not 
to increase throughout the entire sub
scription period. Yet you take on no long
term commitment whatever. You will have 
the right to cancel your subscription at any 
time, upon 30 days' written notice - or 
return any volume for any reason, within 
thirty days, for your choice of replacement 
or a full refund. 

Please note, however, that the collection 
is available only by subscription. And 
there is a timing requirement for subscrib
ing. Be sure to return your application by 
February 29, 1984. 
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ues of N have the same path length and 
the same maximum? The question can 
be settled algebraically, but readers 
who prefer a numerical demonstration 
might want to examine the hailstone se
q uences for N = 386 through N = 39 1. 

O
ne illuminating way to look at the 

hailstone problem is to turn it up
side down. Suppose it is true that all 
positive numbers ultimately fall into 
the 4-2- 1 loop. They must then form 
an unbroken chain through which any 
number in the infinite counting se-
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q uence is connected to the bottom of 
the loop. Accordingly it should be pos
sible to invert the hailstone function: to 
begin with I and apply the transforma
tion "backward" in order to generate 
every larger number. If some number 
cannot be reached in this way, by fol
lowing the river upstream, the number 
cannot yield 1 as its final val ue. 

The method might well yield a gener
al solution of the hailstone problem, if 
only it could be carried to completion. 
As it turns out, the procedure is not as 
straightforward as it seems. The nor-
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mal hailstone function is deterministic: a 
value of N at any point in the calculation 
can have only one possible successor. If 
N is 40, for example, the next number 
can only be 20. When the path is traced 
in reverse, there are ambiguities. When 
the value N = 20 is encountered, it is 
known it could only have been gener
ated from 40, which must therefore be 
the next val ue. At 40, however, the next 
value could be either 80 or 13; the 
stream splits, and both tributaries must 
be explored. There is a bifurcation at 
every num ber of the form 6 K + 4, where 
K can be zero or any positive integer. 

A branching system of this kind can 
be traced only to a finite depth. A single 
branch must be followed until some pre
determined limit is reached and then at
tention must be diverted to another 
branch. When the limit is set at 100, 13 
branches are explored and 49 numbers 
are confirmed to be connected to the sys
tem of numerical rills and rivulets. With 
the limit at 1,000 there are 84 branches, 
but only 340 numbers are counted . 
A limit of 10,000 yields 1,065 branch
es, which pass through 4,235 numbers. 
Note that more than half of the n urn bers 
seem to lie in the interstices between the 
branches of the stream. As the limit is 
increased more numbers are included, 
but even more are missed. If the ramifi
cations of the system could be explored 
to infinite depth, would all positive inte
gers ultimately find a place in it? That 
is the big question yet to be answered. 

I
n October two combinatorial prob

lems were mentioned as being unlike
ly candidates for solution by "nonal
gorithmic" methods with an electronic 
spreadsheet. A number of readers were 
quick to show that it can be done. 

Spreadsheet solutions to the Tower of 
Hanoi problem were sent by David Be
har, John B. Jones, Jr., George Arthur 
Miller, J. B. Sladen, Alun Wyn-jones 
and others. The techniques employed 
were similar. An algorithm in which 
odd-numbered disks circulate clock
wise and even-numbered ones counter
clockwise was disassembled' so that a 
temporal sequence of instructions be
came a spatial array of them . 
, Behar, Miller and Sladen also solved 

the eight-queens problem. Here the main 
difficulty is the need to backtrack when 
a developing solution fails. I had sup
posed some record of previous unsuc
cessful attempts would have to be kept, 
but that is not the case. D. H. Fremlin, 
in a commentary on the spreadsheet ap
proach to the problems, pointed out "a 
method that will generate all the moves 
in turn without any memory other than 
what is displayed .... The formulas are 
complicated and involve sequential al
gorithms if they are done in their nat
ural forms, but all these 'look for' 
subroutines can be represented on the 
spreadsheet by local calculations." 
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More than ten years ago Daniel Bell, 
in The Post Industrial SOciety, wrote 
"In the post-industrial society techni
cal skill becomes the base of power and 
education the avenue to power, ...  " 
Ten years later Bell's conclusions have 
been reinforced by the experiences of 
leaders in business, education and 
government. Last year three such men 
published Global Stakes: The Future 
oj High Technology in America. They 
are Ray Stata, president of Analog 
Devices, Inc., and James Botkin and 
Dan Dimanescu, consultants, all of 
Massachusetts. 

"As society shifts toward knowledge 
intensity," the book states, "the criti
cal resource becomes not conventional 
capital investment in machinery, but 
the investment in people ... money for 
education, training, and research ... 
investment in physical equipment 
such as word processors or computer 
systems to support people's activities 
or, even more so, the software that 
operates the equipment." 

Scholastic Aptitude Test (SAT) 
scores "reveal a 22 % drop in the num
ber of top-scoring mathematics stu
dents," Global Stakes documents. "In 
1972, a total of 93,868 students had 
scores of 650 or above versus 73,386 in 
1980 .. ,," 

Congress has taken note. In March 
1983, Senator Paul Tsongas of Massa
chusetts introduced the High Technol
ogy Morrill Act, "a bill to establish a 
national technology education grants 
program." Tsongas named the bill af
ter the 1862 law that established the 
Land Grant colleges. Funding for the 
1862 law came from assessments on 
railroad rights-of-way: funding for 
Tsongas's bill would be generated by 
assessments against oil leases granted 
on Federal lands. 

Thus both industrialists and aca
demics have sounded an alarm: Amer
ican education isn't what it should be. 
Simultaneously the "information age" 
has arrived, partly in the form of highly 
capable, increasingly affordable mic
rocomputers and Similarly any dis
cussion of education turns to the 
point of computers-and vice versa. 
How the two ought to be used is now 
the subject of a highly constructive 
national debate. 

Private-Sector Leadership 

Analog Devices, Inc. is one of the 
advanced-technology companies clus
tered about Boston's Route 128. 

In a January 1983 speech before a 
Massachusetts High-Technology Coun
cil audience, which included President 
Reagan, Analog's president, Ray Stata, 
said, "One-third of our work force 
needs college degrees. more than half 
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in science and technology. 
"The simple fact is that our educa

tional system today does not have the 
capacity to educate and train enough 
people, with the right qualifications, 
to sustain our industry's growth." 

Analog is a manufacturer of compo
nents and systems for precision mea
surement and control, which is to say 
real world signal-proceSsing. Over the 
three years of 1980-82, Analog and its 
employees contributed more than 
$l.25 million to 45 educational insti
tutions. As Analog vice president for 
strategic planning, Graham Sterling 
states, "We've made it clear that our 
industry cannot do the whole job .. it 
simply won't get done without en
hanced state and federal support." 

The sense of "newness" of micro
computers. in or out of education, is 
well-founded, since few leading firms 
are as many as ten years old. Yet one 
major company, Texas Instruments, 
was founded back in 1930: at that 
time its main business was oil and gas 
exploration. Today the company is the 
world's largest manufacturer of semi
conductor components, with a clear 
focus in education. 

From a corporate standpoint TI  
shares the urgency of  the authors of 
Global Stakes. In a 1982 address be
fore the Council of Chief State School 
Officers, TI executive vice president 
William Sick pOinted out that the firm. 
according to its own growth plans, will 
need large numbers of new technical 
people. "If current trends continue 
through the end of the decade," Sick 
demonstrated, "TI will have to hire 
12 % of all electrical engineering and 
computer science graduates. That 
clearly will be a problem ....  " 

Bernie List is Texas Instruments 
vice president/corporate staff and 
manager of corporate education and 
training. "Our commitment to the 
educational market is an intense and 
highly personal one," List states. "Our 
president, Fred Busy, has been head of 
the Board of Regents at Texas Institute 
of Technology. That job's been a pipe
line, for Fred, to a 'microcosm' of the 
university community. 

Action in Education 

The National Science Foundation 
funded a 50-state survey of mathe
matics. science and computer educa
tion initiatives. Over half the states 
reported they had established task 
forces or commissions on computer 
education. Thirty-two states reported 
state-level computer education pro
grams. Marc S. Thcker is Director of 
the Project on Information Technology 
and Education in Washington. Thck
er's two-year-old Project. funded by 

the Carnegie Corporation of New York, 
is intended to examine the role of tech
nology, specifically computers, in 
education. 

"No parent of the fifties ever felt that 
his or her children would badly dam
age career opportunities if they failed 
to master the 8 mm film loop projector. 
They did not send their children to TV 
camp or buy them home-language lab
oratories. Something else is happen
ing here," Thcker states. 

"Scarcely any area of human activity 
has been more resistant to SCientific 
analysis and technological change 
than education," wrote B.F. Skinner in 
SCIENTIFIC AMERICAN back in 1961. 
"There is no dearth of suggestions for 
improving education. In assigning 
certain mechanizable functions to ma
chines, the teacher will emerge in his 
proper role as an indispensable hu
man being." 

1Wenty years after Skinner's article, 
more and more "suggestions" are be
coming actions. The Center for Child
ren and Technology at New York's Bank 
Street College of Education was found
ed three years ago "to bring thoughtful 
research to bear on burgeoning elec
tronic technology and its role in child
ren's lives." 

At the Bank Street Children's School, 
children cluster around three comput
ers. At one, a pretty third-grade girl 
draws complex figures on a screen. At 
another, three youngsters use the 
school-devised, and now commercial, 
word processing program "Bank Street 
Writer" to develop a story about a train. 

"There is a great deal of chaos and 
confUSion," says Karen Sheingold, 
director of the Bank Street Center. 
"Some of the reasons why we exist are 
to sort it all out. Funders include the 
Xerox and International Paper Com
pany Foundations as well as the U.S. 
Department of Education. 

Another active program is New York's 
"School of the Future" project, origin
ally started in 1980 under the auspices 
of the New York Academy of Sciences, 
with funding from the Atari and 
Richard Lounsbery Foundations. 

Director Bonnie Brownstein is a dis
ciple of Seymour Papert of MIT, an 
early advocate of computers for child
ren and author of "Mind storms, Child
ren, Computers and Powerful Ideas." 
Ms. Brownstein points out that
whatever the desired end-result of 
computers-in-education may be
children are very much part of the pro
cess. 

The computer responds at once to 
the actions of a child. Interaction at 
any level is educational in some man
ner. Ms. Brownstein observes. "To 
place a point on a monitor screen, you 
must have two number elements: the 
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Prints with built-in 
format or lets you 
create your own: 
center, underline. 
Boldface, elongated, 
proportional and 
condensed print. 

Inserts and deletes 
characters, lines or 
blocks of text. 

Duplicates and moves 
blocks of text. 

Searches for and/or 
replaces words or 
phrases, one at a time 
or all at once. 

Changes line 
spacing, margins, 
print type, 
paragraph indents 
anywhere in the 
document. 

Instantly reformats. 

Enters text easily, 
with word wrap, 
one main menu and 
helpful prompts. 

Creates multi-line 
headers and footers. 

Prints double 
columns, form 
letters, multiple 
copies of a page or 
document, at the 
touch of a key. 

Numbers pages and 
creates section 
numoors 
automatically. 

Corrects spelling 
(with extra software). 

Chains and merges 
files. 

Has "print preview": 
you can check your 
copy before it's 
printed. 

You Can't find a friendlier, more 
powerful word processor at twice the price. 

New AtariWriter;M Under '100. 
Now you can do multi-featured word pro

cessing at home, simply. At a family budget price. 
Our ROM-based cartridge technology means 

you can use new AtariWriter on any ATARI® 
Home Computer (even 16K) for personal and 
business correspondence, term papers, commit
tee reports, mailings, etc. 

It also lets you choose between cassette and 
disk storage systems. 

One very special AtariWriter feature: you 
can correct as you write, without switching back 
and forth between Create and Edit modes. 

101983 Atari, Inc. All rights reserved. � A Warner Communications Company 

And our memory buffer offers an "undo" 
command to let you change your mind, and re
store text you've just deleted. 

Check into our remarkable AtariWriter, and 
our choice of letter quality and dot matrix print
ers, also reasonably priced, at Atari dealers. Call 
800-538-8543 for dealer nearest you. In Califor
nia, call 800-672-1404. 

You'll do more with 
Atari Home Computers. 

© 1983 SCIENTIFIC AMERICAN, INC



X and Y coordinates. Five-year-olds 
understand that. It's revolutionary." 

Much of the national debate on the 
computer's role in education centers 
on the extent of the "revolution." 

The American Federation of Teach
ers (AFT) in Washington produced a 
resolution at its 1982 annual conven
tion dealing with computers in educa
tion. "Schools have an obligation to 
prepare students for the highly tech
nological age in which they will live," 
reads the resolution's preamble. 

The National Education Association 
has contracted with a private com
pany, Cordatum, Inc., to help evaluate 
and certify microcomputer educa
tional software. "We will set standards 
and gUidelines for what educational 
software should look like," says Dr. 
Larry J. Fedewa, executive director 
for the project, introduced in May 
1983." 

In Dr. Fedewa's assessment, it is 
teachers themselves, who most 
strongly influence purchase decisions 
regarding course materials. Where 
standards are lacking, teachers have 
learned to consult each other. One re
sult: the Minnesota Educational Com
puting Consortium (MECC). 

ADVERTISEMENT 

"MECC arose in 1973 to try to put 
some order in the 'pockets' of comput
ing all over Minnesota," spokesperson 
Shirley Griffing relates. "Our State is 
fortunate in having highly concerned 
private-sector influences like Honey
well and Control Data and 3M. 

MECC now evaluates and offers 
thousands of educational software 
program packages. "We supply mate
rials to hundreds of educators outside 
Minnesota. It's all word of mouth," 
says Ms. Griffing. 

"Orders come in from all over the 
U. S. , plus Germany, Japan, New Zea
land, Belgium, even Botswana," she 
concludes. "Botswana! I had to look 
it up." 

Sarah F. Klein, past president of the 
National Science Teachers Associa
tion, considers the computer's role in 
society as "a way of life." She points out 
that "A young person's first exposure 
to the working world is often a job em
ploying computers-cashiering in a 
supermarket, or waiting on tables, or 
pumping gasoline. It would be an in
justice to future generations if we 
didn't recognize the value of comput
ers in the learning process." 

Computers in the Grades 

McGrath, Alaska is approximately 300 
miles northwest of Anchorage; its 
nearest villages are Crooked Creek and 
Red Devil. In part because of its re
moteness, McGrath has four to five 
times the computer-to-student ratio 
as the nation as a whole, according to 
Dan Shanis, president (and owner) of 
Educational Services of Alaska. The 
main reason for the large volume of 
microcomputers in Alaska's schools, 
he adds, is money: oil money, distrib
uted by the Alaska Department ofEdu
cation, which funds local school 
budgets. 

McGrath and other remote Alaskan 
areas are a sort of prototype for the 
possible effects, nationWide, of a mas
sive infUSion of government-adminis
tered money into education. "We've no 
hard data, but I can tell you the pro
gram has been a real success," says 
Shanis. "First of all, computers are in
trinsically interesting, and most kids 
respond to them. Secondly, we've 
pushed for programs which really im
prove thinking skills-not just pro
grams which regurgitate textbooks in 

READER'S DIGEST 
INTRODUCES SOFTVVARE 

GOOD ENOUGHTOGO OUTAND 
BUY A COMPUTER FOR. 
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question-and-answer format. Finally, 
we've revolutionized our approach to 
'special' education: gifted students 
have more to work with than they can 
handle, and remedial students have 
simple, rewarding tools to help them 
keep UP)" 

The Apple Education Foundation, 
established in 1979, is perhaps the 
major positive private-sector influence 
on enhancement of learning via mic
rocomputers. The Foundation's grants 
have exceeded $1.5 million in support 
of its Charter, which states "The pri
mary goal of the Foundation is to im
prove the results of the educational 
process." 

Steve Jobs, chairman of Apple Com
puter, has committed his company 
and the Foundation to leadership in 
educational enhancement. This com
mitment is largely market-driven, as 
estimates of increased microcomputer 
installations in schools range from 
150, 000 to 500, 000 per year in just the 
next three years. The Foundation's ob
jectives and activities treat the exist
ence of microcomputers as a platform 
on which to build improved basic 
learning skills and methods, to en
hance "learning how to learn." 

In 1974, when Cupertino's economy 
was based largely on grain storage, 
Allan B. Ellis wrote in The Use and 
Misuse oj Computers in Education, 
" ... thinking about the computer's role 
in education does not mean thinking 
about computers; it means thinking 
about education." Thinking about 
education-and acting on it-is the 
Foundation's business. 

Few companies have evolved as rap
idly within the educational-applica
tions market as WICAT Systems, Inc., 
of Orem, Utah. WICAT was formed by 
educators, in 1977, as a non-profit re
search group; its name is an acronym 
for World Institute for Computer-As
sisted Teaching. Founders predicted 
the impact of microcomputers in edu
cation; WICAT was to develop high
quality educational software for the 
forthcoming technology. 

WICAT's efforts were hampered by 
the quality of its products. In its early 
years, hardware with capacity to run 
WICAT software was too expensive. In 
response, WICAT engineers and mana
gers designed, built, and marketed 
their own hardware, based on the 
then-new high-capacity Motorola 
68000 microprocessor. WICAT, Inc., 

the non-profit corporation, smoothly 
became profit-making WICAT Sys
tems, Inc. Its products are designed to 
complement the technology of 1985 
and beyond. 

WICAT founder and current board 
chairman D.H. Heuston states, "Our 
objective is simply defined: literacy, for 
every child in the world." 

The Jefferson County, Colorado 
school district is representative of 
hundreds of communities which have 
undertaken large-scale microcomput
er programs. It is representative as 
well in that its area, adjacent to Den
ver, has a high concentration both of 
university people and advanced tech
nology industry. As the culmination of 
a 1981 plan, the District spent $2. 3 
million for 1,695 microcomputers for 
its 114 schools. Each school will have 
15 machines in a computer laboratory 
of not more than 30 students. 25 man
ufacturers were evaluated on 41 price 
and performance criteria. Apple com
puter was selected. 

Among computer hardware manu
facturers only Tandy Corporation, of 
Fort Worth, maintains its own retail
ing network-the national "Radio 
Shack" chain, familiar as a source of 

If you've always thought of a computer as an expensive toy (or if the one you own now is used 
for laughs), the introduction of Reader's Digest Software"games will give you pause for a lot more 
thought. In each of our programs we have done something quite unique. 

First, we chose specific educational objectives. Then we created the games - a terrific series 
of animated ticklers to satisfy the most devoted computer buffs. And finally, we designed colorful, 
energetic graphics, in each case with a fleXIble format. 

FleXIble because most of our programs leave room for players to substitute their own ideas 
into the games. And the others never play the same way twice. 

In an age when a lot of software is either too heavy-handed for much repetition 
or too frivolous to be taken seriously, Reader's Digest Software has broken fresh 

""IIIiiiiiiiii;iiIi..;;.. ground by striking an easy balance. Between a good learning experience and 
a good time . 

. .. . _ -_ . Fun and games for fun and brains. Your children, your teenagers, your 
computer will approve. 

See your dealer for Reader's Digest Software or call Customer Service at 800/431-8800. (In NY, AK, HI: 914/241-5727.) 

READER'S DIGEST SOFTWARE IS A TRADEMARK OF THE READER'S DIGEST ASSOCIATION, INC. 
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high-technology equipment long be
fore the advent of personal computers. 

"Tandy has a special and useful 
knowledge of the educational market," 
says education division director Bill 
Gattis. "Our National School Bid De
partment processes requisitions and 
requests for bids from all schools who 
approach us, often through our local 
Radio Shack stores. Thus we know 
what they buy. And it's interesting to 
read educators' public comments that 
simple 'drill-and-practice' programs 
are inferior to more interactive literacy 
and needs-application software, be
cause 'drill-and-practice' material is 
overwhelmingly what they're buying." 

Diane LeBold is editor of "Commo
dore-The Microcomputer Magazine," 
a bi-monthly published by Commodore 
Business Machines, the big Pennsyl
vania microcomputer manufacturer. 
Commodore claims to have more of its 
machines in schools worldwide than 
any other hardware maker. In the 
magazine's May 1983 special educa
tion issue, LeBold describes a central 
aspect of Commodore's marketing 
philosophy: "When we talk about com
puter education there's one important 
thing we have to remember-there are 
real live kids at the other end of our 
talk." 

Commodore approaches those "real 
live kids" in a businesslike fashion, 
indeed. As Commodore's 1982 sales 
climbed 63 % to over $300 million, its 
profitability remained at over 13%. 
The firm's entrepreneurial president, 
Jack Tramiel, describes its education 
marketing approach as "unlocking the 
Ivory Tower." One of its newest and al
ready successful products, the Com
modore 64™, sells for less than $250 
and is compatible with peripherals 
and software designed for earlier Com
modore models. Commodore's latest. 
software/"courseware" catalog weighs 
nearly 8 1/2 pounds and runs to over 
800 pages. 

David Rosenwald, director of educa
tion sales, says Commodore is antici
pating an education market where 
overall planning, teacher training, 
and softwear availability have reached 
high levels. "To provide computer lit
eracy, two kids per machine is the 
maximum practical ratio. A school is a 
business; it can't afford to pay more 
than it has to, to produce its product. 
In literacy applications, kids need to 
learn how the microcomputer works 
and how to' use it." 

Commodore has constructed a na
tional network through which educa
tors can communicate with the Com
pany and each other. Hundreds of 
schools have been established as Com
modore Education Resource Centers; 
they share information among them-
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selves and with their schools, and are 
aware of materials published by Com
modore, including names of clubs or 
"users' groups" which specialize in 
Commodore equipment and software. 
Commodore's dealer organization 
complements its approach to the edu
cation market. Parents and others 
seeking a single Commodore micro
computer have a range of retailers to 
choose from. Educators, who require 
added values like training and system
design advice, may access with spe
cialized dealers such as Fisher Scien
tific, who are trained and equipped to 
provide solutions to computer-related 
learning needs. Such dealers can de
liver any configuration of Commodore 
products, and can provide training for 
teachers and administrators as well as 
for the staff responsible for repairing 
school-owned equipment. 

"Computers can, if used correctly 
and with the right software, enhance 
the learning of any subject. A good 
(software) program will offer variety . . .  
the computer should teach the stu
dent in the same way a teacher would." 
These might be the words of an aca
demic professional; they are in fact 
those of Tracey Cullinan, a 15-year-old 
Los Altos student, one of 20 young peo
pIe who comprise a Youth Advisory 
Board commissioned by Atari, Inc. of 
Sunnyvale, California. 

Atari is totally committed to learn
ing enhancement via computer-pref
erably with its own four models rang
ing (in price and feature content) from 
the 600 XL to the recently-unveiled 
1450 XLD, all with full color and sound 
built in. The new 1450 XLD includes a 
telecommunications connection and a 
synthesizer permitting the computer 
to translate text into its own speech: it 
can literally talk to its operator. 

"As an educational medium-in the 
classroom or in the home-the com
puter's potential is like a great dream," 
says Linda Gordon, senior vice presi
dent of the Atari Educational Division. 
"Our job is turn the dream into reality." 

Atari has a two-level strategy to 
achieve this objective: the first level, 
focusing on communication, experi
ment and training, involves The Atari 
Institute for Educational Action Re
search; the second level, concerned 
with product and courseware supply 
and service, is the responsibility of 
Gordon's marketing group. Both build 
on a specific Atari benefit-wide ac
ceptance, among young people, that 
Atari leads in developing challenging, 
exciting products and programs. 

The Atari Institute was founded in 
1981. It promotes the concept of "life
long learning" as a matter of Atari cor
porate policy. Institute program man
ager Sandra Williams says, "Literacy 

as a concept is tied, to an extent, to 
what teachers learned in school. The 
traditional definition of literacy is out
of-date. Even geography no longer 
constrains the spread of the 'new' 
literacy." 

Williams explains, "We have a pro
gram called 'Sister School Project,' for 
example. The project links bigger 
schools which are technologically ex
perienced with smaller schools just 
starting up. Teachers-and students 
-can get help or exchange ideas via 
telecommunications facilities built-in 
to Atari eqUipment." Between "Sister 
Schools," traditional roles and limits 
are minimized; a student at one school 
can help a teacher at another. Teach
ers are able to reach easily beyond their 
own classroom walls-even beyond 
their school districts. The Atari Insti
tute provides partial funding and ini
tial instruction. It then stands back 
and observes. 

Some of the Institute's observations 
are discussed with youth advisors, 
corporate managers, and-ultimately 
-with Atari Educational Group per
sonnel. Ideas are given project status 
and professionally "followed up." Bob 
Hall, director of educational division 
sales, demonstrated a videodisc-based 
software catalog for teachers. "The disc 
contains actual excerpts from hun
dreds of Atari software programs," Hall 
explained at a demonstration. "Teach
ers can select titles from an accom
panying list, and then personally 'call 
up' a one-minute preview, just as it 
would appear on an Atari monitor. " The 
videodisc facility may well aid teachers 
in helping parents and other com
munity members understand Atari's 
role in their children's classrooms. 

"We're not ashamed to call a lot of 
what we do 'Edu-tainment,'" says edu
cational division marketing manager 
Mark McCrackin. "The market tells us 
that learning can be fun. We think lis
tening to the market makes sense." 

Courseware 

Educational software, or "course
ware," is most tangible in the form of 
individual cassette tapes and plastic 
discs, and accessible material like 
PLATO, containing the thoughts. in
formation and graphics implanted by 
authors, artists and educators. The 
talents and skills of these people, pack
aged and produced and marketed by 
software "publishers," defines the in
fluence of courseware. Of course stu
dents can, and are frequently anxious 
to, create and "run" courseware or 
other software programs they have de
signed themselves. 

The Children's Computer Work
shop, according to director of research 
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Leona Schauble, "creates educational 
media that are irresistibly fun." Pro
grams available from CCW include: 
"Growbots" for pre-teens. This creates 
an agricultural environment which a 
child tries to cultivate (factors such as 
climate and pests are built-in). "Time
bound," which involves science and 
chronology in a quest to "trap" a mad 
inventor and "Bagasaurus" simulating 
word-chOice to improve dictionary/ 
thesaurus skills. 

"Programs are created by a team of 
profeSSionals," explains Ms. Schauble. 
"On the team are programmers, for the 
technical side; artists and designers; 
and education specialists and psycho
logists. Our producers, all from educa
tion, mediate among the team. Fin
ished products are evaluated by our 
eleven full-time researchers, and by 
about 150 children." 

Few companies have the tradition 
and experience in understanding 
"family values" as The Reader's Digest 
Association does. Family values are 
subjective and difficult to quantifY. By 
any definition they include high qual
ity education, and Reader's Digest pro
ducts (the famous monthly magaZine, 
plus books and records) are generally 
perceived as constructive and useful. 

Reader's Digest-.through its new 
Microcomputer Software Division in 
Pleasantville, New York-has already 
developed programs for school and 
home markets. Sonie, like"The Cham
bers ofVocab™'', use traditional game 
devices like mazes to reinforce child
ren's interests while encouraging 
them to build language skills. 

"There's always been a sense that 
tedium and learning go hand-in-hand 
-that young people who enjoy the 
education process are a bit strange," 
says Reader's Digest division director 
Rich:ud Scott. "That's a dangerous 
thing to say. But O)..lr experience has 
proved that people like the occasional 
logic puzzles and 'vocabulary-builder' 
features in our magaZine. And if any 
sort of computer-oriented education 
practice is to extend into the home, it 
will have to compete for the student's 
leisure time-with what the child con
siders as fun." 

Program development manager El
len Smith agrees. "As a parent, I've 
lectrned to deal with the real world," 
she says. "My 20 years of experience 
have convinced me that you have to sell 
the benefits of education-not to your
self or other adults. but to the children. 

"We have a new product called 'Micro 
Habitats™' in our Video Construction 
Set Series. You can see where we're go
ing just from the title: high-resolution 
color-background environments. in
cluding underwater, jungle. and outer 
space. Pre-animated shapes-sharks. 
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lobsters, even a submarine-may be 
moved and placed by the child. Each 
has a sound effect, and as environ
ments are created, the sounds build 
and mix. 

"'Habitats' won't influence SAT 
scores the way our four disk. 30-work
book 'Problem Solving Strategies™' 
courseware will. But critical thinking 
is the central theme of both products, 
and it can happen anywhere." 

Sunburst Communications, a soft
ware publisher also located in Pleas
antville, markets 'The Factory." a pro
gram noted as exemplary in several 
education trade publications. This in
genious program requires the user 
(grade levels. like many truly interac
tive programs. are from 4 to Adult) to 
correctly place. rotate and perform var
ious Qperations in order: test a ma
chine. build a factory, then make a 
product. Educational objectives are to 
develop inductive thinking, visual dis
crimination. and spatial perception. 
and to understand sequence. logiC. 
and efficiency. 

No one knows the number of inde
pendent publishers/producers of edu
cational courseware microcomputer 
programs. Neither Atari nor Apple ex
ecutives in education marketing know 
the number of programs available for 
the products they manufacture. These 
facts are known: there are a great 
many publishers- and a great many 
programs; there soon will be a great 
many more; finally. a few highly-moti
vated publishers of high-quality pro
grams have been identified. and are 
achieving rapid and substantial ac
claim. 

"Pinball Construction Set" is pub
lished by Electronic Arts of San Mateo. 
It permits players to create their own 
pinball games. and to control scores. 
sounds. colors. and weight and speed 
of the "ball." on either Apple or Atari 
computers. Beyond its entertainment 
value. the program permits practice in 
operations common to many micro
computer activities. 

TWo other Electronic Arts products, 
"M.U.L.E." and "Seven Cities of Gold." 
combine the features of games and 
simulations. Both programs were au
thored by an Ozark Mountain-based 
team comprised of brothers Dan and 
Bill Bunten, Alan Watson, and Jim 
Rushing. "M.U.L.E." alone represents 
3500 man-hours of writing and exper
imentation. It is a game. whose object 
is to amass money. land. and goods by 
various means. Within the games for
mat are clear. practical examples of 
such economics/mathematics basics 
as supply and demand. economies of 
scale. the learning curve theory of pro
duction. the law of diminishing re
turns. and the classic prisoner's 

Educational Software Catalog 
for Your Family 

Just Released! Sunburst's new 
catalog, featuring the best home edu
cational software . . . for all ages . . . 
selected from the nation's top pub
lishers. Reading, math, programming, 
problem solving and more ... to moti
vate your children and make learning 
come alive. 

Call TolI·Free 800·443·3334 

o RUSH MY FREE CATALOG 
Name __________ _ 

Address _________ _ 

City __________ _ 

State ____ _ Zip ___ _ 

Type of computer _______ _ 

_�t-BlRST 
39 Washingtoo Ave. 
Pleasantville, NY 10570 

Readings 

The Computer Primer is a 481-
page handwritten book by Ann 
Cavanaugh. a Connecticut teach
er. and published by Trillium 
Press of New York. Ms. Cava
naugh's handwriting is excellent: 
"The first aids to calculation were 
fingers ....  A caveman might have 
used three fingers to describe the 
three deer that got away on his 
hunting trip. The word 'digits' is 
derived from the Latin word 'dlgi
tis' which means fingers." The 
book ($12.50) is used with stu
dents eight years old and up. "It's a 
kids' book." says Trillium editor 
Tom Kemnitz. "but ... " 

The Apple Guide To Personal 
Computers in Education com
presses much information into 48 
pages (including over seven pages 
of color artwork by Don Weller). 
$1.95. 

I Speak Basic To My Apple (or 
Atari or TRS-80 or Commodore 
PET or other microcomputer; 
book Is "system-specific") comes 
from Hayden Book Company of 
Hasbrouck Heights. N.J. 

Cost of a classroom course. with 
materials for teacher and 20 stu
dents: about $160. 
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If it's worth remembering, it's worth 
3M data recording products. 
3M computer media products remember every
thing, every time. Their reputation for reliability is 
backed up by something very rare in the magnetic 
media industry: over thirty years of manufacturing 
experience. That experience, plus the fact that 3M 
controls the entire manufacturing process, assures 
that the same high quality is built into every 
computer media product we make. So you can 
have complete confidence in every 3M data car
tridge, diskette, and roll of computer tape you buy. 

Insist on the best for all your DP needs. Insist on 
information processing products from 3M. 
Inventor of the data cartridge and the world's 
largest manufacturer of flexible magnetic media 
for the home, office and computer room. 

Look in the Yellow Pages under computer sup
plies and parts for the 3M distributor nearest you. 
In Canada, write 3M Canada, Inc., London, Ontario. 
If it's worth remembering, it's worth 3M data 
recording products. 

3M hears you ... 
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dilemma. 
Electronic Art's president Trip 

Hawkins, a fonner Apple executive, 
says his products are designed to pro
vide "a new category of experiences. We 
have new artists at work in a new med
ium. The hardware, with its elaborate 
hidden machinery, is the scaffold on 
which we. work. The products we cre
ate must be simple (to operate)

' 
'hot' 

(in the McLuhan context), and 'deep' 
. (highly interactive). Whether we fit in

to a classroom environment is moot: 
the learners will find us." 

Ann Piestrup is chairman of The 
Learning Company, an independent 
courseware publisher in Portola Val
ley, California. Even though Piestrup's 
firm is just four years old (like many of 
the children who derive benefit from 
its products)

' 
it has established a na

tional reputation for high qUality. One 
of The Learning Company's programs, 
"Rocky's Boots, " permits children to 
begin understanding both the engin
eering basis of computers and the 
manner in which they are operated. 
Briefly, the program displays simpli
fied circuit-components which child
ren learn to move and connect. Using 
color, sound, and gamelike scoring fe
atures, operable "systems " may be de
Signed. Success and achievement are 
rewarded by an animated "Rocky Rac
coon " character who appears and 
dances on the computer monitor sc
reen. The New York Times wrote last 
summer, " ... if you have an Apple and 
kids, not getting 'Rocky's Boots' is like 
having a toaster and not buying bread." 

One phenomenon of computer-as
sisted education is the privacy of the 
relationship between a child and a 
truly interactive, success-directed 
courseware program like "Rocky's 
Boots." Even the most caring and sen
sitive parent can barely gauge the in
volvement. fascination, and delight 
obtained by a child, as high-quality 
courseware operates. As more high 
quality courseware develops, and 
children become "literate " in a way 
never before experienced. parents of
ten will find themselves distanced 
from their children's learning experi
ences. It will cause a new and con
structive "coming of age " for both 
generations. 

CoDege and Beyond 

Most schools employing microcom
puters at the K-12 grade levels use 
them in tutorial projects. in gifted
child programs. and for organized 
classes in which the computer is pri
marily the object. rather than the med
ium. of instruction . .At the college/ 
university level microcomputers and/ 
or computer terminals are much more 

integrated into the learning curricu
lum. Technical and engineering col
leges/universities have Wide-ranging 
computer facJlities and extensive stu
dent demand for their use: several col
leges, including Stevens Institute of 
Technology, Drexel. University and 
Carnegie-Mellon University reqUire 
microcomputer ownership of all enter
ing freshmen. 

Digital Equipment Corporation of 
Maynard; Massachusetts is the largest 
maker of minicomputers. DEC educa
tion systems are well-suited to central 
networking. "I think the school dis
tricts will eventually make it through 
host computers, " says Bob Trocchi, 
product group manager for education, 
"with a number of computers tied into 
a central unit, such as a DEC PDP-II. 
It's just not possible to manage more 
than two or three micros in a class
room, " he says. "You would have to deal 
with dozens of floppy disks and exu
berant youngsters." 

DEC has started an interesting in
novation at Indiana University. For a 
small fee, students in· some dormitor
ies may use DEC-supplied stand
alone computers for word processing. 
"It has been most successful." says 
Trocchi. "Dorms without the ma
chines are complaining." 

Data General Corporation of West
boro, Massachusetts, was founded in 
1968. Its 1982 sales of over $800 mil
lion ranked it 339th on last year's For
tune 500. Along with Data General's 
sales growth has come a growing in
volvement with education on three 
main levels: first. the company's need 
for more qualified people to augment 
its own staff: second. its development 
of the new Desktop Generation™ com
puter line for broad-reach school-sys
tem administrative use and intercon
nection to its own and IBM compatible 
systems: third, its entry into the pro
fessional-level small computer market 
with products designed in part for stu
dent use. 

Planning Data General's approach 
to the education marketplace is the re
sponsibility of Peter Jessel (Ph.D .. 
MIT: M.B.A., Wharton). "We respond 
to what we see." he says. "For years our 
products have had strong application 
in university-level situations. But now 
we see the same kind of work being 
done by freshmen-even by high
schoolers-that was once put only be
fore upperclassmen. The computer 
learning process is migrating down
ward. in terms of student age." 

Data General has. for two years. 
been developing a distributed data 
processing system potentially serving 
school districts in New York State. un
der the auspices of the Southern Tier 
Regional Computer Center. ·The Cen-

ter is located at the Broome-Delaware 
Tioga. BOCES (Board of Cooperative 
Educational Services) in Binghamton. 
.The system permits wide use of the 
IBM 4300 mainframe computer shared 
by all the schools for administrative. 
instructional, and research services. 
Students' access to scores of installed 
computers and terminals brings them 
high-quality programming software. 
plus the databases and other re
sources created over the past several 
years and restricted hitherto to the 
mainframe system. 

The Center has proposed to Data 
General that an expanded system be 
created as a controlled model, for pos
sible application among similar large 
Centers across the country. 

"When we first examined the poten
tial of the elementary/high school mar
ket for Data General products. back in 
the seventies. we found confUSion." 
says manager of industry marketing 
Bob Orr. 

"Now we are beginning to see soph
istication: realistic. consistent object
ives coming from education profes
sionals who are planning-wise and 
product-wise. We can employ consul
tative selling and be productive as long 
term business partners." 

Future Quality 

Dorothy W. Blake. coordinator of plan
ning for Media Resources and Utiliza
tion for the Atlanta Public Schools. 
spoke before the House Committee on 
Education and Labor in January of 

. last year. Here are selections from her 
remarks: 

" ... I speak from the experience of a 
mother. a grandmother. the wife of a 
school principal. the wife of a former 
science teacher. and. after three dec
ades in the school business. I consider 
everybody who works as a part of the 
instructi.onal team as those who have 
answered a very high calling ... 

"Elementary and secondary school 
students as well as their teachers must 
learn to use newer technologies. such 
as microcomputers and/or computer 
terminals. not only to solve mathemat
ics and science problems. but also to 
gain further access to information 
needed for their education and for 
their work and for daily living. 

"The machines. and the young peo
ple. are here to stay. They match each 
other in their high quality and great 
potentia1." 

Th is special report on "The Compu ters 
In Education " was written by Peter J. 
Brennan and produced by Develop
ment Counsellors International Ltd. of 
New York. Original artwork/graphics: 
Sherin & Matejka. Inc. 
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NOTES ON THE ORIGINS AND CAUSES 

Paper. First century AD, China. Information becomes a more 
abundant resource. But now has paper itself become too abundant? 
The plague of the 20th century otJice: Clutter. 1 

The keyboard. Next to 
shorthand, the fastest 
writing sys
tem kriown to 
man. Question: 
If you could tran
scribe your thoughts 
faster, would you 
think faster? Had 
Cervantes the benefit 
of even average typing 
skills, would he nave 
written another book?5 

The abacus. Early hardware. Until recently 
it was, in the hands of a skilled operator, 
actually faster than a computer. Note: 
"Skilled operator:'2 

The telephone. 
The ideal of 
communication: 
Sharing infor
mation qUlckly. 
The miracle 
isn' t: "Mr. Wat
son, come here. I 
need you :' It's 
that Mr. Watson 
came, instantly.4 

The encyclopaedia. By definition, all current and essential information compiled 
and made accessible to the non-specialist. A fourteen-volume learning tool.6 

'It is to be noted, in general, that Digital Equip
ment Corporation's comJ;>uter systems place par
ticular stress on the elimination of many routine 
administrative chores involving paper, such as 
student registration, class sct.edufing, budget 
accounting. , 

2 As recently as ten years ago it was the consen
sus that there would gradually come into being a 
sort of "computer priest class;' who alone woUld 
consult these electronic oracles. Today, thanks to 
accessible systems-Digital's VAX., in particular 
-computer literacy is fast becoming accepted as 
a basic skill, like reading. 

3 An alternative to the postal system is devel
oping between computer-connected parties: 
Electronic mail on the VAX. system. VAX. comRut-

ers at different branch-campuses routinely 
exchange and transmit even lengthy written 
communications. Finding a stamp, a chronically 
irritating chore, becomes a thing of the past. 

'Imagine a twist: What if Watson had been 
out? (Or his phone had been busy!) What if you 
wanted to ask a colleague in London a questIon. 
Would you call him at 1 A.M. his time? Or would 
you use a terminal.to relay your question (via 
DECmail) to his terminal-guaranteed it would 
get to him? 

'Cervantes"was sometimes an inattentive 
writer. Had he the benefit of what any freshman 
can have today -a computer to "converse with"
his terminal might have flashed him" ... Hold it! 
Two pages ago you said that person's name was 

spelled ... "On the vast potential of student time
sharing, consider that WIth current VAX. technol
ogy it IS perfectly possible for a motivated stu
dent to sit down at a terminal for a minute 
between classes and simulate the moon's gravi
tational system. 

"The encyclopaedia, if taken one. more ' step, 
becomes computer-based education: An infi
nitely patient computer conducting a student 
through a simulated chemistry experiment step 
by step. Let him see the consequences of, say, 
adding water to sulphuric acid. Obviously, thIS 
requires a computer terminal screen with ·ex
ceptional graphics capability, like Digital's GIGI 
terminal, and Courseware Authoring System. 

7 A telling comparison: To get out an annual col-
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OF THE COMPU' I iER REVOLU' I ION. 

The mail. The most ambitious 
system for the distribution of ' 
information in the world. / 

Awesome in conception, but. 
less than foolproof. 3 

TV. Significant 
because many 
forms of infor
mation simply 
need pictures. 
Imagine you 
had to describe a 
Rubik's cube in 
writing. Or dis
cuss tJie opera
tion of the law 
of supply and 
demand on Aus
tralian wheat 
consumption in 
twenty-five 
words or less. 8 

Digital Equipment Corporation. Suppliers of educational com
puter systems, office information systems, word processors and 
personal computers, and software for students, faculty, adminis

",,
- &'JC"--... .... IfIII!!!!I!!I'J!!!'!!!'� 

trators, office managers, and anybody who works with ideas. � "fIIr"""""'"", 
For more information, write: Digital Equipment Corporation, 

Education Computer Systems Group, Media Response Manager, 
CF01-1IM94, 200 Baker Ave., Dept. SA -1- 84, Concord, MA 01742. 

lege catalogue, it takes on the average a staff of 
25, working 40 hours a week for 20 weeks. There 
now exists a text management system, DECset, 
which would accept data coming from the many 
various sources, fit it all together, adjust it all to 
sudden revisions, produce galleys ready for 
paste-up, and finally, put them onto film. There 
are imp1ications here for the academic press, in 
that DECset may make the publishing of special
ized works economically feasible. 

'Significant also as a personal and portable source 
of information. A $60 window on the world that 
can be set up on anybody's kitchen table, televi
sion is a very close ancestor of the modern per
sonal com puter. This comfarison may be 
developed: 1) Like TV, persona computers are to 

be found in student unions, dining halls, dormi
tories, sororities-no longer just in labs; 2) They 
can be linked to each other and to other com
puter systems on campus to share information 
among them, forming a kind of 'two way' televi
sion network. Digital Equipment Corporation 
has, incidentally, carried thiS ability of comput
ers to communicate with each other farther tnan 
has any other company. At this writing, there are 
no serious rivals to its DECnet networking 
approach which allows personal computers, 
word processors, terminals, VAXs, and DECsys
terns to share information. 

For a free poster of this ad, callI-800-DIGITAL, 
extension 400. 

The printin� 
press. The ability 
to reproduce a 
thought a thou
samftimes. Then 
ten thousand 
more. As a point 

of reference: 
One of the 
most influential 

documents in 
American history, 
The Federalist 
Papers, began 
wifh three men 
and a handful 
of newspapers in 
New York state. 7 
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Commodore 64 
Magic Desk I 

Only From Commodore - The Excitement and Simplicity of Magic Desk ! 
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Only Commodore brings you the magic of MAG I C  DESK . . .  the next generation 

of " user friendly" software ! I magine using you r  computer to type , fi le and edit 

personal letters and papers without learning any special commands! All 

MAG I C  DESK commands are P I CTU RES. Just move the animated hand to 

the picture of the feature you want to use (l ike the TYP EWRITER) and you're 

ready to go.  

The MAG I C  DESK Typewriter works just l ike a real ELECTRIC TYP EWRITER 

. .  , and it 's COMPUTERIZED.  Al l  the f i l ing is electronic . Excellent sound effects 

and screen animation make typing fun,  whether you're typing letters, reports 

or memos . .  , and the bui lt- in  f i l ing featu re makes MAG I C  DESK useful for 

keeping names and addresses, home inventory l ists , insurance information 

dnd more . 

Your  COMMODORE 64 , COMMODORE D I SK DRIVE and �AG I C  DESK are 

an unbeatable combination . Fi l ing operations are automatically l inked to your 

Commodore disk drive-but you don't have to know any commands-just "fi le" 

the pages you type in  the fi le cabinet and you r  text is  automatically saved on 

diskette . There are 3 fi le drawers with 10 fi le folders in  each drawer and 1 0  

pages i n  each folder. 

To PRINT a page you've typed , just " point" at the picture of the printer and 

your pages are automatically printed on your COMMODORE PRINTER or 

PRINTER/PLOTTER. If you want to erase what you've typed , the WASTE

BASKET under the desk lets you "throw away" pages . There's even a DIG ITAL 

CLOCK which helps you keep track of time while you're typing .  

u ... ..... " .. t_ M'l$uct: 
t) "I," " 1"*11_ K$11D Not only is MAG I C  DESK easy to use . . .  it's hard to make a mistake ! Just press 

the COMMODORE key and one of several " help menus" appears to tell you 

exactly what to do next. Special messages show you how the various picture 

commands work and help you when you make a mistake . Help messages also 

show you how to use the pri nter, f i l ing cabinet, digital clock and wastebasket . 

1) N£$S nit fIIll. " liltl.:tt 

-r a."", 

Experience The Magic At Yo u r  L.ocal Dealer. 

C� commodore 

COMPUTERS 
First In Quality Software 
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BOOKS 

A paper orrery, a sumptuous atlas of the world, 

microelectronic visions, nuclear Armageddon 

by Philip Morrison 

O
UR SOLAR SYSTEM CALENDAR OF 

. 1984, by John Gregory Han
ses. Box 30005, Winona, Minn. 

55987 (poster with pins, $5:95 post
paid). A thousand golden guineas was 
what that "worthy and ingenious artifi
cer Mr. John Rowley" of London was 
paid in about 1712 for his new, beauti
fully decorated clockwork instrument. 
It was a princely sum; the desirable new 
second edition of Sir Isaac Newton's 
Principia, a thick quarto volume, nicely 
bound, came out that year at just one 
guinea. The noble commissioner of that 
device, Charles Boyle, the fourth earl of 
Orrery in Ireland, grandnephew of the 
Sceptical Chymist Robert Boyle, none
theless got more than he could have 
expected. Ever since then such an in
strument has been called an orrery, as 
Rowley had named his first example in 
gratitude to his patron. 

What the earl bought was an elegant 
model of the solar system driven by a 
hand crank, with a clever gear train that 
moved an ivory earth with its well
paced moon around a central brass sun, 
all the model objects turning properly 
on their axes. The idea was not truly a 
new one; the device goes back to Ole 
Roemer and Christiaan Huygens. But 
orreries grew grander throughout the 
century, particularly in London, and ex
amples of these Enlightenment splen
dors, gilded Newtonian systems of the 
world crowded with planets and their 
moons, grace .many a museum. 

Rowley's Mark r is now to be seen in 
South Kensington; the Science Muse
um bought it from the Boyle family 
only a decade ago for 30 times its origi
nal price. The name orrery is now rath
er loosely given to any such Copernican 
model of the planetary system, the more 
since we ordinarily stretch the apter 
word ·planetarium to describe a very 
different kind of geocentric demonstra
tion theater. 

Clockwork orreries are still made by a 
few clever artificers, and they are still 
pricey. The solar-system calendar listed 
here, however, is actually a bargain or
rery done in paper, the planetary mo" 
tions as they would be viewed by an ob-

server far to the north of the disk of the 
planets, stationary with respect to the 
sun. Nearer software than hardware, the 
model orbit segments the planets will 
traverse in 1984 are mapped in white 
on a night-black poster sheet of heavy 
stock, meant to be mounted on a wall or 
a tabletop. The sheet needs a backing of 
some stiff material, say corrugated card
board, that can accept the colored map 
pins supplied. The orbits are drawn in 
dots around a big yellow pin for the cen
tral sun, each dotted path carefully la
beled with the dates appropriate to suc
cessive· positions along the orbit. The 
paths of the four inner planets are more 
or less to scale (Venus and Mercury 
require winding spirals, to allow more 
than one circuit in an earth year), but the 
sluggish outer planets must be crowd
ed in to fit on the large page. Neptune 
would be eight feet out if its orbit size 
were scaled to the hand-size orbit of 
the earth. 

Instead of clockwork it is the user who 
must place and advance the planet pins 
in the stately year-long ritual celebrat
ing the rhythms of reality. The reward is 
clear: easy recognition of the planets in 
the sky. The pins once in place map di
rections in the solar system accurately 
enough for knowing planet watching, 
supplying the sense of giddy interplane
tary depths and the satisfying feeling of 
realizing just how one need look out to 
find the planets glowing at dawn, at dusk 
or at night, from one spinning planet 
among the others. Imaginative users 
might be able to put themselves as star
gazers on Mars. Our moon is a much 
needed feature of this paper orrery; ev
ery full and new moon is marked along 
the earth's orbit, and a small white pin 
can be fastened to the earth pin in such a 
way as to show the changing direction of 
the moon as well as the directions of the 
sun and planets. (Earth spin is provided 
only mentally, cued by the evident di
rection of sunrise and sunset for an ob
server who places himself properly on 
the pinhead.) 

Utter beginners will perhaps prefer 
an ordinary geocentric sky calendar, 
a month-by-month display to: match 

our earthbound view directly. Watchers 
with a little experience who take plea
sure in the true celestial geometry of 
three dimensions, howeveT;will find the 
paper orrery a steady delight. The solar 
system, flat disk though it is, is no paper
thin plane; here that convention means 
the eclipses and the close planetary ap
proaches are not fully modeled. This is 
not the best year for such little specta
cles; perhaps the end of January will of
fer about as admirable a jeweled pair as 
at any time this year, bright Venus and 
Jupiter cheek by jowl in the predawn 
sky, although distant along the line of 
sight. There are other data on the chart, 
such as the star backgrounds around the 
ecliptic. Particularly useful are times of 
new moon given to the minute, indis
pensable for playing the game of sight
ing the shy young crescent. We miss a 
marker for the moon's nodes, fixing the 
eclipse seasons. 

Hanses is a lifelong amateur astrono
mer. After a varied career in education 
he is now teaching young people and 
their parents as a one-man traveling cir
cus of astronomy, whose spirit is plain 
enough from this excellent publication. 
He renders your sun sign, for instance, 
not as a mere magical affix of your birth 
date but as a reality to be observed. 
There is evidence that he is conspicu
ous in downtown Winona at the Christ
mas season, a Santa whose warmth is 
no more feigned than his honest beard 
or his orbits. 

THE NEW INTERNATIONAL ATLAS. 
Rand McNally & Company ($100). 

In 1969 the forerunner of this atlas was 
reviewed here. In a 1982 edition it 
remains the best modern world atlas 
of reference; several versions appeared 
earlier, the first few without "new" in 
the title. Changes are to be seen, al
though they are not major ones. The 
eight or 10 maps added are mostly west
ern European regions not shown earlier 
at the one-millionth scale,· from Scot
land to Sicily and over to Wien. The 
maps of 60 cities around the world at 
uniform scale are somewhat updated. 
Most conspicuously parks and airports 
dwindle or appear, and suburbs earn 
larger typefaces as the cities spread; 
there are many new roadways, one out 
to Fire Island and one behind a long 
barrier beach south of Rio. But no new 
cities are mapped. A new 30-page sec
tion of topical maps is here; its source 
is the Encyclopaedia Britannica. Those 
maps are a medley: historical, politi
cal claims, economic data, climate, lan
guages, transportation and the like. The 
most important of these topics were al
ready mapped in the geographical lead 
essay of the 1969 edition, which is now 
dropped. Population estimates for 1982 
are listed for all countries, for urban 
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centers of more than 50,000 and for 
well-known towns. 

Comprehensive maps are the heart of 
every atlas; those here. are outstand
ing, with their readable and convincing 
shaded relief for landforms. It is the in
tensive application of that technique, a 
modern improvement in cartographic 
art, that singles this atlas out from all 
others. The information content of the 
work is no less praiseworthy. Since 1969 
the main maps have been updated; Zim
babwe and Belize are clear, along with 
Thanh-pho Ho Chi Minh (once Saigon), 
the Aeroport Charles de Gaulle and the 
Tanzan railway. The chief map changes 
since 1969 are interestingly listed. The 
lengthy index is here, reset on new paper 
stock, and the few awkward gatefolds 
have been omitted, even if a map page 
has to be repeated. The polyglot instruc
tions that justified the title (cartographic 
publishers from a number of countries 
shared the work from the first) now ap
pear in a fifth tongue, Portuguese .. One 
can recommend this atlas with enthusi
asm to any home or library that can 
hope for such a luxury, but the 1969 
version remains entirely valid. Inflation 
in price is the biggest change of all. 

STATE OF THE ART: A PHOTOGRAPHIC 

HISTORY OF THE INTEGRATED CIR

CUIT, by Stan Augarten. Foreword by 
Ray Bradbury. Ticknor & Fields, 52 
Vanderbilt Avenue, New York, N.Y. 
10017 ($19.95). The internal-combus
tion engine, the mushroom cloud and 
the integrated circuit span this century 
of technological novelty. The three doz
en photographs of such circuits pre
sented here chronologically, each with 
a swift, chatty, well-informed one-page 
gloss, amount to an.introductory history 
of this remarkable technology, closer in 
some ways to a second strain of life than 
to any other artifact of our kind. Most of 
the photographs are at some fortyfold 
magnification, an atlas of stained tissues 
of these new organisms. The couple of 
dozen pseudo-neural networks we see 
resemble meticulous maps of well-or
dered cities in their variety of geomet" 
ric texture, here parks, there tenements, 
there rail yards. Those images go back 
only to 1970. The work of the 1960's 
showed simpler textures, still mere sur
face designs' under tenfold magnifica
tion, the patterns more like Persian rugs 
or fine old wallpapers. Only the first few 
archetypes look three-dimensional, the 
wires and droplets of wax or solder visi
ble as works of the nand, the entire little 
structure arrayed in Space. Jack Kilby"s 
"first bona fide IC," from 1958, evokes 
nothing so much as a microscopic Dag
wood sandwich. 

Today's crisp planar world began in 
1959; a single early planar transistor is 
shown as it was made at Fairchild by 
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Jean Hoerni and Robert Noyce, who to
gether grasped how to diffuse the need
ed impurities into the silicon single
crystal base to make the fUIlctional tran
sistor interface, how to insulate it with 
a silicon dioxide layer and then how 
to furnish it with leads of evaporated 
aluminum. Although the device is flat 
enough, it is really elaborately multilay
ered. The rest of the story is shown by 
example; year by year the control of fea
ture dimension and hence of the possi
bility of viable intricacy grows. The ran
dom-access memories expand from 256 
bits to lK and now, a decade later, to 
288K. Here are interesting sidelines as 
well, such as the first eight-bit charge
coupled device, connected capacitors 
instead of transistors, its 64K-bit kin 
now masters of light sensing from the 
checkout counter of the supermarket to 
the prime-focus cage of the 200-inch 
telescope on Palomar. 

There are microprocessors famed in 
the marketplace, from the Zilog Z-80 of 
1976, a version of it in every Pac-Man, 
to the Motorola 68000 in the older Ra
dio Shack computers and a 1981 32-bit 
Hewlett-Pac·kard microprocessor, wired 
with tungsten instead of aluminum, the 
equivaIent of 450;000 transistors on a 
square a quarter of an inch on a side. 
Speech synthesizers, analogue-digital 
converters and erasable memories are 
successive surprises sprung by compa
nies large and small. Materials and de
vices change now and again, a faster 
response time begins to appear, archi
tectural changes begin to divide the 
functions, but the chief overall effect 
is ever smaller features'and hence ever 
more complex products at manageable 
yields and lower prices. The photo
graphs are all-American, although the 
microscope used is .commonly a Zeiss. 
Indeed, the images are somewhat: de
ceptive: they are colorful, often beauti
ful. What one sees is the product of a 
differential-iriterference optical tech
nique, with the illuminating light itself 
usually a strong color. Without such 
optical staining one would see mainly 
a dullish aluminum surface. 

There is a useful introduction at a 
simple technical level. It tells of log
ic gates and junction transistors, it 
sketches the forming of a typical IC lay
er by layer and it includes a block dia
gram of a microprocessor broken down 
into a dozen functional segments. One 
analogy of the author's is worth citing:. 
"Computers are composed of nothing 
more than 'Iogic gates stretched out to 
the horizon in a vast numerical irriga
tion system." Still, the best of the text 
is in the glosses for the photographs, 
where even the knowing are likely to 
learn something intimate about each 
product, its origins, its designers; its im
pact, its fate. 

The Zilog page is a good example: 
"Zilog's founding is 'a typical Silicon 
Valley story, A group of entrepreneuri
ally minded engineers quit their jobs." 
Those jobs were at Intel. Intel was estab
lished by three men who had left Fair
child, which was started by 12 engineers 
who came from Shockley Transistor, 
which was founded by William Shock
ley, who had left for the golden West 
from the three-man group who at Bell 
Laboratories had made the first tran
sistor. The gallium arsenide chips and 
Josephson junction ultrafast cryogenic 
switches shown here in a foretaste of 
the future come out of no upstart shop 
but from the giants Rockwell and IBM, 
There may yet be another two or three 
orders of magnitude ahead in usable 
chip complexity; the human brain seems 
five orders beyond that, but it is soaking 
wet and must run very slowly at low 
voltage. 

The author is a technical journalist 
from Silicon Valley itself. He knew the 
old valley in the yeasty pioneer days, say 
six or eight years back, He has turned 
visual historian with flair. 

AHISTORY OF STRATEGIC BOMBING, by 
Lee Kennett, Charles Scribner'S 

Sons ($15,95). NUCLEAR HOSTAGES, by 
Bernard J. O'Keefe. Houghton Mifflin 
Company ($14.95). THE WIZARDS OF 

ARMAGEDDON, by Fred Kaplan. Simon 
and Schuster ($18.95). The elaboration 
of myth seems an indispensable part of 
human response to the challenge of nov
elty. The word is not used here in the 
sense of the mythical, an antonym to 
the real; rather it implies the domain 
of the decisive metaphor, within which 
the memorable, the significant and the 
personal can form cogent symbols. Sim
ple matter-of-factness is often present, 
but it becomes secondary. 

Such a myth has grown up around the 
quandary set for us by the coming of 
nuclear warfare in 1945. A few phrases 
evoke the rich and familiar tale: Ein
stein's letter to FOR, the Faustian scien
tists and the rude general who seduces 
them, the Italian navigatDr into the New 
World, the mushroom cloud in the des
ert, the agony of the Japanese cities and 
the terrible aftermath of radiation. Our 
fear is patently not that of prop-driven 
air war over Japan; although grim, it 
was endured, even through two nuclear 
explosions. The danger today is in con
trast only potential, but it is catastroph
ic. Not novel in kind, it is unprecedented 
in scale: nuclear warheads are ready 
not in ones and twos but in the tens of 
thousands. 

These three quite different books, all 
of the year 1983, offer material for the 
construction of needed myth, not of the 
sowing of nuclear war but of its distant 
origins and of its ripening to a deadly 
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AN $ 87.50 VALUE 

This up-to-date Second Edition contains: 
• Over 1,670 pages of revised, expanded, and updated text 

• 550 articles on virtually. every aspect of the computer sciences 
• Written by 301 distinguished authorities 

• Profusely illustrated with over 500 photos, and over 250 
diagrams, graphs and charts 

I
ndispensable to consultants, business 
people, data processing professionals, and 
enthusiasts, the ENCYCLOPEDIA OF 

COMPUTER SCIENCE AND ENGINEERING 
is a veritable data base of information on: 

Hardware 
• Software 
• Programming languages 
• Artificial intelligence 

• Computer applications 

• Personal computing 
and much more! 

The Encyclopedia is organized to make 
finding and using its wealth of information an 
ease. Articles are alphabetically arranged and 
are cross-referenced to related articles and to 
specific subject matter. The clear and ex
panded appendices include abbreviations, 
acronyms, special notation and terminology, 
as well as numerical tables, the mainstay of 
applied technologies. A complete 5,OOO-term 
index contains references to sub-categories, 

doubles as a computer science dictionary, 
and is an invaluable tool for locating specific 
information. 

Praise For the First Edition: 
Called "Impressive ... comprehensive ... well 
done" by Datamation, and" ... a real treasure 
cache" by Business Management, the new 
Second Edition promises to eclipse Computer 
Management's statement on the original of 
"There isn't another book like it." Send for 
your free 10-day trial. 

The Library of Computer and Information 
Sciences is the oldest and largest book club 
especially designed for the computer protes
sional. In the incredibly fast-moving world of 
data processing, where up-to-date knowl
edge is essential, we make it easy for you to 
keep totally informed on all areas of the infor
mation sciences. In addition, books are.of: 
fered at discounts up to 30% off the pub
lishers' prices. Begin enjoying the club's 
benefits today! 

4 Good Reasons to Join 
1. The Finest Books. Of the hundreds of books submitted 
to us each year, only the very finest are selected and 
offered. Moreover, our books are always of equal quality to 
publishers' editions, never economy editions. 

2. Big Savings. In addition to getting the ENCYCLOPEDIA 
OF COMPUTER SCIENCE ANO ENGINEERING for $2.95 
when you join, you keep saving substantially-up to 30% 
and occasionally even more. (For example, your total 
savings as a trial member-including this introductory 
offer-can easily be over 50%. That's like getting every 
other book free!) 

3. Bonus Books. Also, you will immediately become eligi
ble to participate in our Bonus Book Plan, with savings up 
to 70% off the publishers' prices. 

4. Convenient Service. At 3-4 week intervals (16 times per 
year) you will receive the Book Club News, describing the 
Main Selection and Alternate Selections, together with a 
dated reply card. If you want the Main Selection do nothing 
and it will be sent to you automatically. If you prefer 
another selection, or no book at all, simply indicate your 
choice on the card, and return it by the date specified. You 
will have at least 10 days to decide. If, because of late mail 
delivery of the News, you should receive a book you do not 
want, we guarantee return postage. 

If the reply card has been removed, please write to: 

The Library of Computer 
and Information Sciences 
Dept. 7-CD9 Riverside, N.J. 08075 to obtain 
membership information and an application. 

SCientific American 1/84 

31 © 1983 SCIENTIFIC AMERICAN, INC© 1983 SCIENTIFIC AMERICAN, INC



harvest still unreaped. Professor Ken
nett's book is the coolest; its detachment 
is one of time. He is a military historian 
who has singled out of the two centuries 
of human flight the story of its use for 
"direct attack on the enemy state with 
the object of depriving it of the means or 
the will to continue the war." His is a 
concise treatment for the general reader, 
scrupulous and broadly seen, with the 
detail essential to support the chroni
cle but without technicalities. It treats 
mainly of the two world wars of our 
century; only a prelude can be found in 
war before 1914, and the book closes 
with the events of 1945. 

The root of air bombardment of cities 
are found, Kennett says, in a half-absurd 
campaign against Venice, Queen of the 
Adriatic. In the summer of 1849 Austri
an armies laid siege to the city. Their 
guns could not reach their targets from 
either land or sea; the lagoon was too 
wide and too shallow. Some 200 small 
hot-air balloons were released to drop 
cast-iron bombs filled with gunpowder 
as the balloons drifted on well-chosen 
winds over the rooftops along the ca
nals. The little experiment failed; the 
defenders beset by hunger and cholera 
hardly noticed the effort. Perhaps one 
bomb did explode on the Lido; the oth
ers fell into the waters. In 1852 one eye
witness wrote: "Many discoveries which 
we laugh at as childish and fantastic lat
er vindicate themselves." 

World War I saw casualties caused by 
war from the air, only thousands out of 
the millions who died in the war. But the 
military prophets of air power emerged 
then, after the stick-and-wire bombers 
had generated public fear. World War II 
was not the same. The bombers had 
grown powerful and in the end ruthless. 
"None of the belligerents began the war 
with plans for an air assault against ci
vilian populations-and this includes 
Nazi Germany. They were in fact all 
anxious to avoid such an air war." They 
were all uncertain of the response of 
their own citizens to a rain of fire, ex
plosive and poisons. They nonetheless 
found uses for bombs against other 
targets, and step by step "those who 
controlled the bombers grad ually un
leashed them on the enemy population." 
Tens of millions of civilians lost their 
homes, and the better part of a million 
their lives, to the attack of "independ
ent air power." Few voices protested 
anywhere. The historian, still detached, 
nonetheless senses the growth of "a cer
tain uneasiness." 

There is sufficient reason. Bernard 
O'Keefe, then a young engineer as a na
val ensign, was a participant at Los Ala
mos, with a responsible parr in the im
plosion bomb, all the way past takeoff to 
a visit to Japan. Then he left for the 
campus, very briefly. By 1947 his new 
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company had a laboratory in an old ga
rage in Boston; he was off-campus for 
good, preparing specialized instrumen
tation for atomic tests. He recounts di
rectly and simply his own experiences 
in test after postwar test as the bombs 
grew. He attended the strange test on 
Frenchman's Flat in 1953, when the 
army "wanted to do everything them
selves" and fired a 17-kiloton warhead 
out of the "enormous piece of machin
ery" that is a 280-millimeter gun. The 25 
officers present simply made ready to 
watch from a small trench. One pulled 
the lanyard on the great gun, and they 
all jumped into the trench. Six miles 
away the warhead duly and blindingly 
exploded into a mushroom high in the 
air. "I was aghast." No tactical explo
sion has been set off in the open air since. 

O'Keefe tells something of many oth
er tests he has seen, but none holds more 
drama than Bravo of Operation Castle 
in 1954, the first test of a deliverable 
megaton thermonuclear weapon. He 
was one of the firing party, on an island 
in the atoll of Bikini 20 miles from 
the shot, within a sand-covered heavy 
concrete bunker. It was too close: the 
ground shock rocked the bunker, the 
power failed and the heavy fallout held 
them prisoner in the dimly lighted shel
ter. The helicopters found it safe to 
come for them after a few hours; their 
hurried eight-minute drive to the copter 
pad subjected them to only a tolerable 
dose of radiation. The ships fled from 
the contaminated lagoon at once, but 
the tuna fishermen 75 miles downwind 
were less lucky. 

O'Keefe is now chief executive officer 
of the big technical firm that grew out of 
his little instrumentation business. He is 
no reformer but a man of experience 
and good sense. For him the nuclear
arms race is over, only "pushings and 
haulings" can remain. We and the Rus
sians alike are held in mutual bondage. 
He sees slow reconciliation as the way 
out, first economic, then political. More 
weapons will not suffice, nor will defen
ses. Not

' 
every reader need be pers uad

'
ed 

by his prescriptions, but his is warm and 
eloquent witness to the reality of weap
ons into the 1960's, before the tests bur
rowed underground. 

Fred Kaplan is a young political ana
lyst out of M.I.T. His book is oral histo
ry, current in the 1980's, the substance 
of more than 150 interviews with the 
principals of his story, supported by a 
raft of documents in the open or newly 
declassified archives. The sparseness of 
direct quotations from the interviews 
somewhat weakens the impact of the 
study. There are no nuclear physicists at 
work, no Fermis or Tellers. The theater 
is not the cable-strewn laboratory or 
the distant test site or mission control; 
it is the committee room and the pri-

vate office, sometimes in the Pentagon, 
more often in Santa Monica, Omaha or 
McLean in Virginia. The issues are not 
timing circuits and excess neutrons but 
when, where and how to use, or indeed 
to withhold, what type of nuclear weap
on and how many. 

The story unfolds chronologically, 
from the days of 1945, or a little before, 
to a climax in about 1968, after which a 
kind of coda ends in the past two years. 
More than half of the text concerns it
self with the men and women of the 
Rand Corporation, the famous think 
tank formed at Douglas Aircraft to 
study air war under a research grant of 
10 million unspent wartime dollars di
rect from General Hap Arnold. Rand 
now dwells in two buildings near the 
beach in Santa Monica. That focus re
mains tight throughout the coldest years 
of cold war, from the start in about 
1946 to the days of John Kennedy, 
when the venue shifts closer to the Sec
retary of Defense and when systems 
analysis, often still done by Rand alum
ni, now whiz kids, became a part of Pen
tagon power at first hand. 

It is a story of tides. From 1946 to 
nearly 1960 the tide rises to flood. The 
targets of the bombs, bigger and bigger 
bombs on faster planes, are the popula
tion centers. General LeMay will de
liver any bombs with the Strategic Air 
Command; the tone was apocalyptic, 
and the style of it became plain to us all, 
come Dr. Strange love. In 1960 the tide 
ebbs. Russian test missiles fly freely, and 
thermonuclear weapons are being built 
not only to the Teller-Ulam design but 
also to that of Dr. Sakharov. 

Still the SAC plans grow baroque. A 
city the size of Hiroshima was targeted 
with a 4.5-megaton weapon, with three 
1.1-megaton weapons as a backup. SAC 
General Thomas Power displayed a 
graph showing that tens of millions of 
Chinese would be killed by fallout from 
the heavy U.S. attack on the U.S.S.R. 
foreseen in the Single Integrated Op
erational Plan 62, with no weapons 
dropped on China. At the final endorse
ment before the Secretary of Defense 
in the last Eisenhower month, Marine 
General David Shoup could not sit still: 
"Sir, any plan that kills millions of Chi
nese when it isn't even their war is not 
a good plan. This is not the American 
way." (The cited source is handwritten 
notes given to Kaplan by a participant, 
plus interviews.) 

A new doctrine was worked out from 
earlier gropings, largely by another Rand 
veteran, William Kaufmann, now a po
litical scientist at M.LT. It is too dan
gerous to retaliate massively against 
the U.S.S.R., say for a mere attack on 
NATO Europe. There is another road; 
after all, the artilleryman may shoot 
some of his shells at the opposing bat-
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teries, not at the troops. Counterforce 
could punish a Russian attack condign
ly by inflicting heavy but solely military 
losses. The Russians would not them
selves open fire against our cities to re
taliate: it would be too dangerous. They 
might pick off the rest of SAC, but in 
the end, outgunned by our larger forces, 
they would quit. The dead in both coun
tries need be only some millions, not a 
hundred million or two. 

By 1964 the ebb tide too had encoun
tered its difficulties. Counterforce did 
not even, as the whiz kids hoped, slake 
the thirst for a larger arsenal; there was 
now no limit to the number of targets 
foreseen, even if they called for smaller 
warheads on more accurate missiles. 
Moreover, the doctrine assumed a rea
soning adversary, and it suggested an
other race for advantage. As Russian 
strength grew it could become their side 
that would levy blackmail against our 
own fears of city attack. 

Counterforce was saved for the 
1970's by the new powers of MIRV, 
since shared by the U.S.S.R. Now the 
launchers do not much exceed the Mc
Namara numbers, but there are more 
warheads than anything the Joint Chiefs 
might once have asked for. The creed of 
Santa Monica has three articles: nucle
ar war can be planned and executed 
with some precision; the vulnerability 
of SAC is the major threat; we need a 
strong counterforce. By the end of the 
Carter term, through and around the fa
mous planning document PD-59, "every 
tenet of the Rand philosophy was set 
in place as official U.S. policy." 

In the Reagan years the doctrine re
mains, spiced by command attacks. The 
MX missile is now placed in silos as 
Peacekeeper, with assertions about the 
vulnerability of land-based missiles for
gotten in the interest of counterforce. 
Just as in SIOP-62, ours is a policy of 
preemptive nuclear attack as a deterrent 
to conventional war. The milieu, how
ever, has changed; although doctrine is 
now all but canonical, its application to 
the real world has met with skepticism. 
So far the taxpayers have ordered only 
21 Peacekeepers, a tenth of the Carter 
plan. Since 1980 the citizens of many 
countries have come to question these 
options and their simplistic logic. It 
looks increasingly certain that the ab
stract doctrines of nuclear war, little 
affected by facts, are not so much rea
soned as they are rationalized to fit un
stated institutional imperatives. A read
er completes the three books with the 
growing conviction that our survival has 
become an uncertain contest. On one 
side is the slowly but surely deepen
ing public understanding; on the other 
is 60 years of the ready ingenuity and 
evergreen zeal of the United States 
Air Force. 
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Launch under Attack 

This strategy calls for launching nuclear weapons on warning that 

attacking weapons are on their way. Pressures for its adoption are 

symptomatic of an increasing instability in the nuclear balance 

T
he decision by the Reagan Admin
istration to install 100 MX mis
siles in existing Minuteman mis

sile silos raises serious questions about 
the current policy of the U. S. with re
spect to its strategic nuclear forces. The 
theorf'tical vulnerability of the Minute
man force to a preemptive strike by in
creasingly accurate Russian intercon
tinental ballistic missiles (ICBM's) had 
long been advanced as the primary justi
fication for proceeding with the MX 
program. After an exhaustive review of 
more than 30 alternative basing modes 
for the MX, however, the Administra
tion, acting on the advice of the Presi
dent's Commission on Strategic Forces 
(the Scowcroft commission), in effect 
acknowledged that none of the pro
posed schemes could guarantee the abil
ity of the MX force to absorb a full
scale nuclear attack by the U.S.S. R. and 
retaliate successfully thereafter. Given 
that judgment, a plan that calls for de
ploying the first contingent of the new 
missiles in the unimproved launch facil
ities of the very missiles the MX was 
designed to replace seems illogical, to 
say the least. 

Actually the situation may be worse 
than that. The 10-warhead MX is a 
much more threatening weapon than the 
smaller three-warhead Minuteman III, 
currently the most lethal ICBM in the 
American arsenal. Indeed, taking into 
account planned improvements in accu
racy, it can be estimated that each MX 
missile will have a total destructive ca
pacity between 16 and 24 times that 
of a Minuteman III missile. All other 
things being equal, the deployment of 
MX missiles in Minuteman silos would 
appear to increase the incentive for the 
U.S. S.R. to attempt a preemptive strike 
against these installations. Hence the 
end result could well be a net reduction 

by John Steinbruner 

in the stability of the present balance of 
nuclear deterrence. 

Will all other things remain equal, 
however? In defending the latest MX 
decision before a congressional commit
tee last April, Secretary of Defense Cas
par W. Weinberger and Chairman of 
the Joint Chiefs of Staff General John 
W. Vessey, Jr., indicated one thing that 
might not, namely the willingness of 
the U. S. to absorb an initial attack be
fore committing itself to retaliation. Al
though the two officials refused to elab
orate in public, their remarks implied 
that the U.S. might be planning to ac
company MX deployment with an in
creased inclination to launch its ICBM's 
after acquiring reliable evidence that a 
Russian attack was under way but be
fore its actual effects were felt. This poli
cy, usually labeled "launch on warning" 
or "launch under attack," has been ad
vocated by some military strategists as 
a solution to the perceived problem of 
ICBM vulnerability, and it has been crit
icized by others as a dangerous con
sequence of the vulnerability problem. 
Behind this difference of opinion lies 
one of the most difficult problems of 
contemporary national-security policy. 

In examining this issue, which has a 
direct bearing on the likelihood of 

nuclear war, it is helpful to distinguish 
among several levels of analysis. On one 
level there are theoretical arguments 
about nuclear strategy, supported by 
strictly technical calculations. On an
other level there are some practical 
judgments that have been made in ap
plying these theories to the U. S. strate
gic-force structure. Finally, there are 
several underlying military realities that 
are rarely acknowledged in public dis
cussions of national-security policy. The 
problem under analysis changes charac-

ter quite significantly when it is viewed 
from these different perspectives. 

At the level of theoretical argument 
the problem of ICBM vulnerability is 
clearly and compellingly defined. Stan
dard calculations have been worked out 
by U. S. strategists to estimate the proba
bility that a fixed ICBM launch facili
ty-a silo-could survive a nuclear at
tack. These calculations are based on a 
few technical factors, all of which can 
be measured with some degree of preci
sion; they include the hardness, or resis
tance to blast damage, of the missile 
silos under attack and the number, ex
plosive yield, accuracy and overall op
erational reliability of the attacking 
warheads. The characteristics of the 
most advanced warheads are such that 
any ratio of warheads to silos exceed
ing about 2.5 to one will result in a cal
culated rate of ICBM survival so low 
that it approaches complete destruc
tion. At present the U. S. S. R. is believed 
to substantially exceed this ratio against 
the U. S. ICBM force. The U. S., by com
bining 550 Minuteman III missiles car
rying three warheads each with 100 
MX missiles carrying 10 warheads 
each, would have a comparable capabil
ity against the 638 silos that currently 
house all the advanced warheads of the 
Russian ICBM force. 

According to the prevailing theory of 
nuclear deterrence, which assumes that 
the actions of both sides are governed by 
refined rational assessments, this mu
tual vulnerability of the ICBM forces 
creates a threat of limited nuclear war 
and the possibility of political coercion 
based on such a threat. Under the pres
sure of a severe crisis, it is supposed, one 
side might deliberately initiate an attack 
directed solely at the vulnerable ICBM 
installations of the other side in order to 
partially disarm the opponent and to es-
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tablish military superiority. The theo
retically rational victim, having lost its 
readiest and most precise offensive 
force, would be unable to respond in 
kind, would be deterred by the prospect 
of greater damage from retaliating 
against other military and civilian tar
gets and would therefore seek political 
accommodation to prevent a further ex
tension of the war. By this logic mutual 
ICBM vulnerability appears to offer a 
significant if partial victory to which
ever side is able to muster the will to 
exploit the situation. 

A systematic policy of launch under 
attack is designed to provide an answer 
to this problem. Technical calculations 
roughly comparable in their scientific 
basis to those used to define the problem 
of ICBM vulnerability suggest the feasi
bility in principle of detecting the initi
ation of an opponent's attack and of 
launching some fraction of the threat
ened ICBM force before the attack 
could be completed. The most sophisti
cated variant of the idea, advanced by 
Richard L. Garwin, calls for a system of 
infrared sensors in space to detect the 
attacking missiles early in their boost 
phase and to measure the scale of the 
attack. The information would be com
municated to ground stations in the u.s. 
and confirmed by appropriate national 
authorities. An emergency communica
tions system based on an existing relay 
satellite or a specially launched rocket 
would then broadcast orders to launch a 
significant but strictly limited fraction 
of the threatened ICBM force according 
to previously established plans. 

According to Garwin, there could 
be enough redundancy in the sensors, 
communications links and information
processing routines of such a system 
to protect it against direct attack and to 
drive to extremely low levels the theo
retical probability of a false detection of 
attack and a violent response. Under 
most circumstances the mechanisms for 
the final launch of U.s. missiles would 
be shut off, thus giving the system a ca
pacity for continuously checking its di
agnostic performance while (again in 
theory) absolutely preventing any retali
atory response due to random failure. 
For security emergencies a range of in
ternal controls would be prepared as op
tions, allowing the system to operate ei
ther automatically (following the initial 
authoritative confirmation of the attack) 
or with varying degrees of human inter
vention to provide additional protection 
against undesired retaliation. 

Within the theoretical framework de
fined above such a system could present 
the potential aggressor with enough un
certainty to eliminate the incentive to 
initiate an attack offered by the vulnera
bility of ICBM installations. Since any 
reasonably large probability of a suc
cessful launch under attack would pre
sumably have this effect, the potential 
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victim could accept, say, a 20 percent 
chance of failure to retaliate against ac
tual attacks and still maintain strong de
terrence. Strictly as a matter of pre
vailing theory and supporting technical 
calculation, then, if one believes in the 
problem of ICBM vulnerability itself, 
there appears to be no compelling rea
son not to believe in an appropriately 
designed system for launch under attack 
as a solution. 

At a more practical level of assessment 
I\. there is good reason to doubt the 
validity of both the problem and the so
lution. The organizational procedures 
that govern the operation of strategic 
weapons make it unlikely that either the 
preemptive strike on ICBM silos or the 
protective response of launch under at
tack could be executed according to 
theoretical calc ulations. Nevertheless, 
in the development of U.S. strategic pol
icy very different judgments have been 
made. Whereas the problem of silo vul
nerability has been accepted as a real 
issue demanding a practical solution, 
the safe implementation of a launch-un
der-attack policy has been considered to 
be so impractical that systematic efforts 
to develop the necessary capability have 
not been attempted. 

The practical problems of the attack 
and the response arise from the same 
source: a conflict between the demands 
of peace and those of war that can be 
seen in technical terms as a matter of 
balancing the risks of two types of error. 
In deploying offensive forces for the 
purpose of deterring war the dominant 
peacetime objective is necessarily that 
of preventing accidental or unautho
rized use of those weapons (referred to 
by strategic analysts as Type I errors); 
preventing errors of this type is a matter 
of maintaining negative control. If war 
were actually to break out, the execu
tion of retaliatory attacks to achieve 
some meaningful military purpose 
would become the dominant objective, 
and it would then be important to mini
mize failures to launch weapons against 
preassigned targets (Type II errors); pre
venting errors of this type requires posi
tive control. Negative and positive con
trol inherently conflict; enhancing one 
diminishes the other to an extent that is 
determined by the details of the com
mand arrangements for particular stra
tegic-weapons systems. 

Moreover, this conflict is significant
ly sharpened in practical terms by the 
widespread decentralization of control 
that has been made necessary by the 
great destructiveness of nuclear weap
ons. A modern strategic arsenal cannot 
be entirely controlled through any sin
gle location or even through a small 
number of locations lest these points be 
identified and preemptively destroyed, 
thereby incapacitating the entire force. 
In recognition of this fact the u.s. 

has dispersed the physical ability to 
fire nuclear weapons among hundreds 
of military officers at numerous loca
tions, some of them mobile. From all 
public indications the U.S.S.R. has done 
the same. 

In the U.S. negative control is ensured 
through a variety of physical constraints 
and organizational proced ures, making 
it impossible for any one individ ual to 
fire nuclear weapons and improbable 
that the necessary combination of peo
ple (ranging from two to 10 or more 
depending on the circumstances) could 
be organized in the absence of plausi
ble political authority. Under this dis
persed-control arrangement timing be
comes a significant factor in nuclear
weapons operations. In general it is 
quite difficult to preserve negative-con
trol procedures and also to achieve very 
precise timing of offensive operations. 

T ightly controlled timing is necessary 
for an attack on ICBM silos in order 

to minimize interference between war
heads exploding in the same area. For a 
typical U.S. Minuteman base the attack 
on individual silos must be sequenced 
from south to north, and the relative 
timing of individual warheads attacking 
the same silo must be carefully con
trolled in relation to the yield and the 
accuracy of the warheads. Moreover, 
the task must be accomplished the first 
time it is actually attempted on a scale 
of between 2,000 and 3,000 individual 
warheads. Errors in timing could leave 
the results of the attack well short of its 
theoretical potential. 

Any potential aggressor able to com
bine highly refined technical calcula
tions with basic common sense will ap
preciate that the uncertainties of this 
situation actually remove much of the 
theoretical incentive for a preemptive 
strike on ICBM silos [see "The Un
certainties of a Preemptive Nuclear 
Attack," by Matthew Bunn and Kosta 
Tsipis; SCIENTIFIC AMERICAN, Novem
ber, 1983]. Nevertheless, it is possible to 
imagine a completely cold-blooded op
eration exploiting the advantage of ini
tiative to override all the negative-con
trol procedures on the attacking side 
(without giving any external indication) 
and to automate the attack sequence 
completely, thereby solving the timing 
problem. Because of this theoretical 
possibility the practical problems of the 
attacker have generally been discounted 
in the U.S., and vigorous efforts have 
been made to devise a solution to the 
silo-vulnerability problem within the 
limits of its technical definition, in par
ticular a solution that does not depend 
on timing errors in the attack sequence. 
Judging from the various projected 
costs of the MX program, expenditures 
on the order of $30 billion to $50 billion 
have been considered acceptable. 

Tightly controlled timing is also nec-
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ICBM LAUNCH-CONTROL CENTERS IN ORDER TO 
COMPLETE LAUNCH PROCEDURES IN TIME TO 
AVOID X-RAY PIN-DOWN 
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FROM HIGH-ALTITUDE EXPLOSIONS DURING 
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FIRST GROUND-LEVEL EXPLOSIONS OF 
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HYPOTHETICAL SEQUENCE OF EVENTS following tbe initia
tion of a preemptive nuclear attack by tbe U.S.S;R. on tbe U.S. in
tercontinental-ballistic-missile (ICBM) force is outlined in tbis dia
gram. Tigbtly controlled timing would be necessary not only to exe
cute sucb an attack on ICBM silos but also to execute a successful 
launcb-under-attack policy in response. Tbe current U.S. Minute-

I) 
TIME AVAILABLE FOR DECISION TO LAUNCH AFTER 
CONFIRMATION OF ATTACK BY BMEWS RADAR 

TIME REQUIRED FOR RELAY OF LAUNCH AUTHORI-

>- ZATION THROUGH EMERGENCY COMMUNICATIONS 
SYSTEM 

LAST AUTHORIZATION POINT TO COMPLETE LAUNCH 
PROCEDURES IN TIME TO AVOID GROUND-LEVEL 
EXPLOSIONS OF ICBM WARHEADS 

LAST LAUNCH POINT TO AVOID DAMAGE FROM 
GROUND-LEVEL EXPLOSIONS DURING BOOST PHASE 

man system would be exposed to disruption during the process of 
confirming tbe attack and executing a counterattack. A higbly au
tomated variant of the launcb-under-attack idea, advanced by Ricb
ard L. Garwin, would seek to avoid disruption by arranging for tbe 
missiles to be fired in retaliation witbin five minutes of tbe first indica
tion of the attack. (SLBM stands for sea-launched ballistic missile.) 
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essary to execute a successful launch
under-attack policy. For the first three 
or four minutes of flight u.s. ICBM's 
would be substantially more vulnerable 
to nuclear explosions over their base 
areas than they would be in their silos. 
Hence small timing errors in the execu-

2 MINUTES 

tion of a launch under attack could fa
cilitate the destruction of u.s. missiles 
rather than their survival. At lower alti
tudes early in their boost phase outgo
ing U.s. missiles would be subjected 
to debris and high winds generated by 
ground-level explosions intended to de-

stroy silos; beyond the atmosphere the 
missiles would be exposed to damage by 
X rays from high-altitude nuclear ex
plosions. Since the flight time of Russian 
ICBM's is estimated to be between 25 
and 30 minutes and since it takes about 
two minutes to collect, process and 
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- RELAY SATELLITE 

,
" -

,£�'

= ............... '\ = 
ICBM FIELDS 

" " ', " " " , 
" ,  

7 MINUTES 

12 MINUTES 

EXOATMOSPHERIC 

EXPLOSIONS 

SIX STAGES in the hypothetical attack sequence diagrammed on 
the preceding page are represented graphically. In this case the deci-
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UNDREDS 

sion to retaliate would not be made until after the attack has been 
confirmed by the land-based Ballistic Missile Early Warning System 
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transmit the initial indication of the at
tack (the exhaust plumes of the attack
ing missiles in their boost phase), slight
ly less than half an hour would be avail
able for assessing the attack, deciding 
to counterattack and executing a retali
atory launch in response to an attack 

solely involving ICBM's. The availa
ble time could be further diminished 
if missiles from Russian submarines 
were used to generate X rays from nu
clear explosions at an altitude of 100 
miles or so over the ICBM fields. 

14 MINUTES 
SIGNAL TO LAUNCH 

RETALIATORY ATTACK = 

18 MINUTES 

25 MINUTES 

Moreover, even without expanding 

. . . 
.. . . . 

. . . 
. 

.... 4: .. 
" 

. . 
. . 

SIGNAL TO LAUNCH 
RETALIATORY ATTACK 

. 
. . . 

. . . . . . .. 

. . . 
. . , 
. . . 

. . . 

RETALIATORY ATTACK LAUNCHED 

the scope of targets directly attacked 
the U.S.S.R. could seriously damage the 
U.S. command system as it attempts to 
perform the necessary functions of at
tack assessment, retaliation decision and 
launch execution. Within seven minutes 
of launching, missiles from Russian sub-

... ... 
............ 

...... ............... ... ...... 

... ... 
............ 

...... ............... ... ...... 

(BMEWS). The U.S. ICBM's would be launched early enough to 
avoid damage from ground-level explosions aimed at silos, but they 

would pass through a barrage of high-altitude explosions detonated 
over each U.S. ICBM base in the tactic known as X-ray pin-down. 
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ELECTROMAGNETIC PULSE generated by a high-yield nuclear 
explosion 300 miles above the ground could have a devastating effect 
on communications systems over a large area. The prompt, or instan
taneous, gamma rays emitted by such an explosion would strip elec
trons from air molecules in the upper atmosphere in a roughly circu
lar, pancake-shaped zone known as the deposition region. The free 
electrons would be accelerated radially by the earth's magnetic field, 
separating them from the heavier, positively charged ions and creat
ing by a complex mechanism the conditions for a downward-direct-

COMPLETE COVERAGE OF THE U.S. by the destructive electro
magnetic effects of an exoatmospheric nuclear explosion could in 
principle be achieved with the detonation of a single one-megaton 
nuclear warhead at a height of 300 miles over the center of the coun
try. Because the damage caused by the high-voltage electromagnetic 
pulse would depend in part on the orientation of the exposed conduc-
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f"\A,rur'C>°HERIC NUCLEAR EXPLOSION 

HORIZON FROM BURST POINT 

ed high-voltage electromagnetic pulse that would manifest itself in 
the form of simultaneous electrical surges in exposed conducton 
on the ground. For a sufficiently large explosion the destructive ef
fects of this high-voltage electromagnetic pulse would extend to the 
horizon, or tangent point on the earth, as viewed from the burst point 
(in this case to a radius of about 1,500 miles from ground zero). In 
addition the disruption of the earth's magnetic field caused by the 
explosion would result in a second damaging electromagnetic pulse 
of much lower magnitude but longer duration (hundreds of seconds). 

tors to the direction of the pulse, however, the hypothetical attacker 
would presumably choose to create an overlapping pattern of effects 
by committing four or five nuclear warheads to this phase of the at
tack; if the warheads were launched from submerged submarines at 
their normal patrol range some 1,000 miles off the coasts of the U.S., 
they would reach their burst points in approximately seven minutes. 
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marines could produce nuclear explo
sions 300 miles above the continental 
U.S. that would not cause blast, ther
mal or prompt-radiation effects on the 
ground but would create electromagnet
ic pulses of two kinds. A pulse on the 
order of 50,000 volts per meter would 
arise and dissipate within a microsec
ond as gamma rays from the explosions 
stripped electrons from air molecules in 
the upper atmosphere and the free elec
trons gyrated around the earth's mag
netic lines of force. To a degree depen
dent on the exact angle of incidence, the 
resulting electromagnetic pulse would 
be collected along any exposed conduc
tor and delivered with disruptive or per
manently destructive effect to electrical 
and electronic equipment connected to 
the conductor. 

A second pulse of much lower magni
tude (tens of volts per kilometer) but of 
longer duration (hundreds of seconds) 
would be induced by temporary disrup
tions of the earth's magnetic field creat
ed by the explosions. The result in this 
case would be a major disruption of 
communications lines on land extending 
over tens of kilometers. The complexi
ties of these phenomena and the inabil
ity to test them at full scale make ac
curate assessments impossible, but it is 
clear that current land-line communica
tions systems and domestic power grids 
would be at serious risk. It is not known 
exactly what would happen if the entire 
U.S. were to be subjected to the equiv
alent of thousands or perhaps tens of 
thousands of simultaneous, highly ac
celerated bolts of lightning, but any 
practical assessment must anticipate 
massive failures of communications 
systems, power supplies and electronic 
equipment. 

Existing u.s. intelligence sensors, in
formation-processing centers and 

communications systems could conceiv
ably meet launch-under-attack require
ments against an attack by ICBM's 
alone if there were no electromagnetic 
pulse or other deliberate disruption of 
the U.S. command system. Infrared sen
sors on geosynchronous satellites could 
detect a Russian missile launch within 
seconds and processed warning signals 
could be available in the U.S. within 
minutes, giving the approximate scale of 
the attack and the fact that it was direct
ed toward the U.S. Independent confir
mation and generalized indications of 
the areas of the U.S. under attack would 
be provided within 15 minutes by the 
Ballistic Missile Early Warning System 
(BMEWS) radars in Alaska, Greenland 
and Britain, and this information would 
be supplemented at 20 minutes by the 
single U.S. anti-ballistic-missile (ABM) 
radar at Grand Forks, N.D. In combina
tion these indicators could reliably dis
tinguish actual attacks from other phe
nomena. A telecommunications confer-

ence among the president and the na
tion's top military commanders could 
begin within minutes of the first warning 
signals. If the authorization to respond 
were communicated with the first confir
mation of attack, the missile-launching 
procedures that embody negative con
trol could in principle be 'completed in 
time for the U.S. ICBM's to escape from 
their silos and travel a safe distance 
from their base areas. 

Electromagnetic disruption, however, 
could make it quite unlikely that the full 
sequence could be completed. The prob
able failure of land lines would interrupt 
the transmission of warning informa
tion and high-data-rate military com
munications either at the outset of the 
attack or after the initial warning indi
cators had been received but had not 
yet been acted on. Residual emergency 
communications depend heavily on ul
trahigh-frequency radio transmissions 
relayed between aircraft that must 
themselves be launched in response to a 
warning of attack; at the moment these 
aircraft are thought to be insufficient
ly protected against the effects of the 
high-intensity electromagnetic pulse. It 
would req uire approximately six min
utes to relay messages across the coun
try through this network. With disrup
tion of the ultrahigh-frequency relay 
network and supplemental jamming, 
the surviving communications system 
would operate at low data rates on the 
low-frequency and very-low-frequency 
bands and could require almost 10 min
utes simply to transmit the coded mes
sage authorizing retaliation. 

With only partially disseminated 
warning signals and disrupted com
munications, normal command proce
dures encumbered by negative-control 
requirements would almost certainly 
delay the protective firing of U.S. mis
siles, and improvised attempts to expe
dite the process would risk perverse suc
cess: slightly mistimed launches that 
would expose U.S. missiles to destruc
tion in their boost phase. Given cur
rent military capabilities, the prevail
ing judgment that launch under attack 
is impractical to the point of impossi
bility seems to be warranted. 

Under the provisions of the current 
five-year defense plan some of the 

most critical vulnerabilities of the U. S. 
command system to electromagnetic 
disruption will be alleviated. The most 
important provisions will protect ma
jor land-based and airborne command 
posts, communications-relay aircraft 
and, to a lesser extent, critical communi
cations lines on land against the effects 
of electromagnetic pulses from exoat
mospheric explosions. A network of 
ground-wave transmitters operating in 
the low-frequency band will provide a 
link for warning information that does 
not depend on inherently vulnerable ca-

bles. Small, mobile stations for receiv
ing information from early-warning sat
ellites will be introduced and bombers 
will be fitted with low-frequency and 
very-low-frequency receivers to allow 
fairly robust radio communications be
yond the line of sight of the relay-air
craft network. 

These improvements will make the 
disruption of the U. S. command system 
more difficult to. accomplish without 
significantly and provocatively expand
ing the targets that are directly attacked 
with the standard blast effects of nuclear 
explosions. The program was not de
signed, however, to provide the coher
ent, reliable launch-under-attack capa
bility theoretically outlined above, and 
as a practical matter it will leave the 
U.S. far short of such a capability, a dis
crepancy that might be measured in dec
ades of effort. Before the consensus nec
essary to undertake such an effort could 
be marshaled serious consideration 
would undoubtedly have to be given to 
what the state of the command system 
and the issues of control mean for the 
entire conception of the problem. 

From this latter, more general per
spective the widely accepted impracti
cality of a launch-under-attack policy 
raises security issues much more funda
mental than the problem of silo vulnera
bility. If the U. S. command system can 
be significantly disrupted by the induced 
electromagnetic effects of a few exoat
mospheric explosions, it can be effec
tively destroyed by the direct blast ef
fects of a few hundred weapons and 
very severely degraded by as few as 50 
weapons. These attacks would not be 
operationally demanding in terms of the 
technical performance of the warheads 
and the degree of potential interference 
among them. If the protective launch 
of missiles during an attack cannot be 
reliably accomplished with a disrupt
ed command system, the feasibility of 
launching the surviving weapons after 
attack can be questioned and the execu
tion of coherently planned retaliatory 
missions can be seriously doubted. 

Moreover, although the Russian com
mand system is thought to be more pro
tected, the destructive effects of n ucle
ar weapons appear to be so inherent
ly damaging to any command network 
that differences in exposure between the 
U. S. and the U.S. S.R. are not likely to be 
significant given the scale of offensive 
firepower available. The implication, 
therefore, is that for both countries the 
vulnerability of their overall strategic
command systems is a far more impor
tant problem than the vulnerability of 
individual weapons. Furthermore, this 
has been true since the first mutual 
large-scale deployment of offensive bal
listic missiles began two decades ago. 

Compared with silo vulnerability, 
command-system vulnerability presents 
a much more powerful incentive to ini-
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tiate attack before damage has actually 
been suffered, an incentive that is driven 
not by theoretically defined opportunity 
emerging from refined technical calcu
lations but rather by practical fears of 
decisive defeat in a war that cannot be 
avoided. Whatever the declared nation
al-security policy might be in peacetime, 
the incentive appears to impose on re
sponsible military commanders in both 
the U. S . .  and the U. S.S.R. potentially 
overwhelming pressures for outright 
preemption under intense crisis circum-

stances when the prospect of an un
avoidable war would be facing them. 

In order to assess these implications it 
would be desirable to have calcu

lations of the effects of nuclear attack 
on an entire command system that are 
commensurate with those used to esti
mate the effects on missile silos. Such 
calculations have not been done in pub
lic, however, undoubtedly in part be
cause of the special security sensitivities 
involved but also in part because the 

problem entails complex interactions 
of technology and human organization, 
and rigorous assessment of such prob
lems is not well established. Neverthe
less, without attempting to make a sta
tistically valid estimate, it is possible to 
conceptually model the interactions of 
command-system vulnerabilities, pro
cedures for ensuring both negative and 
positive control, and the time sequenc
ing of both the attack and the response. 

A simple model for this purpose has 
been developed by Paul Morawski and 

COMMAND SYSTEM for the SO missiles of a Minuteman II squad
ron is represented schematically in this illustration, based on a sim
plified computer model developed by Paul Morawski and Bruce G. 
Blair at the Brookings Institution. Communications lines link the 
five control centers to the outside world (thick black lilies), to one an-

other (medium black lilies) and to each of the SO missiles. Each center 
normally has primary responsibility for 10 missiles (thill black lilies) 
and monitoring responsibilities for the other 40 (color lilies). The com
puter program incorporates complex rules that embody negative and 
positive control procedures governing the operation of the missiles. 
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Bruce G. Blair at the Brookings Institu
tion in the form of a computer program 
that incorporates the publicly docu
mented command arrangements and 
procedural rules by which the 50 mis
siles of a Minuteman II squadron were 
said to be launched as of the mid-1970's. 
This system is a very restricted part of 
the U.S. strategic-command network 
and conveys only part of its complexity 
and little of its hierarchical depth. 
Moreover, the model reflects only part 
of an actual squadron's operations. 

A 

c 

Within this highly simplified representa
tion, however, some results appear to 
suggest some of the internal pressures 
that can be expected to confront actual 
strategic forces. 

The model depicts five separate con
trol centers linked to one another and to 
each of the 50 missiles [see illustration on 
opposite page]. The programmed rules 
that determine each center's actions re
flect the negative and positive control 
procedures needed to operate Minute
man II missiles. Each center normally 

B 

has primary responsibility for 10 mis
siles (an instance of positive control) 
and monitoring responsibilities for the 
other 40 (negative control). Each center 
is a designated substitute for one other 
center; if a given center is destroyed, its 
substitute will assume responsibility for 
that center's missiles (positive control). 
A center will execute instructions to set 
an overall target plan for all 50 missiles, 
to assign targets to individual missiles 
under its jurisdiction and to launch or 
withhold its primary missiles (positive 

FOUR CONDITIONS OF DAMAGE to the command system of a 
Minuteman II squadron are ordered in this illustration by degree of 
severity. In condition A two control centers are assigned to the opera
tional state labeled normal (with all communications links intact) 
and three are rated vertical (with links to other centers destroyed). 

In condition B one center is vertical, two centers are horizontal (with 
the link to external commanders destroyed) and two are gone (all 
links destroyed). In condition C one center is vertical, one is silent 
(with links to only the missiles intact) and three centers are gone. In 
condition D one center is vertical and the other f<iur centers are gone. 
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control), but only after completing a 
procedure to determine that the instruc
tions are valid (negative control). 

For each center the validation proce
dure requires confirmation from one 
other control center in the system (nega
tive control). A missile will be launched 
toward its assigned target promptly only 
if the instruction it receives to do so is 
confirmed by a second control center. 
Each center will veto the launch instruc
tions of another center if it considers 
them to be improper, either because it 
has not received and validated an au
thoritative instruction (negative control) 
or because its target assignments to indi
vidual missiles have not been completed 
(positive control). A veto will cancel the 
launch instruction of any single center 
(negative control) but will have no con
sequence if two centers concur in the 
launch instruction (positive control). A 
single center's launch order that is nei
ther confirmed nor vetoed will ultimate
ly be executed (positive control), but 
only after an extended delay (negative 
control). These rules embody some of 
the procedural complexity of launching 
ballistic missiles under dispersed com
mand arrangements. 

The model executes these procedures 
with constant and efficient timing 

and allows none of the errors that might 
ensue if confused, frightened human be-

ings were performing them at the brink 
of nuclear war. It does account, how
ever, for physical damage to communi
cations links that might result from the 
opponent's attack. It does so by assign
ing each center to one of five operational 
states: normal (with all communications 
links intact), vertical (with links to other 
centers destroyed), horizontal (with the 
link to external commanders destroyed), 
silent (with links to only the missiles in
tact) and gone (all links destroyed and 
unable to operate). From this array of 
possibilities 5 25 significantly different 
conditions of partial damage can arise 
within the five-center network. Even 
with all procedural errors excluded and 
no possibility allowed for initiating ac
tions other than those mandated by giv
en instructions, interactions between the 
timing of damage in the network and 
the execution of the established control 
procedures can produce results that de
viate from the intentions represented in 
the instructions. Failures of both nega
tive and positive control are possible. 

Some representative results of the 
model were obtained under four condi
tions of damage to the command-cen
ter network, ordered roughly by degree 
of severity [see illustration below]. In all 
cases the instructions simply req uire' the 
execution of a single targeting plan for 
all the missiles. Three different targeting 
plans were tested, representing crudely 

PLAN I: STANDARD PLAN II: TIME-
RETALIATION URGENT RETALIATION 

an unrestricted retaliation, one focused 
exclusively on military targets and one 
that is deliberately limited in charac
ter. In each case the performance of the 
system when instructions are received 
shortly before damage occurs is com
pared with its operation when the dam
age precedes the instructions. In spite 
of the severe damage depicted the mod
eled system performs well in general, 
but there are some notable problems. 
The intermediate damage conditions 
(labeled B and C) create a catastroph
ic positive-control failure when instruc
tions to retaliate arrive after the damage 
occurs. In these circumstances the pro
cedural rules create internal contradic
tions and no missiles are launched. The 
system does manage to launch the in
structed retaliation under the most se
vere damage condition (D) but with a 
substantial delay-90 minutes-that re
duces the presumed value of attacking 
"time urgent" targets such as airfields, 
submarine bases, mobile missiles and 
command centers. Negative control 
generally succeeds, but under the inter
mediate damage conditions missiles in
tended to be withheld in the limited re
taliation plan are in fact launched. 

The performance of the modeled 
command system deteriorates as it is 
asked to execute more complicated in
structions representing conceptually an 
attempt to manage the process of re-

PLAN III: LIMITED 
RETALIATION 

COMMAND- ORDERS ORDERS ORDERS ORDERS ORDERS ORDERS 
CENTER ARRIVE ARRIVE 

CONDITIONS BEFORE AFTER 
DAMAGE DAMAGE 

A P = 100 P = 94 
N=O N = 1 

B 
P = 99 p=o 
N = 0 N = 0 

P = 98 p=o 
C N = 2 N = 0 

D P = 42 P = 44 
N = 1 N = 2 

RESULTS OBTAINED FROM THE MODEL of the operation of 
a Minuteman II squadron are summarized in this table by separate 
scores for positive and negative control, averaged over 10 iterations 
of the model. The positive-control score (P) gives the percentage of 
successfully executed retaliatory strikes defined by assigning weights 
to four categories of targets in the ratio of 1 : 2 : 3 : 4. Categories 2 and 
4 represent "time urgent" military targets, and their value is reduced 
respectively by 50 percent over 90 minutes and by 80 percent over 
60 minutes. Perfect execution (P = 100) is scored when all missiles are 
sent to their designated targets on time. The negative-control score 
(N) gives the proportion of missiles sent to unintended targets as a 
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ARRIVE ARRIVE ARRIVE ARRIVE 
BEFORE AFTER BEFORE AFTER 
DAMAGE DAMAGE DAMAGE DAMAGE 

P = 100 P = 93 P = 100 P = 95 
N = 0 N = 0 N = 0 N = 3 

P = 90 P = 0 P = 96 p=o 
N=3 N = 0 N = 8 N = 0 

P = 91 P = 0 P = 90 p=o 
N=5 N = 0 N = 14 N = 0 

P = 19 P = 23 P = 36 P = 40 
N = 1 N = 0 N = 0 N=O 

percentage of the total number of missiles launched. Plan I assigns 
missiles more or less equally to the four categories of targets. Plan II 
assigns 15 missiles to category 3 and 35 to category 4. Plan III assigns 
10 to category 3 and 10 to category 4, withholding 30 missiles. One 
problem that arises is that under the intermediate damage conditions 
(8, C) a catastrophic positive-control failure is created when the in
structions to retaliate arrive after the damage has occurred. The sys
tem manages to launch the retaliation under the severest damage con
dition (D) but only after a delay of 90 minutes. Under conditions B 
and C there is also a statistically smaller failure of negative control: 
some of the missiles intended to be withheld are in fact launched. 
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taliation under the time pressures that 
launch-under-attack operations would 
impose [see illustration at right]. The sys
tem is first given instructions to execute 
one of the limited plans and then to 
switch to full retaliation. Damage is in
flicted either in the interval between the 
receipt of the two sets of instructions or 
after the arrival of the new instructions. 
The average results over 10 trials shown 
in the table indicate failures of both 
positive and negative control. 

A review of the disaggregated results 
by individual trials revealed two differ
ent sources of failure. In switching be
tween the two standard targeting plans 
the original plan prevailed on two of the 
10 trials in spite of the subsequent in
struction, as determined by the random 
factor of which of the centers happened 
to initiate its operations first. When 
greater requirements were imposed 
(modifying the standard plan by giving 
supplementary target assignments to 
specific missiles), the entire process con
sumed more time. In that circumstance 
the implementation of the instructed 
switch in plans was achieved on all 10 
trials, but some of the retargeting opera
tions were not completed by the time the 
missiles were launched. This process of 
switching plans is similar in its demands 
on the system to that of terminating a 
launch plan short of full execution. Un
der some damage conditions termina
tion is not possible once execution of the 
instructions is under way. 

The Brookings model is an exercise in 
logic rather than an empirical as

sessment, and its specific results are not 
as important as its general implications. 
In actual practice Minuteman missiles 
can be controlled through an airborne 
command post as well as through the 
ground network of fixed centers; if the 
aircraft were itself able to avoid serious 
disruption, it could overcome some of 
the specific failures reported in the mod
el's results. Even with greater depth and 
procedural adroitness, however, the real 
strategic-command system cannot re
move the inherent problems the model 
illustrates. Partial disruption is a major 
threat to the coherence of dispersed con
trol arrangements. It creates a variety of 
possible circumstances too substantial 
to allow clear prediction and significant
ly sharpens the trade-off between nega
tive and positive control. 

Military commanders aware of these 
problems will not have confidence in the 
net performance of their forces once se
rious disruption of the command system 
occurs, nor will they know how to strike 
an optimum balance between negative 
and positive control. This factor trans
lates into a very strong incentive to initi
ate offensive operations before damage 
occurs in order to ensure both the timing 
and the coverage of targets necessary to 
achieve military objectives. It also iden-

PLAN II FOLLOWED PLAN III FOLLOWED 
BY PLAN I BY PLAN I 

TARGETING NEW ORDERS NEW ORDERS NEW ORDERS NEW ORDERS 
PLANS ARRIVE ARRIVE ARRIVE ARRIVE 

BEFORE -AFTER BEFORE AFTER 
DAMAGE DAMAGE DAMAGE DAMAGE 

STANDARD P = 98 P = 51 P = 98 P = 69 
PLANS N = 2 N = 13 N = 2 N = 3 

RETARGETING 
P = 87 P = 49 P = 87 P = 68 

APPLIED TO 
PLAN I 

N=7 N = 15 N = 7 N = 13 

PERFORMANCE OF THE MODEL deteriorates as it is asked to execute more complicated 
instpuctions. In this case the command system is first given instructions to execute either Plan 
II or Plan III and then to switch to Plan I. Damage is inflicted either during the interval between 
receipt of the two sets of instructions or .after the new instructions arrive. In general the results 
reflect failures of both positive and negative control. When the supplementary target assign
ments of the standard plans are modified (bottom row), the entire process takes more time and 
some of the retargeting operations are not completed by the time the missiles are launched. 

tifies the opponent's command system 
as the target of greatest opportunity and 
the most likely means of achieving vic
tory. Thus the two opposing strategic 
forces appear to impose on each other 
powerful incentives for preemption as 
the most promising means of conduct
ing nuclear war. 

This conclusion reveals a threat of 
war very different from those common
ly imagined. For decades deterrence has 
seemed strong enough to guarantee that 
political leaders will avoid nuclear war 
as long as events remain subject to their 
conscious decisions. Existing command 
systems provide reasonable assurance 
that a technical failure or a human error 
will not be the prime cause of catas
trophe. Under normal circumstances, 
therefore, nuclear war has been consid
ered a sufficiently remote possibility. 
Both nuclear establishments, however, 
are subject to potentially fatal stress un
der crisis conditions. Both are commit
ted to conducting a nuclear war by 
means of elaborately programmed, 
carefully timed offensive operations 
that require coordination among the 
weapons involved. Although both as
pire in principle to the ability to adjust 
these operations to the exact circum
stances of war and although both have 
made a considerable investment in the 
protection of their forces in pursuit of 
that principle, actually neither can guar
antee such coordination after the first 50 
or  100 nuclear explosions have been 
absorbed. If war should ever appear 
unavoidable, military commanders on 
both sides charged with executing their 
assigned missions would inevitably seek 
authority to initiate an attack, whatever 
prior national-security policy may have 
been. They would do so with a forceful
ness that would depend directly on the 
intensity of the crisis. The pressures on 

political leaders at that point would be 
severe. Although there is no reason to 
doubt their continuing desire to avoid 
war, there are strong reasons to doubt 
their ability to contain their respective 
strategic organizations. 

Since there has not yet been a crisis 
severe enough to test these pressures 
and since prevailing strategic ideas do 
not readily identify the issue, this prob
lem has not been widely appreciated. 
The Cuban missile crisis of 1962 hap
pened before either of the two strate
gic forces had fully matured, and the 
Middle East crisis of 1973 did not trig
ger a full alert of nuclear weapons on 
both sides. Moreover, the weapons sys
tems that most exacerbate the problem 
are not those with advanced accuracy 
whose offensive capabilities are analyti
cally best understood but rather those 
that affect the timing and coordination 
of strategic operations. The American 
Pershing II intermediate-range missile 
in Europe, for instance, significantly re
duces the reaction time available to 
the Russian command system. Equally 
troubling is an often threatened but as 
yet undefined Russian capability to "put 
the U.S. in an analogous position." In 
addition antisatellite weapons capable 
of attacking critical warning and com
munications systems in space could se
verely degrade the coherence of an op
ponent's command system. 

The importance of those weapons de
velopments has not been recognized in 
the public debate over national-security 
policy. In the final analysis, therefore, 
the idea of launch under attack is best 
seen neither as a theoretical answer to 
the silo-vulnerability problem nor as an 
impractical policy that can be avoided, 
but rather as a symptom of perilous se
curity conditions that demand more 
thought than they have yet received. 
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The Atmospheric Effects of E1 Chich6n 
This relatively small but sulfur-rich eraption In 1982 injected 

into the stratosphere a fine mist of sulfuric acid droplets denser 

than any volcanic cloud since the great 1883 eruption ofKrakatau 

by Michael R. Rampino and Stephen Self 

The eruption of the Mexican volca
no El Chichon in late March and 
early April of 1982 was not partic

ularly large but it injected an unusual
ly large amount of volcanic material 
into the stratosphere. The eruption sent 
ash and volcanic gases more than 25 
kilometers aloft. Satellite observations 
made immediately afterward showed 
that the material in the stratosphere 
moved rapidly westward; within a few 
weeks a veil of fine material extended 
around the globe. In less than a year the 
stratospheric cloud had blanketed the 
entire Northern Hemisphere and a good 
part of the Southern Hemisphere. 

It has been known for some time that 
volcanic clouds in the stratosphere can 
affect world climate, notably by causing 
a decrease in the mean global or hemi
spheric temperature. Until recently it 
was thought the volume of fine ash and 
dust ejected by an explosive eruption 
was a good measure of the density of the 
cloud it would produce and therefore 
of its effect on climate. For example, 
the dust-veil index introduced in 1970 
by the British climatologist Hubert H. 
Lamb ranks the clouds created by his
torical eruptions on the basis of esti
mates of the amount of ash erupted, re
ports of atmospheric optical effects and 
the decrease in surface temperatures in 
the years following the eruption. Over 
the past 10 years, however, it has be
come clear that most of the dust settles 
out of the stratosphere in a few months 
and that long-lived volcanic clouds are 
composed not of dust but of an aerosol 
of sulfuric acid droplets. The amount of 
sulfur-rich gases released by an explo
sive volcanic eruption may therefore be 
a better indicator of its atmospheric ef
fects than the volume of ash erupted. 

The eruption of EI Chichon demon
strated for the first time that a relatively 
small but sulfur-rich volcanic eruption 
can indeed produce a dense, widespread 
stratospheric cloud. Although El Chi
chon ejected a volume of ash compara
ble to that erupted by Mount St. Helens 
in May, 1980, the stratospheric cloud 
it created was on the average some 100 
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times denser. Indeed, it was the densest 
cloud seen in the Northern Hemisphere 
since the eruption of Krakatau in Indo
nesia in 1883. The cloud thrown up by 
Mount St. Helens was composed pri
marily of fine ash that rapidly aggregat
ed into larger particles and settled out 
of the atmosphere, whereas EI Chichon 
left a dense haze of sulfuric acid drop
lets that will take several years to settle 
out completely. 

The size of the aerosol cloud can be 
related to the volcano's geologic char
acteristics, such as its general compo
sitional type and its eruptive style. El 
Chichon emitted enough sulfur gases 
to manufacture substantial amounts of 
sulfuric acid and was powerful enough 
to inject the gases into the stratosphere 
partly because it was a volcano of inter
mediate silica content. Volcanoes with a 
low content of silica tend to have a high 
content of sulfur; they also tend to erupt 
less explosively than those with a high 
content of silica. EI Chichon, however, 
had a much higher sulfur content than 
volcanoes of the same general composi
tional type, an anomaly geologists are 
still seeking to explain. The sulfur may 
have come either from sedimentary de
posits underlying the volcano or from 
sulfide deposits on one plate of the 
earth's crust that is plunging under an
other and melting. 

The sulfuric acid aerosol is formed by 
the photochemical reaction of sulfur 

gases released by a volcano with water 
vapor in the stratosphere. The aerosol 
causes a decrease in the mean global 
temperature because the droplets both 
absorb solar radiation and scatter it 
back into space. The reactions by which 
the sulfuric acid is synthesized are com
plex, however, and the reaction path
ways have not been completely worked 
out. It is also not completely understood 
how the climatic effects of a volcanic 
aerosol cloud depend on variables such 
as the rate at which the sulfuric acid 
forms, the rate at which the aerosol 
droplets grow and the rate at which the 
cloud spreads. Part of the problem has 

been a lack of data on volcanic clouds 
in the stratosphere. 

The atmospheric effects of EI Chi
chon are better documented than those 
of any other volcano that generated a 
large stratospheric cloud. The eruption 
is thus serving as a natural experiment in 
which monitoring instruments and theo
retical models of the chemistry and cli
matic effects of volcanic aerosols in the 
stratosphere can be tested. Although the 
wealth of information collected during 
and after the eruption is still being ana
lyzed, it is already apparent that there 
will be some surprises. For example, one 
analysis of temperature data suggests 
that the aerosol cloud may have had its 
maximum effect on Northern Hemi
sphere temperatures two months after 
the eruption, far sooner than most cli
mate models had predicted. 

El Chichon is at 17.33 degrees north 
latitude and 93.2 west longitude in Chia
pas, the southernmost state of Mexico. 
Three plates of the earth's crust meet 
near southern Mexico: the North Amer
ican plate, the Caribbean plate and the 
Cocos plate. The volcanic activity is re
lated to the subduction of the Cocos 
plate under the North American plate. 
EI Chichon and several associated vol
canic centers, however, lie in a gap be
tween the trans- Mexican volcanic belt 
to the north and the Guatemalan vol
canic belt to the south. This isolated po
sition may be related to a break in the 
Cocos plate caused by the subduction 
of the Tehuantepec Ridge off the south
western coast of Mexico. 

El Chichon, which was first described 
in 1928, was a volcanic peak rising only 
1,260 meters (4,130 feet) above sea lev
el. The conduits within it were capped 
with domes or plugs of solidified lava. 
Although fumaroles in the crater had 
been steaming for many years, the vol
cano had long been dormant. Recent 
carbon-14 dating indicates that the last 
eruption, which may have been 10 times 
the size of the one in 1982, occurred 
sometime between A.D. 1350 and 1400. 

The 1982 eruption was preceded by a 
month of earthquake activity that was 
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ERUPTION OF EL CHICHON in 1982 blasted away the upper 200 
meters of the old volcanic cone. The volcano, which is in a remote re
gion of southern Mexico, had been dormant for roughly 600 years. 
One of the few photographs of the volcano before the 1982 eruption 
(top) shows the rim of the old crater, the dome that capped the central 

conduit and a flank dome (lower left) capping a subsidiary conduit. 
The crater left by the 1982 eruption (hollom) lies within the old cra
ter, which is masked by new volcanic deposits. Water collected in the 
crater during the rainy season, forming a hot acidic lake; the tempera
ture of the water is about 50 degrees Celsius and the pH is less than 1. 
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SULFUR CONTENT of volcanic deposits just outside the crater is indicated by their yellow 
color. Analysis of'the volcanic ash EI Chichon erupted showed anomalously high values of sul
fate: up to 2 percent by weight. The sulfur is present in several forms, including crystals of an
hydrite (CaS04), which is rare in volcanic rocks. The yellow crust on these deposits is elemental 
sulfur that is probably being released by the breakdown of anhydrite. Estimates of the mass of 
the sulfur gases injected into the atmosphere by the eruption run as high as 20 million tons. 

recorded by a network of seismographs 
set up in the area in 1980 to monitor 
possible seismic activity caused by wa
ter impounded behind dams. The foci of 
the earthquakes were initially shallow 
(less than five kilometers deep), and be
fore the eruption they became even 
shallower (less than two kilometers 
deep). The seismic activity was proba
bly caused by the motion of magma up 
toward the surface or by the interaction 
of the magma with groundwater. 

PACIFIC 
PLATE 

MEXICO 

The eruption sequence has been de
termined from the deposits left by 
the volcano and their correlation with 
eyewitness accounts. The deposits were 
mapped soon after the eruption by Ha
raldur Sigurdsson and Steven N. Carey 
of the University of Rhode Island and 
by J. M. Espindola of the National Au
tonomous University of Mexico. The di
visions between the three major erup
tions on March 28, April 3 and April 4 
are marked by changes in the grain size 

GULF OF MEXICO 

• 
EL CHICHON • 

• 

TECTONIC MAP of southern Mexico shows the relation of EI Chichon to the Mexican and 
Guatemalan volcanic belts and to local tectonic features. Three major plates of the earth's 
crust meet near this region. The Caribbean plate is sliding past the North American plate along 
a series of faults in Guatemala, and the Cocos plate is being subducted under the North Ameri
can and Caribbean plates at the Middle American trench off the coast of Mexico. The volcan
ism is related to the subduction of the plate but has features that indicate the tectonics are not 
straightforward, such as the offset between the trans-Mexican and Guatemalan volcanic belts. 
The isolated position of EI Chichon may be the result of a break in the downgoing plate where 
the Tehuant.¢pec Ridge, an inactive fracture zone with which it is aligned, is being subducted. 
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of the ash deposits. The three eruptions 
were of the type called plinian after 
Pliny the Younger, who described the 
eruption of Vesuvius in A.D. 79. Plin
ian eruptions are marked by great col
umns of gases, dust, ash and pumice 
that are vigorously driven by convec
tion to heights of tens of kilometers. 
These eruptions, which lofted the gases 
and dust that became the stratospheric 
cloud, account for most of the deposits. 
The second eruption column, however, 
collapsed before it dissipated and pro
duced the ground-hugging avalanches 
of hot gas, ash and pumice called pyro
clastic flows. The pyroclastic flows left 
distinctive deposits of their own. 

The first plinian eruption began at 
11:32 P.M. on March 28 and lasted 

for five or six hours. The second, which 
began at 7:35 P.M. on April 3, differed 
from the first in that a. large amount 
of old volcanic rock was erupted. The 
presence of the older rock in the ash 
layer from this eruption indicates that 
the conduit of the volcano was being 
abraded and widened by the passage of 
magma. It was the widening of the vent 
and an accompanying decrease in the 
eruption velocity that may have led to 
the collapse of the eruption column. 

Plinian eruptions occur when the rate 
of eruption is high and the vent is rela
tively small (less than 200 meters in di
ameter). The lower part of the column 
is powered by the kinetic energy the ma
terial acquires in shooting through the 
conduit and the upper part is powered 
by convection currents set up in the at
mosphere by the hot material. If the 
eruption velocity decreases, the upper 
part of the column may become denser 
than the air and the column may col
lapse. Material that is still hot then falls 
back to the ground around the vent and 
surges outward, powered by the kinetic 
energy it acquires in falling and fluid
ized by the hot gases and air. As the 
pyroclastic material moves outward it 
segregates into denser, slower-moving 
pyroclastic flows and lighter, faster py
roclastic surges. The pyroclastic surges 
spread in all directions from the volca
no ahead of the flows, which are gener
ally channeled by the topography. 

The surges generated by El Chichon 
destroyed the dense forest on its flanks 
and the adjacent hills up to a radius of 
eight or nine kilometers from the crater. 
Most of the trees within this zone were 
blown down and charred, blackened or 
sandblasted on the side facing the volca
no. Temperatures were high enough to 
ignite dead wood and the wood of hous
es but generally not high enough to 
ignite living trees. Although the surges 
were destructive, they left only a thin 
deposit that thickens gradually toward 
the vent. Pyroclastic flows immediately 
followed the surges, coursing down the 
narrow river valleys on the slopes of the 
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volcano. The flows left comparatively 
thick radial deposits of ash and pumice 
that include blocks of the dense volcanic 
rock up to a meter in diameter and car
bonized logs. 

The third plinian eruption began at 
5:22 A.M. on April 4 and like the second 
produced ash and pumice deposits in
cluding large amounts of old volcanic 
rock. This time, however, the eruption 
column appears to have dissipated with
out collapsing. Close to the volcano the 
deposits from the third eruption are cov
ered with fine-grained ash. This thin ash 
layer was probably created when hot 
pyroclastic-flow material in the valleys 
came in contact with seasonal flood
waters and caused steam explosions. 

The volume of ash and pumice dis
charged during the eruption of El Chi
chon was not particularly large: be
tween .5 and .6 cubic kilometer. For 
comparison the 1902 eruption of the 
Guatemalan volcano Santa Maria dis-
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charged 10 cubic kilometers of material, 
the 1883 eruption of Krakatau 20 cubic 
kilometers and the 1815 eruption of 
Tambora in Indonesia more than 175 
cubic kilometers. 

The volcanic ash ejected by El Chi
chon was of the compositional type 

called andesite, commonly erupted by 
subduction-zone volcanoes. (The El 
Chichon magma is a potassium-rich one 
called trachyandesite.) The chemical 
composition of magmas varies from sili
ca-poor, iron-rich basalt through inter
mediate-composition andesite to silica
rich, iron-poor dacite and rhyolite. Sul
fur is more soluble in iron-rich mag
mas, and so basalt tends to have higher 
concentrations of sulfur than rhyolite 
does. To generate significant amounts of 
stratospheric aerosol, however, an erup
tion must be sufficiently explosive to loft 
the sulfur gases high into the atmos
phere, and silica-poor magmas tend to 

EL CHICHON ASH DEPOSITS 

EAST PACIFIC RISE SULFUR-RICH 

SULFIDE DEPOSITS 

erupt less explosively than silica-rich 
ones. Eruptions of intermediate-compo
sition material are well suited to inject
ing large quantities of sulfur gases into 
the stratosphere. The historical record 
suggests that the atmospheric effects of 
volcanoes and their general composi
tional type can be roughly correlated. 
For example, Mount Agung on Bali, 
which prod uced a large stratospheric 
cloud when it erupted in 1963, was a 
volcano of andesitic composition. The 
eruption of Krakatau, the first eruption 
whose atmospheric effects were inten
sively studied, was a very large one of 
dacitic composition. 

The ash deposited by El Chichon has 
a sulfur content that is anomalously 
high for any eruption. lohan C. Vare
kamp of Wesleyan University and 
lames F. Luhr of the University of Cali
fornia at Berkeley, who were among the 
first geologists to collect samples and 
analyze the chemical composition of 

WELL 

EL CHICH6N 

TWO SOURCES for the sulfur erupted by EI Chichon have been 
proposed. A deep drill hole near the volcano tapped sedimentary de
posits of anhydrite and salt formed by the evaporation of shallow 
seas some 100 million years ago (top). The magma may have assimi
lated large amounts of sulfur in passing through these layers on its 
way to the surface. The geologic cross section is based on the work of 
Robert I. Tilling and Wendell A. Duffield of the U.S. Geological Sur-

vey. It is also possible the sulfur was in the rock that melted to form 
the magma (bottom). In some sections of the midocean rifts where 
new oceanic crust is manufactured vents release sulfur-rich solutions. 
When the solutions precipitate, they coat the newly formed crust with 
sulfide deposits. A plate carrying such deposits may have produced 
a sulfur-rich magma when it was subducted and melted. The sulfur 
in the magma EI Chichon erupted may have come from both sources. 
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MAP OF TEMPERATURE of the top of volcanic cloud on March 
29, 1982, one day after the first major eruption of EI Chichon, was 
generated from data collected by the Advanced Very High Resolution 
Radiometer carried by the satellite NOAA 7. One channel of the ra
diometer measures the amount of radiation the atmosphere and the 
earth are emitting at infrared wavelengths. Before the eruption sea
surface temperatures, which might serve as a basis for long-range 

GASEOUS SULFUR DIOXIDE injected into the atmosphere by EI 
Chichon shows up clearly in an image generated by the Total Ozone 
Mapping Spectrometer carried by the satellite Nimbus 7 on April S, 
one day after the last major eruption. The cloud of volcanic sulfur 
dioxide is the black area extending from Haiti across the Yucatan 
Peninsula into the Pacific. In this area of the image the sulfur dioxide 
in the cloud is causing the spectrometer to register falsely high ozone 
levels. The spectrometer measures the amount of radiation reflected 
by the atmosphere in the ultraviolet region of the spectrum, where 
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weather forecasts, were being calculated from the radiometer data. 
When the volcanic cloud passed under the radiometer, however, the 
instrument detected primarily the emission from the cloud top. The 
color in this image varies from green to yellow to red with increasing 
temperature. The center of the cloud is colder than the periphery be
cause it is higher. Height of cloud can be determined by comparing 
infrared data with temperature profiles from balloon radiosondes. 

the principal absorbing gas is normally ozone but where sulfur diox
ide also has strong absorption lines. The spectrometer also calculates 
the ozone level by comparing the measured amount with a value com
puted by an atmospheric model into which information on general 
atmospheric radiance is fed. The colors in the upper half of the image 
correspond to ozone levels, varying from blue to brown to green with 
increasing concentration of ozone. The wave pattern in the ozone dis
tribution (a ridge is centered over the U.S.) is characteristic of the 
upper tropospheric circulation over the northern U.S. and Canada. 
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the ash deposits, found remarkably high 
values of sulfate: up to 2 percent by 
weight. Under the rr:icroscope one could 
see' free crystals of anhydrite (CaS04), a 
calcium sulfate mineral rare in volcanic 
rocks. When the ash was washed, it was 
found that sulfur was adsorbed on the 
surface of the ash particles; in other 
words, some of the sulfur gases released 
in the course of the eruption had been 
removed from the volcanic cloud by 
the ash. 

The anomalously high levels of sulfur 
in the ash might be explained by the 
presence of sedimentary deposits of sul
fur-rich minerals under the volcano. A 
deep drill hole made near the volcano 
in the course of exploration. for oil had 
penetrated thick layers of sedimentary 
anhydrite and salt formed by the evapo
ration of shallow seas some 100 million 
years ago. Several investigators have 
suggested that the magma rising toward 
the volcano may have assimilated large 
amounts of sulfur in passing through 
these layers. The question of the origin 
of the sulfur remains, however, unset
tled. William L Rose, Jr., of Michigan 
Technical University argues that the 
sulfur could have come up from great 
depths along with the magma. Large 
quantities of sulfur in the newly formed 
magma would seem to require an un
usual source of sulfur in the subducting 
plate. At some of the midocean rifts 
where new crustal plate is manufactured 
hydrothermal vents emit hot, sulfur-rich 
solutions that coat the newly formed 
crust with sulfide deposits. When such 
crust is subducted and melted, magmas 
unusually rich in sulfur may be formed. 

Studies of the isotopic composition of 
the sulfur in the anhydrite crystals and 
other sulfur-bearing products of the 
eruption of El Chichon may provide a 
way to determine their origin. The sul
fur in sediments deposited in the sea 
should be richer in the heavier of two 
sulfur isotopes than the sulfur in mag
ma. Initial studies suggest that the sulfur 
erupted by El Chichon was of mixed 
origin, but exactly how much sulfur 
was contributed by each source has not 
yet been determined. 

Given a magma rich in sulfur, how 
much sulfur is actually released 

from the molten rock in the eruption 
and how can the fraction of sulfur re
leased as sulfur gases be determined? 
Joseph D. Devine of the University 
of Rhode Island and Sigurdsson have 
developed a method of measuring the 
amount of sulfur in magma before an 
eruption from the composition of in
clusions in crystals. Crystals that form 
in the magma just before an eruption 
sometimes trap small amounts of the 
melt within them as they grow. The 
trapped magma may form beads of 
glass instead of crystallizing. The com
position of the glass reflects the preerup-
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SCATTERING PROFILES of the atmosphere show that the eruption of EI Chichon produced 
a stratospheric cloud far denser than the one produced by the 1980 eruption of Mount St. Hel
ens, which ejected a comparable amount of ash but was not sulfur-rich. The profiles were made 
from data obtained with the Iidar (light detection and ranging) system at the National Aero
nautics and Space Administration's Langley Research Center in Virginia on July 18, 1980 
(black), and July 1, 1982 (color). The amount of material in the atmosphere is determined from 
measurements of the amount of light in a laser pulse scattered back to the instrument; the alti
tude from which the light is scattered is determined from the travel time of the scattered pulse. 
The scattering varies with the density of the atmosphere as well as with the amount of dust or 
aerosol in the air. The ratio shown here is the ratio of the amount of light received from a given 
altitude to the amaunt the atmospheric molecules normally scatter. The scattering ratio of 45 
(at an altitude of 25 kilometers) is the highest ever recorded at the Langley Research Center. 

tion content of volatile constituents 
such as sulfur-rich gases. Devine and Si
gurdsson measured the sulfur content of 
the melt inclusions found in the ash at 
a number of volcanic eruption sites by 
means of an electron microprobe. They 
then determined the sulfur content of 
samples of volcanic glass formed in 
each eruption. The difference between 
the two is a measure of the extent of 
outgassing in the course of the eruption. 
The total amount of sulfur gases re
leased in an eruption can be estimated 
from this value and from measurements 
of the thickness of the ash deposits and 
the area they cover, which give the total 
volume of magma erupted. 

Devine and Sigurdsson have found 
a good correlation between their esti
mates of the amount of sulfur gases vol
canoes have released and decreases in 
mean hemispheric temperature; such a 
temperature decrease is one indicator 
of the size of the aerosol cloud the vol
cano produced. Their crystal-inclusion 
estimate of the amount of sulfur re
leased as gas by El Chichon, however, 
is much lower than direct estimates of 
the amount of sulfur in the stratosphere 
after the eruption. In the case of El Chi
chon some of the sulfur in the magma 
was in a form that did not show up in the 
measurements of the gases in the crys
tal inclusions. Sulfur may have been 
seq uestered before the eruption in tiny 
crystals of anhydrite like those found on 
the ash particles. During the eruption 
much of this sulfur would have been re
leased as sulfur-rich gases. 

Analyses of volcanic emissions show 
that sulfur is emitted as sulfur dioxide 
(S02) and to a lesser extent as hydro
gen sulfide (H2S) that is soon oxidized 
to sulfur dioxide. In the stratosphere 
the sulfur dioxide reacts with hydroxide 
(OH-) radicals created by the photo
dissociation of water vapor to yield in
termediate compounds such as hydro
gen sulfite (HS03), which eventually 
condense into droplets of sulfuric acid 
(H2S04) and water. Exactly how the 
droplets form is not known. Gaseous 
sulfuric acid will condense on minute 
seed particles such as volcanic dust or 
even on ions or small clusters of mole
cules. Molecules of hydrogen sulfite and 
water can form droplets simply by clus
tering, and molecules of sulfuric acid 
vapor and water may do the same. The 
photochemical reactions are protracted: 
the complete conversion of the emit
ted sulfur gases into aerosol may take 
weeks or months. New droplets contin
ue to form as others grow and settle 
out of the stratosphere. The cloud there
fore replenishes itself for some time. 

The spread of the cloud is determined 
by stratospheric circulation patterns. 
The stratosphere is the region between 
the lower atmosphere (the troposphere) 
and the upper atmosphere (the meso
sphere) where the temperature of the air 
does not change greatly with altitude. 
Because of its weak temperature gradi
ent there is little vertical mixing in it, 
and the volcanic gases tend to stay at the 
altitude to which they were injected by 
the eruption, thereby forming laycred 
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GLOBAL MAPS of the location of the volcanic cloud in the first 
three weeks after the eruption were made by combining information 
from the geostationary GOES East and GOES West satellites and the 
polar-orbiting NOAA 7 satellite. The extent of the cloud was deter
mined by examining the imagery the satellites produced from meas
urements of reflected visible radiation. Just before the eruption the 
wind in the stratosphere had begun to blow from the east as the strato
spheric circulation shifted into its summer pattern. The time it took 
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for the cloud to circle the globe corresponds to a wind speed of about 
20 meters per second (about 45 miles per hour). The cloud was con
fined, however, to a narrow range of latitudes by the circulation pat
tern. The boundary of the cloud is a broken line where its edge could 
not be determined exactly. Volcanic clouds generated by other erup
tions in the past two years (including Mount St. Helens, Alaid in the 
U.S.S.R. and Galunggung in Indonesia) dispersed to such an extent 
in only a few days that they could not be detected in satellite images. 
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clouds. The stratosphere has its own 
seasonal weather patterns; in the late 
spring and summer of the Northern 
Hemispbere the st:-atospheric winds in 
the subtropical location of El Chichon 
blow generally westward. Stratospheric 
winds quickly carry aerosols around 
the world, but it takes longer for the 
aerosols to spread north and south, a 
phenomenon that has been thought to 
be important in delaying the effect of a 
volcanic eruption on climate. 

All three of the plinian eruptions of 
£\.. El Chichon apparently injected sul
fur-rich volcanic gases and ash into 
the base of the SUbtropical stratosphere. 
Satellite observations suggest that the 
eruption on March 28 created a cloud 
at an altitude of about 20 kilometers, 
the eruption on April 3 a somewhat 
lower cloud and the April 4 eruption 
a massive cloud centered at 26 kilo
meters. The stratospheric clouds could 
be seen to spread westward, whereas 
the short-lived cloud of ash in the up
per troposphere spread eastward be
fore it dispersed. 

The stratospheric cloud was tracked 
by ground-based laser range-finding sys
tems and by a variety of instruments 
carried by satellites. The purpose of the 
laser ranging systems is specifically to 
monitor atmospheric aerosols, but some 
of the satellite instruments had been de
signed to monitor the wavelengths at 
which particular gaseous constituents of 
the air absorb or emit radiation, and it 
was something of a surprise that the 
position of the cloud could be deter
mined from the data they collected. 

The laser system is known as lidar: 
light detection and ranging. It measures 
the amount of light in a laser pulse that 
is scattered back by the atmosphere; the 
amount of aerosol can be determined 
by comparing the amount backscattered 
with that normally backscattered by the 
air molecules from a given altitude. As 
the El Chichon aerosol cloud spread 
around the globe, high back scattering 
values were successively recorded by 
ground lidar stations in the U.S., Japan 
and Europe. 

The most dramatic lidar measure
ments were those made at the Mauna 
Loa Observatory in Hawaii right after 
the eruption. Hawaii is immediately 
downwind of El Chichon, and the 
stratospheric cloud had not dispersed 
appreciably when it first passed over
head. The back scattering values regis
tered by lidar at the observatory were 
the highest ever recorded since the sys
tem went into operation in 1973. The 
cloud was 140 times denser than the 
Mount St. Helens cloud. 

Initially the cloud was dense enough 
to be detected by the solar radiation in 
the visible region of the spectrum it re
flected back into space. As the cloud 
moved around the globe from east to 

west it was tracked by means of imagery 
generated from measurements of reflec
tion made by many satellites, including 
NOAA 6, NOAA 7, GOES East, GOES 
West, GMS (Japan) and Meteosat (West

ern Europe). The tongue of densest aero
sol, which was centered at about 20 
degrees north latitude, reached Hawaii 
by April 9, Japan by April 16, the Red 
Sea by April 20 and had circled the 
globe by April 26. The movement of 
the cloud corresponded to an easterly 
stratospheric wind speed of about 20 
meters per second, or about 40 miles per 
hour. On its first circuit of the globe 
the cloud spread out somewhat until 
it covered a 25-degree belt extending 
from about five degrees north latitude 
to about 30 degrees. 

As the aerosol began to disperse it be
£\.. came increasingly difficult to distin
guish it from normal clouds, water va
por, the glint of sunlight on ocean waves 
and other sources of reflected light. It 
turned out, however, that satellite in
struments that had not been designed to 
detect the aerosol were able to track it 
for much longer. For example, the infra
red radiometer carried by Solar Meso
sphere Explorer, which normally meas
ures the radiation emitted by strato
spheric water vapor at a wavelength of 
6.3 micrometers, was able to detect in
frared emission from the volcanic aero
sol. One of the most interesting features 
of the maps generated from data gath
ered by this satellite is that they show 
that the bulk of the cloud remained 
south of 30 degrees north latitude for 
more than six months after the eruption. 
A blocking pattern such as this in the 
stratospheric circulation was unexpect
ed and is all the more intriguing because 
one analysis of temperature data sug
gests that El Chichon had its maximum 
effect on Northern Hemisphere temper
atures when most of the aerosol was still 
confined to latitudes only a third of the 
way from the Equator to the pole. 

Most of the satellite measurements of 
the cloud could be taken only as indica
tors of the amount of material in the 
stratosphere, including dust and water 
vapor as well as sulfuric acid aerosol. It 
was discovered soon after the eruption, 
however, that the amount of sulfur diox
ide gas in the volcanic cloud could be 
determined from measurements taken 
by the Total Ozone Mapping Spectrom
eter carried by the satellite Nimbus 7. 
The spectrometer normally determines 
the level of ozone absorption in the ul
traviolet region of the spectrum by com
paring the amount of ultraviolet the 
stratosphere is reflecting with a val ue 
obtained from a theoretical model of at
mospheric absorption, scattering and 
radiative transfer. 

Sulfur dioxide gas decreases the re
flectance of the stratosphere at ultravio
let wavelengths, indicating higher ap-

parent ozone levels, but the contribu
tion of sulfur dioxide can be separated 
from that of ozone and other gases if 
the reflectance at different wavelengths 
is examined. Sulfur dioxide absorbs at 
two wavelengths near .3 micrometer, 
whereas the other gases do not. On the 
basis of spectrometer data and esti
mates of the extent of the El Chichon 
cloud Arlin J. Krueger of the Goddard 
Space Flight Center of NASA estimates 
that the volcano injected 3.3 million 
tons of gaseous sulfur dioxide into the 
stratosphere. The data also suggest that 
all the sulfur dioxide had been con
verted into sulfuric acid by July, 1982, 
about three months after the eruption. 

That estimate of the initial amount of 
sulfur dioxide gas is less than estimates 
by other groups of the amount of sulfu
ric acid aerosol in the stratosphere. This 
raises the question of whether the sulfur 
was injected in the form of other gases. 
One possibility is that some of the hy
drogen sulfide emitted by the volcano 
was not oxidized before it was injected 
into the stratosphere. 

Samples of the cloud taken by aircraft 
and balloons provided a more intimate 
look at its composition and the dynam
ics of its growth and dispersal. The aero
sol was collected in flights made as part 
of the Lyndon B. Johnson Space Cen
ter's program for collecting cosmic dust 
and by a group at the Ames Research 
Center. David S. McKay and Ian D. 
R. MacKinnon of the Johnson Center 
found that the cloud still held a sig
nificant amount of ash in May and ear
ly June of 1982. About 85 percent of 
the ash consisted of angular glass frag
ments. The glass shards were coated 
with droplets of sulfuric acid, and some 
of them bore small sulfur-containing 
crystals, probably anhydrite or anoth
er sulfate. mineral that had sublimated 
onto the ash during or after the eruption. 

I
n May the ash particles had an aver

age diameter of between three and 
six micrometers. By July the larger ash 
particles had settled out of the strato
sphere and the average diameter had de
creased to between one and two mi
crometers. The samples also showed 
that aggregates of ash and sulfuric acid 
aerosol were forming that were low 
enough in density to reach much larger 
sizes before settling out. Aggregate par
ticles as large as 80 micrometers in di
ameter with densities as low as . 1  gram 
per cubic centimeter were found. 

The .best information about the dy
namics of aerosol growth and removal 
in the cloud was gathered by balloon
borne instruments. David J. Hofmann 
and James M. Rosen of the University 
of Wyoming have been sampling strato
spheric aerosols by balloon since 197 I; 
they sent aloft photoelectric particle 
counters that could detect condensation 
nuclei (minute particles on which va-
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pors can condense) as small as .02 mi
crometer in diameter and could distin
guish between liq uid droplets and solid 
particles by heating them. Plots of the 
size of the aerosol droplets in the cloud 
in May made by Hofmann and Rosen 
show two peaks, one near .04 micro
meter in diameter that is due to new
ly forming droplets and one near 1.4 
micrometers that is due to droplets 
that had grown by accumulating sul
furic acid vapor. Data from later bal
loon flights in August and October of 
1982 show a decrease in the number of 

very small droplets; the prod uction of 
condensation nuclei had apparently 
stopped by that time. Even as late as 
October, however, there was little de
crease in the number of large droplets; 
growing droplets were apparently still 
replacing those that had settled out of 
the stratosphere. 

The balloon-borne measurements of 
the average density and size of the drop
lets and estimates of the extent of the 
cloud have been utilized to estimate 
the total amount of aerosol in the strat
osphere. According to these data, a 
month after the eruption there may have 
been as much as 20 million tons of sulfu-

>
f-
Ci 
(5 
« 

(!J 
z 
Ui 
« 
w 
a: 
() 
z 

.35 

.30 

I.25 
f-
a.. 

� .20 
....J 
« () .15 
i= 
a.. 
0.10 

.05 

I'" 

II 
In p-

III ' t,' 

h� 
�v 

01882 

h � 
IIJ 

II 

� 
� 

1 I 

ro fl r l 
Mh r H lr-l .. ,JI, 

A 

I� � 
U I"v" l� \ 

1900 

ric acid aerosol in the stratosphere. By 
April, 1983, a year after the eruption, 
the amount of aerosol had decreased to 
less than eight million tons. 

Stratospheric aerosols affect the glob
al radiation budget mainly because they 
absorb and backscatter incoming solar 
radiation, although they also absorb in
frared radiation emitted by the lower 
atmosphere. Absorption and backscat
tering give rise to atmospheric optical 
effects and decreases in surface temper
atures. The absorption of the infrared 
in the incoming solar radiation shows 
up mainly as an increase in stratospher
ic temperatures. 

After the eruption of El Chich6n the 
temperature of the eq uatorial strato
sphere rose by about four degrees Cel
sius; the temperature was the warmest 
ever recorded since continuous mea
surements of stratospheric temperature 
were begun in 1958. Soon after the erup
tion atmospheric optical phenomena 
like those that followed the eruption of 
Krakatau in 1883 and of Mount Agung 
in 1963 began to be reported, and some 
were still being seen in late 1983. For 
example, Aden B. Meinel and Marjorie 
P. Meinel of the University of Arizona 
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reported unusually brilliant and pro
longed sunrises and sunsets in Tucson 
beginning in late Aprit Long windrows 
of aerosol were visible in the upper at
mosphere on May 7, when the main 
body of the cloud apparently passed 
northwest of the city. For some time the 
sky over Arizona was a whitish blue in
stead of the normal bright blue charac
teristic of the U.S. Southwest. 

The sunsets that indicate the presence 
of a stratospheric aerosol typically 

begin with a lavender glow that appears 
high over the horizon and changes grad
ually to yellow and orange. After the 
sun sets there is often a strong red af
terglow from sunlight reflected by the 
aerosol cloud that higher above the ho
rizon shades into purple. The stratifica
tion of the cloud may become apparent 
as horizontal streaks. Several observers 
also reported seeing Bishop's rings, an
other optical effect typical of volcanic 
aerosols. Such rings, named for the Rev
erend Sereno E. Bishop, who first de
scribed them after the Krakatau erup
tion, are halos around the sun in which 
the normal order of the colors is re
versed, with the red on the outside. 
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PEAKS IN ACIDITY of ice in the Greenland ice sheet correlate with 
periods when the atmosphere was reported to be less clear than nor
mal. The acidity of annual layers in an ice core taken from the ice 
sheet in the early 1970's (lop) is a good measure of the amount of 
sulfuric acid aerosol in the stratosphere at the time. The record of 
the optical depth (opacity) of the stratosphere in the Northern Hemi
sphere (hollom) was compiled from the reports made by observato
ries on the intensity of sunlight or starlight. Most of the peaks can be 
matched with contemporaneous eruptions, some of which are indi-

cated. The period between 1920 and 1960 was one of comparatively 
few large explosive eruptions that produced stratospheric clouds. The 
latitude of an eruption must be taken into account in interpreting the 
records. For example, Katmai, which erupted in 1912, and Hekla, 
which erupted in 1947, may have had a large effect on the acidity of 
Greenland ice because of their high latitude. The acidity of the ice 
core was measured by Claus U. Hammer of the University of Copen
hagen. The record of optical depth up to 1970 was compiled by Owen 
B. Toon and James B. Pollack of NASA's Ames Research Center. 
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The most important effect of the EI 
Chichon aerosol cloud on climate will 
probably be a decrease in mean global 
temperatures. Volcanic aerosols typi
cally cause a drop of a fraction of a 
degree C. Although such an apparently 
small decrease can be significant for cli
mate, separating it from hatural fluctua
tions can be difficult. This is particularly 
true in the case of the eruption of El 
Chichon, because 198 1 was the warmest 
year on record in the Northern Hemi- . 
sphere (about .5 degree C. above the 
long-term average) and temperatures 
had begun to decline in early 1982 even 
before the eruption. 

Investigators who have examined the 
statistical connection between volcanic 
eruptions and decreases in mean tem
perature find that temperatures aver
aged over a hemisphere drop by about .3 
degree C. for one to three years after 
major volcanic eruptions. More specific 
predictions of the effect the eruption of 
El Chichon will have on temperatures 
were made from the change prod uced 
by the eruption in the optical depth 
(opacity) of the stratosphere and from 
several different mathematical models 
of climate. Measurements of optical 
depth can be made by comparing with 
normal values the amount of light re
ceived by a photometer or a pyrheliom
eter. On the basis of the drop in temper
ature caused by previous eruptions that 
gave rise to similar changes in the strato
spheric optical depth it was predicted 
that El Chichon would cause Northern 
Hemisphere temperatures to drop by 
about .4 degree by late 1983. The cli
mate model developed by Alan Robock 
of the University of Maryland predicts a 
cooling of .5 degree by next winter (the 
winter of 1984-85). Other climate mod
els predict a similar decrease in temper
ature, although the delay in the drop 
varies from model to model with the 
assumptions about the spread and dissi
pation of the volcanic cloud. 

One recent analysis of the tempera
ture decreases following volcanic erup
tions (including the eruption of El Chi
chon) arrived at some startling conclu
sions. P. M. Kelly and Chris B. Sear of 
the University of East Anglia focused 
their analysis on mean monthly temper
atures in the Northern Hemisphere af
ter the major eruptions of the past 100 
years. It shows that the maximum tem
perature decrease occurs as soon as two 
months after a Northern Hemisphere 
eruption and is followed by a second 
decrease about a year later, after which 
temperatures slowly recover. The re
sponse of Northern Hemisphere tem
peratures to eruptions in the Southern 
Hemisphere may be delayed by seven or 
eight months. 

Kelly and Sear's analysis suggests that 
the eruption of El Chichon, at 17 de
grees north latitude, had its maximum 
effect on monthly temperatures (a drop 

of .2 degree C.) as early as June, 1982, 
two months after the eruption. More
over, since this maximum came before 
the cloud had blanketed the globe and 
while it still held significant amounts 
of dust, the inference is that a volcanic 
aerosol cloud can affect temperature in 
a wider belt of latitudes than it covers, 
and that both dust and sulfuric acid con
tribute to the cooling. 

Adrop in surface temperature may 
not be the only effect the eruption 

of El Chichon has had on global cli
mate. By altering the vertical profile 
of atmospheric temperatures it may 
have altered atmospheric circulation 
patterns, perhaps contributing to the in
tense El Nino event of last winter (the 
winter of 1982-83). An El Nino event is 
an abrupt change in the patterns of both 
atmospheric and oceanic circulation in 
the eq uatorial Pacific. Although the EI 
Nino pattern is recognizable around the 
Pacific, it is commonly associated with 
the sudden change in ocean currents 
off the west coast of South America, 
with which it typically begins. There 
the southeast trade winds periodically 
weaken. As the winds die down, the 
water in the western Pacific surges east
ward, cutting off the Humboldt Current 
that normally flows northward along the 
coast of South America, a disruption 
that in turn produces anomalous weath
er over the continent. 

The aerosol cloud could conceivably 
have caused the El Nino event by warm
ing the upper atmosphere in the Tropics. 
The warming of the stratosphere would 
have reduced the temperature difference 
between it and the surface of the earth, 
which could have led to a weakening of 
the atmospheric circulation and of the 
oceanic circulation it drives. The 1982-
83 event is particularly suspect because 
it did not follow the normal pattern of 
development. It was unusual in that it 
began to develop in May instead of 
October or November and in that the 
change in circulation patterns occurred 
across the entire Pacific at about the 
same time instead of moving westward 
from the coast of South America. 

Of the nine EI Nino events since 1950 
only two have not followed the normal 
pattern: the 1982-83 event and the 1963 
event that coincided with the eruption of 
Mount Agung, the last previous erup
tion to produce a dense aerosol cloud 
affecting tropical latitudes. On the other 
hand, some of the phenomena that pre
cede an EI Nino event, such as the drop 
in atmospheric pressure at Tahiti and 
Easter Island in relation to pressures at 
Australia and Indonesia, seem to have 
begun before the eruption of EI Chi
chon. For the present any causal con
nection between volcanic eruptions and 
atypical EI Nino events remains un
proved, and the question may not be set
tled until future events are examined. 

Now that EI Chichon has established 
the importance of the sulfur content of a 
volcanic eruption to its atmospheric im
pact, will it be possible to go back and 
establish the connection between the 
sulfur content of past volcanic eruptions 
and climate changes? Unfortunately 
andesitic eruptions such as EI Chichon 
leave little in the way of a geologic rec
ord. Andesitic volcanoes tend to erupt a 
small volume of magma and thus leave 
thin, easily eroded ash deposits. It will 
therefore be difficult if not impossible 
for geologists to assemble a complete 
record of past sulfur-rich eruptions 
from studies of ash deposits. Neverthe
less, freq uent small eruptions may have 
as important an effect on climate as 
one large eruption. Research with cli
mate models suggests that periods of 
increased volcanic activity could poten
tially have accounted for some of the 
relatively long-term decreases in global 
temperatures on record. 

One promising method of detecting 
past sulfur-rich eruptions is measuring 
the acidity of annual layers of ice in the 
earth's polar ice sheets (in Greenland 
and Antarctica). The total amount of 
sulfuric acid aerosol in the atmosphere 
can be calculated from the acidity of an 
ice layer if the latitude of the eruption is 
known, although volcanoes close to the 
ice sheet may have an inordinately large 
effect on acidity because their sulfurous 
gases arrive through the troposphere. 
Comparison of climate data with the 
acidity of layers in ice cores has brought 
to light interesting correlations. For ex
ample, relatively acidic ice was deposit
ed throughout the period from about 
A.D. 13 50 to 1700 known as the Lit
tle Ice Age. The correlations suggest that 
sulfur-rich volcanism may indeed be 
an important modulator of long-term 
trends in global climate. 

The ash deposited by EI Chichon is 
still being analyzed; the stratospher

ic aerosol is still being sampled by bal
loon, aircraft and satellite, and ground
based instruments are still detecting it. 
The information has already deepened 
understanding of the link between vol
canoes and global climate, and further 
analyses of the data and their applica
tion to modeling and predicting the ef
fect of volcanic eruptions on climate 
will occupy atmospheric scientists and 
volcanologists for years to come. The 
eruption provided a much needed test 
case for the hypothesis that the sulfur 
content of a volcanic eruption has a 
more important effect than the volume 
of ash it ejects on the size of the aerosol 
cloud it creates. What conclusions fur
ther analyses will yield remains to be 
seen, but the eruption of EI Chichon has 
provided a collection of data unrivaled 
by anything previously available on the 
effects of volcanic eruptions on world 
climate. 
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High-Energy Collisions 
between Atomic Nuclei 

Heavy nuclei traveling at 95 percent of the speed of light are now 
made to collide with target.nuclei. The debris includes anomalons, 
mysterious fragments that collide again much sooner than expected 

by Wm. C. McHarris andJohn O. Rasmussen 

On the first manned flight to the 
moon, in 1969, the astronauts 
aboard Apollo II reported a cu

rious phenomenon: when they closed 
their eyes to go to sleep, they saw an 
occasional pinpoint flash of light. It was 
soon surmised on the earth that the 
flashes were caused by heavy atomic nu
clei among the cosmic rays impinging 
on the spacecraft. The amount of energy 
deposited by each such nucleus inside an 
astronaut's retina was apparently great
er than the minimum required to stimu
late the retina's light-sensitive cells. 

Soon after the flight this hypothesis 
was tested. At the Lawrence Berkeley 
Laboratory of the University of Califor
nia the Bevatron, a high-energy proton 
accelerator built in the early 1950's, had 
recently been modified so that it could 
accelerate nuclei heavier than individu
al protons. Edwin M. Mc Millan, who 
was then the director of the laboratory, 
volunteered to put his head in the path 
of a low-intensity beam of high-energy 
heavy nuclei. He saw the same kind of 
flashes the astronauts had seen. 

High-energy nucleus-nucleus colli
sions since then have exhibited proper
ties more difficult to explain. For exam
ple, the collisions give rise to what are 
called anomalons: nuclear fragments 
that collide again within a distance that 
is puzzlingly short. Some of the proper
ties of the collisions are said to manifest 
a "leakage" of the force that binds nu
cleons (protons and neutrons) into a 
nucleus. Indeed, it is said the collisions 
may reveal the activity of quarks, the 
unseen theoretical constituents of pro
tons and neutrons. It seems certain that 
the extremes of temperature and pres
sure generated by high-energy nucleus
nucleus collisions will create new states 
of nuclear matter, such as the state the 
universe was in when its age could be 
measured in millionths of a second. 

What distinguishes high-energy nu
cleus-nucleus collisions so that the 
flashes they can cause in the eye were 
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discovered in space and not, say, by 
someone who was trying to sleep on an 
airplane? The most important difference 
lies in the rate at which a collision de
posits energy in matter. The rate is pro
portional to the square of the electric 
charge of the "projectile" nucleus par
ticipating in the collision. Thus a cos
mic-ray iron nucleus, which when it is 
stripped of the electrons that would oth
erwise be part of an iron atom becomes 
an ion with a positive charge of 26 units, 
deposits its energy at 262, or 676, times 
the rate of a cosmic-ray proton with the 
same velocity. In addition the heavy nu
clei in cosmic rays are likely to break up 
when they collide with nuclei of the gas
es in the upper atmosphere. This ensures 
that no heavy nuclei from cosmic rays 
penetrate into the lower atmosphere. 

Well before the flight of Apollo II the 
rate at which heavy ions deposit 

energy had led medical scientists to ad
vocate high-energy heavy-ion acceler
ators. They reasoned that a single hit 
by such an ion might kill a cancer cell 
instead of merely disrupting its activity. 
(The biological damage done by most 
forms of radiation is caused by the pro
duction of peroxides and other chemi
cal radicals in cells.) By the early 1970's 
several heavy-ion accelerators were in 
place, but their beams had ranges in 
tissue of a few millimeters at the most. 

Boosting the ions to greater energies 
would require accelerator rings like thc 
ones serving particle physicists. 

At that time physicists were reluctant
ly preparing to close down old accel
erators such as the Bevatron. Instead a 
new use arose: a vacuum transfer line 
was constructed so that the Heavy-Ion 
Linear Accelerator, or HILAC, also at 
Berkeley, could send its beam into the 
Bevatron. In this way the ions emerging 
from HILAC with an energy of 8.5 MeV 
per nucleon (that is, 8.5 million electron 
volts for each proton and neutron in the 
nucleus) could be further accelerated to 
energies as great·as 2 GeV (two billion 
electron volts) per nucleon. The com
bined machines, named Bevalac, could 
for the first time accelerate heavy nuclei 
in the laboratory to velocities as great 
as 95 percent of the speed of light and 
thereby give them energies approaching 
those of cosmic rays. These velocities 
and energies are said to be "relativistic" 
because bodies moving at appreciable 
fractions of the speed of light behave in 
ways predicted by the special theory of 
relativity. Meanwhile at the Joint Insti
tute for Nuclear Research at Dubna in 
the U.S.S.R. an accelerator named the 
Synchrophasotron began to accelerate 
carbon nuclei to twice the energy the 
Bevalac could give them. The beam, 
however, was less intense. 

Concurrent with these developments 

NUCLEUS-NUCLEUS COLLISION was photographed (lOp) in a streamer chamber at the 
Lawrence Berkeley Laboratory of the University of California. In such a chamber the passage 
of a charged particle leaves behind a track of ionized gas. A charge-coupled device (in effect a 
computer-controlled television camera) reconstructed the collision (middle). Peaks indicate 
the intensity of light, which represents both the ionization density of the tracks and the dis
tance of each track from the camera. A map (bollom) identifies some of the particles. The nu
cleus of an argon-40 atom entered at the left. Its kinetic energy was 72 billion electron volts 
(72 GeV). About .3 meter into the chamber it struck the nucleus of a lead atom in a lead oxide 
target. Most of the detectable debris /lung forward by the collision consisted of protons; their 
paths were bent slightly downward by a magnetic field in the chamber. A few of the particles 
in the debris were pions, which were created from the energy of the collision. Some positive 
pions crossed the tracks of the protons; a negative one traveled back toward the left. The heavi
est fragments were aggregations of protons and neutrons. They left short, highly ionized tracks. 
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an innovation in theoretical physics was 
opening a deeper level of understanding 
of the composition of matter: the quark 
theory of elementary particles was tak
ing shape as an account of the internal 
structure of protons and neutrons. It was 
already understood that the atomic nu
cleus consists of protons and neutrons in 
a set of orbital "shells." Now it was af
firmed that protons and neutrons each 
consist of three quarks. The proton con
sists of two "up" quarks and a "down" 
quark; the neutron consists of two 
"down" quarks and an "up" quark. The 
quarks have fractional electric charge: 
in units of the charge of the proton the 
charge of the down quark is -1/3 and 
the charge of the up quark is +213. Al
read y the q uar k theory has answered 
some basic questions about the admix
ture of states entailed when a proton and 

I' . , 
, 

a neutron combine to form a deuteron (a 
hydrogen-2 nucleus). Moreover, as we 
shall see, the quark theory has yielded 
insight into some otherwise mysterious 
occurrences in high-energy nucleus-nu
cle us coli isions. 

It is gratifying to note how the new 
capabilities for producing high-energy 
heavy-nucleus beams fill a gap in knowl
edge. Consider a chart in which the en
ergy one can give particles in the labora
tory is plotted against their mass. High
energy physicists have progressed along 
the energy axis, employing beams of in
divid ual particles: generally beams of 
electrons, protons and also mesons, the 
class of particles intermediate in mass 
between the electron and the proton. 
Conversely, nuclear scientists have pro
gressed along the mass axis. This leaves 
the area distant from both of the axes as 

• -= '"r-,..�",,�!,_#,_., ._� _ ":' ....... 
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THREE TYPES of high-energy nucleus-nucleus collisions were recorded, also at Berkeley, 
by placing photographic emulsions in the path of a nuclear beam of uranium 238 after each nu
cleus had been accelerated to an energy of 228 Ge V. In a peripheral collision (top) a uranium 
nucleus passed close enough to a nucleus in the emulsion so that the two interacted, if only 
electromagnetically. The interaction caused the uraninm to fission into two nuclear fragments. 
The target nucleus remained intact. (The squiggles emanating from the tracks are caused by en
ergetic electrons stripped off numerous atoms in the emulsion.) In a hybrid collision (middle) a 
uranium nucleus struck a nuclens in the emulsion but not head on. Both nnclei disintegrated. 
Some of the darker tracks were made by fragments of the target nucleus flying off at large and 
even backward angles. In a central collision (bottom) a uranium nuclens engulfed a nucleus 
in the emulsion. The agglomerate then disintegrated and its momentnm threw most of the 
fragments forward. The tracks in each collision have been magnified by some 400 diameters. 
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a terra incognita waiting to be explored. 
Let us examine what is already known to 
be there. 

Nucleus-nucleus collisions at relativ
istic energies can be classified in 

three categories: peripheral, hybrid and 
central. Although the division is some
what arbitrary, any given collision can 
generally be assigned to one category or 
another. In peripheral collisions one nu
cleus, a "projectile," grazes a second nu
cleus, a "target," or passes close enough 
to the target so that the two interact at 
least electrically. A large piece of the 
projectile continues forward. In hybrid 
collisions the projectile strikes the tar
get, but not head on. For example, the 
projectile may shear off half of the tar
get. Large parts of both nuclei disinte
grate. In central collisions the projectile 
hits the target more or less head on. The 
amalgam of the two then disintegrates, 
and the momentum of the projectile 
tends to throw the fragments forward. 

The peripheral collisions reward a 
close examination. The results of the 
collisions can be recorded by a variety 
of detectors: photographic emulsions, in 
which the passage of a charged particle 
through a sheet of silver bromide lays 
down a track of metallic silver; bubble 
chambers, in which the passage of a 
charged particle through a superheated 
liquid under pressure lays down a track 
of bubbles (in essence, the charged par
ticle causes local boiling), and stream
er chambers, in which the passage of a 
charged particle through a gas across 
which a high voltage is applied lays 
down a track of streamers, or electric 
discharges. All such detectors confirm 
that the fragments of a peripheral colli
sion have little change in direction from 
that of the projectile. 

What these detectors alone cannot 
show is the momentum or velocity of 
the fragments. For that a complemen
tary technique is brought into play: the 
collision is made to take place in a mag
netic field, which bends the trajectories 
of the fragments if they carry electric 
charge. The higher the momentum of a 
fragment, the less its trajectory is bent; 
this bending can be measured from the 
visual record of such a track or by an 
array of particle detectors positioned 
around the collision. The measurements 
reveal that the fragments of a peripheral 
collision have almost the same velocity 
as the projectile has. The small varia
tions that do occur can be related to the 
size of the fragment: the maximum vari
ation is shown by fragments with half 
the mass of the projectile. Moreover, the 
variation in the velocity is on the order 
of the variation in velocity that a nu
cleon has as it jiggles about in a nucle
us. (This jiggling is called Fermi motion 
and is much the same in all nuclei.) 

The fragments of peripheral colli
sions at lower energies do not show such 
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HEAVY-NUCLEUS ACCELERATOR at Berkeley is actually two 
accelerators connected by a beam-transfer line. The Bevatron (left), 
a ring-shaped accelerator 100 feet in diameter, was built in the early 
1950's. It was designed to accelerate protons to 6 GeV. By the 1970's 
it was obsolescent; then it proved to be capable of accelerating heavy 

nuclei. Today the Heavy-Ion Linear Accelerator, or HILAC (right), ac· 
celerates nuclei to an energy of 8.5 million electron volts (8.5 MeV) 
per nucleon (neutron or proton). The Bevatron boosts them to 2 Ge V 
per nucleon and velocities as great as 95 percent of the speed of light. 
The combination of Bevatron and HILAC is referred to as Bevalac. 

simple behavior. At lower energies the 
colliding nuclei can be in contact for a 
period of time many orders of magni
tude longer than the time it takes a nu
cleus to vibrate or the time it takes a 
relativistic particle to travel the diame
ter of a nucleus. Hence in even a grazing 
encounter two low-energy nuclei have 
opportunity to fuse or partially fuse. In 
effect they form a liquid drop of nucle
ar matter whose energy is sufficient to 
boil off nucleons in a number of direc
tions at a number of velocities. 

Much of the energy of a high-energy 
nucleus-nucleus collision is typi

cally converted into mass by the copious 
production of exotic, unstable subatom
ic particles, notably pions, which are 
the lightest of the mesons. They have 
an eventful history. In the 1930's Hide
ki Yukawa predicted their existence as 
"virtual particles" inside the nucleus. 
He argued that the strong force (the 
force that binds nucleons into a nucle
us) is carried by particles the nucleons 
exchange. The exchange would be un
detectable, and so a pion appearing 
spontaneously as a fluctuation in the 
state of a nucleus would be "virtual," 
not real. Nevertheless, the mass of a 
pion, expressed as the equivalent in 
energy, would be 139 MeV. 

A remarkable property of the pions 
generated by high-energy nucleus-nu
cleus collisions is that in peripheral col-

lisions many of the negative pions are 
electrically focused: the positive charge 
of the forward-flying fragment attracts 
the negative charge of each pion, so that 
it tends to acquire a velocity and a direc
tion much like those of the fragment. 
This could have practical applications. 
In Los Alamos, Vancouver and Zurich 
particle accelerators derive a beam of 
pions from the collisions of intense 
beams of high-energy protons; with a 
heavy-ion accelerator one might pro
duce pion beams more economically. 
The heavy ions of choice would be the 
nuclei of silicon. 28. It happens that for 
pions and for silicon-28 nuclei passing 
through matter the rate of energy loss as 
a proportion of the total energy is iden
tical. Hence it makes no difference at 
what point a collision gives rise to pions 
inside matter: a silicon-28 nucleus tra
versing a target can collide with a nucle
us anywhere inside the target, and the 
resulting negative pions will emerge 
well collimated in velocity with the pi
ons produced by other collisions. 

Asecond product of peripheral high
energy nucleus-nucleus collisions 

(and the occasional hybrid collision) is 
more mysterious than the pion. It is the 
anomalon: a projectile fragment whose 
mean free path (the distance it travelS 
before colliding again) is anomalously 
short. Perhaps the anomalon can best 
be described as a nucleus that interacts 

before its time. Over the past two years 
experimental evidence has been accu
mulating that anomalons indeed exist. 
The experiments are tedious, however: 
they require that sequences of collisions 
be traced, most often by the examina
tion of photographic emulsions under 
the microscope. Moreover, the very na
ture of the evidence, consisting as it does 
of a small number of seemingly prema
ture interactions, invites contention. To
day the nuclear-science community is 
split into camps of believers and disbe
lievers. Why have anomalons generated 
so much attention and controversy? If 
they do exist, they could well have far
reaching implications not only for nu
clear science but also for elementary
particle physics and thus for theories 
concerning the basic structure of matter. 

Anomalon.s were first noted in the 
early 1950's in photographic records of 
cosmic-ray collisions. Every once in a 
while a heavy-nucleus cosmic ray would 
collide with a nucleus in a photographic 
emulsion, creating a "star" (a burst of 
photographic tracks), and then a frag
ment of the collision would create a sec
ond star within a much shorter distance 
than one would predict: perhaps only 
one or two centimeters rather than the 
normal 10 or more. 

One can readily imagine the quanda
ry of investigators trying to explain this 
curious finding. Suppose we repeated
ly conduct the experiment of driving 
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PION FOCUSING is an attribute of high-energy nucleus-nucleus collisions; thus an argon-
40 beam at 21 GeV striking a potassium chloride target at the Bevalac produces negative pions 
"focused" so that they have nearly the velocity of the beam. Basically the heavier nuclear frag
ments of the collisions, which have a positive charge, attract the negative pions. The chart plots 
"rapidity," a measure appropriate for speeds approaching the speed of light, against momen
tum perpendicular to beam direction. Contour lines show relative numbers of negative pions. 
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an automobile down a highway at high 
speed and then running it off the road 
into a forest of randomly spaced large 
trees. Sometimes we crash almost im
mediately, sometimes we make it be
tween many trees and therefore travel a 
longer distance. After many trials an av
erage distance is established, depending 
on the width of the car and the average 
spacing between the trees. In a subse
quent set of trials the automobiles are 
outwardly the same. The only difference 
we know of is that they have been re
paired after one or more of the earlier 
crashes. We are astonished to find they 
crash into trees after an average of one
tenth the distance the new cars traveled. 
Clearly something unexpected has hap
pened. After one crash the cars act as if 
they were much wider. Such cars would 
qualify as anomalons . 

Observations of anomalons in photo
graphic records of cosmic-ray collisions 
were reported sporadically throughout 
the 1950's and 1960's. Then the ad vent 
of beams from the Bevalac made rec
ords of controlled high-energy nucleus
nucleus collisions available in sufficient 
quantity so that the properties of anom
alons could be gauged. Three groups, 
one at the Lawrence Berkeley Laborato
ry, one at the National Research Coun
cil of Canada in Ottawa and one at the 
State University of New York at Buffa
lo, examined photographic emulsions 
that had been exposed to Bevalac beams 
of various nuclei at various energies, 
ranging up to iron-56 nuclei at 1.88 GeV 
per nucleon. A group at the University 
of Minnesota reexamined the cosmic
ray records. As of two years ago, the 
time of the First International Work
shop on Anomalons, held at Berkeley, 
the combined efforts had led to the fol
lowing results. 

First, anomalons did indeed have 
mean free paths that were anoma

lously short. Among the projectile frag
ments traced by the various groups a 
small percentage (roughly 6 percent, al
though the reported figures varied from 
3 to 10 percent) had mean free paths no 
greater than 2.5 centimeters, or less than 
a tenth the length of the paths exhibited 
by the projectiles. Second, anomalons 
were observed only when the energy of 
the projectiles was greater than 1 GeV 
per nucleon. (Little work had been done 
below 1.8 GeV per nucleon, and so the 
precise energy threshold was uncertain.) 
Third, anomalons had to have a lifetime 
on the order of at least 10-10 second; 
otherwise they would not have traveled 
2.5 centimeters. That lifetime is roughly 
13 orders of magnitude longer than the 
time required for events such as the vi
bration of a nucleus. Fourth, if anoma
Ions decayed spontaneously in flight, the 
decay would have to be accompanied 
by the emission of only electrically neu
tral particles, namely neutrons or gam-
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ma rays (high-energy quanta of electro
magnetic radiation), because no charged 
particles were observed emanating from 
the paths of anomalons across photo
graphic emulsions. Fifth, the properties 
of anomalons appeared to be indepen
dent of the amount of charge of the frag
ment. Some tenuous evidence did sug
gest, however, that anomalons with only 
one or two units of charge never form. 

Sixth, and perhaps strangest of all,_ 
anomalons exhibited a memory effect 
that can be expressed as "once an anom
alon, always an anomalon." More pre
cisely, it seems a fragment emerging 
from a star prod uced by an anomalon 
has a greater chance of being an an om
alon itself than it would have if it 
emerged from a star prod uced by some
thing other than an anomalon. Either 
anomalons have a good chance of sur
viving a collision or something about 
anomalons makes it relatively easy to 
remake one in a collision. 

It is quite a set of properties. Over the 
past two years groups in laboratories 
around the world (Egypt, Germany, In
dia, Italy, Sweden, Switzerland and the 
U.S.S.R.) have been examining photo
graphic records from both the Bevalac 
and the Synchrophasotron; thus the 
statistics on anomalons have been im
proved. Moreover, some groups have 
begun to employ new detectors, notably 
plastic-track detectors. Certain plastics 
are susceptible to damage by heavy ions; 
hence stacked sheets of such a plastic 
are exposed to ions and then chemically 
etched. The etching enlarges the damage 
sites into tiny conical pits that trace the 
path of the ion. The great advantage of 
the technique is that for ions of a given 
velocity the diameter of the pit is a 
measure of the charge, and the pit diam
eters can be measured by computerized 
scanners. At the Second Internation
al Workshop on Anomalons, held in 
Berkeley last summer, the participants 
agreed that the list of six properties 
was still viable, although still not fully 
proved. In addition several groups re
ported that the electric charge of anom
alons seems always to be a multiple of 
the unit electric charge. Thus a seventh 
property can be added: anomalons do 
not have fractional electric charges. In 
other words, anomalons appear not to 
include stray quarks. 

Devising a satisfactory theoretical ex
planation of anomalons is at least 

as difficult and confusing as the experi
mental work has been. Many theories 
have been proposed, but none so far has 
covered the facts so well that it is ac
cepted as probably being correct. The 
most spectacular theories are those in 
which anomalons are manifestations of 
quarks. Such theories rest on an analo
gy. Consider the chemical bond. It is a 
short-range, saturable interaction. That 
is, it binds only particular numbers of 
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RELATIVISTIC CONTRACTION is a further attribute of the collisions. Here a hypotheti
cal ultrahigh-energy collision is shown. A uranium nucleus with an energy of one trillion elec
tron volts per nucleon approaches a uranium nucleus at rest (a). The projectile, which travels 
at more than 99.999 percent of the speed of light, appears to be a disk; its contraction is predict
ed by the special theory of relativity. Its encounter with the target lasts for only 10 -22 sec
ond, far too short a time for the two to come to an e.quilibrium; thus the projectile passes 
through (b). Nevertheless, it raises the target to a temperature of more than one trillion degrees 
(c). Such temperatures may approach those of the universe immediately after the big bang. 

neighboring atoms. Nevertheless, it aris
es from a long-range force: electromag
netism. The bond is short-range only 
because the electric charge of the nu
cleus and the charge of the electrons 
in an atom are equal and opposite, so 
that they cancel when the atom is at a 
distance. 

Now consider the bond that holds nu
cleons together. It too is short-range 
and saturable. Its normal range is less 
than the size of a nucleus. Yet it too may 
arise from a long-range force. The bond 
holding nucleons together would then 
be short-range only because each of the 
three q uar ks in a nucleon has a strong
force charge, called "color," and the col
ors normally cancel. 

Anomalons furnish one of the first 
real grounds for speculation that the 
strong force may have a long-range 
leakage. Therefore attempts have been 
made to visualize anomalons as assem
blages of quarks in which the colors do 
not cancel, so that a long-range strong 
interaction facilitates collisions and 
shortens a nuclear fragment's mean free 
path. The attempts have ranged from 
the "demon deuteron" (a deuteron taken 
to consist of three quark pairs rather 
than two quark triplets) to great dough
nut-shaped masses of quarks. No at
tempt has been compatible with all the 
items in the list of anomalons' proper
ties. Not the least of the difficulties is the 
finding that anomalons are created at 
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energies less than the ones at which one 
would expect an extensive rearrange
ment of quarks or much production 
of quarks. 

The explanations of anomalons that 
do not rely on quarks have been similar
ly diverse. They range from bubble nu
clei (hollow balls consisting of nucleons) 
to quasi-molecular nuclei (dumbbell
shaped aggregates arising when two nu
clei join but do not amalgamate). The 
idea is to make the anomalon a swollen 
or distended object, so that its chance of 
being struck in a collision is increased. 
The explanations also include a pro
posal that we ourselves have devised, in 
which anomalons consist of negative pi
ons strongly bound to neutron-rich nu
clear fragments. The pions could draw 
neutrons outward in the nuclear matter 
by convection and thereby extend the 
surface, giving the fragment protuber
ances. We argue that pions are produced 
in copious quantity by nucleus-nucleus 
collisions and that the negative ones are 
focused around the larger fragments. In 
addition we note that pions are attracted 
to protons and neutrons by the strong 
interaction. The attraction of negative 
pions is known to be much greater for 
neutrons than it is for protons. 

A problem with our model is that any 
contact of negative pions with protons 
makes the matter disintegrate in times 
that are short compared with the life
time of anomalons. We are encouraged 
all the same by recent theoretical calcu
lations suggesting that a body consisting 
of a few negative pions and a few neu
trons might be sufficiently long-lived to 
be detectable. No such "pineuts" have 
ever been seen, but searches at vari
ous heavy-ion accelerators may have a 
chance of finding them. Indeed, it is be
ginning to appear that negative pions 
bound in nuclei may be a phenomenon 
not peculiar to a theory of anomalons. 
Certain data gathered by particle detec
tors imply that pions have orbited nucle-
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ar fragments and then have been flung 
away. Accordingly we speculate that the 
anomalon is a pineut halo surrounding a 
nuclear core, with centrifugal force on 
the pineuts keeping them away from the 
protons at the core. Perhaps the requi
site neutron-rich nucleus (or neutron
rich regions in a nucleus) explains the 
memory effect observed in anomalons. 
A neutron-rich nuclear fragment would 
tend in subsequent collisions to make 
further neutron-rich fragments. 

Can a connection be seen between 
negative pions bound to neutrons and a 
long-range strong-force leakage? So 
far the efforts to treat simple nuclei 
as clusters of quarks have"centered on 
multiples of quark triplets. Such multi
ples virtually guarantee that the color 
charges will cancel. What about calcula
tions based, say, on a negative pion and 
two neutrons? That is the simplest pi
neut. It would consist of eight quarks: 
five down quarks, two up quarks and 
one anti-up quark. (A negative pion is 
taken to be a pairing of a down quark 
and an anti-up quark.) Such a cluster 
seems less likely to guarantee canceling 
color charges; it ought to be pursued. 

One aspect of high-energy nucleus
nucleus collisions makes them par

ticularly promising for cosmological re
search: the impressive rate at which a 
high-energy heavy nucleus can deposit 
energy in a target nucleus suggests that 
the target nucleus could be heated to 
a temperature approaching that of the 
universe a short time after the big bang. 
Such temperatures could not be reached 
by bombarding heavy nuclei with beams 
of electrons or protons; the lightness of 
these projectiles means they would dissi
pate only a small fraction of their total 
kinetic energy as they passed through 
even the heaviest nucleus. In contrast, a 
central collision between two uranium 
atoms could stop the projectile, which 
thus would dump all its kinetic energy. 
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A German-U.S. collaboration at the 
Bevalac has looked into the extent to 
which nuclei at top Bevalac energies re
ally stop in central collisions. They have 
constructed an elaborate spherical shell 
of multiple detectors that determine 
both the energy and the rate of energy 
deposition of particles emerging from a 
target. A further wall of detectors is 
positioned a few meters "downstream." 
Together the "ball and wall" incorpo
rate more than 1,000 detectors. The data 
show that calcium nuclei are too small 
to stop each other completely but that 
niobium nuclei are large enough. 

The concept of a nucleus having tem
perature calls for an explanation. In gen
eral temperature is simply a measure of 
the random motions in a group of parti
cles. The energy of a nuclear collision is 
transformed, at least in part, into the 
random motions of the nucleons in a 
nucleus; hence it is appropriate to speak 
of a nuclear temperature. Somewhat 
more specifically, it is characteristic of 
matter in thermal equilibrium, whether 
it consists of nucleons, of molecules or 
of macroscopic particles in random mo
tion, that the distribution of velocities 
falls off exponentially. In other words, 
high-energy constituents are relatively 
scarce. The average kinetic energy is 
proportional to the temperature, T. of 
the matter, expressed in degrees Kelvin; . 
the constant of proportionality is Boltz
mann's constant, k. Nuclear scientists 
prefer not to deal with T. which can 
assume unwieldy values (billions of de
grees). They employ as a surrogate kT. 
the average kinetic energy per nucleon. 

Let us give some examples. The tem
perature of the surface of the sun (T) is 
about 6,000 degrees K. The correspond
ing kinetic energy kTis .5 electron volt. 
This means the atoms at the surface of 
the sun have less kinetic energy than 
electrons get when they are accelerated 
by the voltage of a flashlight battery. 
(One realizes that the kinetic energy a 
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ANOMALONS are a mysterious aspect of high-energy nucleus-nu
cleus collisions; they are nuclear fragments that make subsequent 
collisions within a distance that is anomalously short. This illustra

tion gives an example. An iron nucleus with an energy of 1.88 GeV 
per nucleon collided with a nucleus in a photographic emulsion, pro
ducing a chromium nucleus (a). After a flight of 1.62 centimeters the 
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chromium nucleus collided, producing a calcium nucleus (b); one 
would have expected an average flight of 10 centimeters or more. Af
ter .3 centimeter the calcium nucleus collided, producing a sodium 
nucleus (c); again the flight was anomalously short. After 3.75 centi
meters the sodium nucleus collided, producing most notably a helinm 
nucleus (d). The sequence of collisions was recorded at the Bevalac. 
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particle gets when it is heated is typical
ly not impressive.) The temperature at 
the center of the sun is thought to be 1 S 
million degrees. The corresponding ki
netic energy is 1,300 electron volts, or 
about the energy of electrons striking 
the screen of a picture tube in a televi
sion set. The temperature at the center 
of a star as it becomes a supernova 
is thought to be a few billion degrees. 
The corresponding kinetic energy ap
proaches I MeV, or about the energy 
imparted to electrons in the most power
ful electron microscopes. That is the up
per limit of the temperatures generated 
by processes active in the universe to
day. In the early universe much great
er temperatures are thought to have 
prevailed. 

Can anything special happen to nu
clear matter when it is raised to 

extremely high nuclear temperatures? 
Consider what happens to ordinary mat
ter when it is heated. Initially most such 
matter is solid. As it is heated it melts, 
becoming a liquid; then it boils, becom
ing a gas. Next its molecules are torn 
apart into atoms. Finally electrons are 
torn from the atoms, so that electrons 
and ionized nuclei, some of them com
pletely stripped of electrons, move in
,dependently in a gas of charged parti
cles: a plasma. 

Nuclear matter is thought not to have 
a solid phase; it more nearly resembles a 
liquid. Theorists predict, however, that 
high temperature (or great pressure) 
would bring on a phase transition, in 
which nucleons break up into quarks 
and gluons: the exchange particles that 
bind quarks together. The result would 
be analogous to a plasma: individual 
quarks would range throughout the 
nucleus instead of moving only inside 
quark-triplet "bags." 

These phases of nuclear matter are of 
course quite speculative. Yet one can 
argue that in addition to the normal, liq
uid phase and the predicted plasma 
phase, a "pion condensate" phase can be 
achieved at high nuclear densities with
out high nuclear temperatures. In such a 
phase the nucleons in a nucleus would 
array themselves in layers so that the 
spin, or intrinsic angular momentum, 
of the nucleons in one layer would be 
aligned in one direction and the spin in 
the next layer would be aligned the op
posite way. ("Pion condensation" is a bit 
of a misnomer and has to do with the 
calculated stability of pion binding in 
dense nuclear matter.) There has been 
speculation that the center of neutron 
stars might be nuclear matter in a pion
condensate phase. Unfortunately the 
efforts to produce such a phase on 
the earth are hampered by the problem 
of giving nuclear matter a high density 
without giving it high temperature. 

How hot and dense does nuclear mat
ter have to get to become a quark-gluon 
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NUCLEAR TEMPERATURES attained in nucleus-nucleus collisions at Bevalac energies 
serve as a probe of various models of nuclear matter under extreme conditions. The curves are 
theoretical calculations that embody different assumptions about nuclear matter. One assump
tion (hOI/om cllrI'e) is that the heating of nuclei converts all the available energy into matter: 
namely hyperons, excited states of nucleons. The hyperons can then decay into nucleons and 
pions. The opposite assumption (top cllrl'e) is that the heating takes place without chang
ing the nucleons into other particles at all. A third assumption (middle cllrt'e) is intermediate. 
The temperatures in the chart are all expressed as their kinetic-energy equivalent in MeV. 
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(QUARKS CONFINED) 
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HYPOTHETICAL PHASE DIAGRAM shows the forms of nuclear matter that may emerge 
under widely varying conditions of temperature and pressure. Normal nuclei are in a Iiquid
like phase (dark gray): they are a "fluid" of neutrons and protons. At extremely high tem
peratures and pressures these nucleons may dissociate into quarks and gluons, their supposed 

constituents (light gray). At combinations of high pressure and intermediate temperature a 
third phase may exist, in which the spins of the nucleons are organized into layers (medillm 
gray). One trajectory in the chart follows the evolution of nuclear matter in the early universe 
(a). A second trajectory follows the evolution of nuclear matter in a supernova explosion (h). 
A third trajectory follows the evolution of nuclear matter in a central nucleus-nucleus colli
sion (c). A different realm might be accessible to peripheral nucleus-nucleus collisions (color). 
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plasma? To calculate an answer with 
any certainty is a task now occupying 
powerful computers. The results are not 
yet in, but the best estimates so far sug
gest that the temperature at normal nu
clear densities would have to approach 
200 MeV. Such conditions are probably 
just beyond the reach of existing heavy
ion accelerators. Still, experiments are 
being mounted just in case to look for 
indications that a quark-gluon plasma 
might already have been created. 

Anumber of still newer accelerators 
may provide better chances yet. 

Some have just been completed and 

SECOND 
CYCLOTRON 

others are being built in laboratories 
around the world. Thanks to supercon
ducting magnets and dependable micro
electronic controls they can be more 
compact and less costly than their ad
vocates had feared. Nevertheless, the 
extremely high-energy nuclear beams 
needed for the exploration of nucle
ar phases and their cosmological im
plications remain prospective. Both the 
Lawrence Berkeley Laboratory and the 
Brookhaven National Laboratory have 
made preliminary proposals for heavy
ion accelerators (and the associated ion
storage rings) in the TeV (trillion elec
tron volt) range. 

For the time being the available accel
erators yield a glimpse of the science 
that deals with relativistic nucleus-nu
cleus collisions. It is a hybrid science, 
relying on knowledge of two fields: high
energy subatomic-particle physics on 
the one hand and nuclear science on the 
other. In recent decades the two have 
been veering apart, and today they have 
little interaction. Yet the juncture of two 
climates can generate not only great 
turbulence but also great fertility. The 
juncture of two sciences, particle phys
ics and nuclear science, for the study 
of nucleus-nucleus collisions has a sim
ilar potential. 

FIRST CYCLOTRON EXPERIMENTAL AREA 

SUPERCONDUCTING CYCLOTRONS at Michigan State Uni
versity are the first such devices; a pair of them will accelerate heavy 
nuclei to energies as great as 200 MeV per nucleon. One cyclotron, al
ready completed, will accelerate slightly ionized atoms along a spiral
ing path between the propeller-shaped poles of a superconducting 
magnet only 10 feet in diameter. (The acceleration region itself is 

only 52 inches in diameter.) The resulting beam of ions will be direct
ed through a foil, which strips the atoms of many remaining elec
trons, and into the second cyclotron, which will accelerate the ions 
further. The pair of machines will be modest in size and in cost com
pared with recent accelerators but will generate beams whose ener
gy per nucleon is greater than that of most heavy-ion accelerators. 
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Strong medicine for 
feverish health-care costs. 

A new blood analysis system which embodies 
Kodak's expertise in chemiStry, optics, physics, and 
electronics is helping clinical labs control costs. 
Its flexible software design is bringing new 
ease and reliability to the process of blood 
analysis. It can improve laboratory effi
cie.ncy, increase productivity, and help 
to put health-care costs on the road to 
recovery. 

The new system incorporates numer
ous technological inventions with such 
intricate design and engineering that 
it can perform a full range of routine tests - including kinetic enzyme, as well as po
tentiometric and colorimetric analysis-in 
operator-preferred sequence. If this sounds like 
quite an accomplishment, it is. 

The Kodak Ektachem 700 analyzer incorpo
rates 20 megabytes of hard-disk memory, relies 
upon Kodak's dry layer-coated Ektachem clini
cal chemistry slides like the one shown,* and 

© Eastman Kodak Company, 1984 

it produces hard-copy results for physicians' eval
uation. In just 5 minutes! 

But its big advantage is selective testing. At 
the touch of a CRT screen, this analyzer per-

forms any combination of one to 26 assays 
and has the potential to report up to 7 

additional calculated results on a single 
patient sample. That's a big plus, because 
it helps to eliminate wasted tests and 
wasted time, and contributes to operat

ing economy. 
Surprised that we're so committed to 

health care? You shouldn't be. We' ve been 
serving diagnostic medicine with radiog-

raphy products for more than 80 years . 
If you'd like technical papers dealing with the 

technology involved in Kodak Ektachem prod
ucts, write: Eastman Kodak Company, Dept. 
GBSA-I0, 343 State Street, Rochester, NY 14650. 

Kodak. Where technology anticipates need. 

, 

·With Ektachem slides, complex sequential reactions can be 
carried out in ways not possible in solution chemistry. Multilayer 
coatings offer domains for multiple reactions within the single· use 
slide. In some layers, interfering substances can be trapped or 
altered; in other layers, reactions can be run which produce 
measurable Signals. 

© 1983 SCIENTIFIC AMERICAN, INC



Lockheed knows how. 
It's a project with promise that defies comprehension. 
It's the NASA Space Telescope, managed by the Marshall 

Space Flight Center and being assembled and tested by 
Lockheed. It's scheduled for launch into 320-mile-high 
orbit by the Space Shuttle, and it will extend the observa
tion reach of astronomers far out into the violent turmoil 
of space. 

They'll look back about 14 billion light-years to 
where many think the universe edges lie. That's seven 

times farther than Earth
bound telescopes, hindered 
by atmospheric murk, have 
yet been able to see. And 
the telescope will find, 
lock onto, and study faint 
objects and masses only 
1j50th as bright as any so 
far beheld. 

A masterpiece gets ready for action. 
T�is astronomical observatory, the finest galactic 

telescope system ever built, will be a masterpiece of 
advanced technology in optics, instrumentation, com
munications, and pointing control. 

It will be large-43 feet long, 14 feet in diameter, and 
weighing about 24,000 pounds. When carried aloft, it will 
occupy the entire cargo bay of NASA's big-airliner-size 
Space Shuttle. 

Once the telescope is deployed, its solar panels (being 
built by the European Space Agency) will unroll like long 
window shades, facing the sun to convert light into 

battery-stored electric power. High-gain radio antennas 
also will stretch out into position to work via relay satellites 
in communication to and from Earth. 

And then the great instrument will go to work, its on
board computing and control systems already intricately 
programmed for the first viewing events. 

The magnificent mirrors. 
Capturing a wide spectrum of faint light (visible, red, 

blue, infrared, and ultraviolet) that has traveled billions of 

The extremely smooth, precisely shaped primary mirror surface will 
result from two full years of grinding and polishing. 
years is the job of the optical assembly (being built by 
Perkin-Elmer). 

A concave, foot-thick primary mirror, eight feet in 
diameter, will receive light coming in through the 
telescope's sun-shielded aperture. It will reflect and focus 
the light forward onto a smaller, facing mirror, which in 
turn will reflect the light back through a hole in the 
primary mirror's center. The final focal plane will be 
shared by a complex of guidance sensors and five scien
tific instruments. . high-resolution cameras, spectrographs, 
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and a photometer (being bui lt by several i nst i tut ions). 
In their  i nterference-free environment, the mirrors and 

instruments will help produce and transmit images with 
resolut i on 10 times greater than now possible with ground
based telescopes. 

Fixing mankind"s steadiest gaze. 
Those mirrors and i nstruments, however, couldn't do 

thei r  best without a unique Lockheed pointing control 
system ( PCS) that posit ions and holds them precisely on 
target. And that is i ncorporated in the Lockheed Support 
Systems Module, containing the interfaci ng, communica
t ions, thermal control, data management, and electric 
power systems. 

Us ing sensors and gyroscopic devices, the PCS will 
move and adjust the huge telescope i nto a programmed 
v iewing att itude. The Perkin-Elmer f i ne-guidance sensors 
will f ix  upon a pair of known, bright 'guide stars: 
references for f inding the target. 

When the target object is dead in the telescope's s ight 
line, designated instruments will be turned on and other 
functions shut down. That's because the tiniest torque or 
mot ion in a small motor or electric relay could jar the 
12-ton vehicle off i ts lock-on poi nt. 

And how precise is that lock-on? In angular measure
ment, there are 1,296, 000 arc-seconds i n  a ci rcle. For 
perhaps as long as 20 hours at a t ime, the telescope will 
hold onto a target with a stabil ity accuracy of just seven 
thousandths of one arc-second in all di rections. 

That stability is 100 t imes greater than any ever achieved 
so far. It about equals stand i ng in Boston and holding rifle 
sights steady on a d ime suspended over Washington, D.C. ! 

In a neutral buoyancy tank, an astronaut goes through special training 
simulating the service tasks to be performed in space. 
Keeping a beauty in shape. 

Lockheed's innovative design will also let the telescope 
have peri odic 'house calls' for checkups and maintenance 
during its planned 15-year life. Armed with nothing more 
than a 7/16" ratchet wrench and a Lockheed-devised 
foot-anchoring tool, a Space Shuttle astronaut will be able 
to open access doors, make inspections, replace modular 
units, and see to the telescope's well-being. When 
necessary, the Shuttle will retrieve the telescope and 
return it temporarily to Earth for general servicing. 

The world of science is waiting expectantly. The wonders 
yet to be d iscovered are waiting, too. The Space Telescope 
will arrange a meeting. 

When it comes to bringing all this together-testing, 
refining, integrating all  the crit ical elements of a miracu
lous scientific breakthrough -Lockheed knows how. 

iff£!lLockheed 
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SCIENCE AND THE CITIZEN 
Depressed Area 

W
hen the necessity of improving 
the quality of education in the 
U.S. is discussed, it is often ob

served that teachers are inadequately 
paid. Insofar as college teachers are con
cerned the situation is a lot worse than 
has been generally realized. Data as
sembled by the American Association 
of University Professors show that in 
terms of purchasing power the pay of 
college teachers declined 18.9 percent 
between 1967-68 and 1981-82, whereas 
in the race with inflation people in non
academic jobs came out even. 

The data are presented in "The An
n!lal Report on the Economic Status 
of the Profession, 1982-83," written 
by W. Lee Hansen of the University 
of Wisconsin at Madison, who is chair
man of the AAU.P. committee on the 
economic status of the profession. The 
report is published in Academe, the bul
letin of the AAU.P. 

The committee found that average 
academic salaries in 1981-82 were 
$33,480 for professors, $25,210 for as
sociate professors, $20,630 for assistant 
professors and $16,310 for instructors. 
For full professors at major universities 
the range was from $29,400 at the Uni
versity of South Dakota at Vermillion to 
$53,600 at Harvard University. For all 
ranks combined in all colleges and uni
versities the median salary was $25,750. 

Comparing the average academic sal
aries in 1981-82 with the compensa
tion of similar groups of workers in non
academic jobs, the committee found 
that the teachers fared poorly. "College 
professors," Hansen writes, "earn sub
stantially less than self-employed physi
cians, dentists and related practition
ers ($46,530); salaried physicians, den
tists and related practitioners ($38,500), 
and even engineers ($31,070), who for 
the most part hold only baccalaureate 
degrees. Faculty members earn only 
slightly less than other self-employed 
professionals ($27,880)." Hansen notes 
that the average assistant professor re
ceives a salary ($20,630) that is below 
the full-year earnings of the average 
male sales worker and only slightly 
above those of the average craftsman. 

The committee chose 1967-68 as the 
base year for its study of real salaries 
because inflation then was minimal, 
Government controls and guidelines did 
not affect the determination of faculty 
salaries, the economy was reasonably 
prosperous and funding for higher ed
ucation was not und uly constrained. 
Against that background the committee 
found that real faculty salaries rose 2.1 
percent from 1967-68 to 1971-72, fell 
10 percent during the next five years and 
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fell another 11. 7 percent in the five years 
up to 1981-82. For 1982-83, Hansen re
ports, real salaries rose 2 percent, main
ly because of the slowing in the rate 
of inflation. 

The prospects for improvement in the 
pay of teachers are not encouraging, ac
cording to Hansen. "The dramatic drop 
in the inflation rate and the virtual sta
bility of consumer prices since the late 
summer of 1982 have weakened faculty 
arguments for higher nominal salary in
creases. At the same time pressures to 
hold down salary increases in the public 
sector have been exceedingly strong 
because of the economic difficulties 
faced by many states whose revenues 
have fallen sharply as a consequence of 
the protracted recession. Even without 
these pressures there is little evidence of 
any significant change in public atti
tudes that would support higher salary 
increases to make up for past declines in 
real incomes." 

Insult on Insult 

E
vidence from epidemiological stud

ies of the incidence of cancer and 
from the examination.of tumor cells has 
long suggested that carcinogenesis is a 
multistep process. Now that impression 
has been confirmed at the molecular lev
el. In a number of experiments the trans
formation of normal cells into cancer 
cells has been shown to depend on at 
least two distinct genetic changes, each 
of them presumably directed by a differ
ent gene. The evidence comes from ex
periments involving not only oncogenes, 
the cancer-initiating genes found in hu
man tumor cells, but also some environ
mental carcinogens and the genes of two 
DNA viruses that can cause cancer in 
laboratory animals. It appears more and 
more likely that a limited number of 
transforming genes will turn out to be 
responsible for a wide range of cancers 
arising in various tissues in response to 
seemingly disparate triggering events. 

Oncogenes are altered versions of 
ordinarily benign genes ("proto-onco
genes") in normal animal cells. In one 
way or another they are activated to 
play a role in the conversion of a normal 
cell into the cancerous state. Their role 
has been demonstrated in the laboratory 
by the ability of a single oncogene to 
transform a line of cultured mouse cells 
called NIH 3T3; the transformed cells 
form colonies displaying the varied 
characteristics of tumor cells and, when 
they are injected into laboratory ani
mals, give rise to tumors. The ability of 
an "established" cell line such as 3T3 
to grow indefinitely in culture suggests, 
however, that the cells have already 
been partially transformed: they have 

been immortalized, and they may have 
undergone other changes characteristic 
of cancer cells. The question arose: 
What would it take to transform more 
normal cells? Given the epidemiological 
and pathological evidence for multistep 
carcinogenesis and the finding that some 
human tumors harbor two different on
cogenes activated in different ways, in
vestigators in three laboratories under
took to transform nonimmortal cells, 
newly cultured from normal rat or ham
ster tissues, with varying combinations 
of cancer genes or of cancer genes and 
carcinogens. Their independent findings 
were reported in Nature. 

In each case one of the oncogenes was 
a version of the well-studied ras family 
of genes isolated from human bladder 
carcinomas, which had been shown to 
transform 3T3 cells. At the Institute of 
Cancer Research in Buckinghamshire 
in England, Robert F. Newbold and 
Robert W. Overell found that ras alone 
would not transform connective-tissue 
cells from the skin of hamsters. They 
had shown previously that treating such 
cells with either of two chemical carcin
ogens or with X rays would give rise to 
colonies of immortal but nonmalignant 
cells. When colonies of these immortal 
cells were exposed to ras, the cells were 
fully transformed. Newbold and Over
ell suggest that the activation of a ras 
gene may be a late step in carcinogene
sis, that a preceding step is required and 
that "carcinogen-ind uced immortality 
[may be) a strong candidate for this crit
ical early event." 

H. Earl Ruley of the Cold Spring Har
bor Laboratory found a different way to 
complement the activity of a ras onco
gene. He worked with genes isolated 
from the polyoma virus and the adeno
virus, two DNA viruses that infect hu
man beings but cause cancer only in cer
tain laboratory animals. In the case of 
both viruses it had been shown that the 
transforming activity depends on two 
different regions of the viral DNA. The 
EIA region of the adenovirus DNA and 
the polyoma gene coding for what is 
called the large- T antigen seem merely 
to immortalize cells; the El B region of 
the adenovirus and the polyoma-virus 
gene for the middle- T antigen seem to 
account for other changes, including the 
transformed cells' ability in turn to give 
rise to tumors in animals. Ruley showed 
that neither the E I B region nor the 
middle- T gene alone would transform 
rat kidney cells. Nor would a ras gene. 
When the adenovirus EIA region was 
introduced into cells along with either 
the El B region, the polyoma middle- T 
gene or ras, however, the rat cells were 
transformed. 

Much of the earlier work on ras had 
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been done in Robert A. Weinberg's lab
oratory at the Massachusetts Institute of 
Technology (see "A Molecular Basis 
of Cancer," by Robert A. Weinberg; SCI
ENTIFIC AMERICAN, November, 1983). 
Hartmut Land, Luis F. Parada and 
Weinberg proceeded to test the ability 
of their ras oncogene to transform fibro
blasts cultured from rat embryos. The 
oncogene alone did not convert the rat 
cells into tumor cells, although it did 
increase their ability to proliferate. The 
M.LT. workers then introduced ras into 
the rat cells along with myc, another 
oncogene. The two genes together gave 
rise to numerous rapidly growing colo
nies of transformed cells, which in turn 
gave rise to tumors in animals. Wein
berg's group went on to test ras and myc 
in combination with the two polyoma 
genes. They found that the middle-T 
gene complemented myc, whereas the 
large- T gene complemented ras. 

Taken together, the three reports sug
gest that at least some oncogenes and 
genes of DNA cancer viruses can be 
classified into two complementation 
groups, as the M.LT. workers put it. 
Some genes (myc and the large- T gene, 
for example) seem to mimic the effects 
of establishment; other genes (ras and 
the middle-Tgene, for example) seem to 
confer on immortalized cells other traits 
necessary for transformation. The actu
al situation is probably more complicat
ed. There is some evidence that more 
than two steps may be required; the 
clinical development of cancer may be 
somewhat different from the transfor
mation of cells in a laboratory culture. 
Yet it begins to appear that cancer re
sults from a succession of different in
sults to cells, each of them activating a 
specific gene. Those genes may well be 
identified, and their mode of action un
derstood, before long. 

Restless Quarks 

Quarks emerged from theory and 
acquired reality. Specifically, they 

emerged from the attempt to derive 
families of subatomic particles from 
combinations of more fundamental en
tities and then acquired reality when 
the electrons fired at protons at the 
Stanford Linear Accelerator Center 
(SLAC) revealed pointlike objects in
side the proton. The theories proposed 
since that time have had the task of plac
ing limits on the quarks' freedom. The 
problem is that the quarks inside the 
proton seem to be bound to one another 
by only a small force, yet they cannot be 
driven out of the proton. Hence the idea 
arose that quarks are confined in the 
proton by a force that gets stronger with 
distance, so that quarks are unable to 
draw apart from one another to more 
than about one fermi (10-13 centime
ter), the diameter of the proton. The 
proton thus is taken to be an inescapa-

ble "bag." The force is called the color 
force, and each quark is said to carry a 
color charge. The theory of color inter
actions (developed in the past decade) is 
called quantum chromodynamics. 

Some newly reported data now chal
lenge the limits on quark confinement: 
they imply that the mere agglomeration 
of protons into a heavy atomic nucle
us (that of iron 56) gives the quarks 
composing those protons a surprising 
amount of mobility. The data come 
from experiments done in 1980 at the 
CERN synchrotron in Geneva by 
the European Muon Collaboration, or 
EMC, a consortium of physicists. In 
each experiment iron nuclei were bom
barded by muons: subatomic particles 
with the negative charge of the elec
tron but 207 times the mass. Like elec
trons, muons interact with nuclei only 
electromagnetically; hence the pattern 
with which they are "scattered" by the 
encounter is relatively uncomplicated. 
The experimenters recorded the energy 
and the angle of each scattered muon. 
From that they could deduce the distri
bution of momentum among the point
like objects-presumably quarks-con
stituting the internal structure of the 
protons the muons had probed. 

The seminal SLAC experiments (in 
which electrons were scattered off iso
lated protons) had already demonstrat
ed that only about 35 percent of the mo
mentum in a proton is carried by va
lence quarks, that is, the three quarks 
(two "up" quarks and one "down" 
quark) of which the proton is said to 
consist. Another 50 percent is carried 
by gluons, the particles whose passage 
from one quark to another is said to 
bind quarks together. (Gluons are the 
"exchange particles" that transmit the 
color force.) The remaining 15 percent 
is carried by "ocean" quarks: a sea of 
quark-antiquark pairs whose existence 
is req uired by quantum field theory, the 
marriage of quantum mechanics and 
relativity in which the dynamics of 
quarks are described. In effect part of 
the internal energy of the proton is 
stored in quantum fields that manifest 
themselves when they are probed, say 
by a muon, as a multitude of quarks 
and gluons. 

The quarks in iron nuclei turn out 
to differ in two ways. For one thing the 
valence quarks carry less momentum 
than they would carry in an isolated pro
ton. In addition ocean quarks are pres
ent in greater numbers: they are ob
served to be 60 percent more numerous. 
The binding of protons and neutrons 
into a nucleus involves energies on the 
order of 10 million electron volts; the 
internal structure of a nucleon (a proton 
or a neutron) is thought to be sustained 
by energies at least 10 times greater. Yet 
the binding somehow brings on a re
shuffling of momentum in which new 
ocean quarks arise. 

An attempt to account for these find
ings is offered by Robert L. Jaffe of the 
Massachusetts Institute of Technology. 
He proposes that the valence quarks in 
iron nuclei are "partially deconfined" 
because the three-quark bags in a heavy 
nucleus are large compared with the 
spacing between nucleons. The bags 
thus overlap, and valence quarks can 
"percolate" from one bag to another. 
The uncertainty principle, a basic tenet 
of quantum mechanics, then comes into 
play. It dictates that an increase in the 
range of positions available to a perco
lating quark must be accompanied by a 
decrease in its momentum. 

Why do new ocean quarks appear? 
An extension of Jaffe's ideas offered by 
Frank Close, Richard G. Roberts and G. 
Graham Ross at the Rutherford Labo
ratory in England suggests an explana
tion. Close and his colleagues consider 
two aspects of the distance scale that 
characterizes the interaction between a 
muon and a quark inside a proton. First 
there is the scale at which the muon 
probes its target. The theory of quantum 
chromodynamics affirms that the color 
charge of a quark gives rise to a sur
rounding quantum field that amounts 
to a cloud of gluons. The abundance 
of these gluons decreases with increas
ing distance from the trajectory of the 
quark. In much the same way the elec
tric charge of an electron traveling at an 
appreciable fraction of the speed of light 
gives rise to an electromagnetic field 
that amounts to a cloud of photons. A 
muon probe may send a quark off on 
an altered path. Among the surround
ing gluons, however, the ones at least 
a certain minimum distance from the 
quark will continue their flight with
out change. Increasing the energy of 
the muon means it will shave the quark 
more closely and hence will free more of 
the gluons. The gluons can then mani
fest themselves as ocean-quark pairs. In 
much the same way the photons freed 
from the cloud surrounding a high
speed electron give rise to pairs of elec
trons and positrons. 

The second aspect of the scale of the 
interaction between a muon and a quark 
involves the distances over which the 
quark can range through nuclear mat
ter. In quantum field theory the flight of 
a quark is described by a mathematical 
construction (an operator) representing 
the removal of a quark from a certain 
position in a nucleus and an operator 
representing the replacement of that 
quark at a second position, with the nu
cleus unchanged. The multiplication of 
the two yields an "expectation value" 
representing the "mean free path" of the 
quark. The expectation value is a mea
sure of the freedom the particle has. 

What Close and his colleagues note 
is that in quantum chromodynamics a 
scale (that is, a parameter representing 
length) enters only once. Thus a change 
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in the scale at which a muon probes a 
quark must act in the same way that a 
change in the scale of the freedom of the 
quark does. If the former can alter the 
number of ocean quarks detected, the 
latter must alter that number too. Close 
and his colleagues make a specific calcu
lation: they show that if quarks have 
from 10 to 20 percent more freedom in 
a heavy nucleus than they have in an 
isolated proton, the "EMC effect" will 
arise in both of its aspects. Valence 
quarks will show a decrease in momen
tum; ocean quarks will show an increase 
in number. 

The prospect that the quarks in heavy 
nuclei are partially deconfined has even 
encouraged some theorists to suggest 
that muons of sufficient energy might 
increase the scale of the freedom of 
quarks until it equaled the size of the 
nucleus overall. Quarks would range 
throughout the nucleus, which would 
then conduct color charge much as a 
metal conducts electricity. A less ex
treme position is a simple satisfaction at 
the apparent verification of a prediction 
of quantum chromo dynamics. It is hy
pothesized that nuclear matter in the 
very early universe was a gas of uncon
fined quarks and gluons that coalesced 
into protons and neutrons. Any attempt 
to produce such a gas today would 
doubtless require that nuclei be subject-

ed to extreme values of temperature or 
density or both. Those favoring the at
tempt may be heartened by the evidence 
that even normal nuclear densities yield 
a partial deconfinement. 

Zip plus 4 

C
ollecting, sorting and delivering the 

roughly 118 billion pieces of mail 
that Americans send annually is the job 
of some 650,000 postal workers. For 
several years the Postal Service has been 
working on a plan to cut its labor costs 
by automating the sorting process and 
by introducing a nine-digit ZIP code 
with which the new machines could sort 
mail down to city blocks and even 
to individual buildings. The "ZIP + 4" 
program began in earnest last October, 
when the service's Board of Governors 
approved rate incentives designed to en
courage businesses to put the nine-digit 
codes on their large-volume, first-class 
mailings and to make their envelopes 
machine-readable. 

Post offices began receiving two types 
of new equipment late in 1982. "Opti
cal character readers" (OCR's) read the 
city, state and ZIP code off an envelope, 
check to make sure the city matches the 
code, translate the ZIP code into a bar 
code that is then stamped on the enve
lope, and finally channel the letter into 

one of 60 stacks. Less expensive "bar
code sorters" (BCS's) subsequently sort 
five-digit mail to the destination post of
fice and nine-digit mail directly to the 
carrier. Observant people may already 
have noticed bar codes (sequences of 
long and short vertical lines) at the 
bottom of envelopes they receive from 
some businesses. 

Reading machines are by now a well
established technology; machines that 
can read most types of printed material 
aloud to blind people are in service in 
many libraries and universities. Post 
offices in Japan and Europe began de
ploying OCR's in the 1970's. The basic 
technology is the same for all such ma
chines: an electronic camera scans the 
printed material, bouncing a continuous 
beam of light off it and measuring the 
difference in reflectivity between print 
and background. The scanner then 
transmits the image as a digital signal 
to a computer that is programmed to 
recognize individual letters or numbers 
based on characteristic features that are 
relatively invariant across type fonts. 

Although it may at first sound less 
complicated than reading a book, sort
ing mail presents special problems to a 
machine because of the diversity of the 
material. An OCR can read a wide vari
ety of type fonts, but it will balk at hand
writing, script fonts and some laser 
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printing. Skewed lines, poor contrast be
tween print and background, and extra
neous printing can all confuse the ma
chine. Finally, an OCR must also deal 
with the fact that people often misspell 
or abbreviate words in an address. The 
OCR manufactured for the Postal Serv
ice by Pitney Bowes, for example, con
tains more than 20 possible spellings 
for "Philadelphia" in its memory, and 
it is even programmed to know that 
"Big Apple" means New York City. 
OCR machines are currently success
fully reading from 60 to 70 percent of 
the high-volume business mail they are 
being fed, but the Postal Service reck
ons it will have to improve that rate by 
about 10 percent, chiefly by teaching 
businesses how to avoid thwarting the 
machines, if the automation program is 
to achieve its desired savings. 

OCR's and BCS's eliminate the need 
for most of the clerks who sort mail; 
with automatically sorted ZIP + 4 mail 
the first person to read an envelope is 
the carrier. The new machines process 
about 10,000 pieces of mail per man
hour, compared with 1,800 pieces for 
nonautomatic sorting machines that re
quire clerks to read the envelopes and 
about 800 pieces per man-hour for sort
ing by hand. 

The Postal Service plans to buy about 
650 OCR's and 700 BCS's by 1988, at an 

estimated cost of $740 million for the 
equipment alone, in order to automate 
letter sorting at the 211 major post of
fices that handle approximately 90 per
cent of all "machinable mail." When 
the acquisition program is complete, 
the service believes that it will require 
15,600 fewer man-years of labor, and 
that it will save $600 million per year as 
a result. About $150 million of this 
would be returned to business mailers 
through rate incentives, and the remain
ing $450 million would help to stabilize 
postal rates. 

Whether these savings are actually 
achieved depends on whether the rate 
incentives (.5 cent per piece for presort
ed batches of 500 or more, which al
ready receive a three-cent discount, and 
.9 cent off the normal 20-cent rate for 
nonpresorted batches of 250 or more) 
are enough to induce businesses to con
vert to ZIP + 4. Participation by busi
nesses is crucial, because they send 83 
percent of all first-class mail. Since per
sonal correspondence accounts for only 
6 percent of the total (the rest is business 
reply mail), most of it not machine-read
able, the Postal Service does not particu
larly care whether individuals use the 32 
million nine-digit codes. In fact, it has no 
plans for telling households what their 
codes are. Nor do individuals have an 
incentive to put ZIP + 4 on their let-

ters: the extra four digits will make mail 
sorting more efficient, but they will not, 
according to the Postal Service, speed 
up delivery. 

Cull of the Wild 

T
he phenomenal growth of agricul
tural productivity over the past few 

decades can be attributed in large part 
to the application of modern concepts 
of genetics to the breeding of superior 
crops and livestock. So far most of the 
gains have come from the exploitation 
of the genetic diversity present in species 
that have long been domesticated. In re
cent years, however, it has become ap
parent that further improvements in the 
yield and quality of many agricultural 
products may depend increasingly on 
the introduction of genes from wild 
plants and animals. Accordingly greater 
attention is being paid to the conserva
tion of wild genetic resources, both in 
natural habitats and in artificial ones. 

Wheat is a case in point. Between 
1930 and 1975 wheat yields per hectare 
in the U.S. rose by 115 percent, with 
roughly half of the increase being due to 
genetic advances. Nevertheless, it has 
been argued that the genetic material of 
the cultivated wheats has already been 
exploited for breeding purposes almost 
to its full capacity. Moreover, the very 
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success of modern plant-breeding prac
tices has had the unintended effect of 
drastically reducing the range of genetic 
variation of the cultivated wheats. 

In general, crops have already been 
improved significantly by the contribu
tion of wild genetic resources, whereas 
livestock have not. The most important 
benefit obtained from the wild so far has 
been disease resistance. In the case of 
wheat, for example, several commercial 
cultivars of the common bread wheat 
Tritium aestivum vulgare have benefited 
from the transfer of genes for resistance 
to certain strains of fungal disease from 
distantly related wild species. Similarly, 
in the case of rice much of the Asian 
crop now gets its resistance to two major 
diseases (blast and grassy stunt virus) 
from the wild rice species Oryza nivara 
(see "Rice," by M. S. Swaminathan, 
page 80). The need for new resistant 
cultivars is a continuing one, since most 
pathogens evolve fairly rapidly. 

According to a recent review of the 
worldwide status of the exploitation of 
wild genetic resources, published by the 
International Institute for Environment 
and Development, the two cereals cit
ed above are among 24 major crops 
that have already been improved by 
the introduction of germ plasm from 
wild species. The other beneficiaries are 
maize, barley, oats, potatoes, cassava, 
sweet potatoes, sunflowers, oil palms, 
sesame plants, tomatoes, peas, carrots, 
grapes, apples, pears, strawberries, su
garcane, sugar beets, tobacco, rubber, 
cacao and cotton. The report points out 
that some species, such as the toma
to (Lycopersicon esculentum), probably 
could not be grown as commercial crops 
without the genetic support of their wild 
relatives. 

In the view of the authors of the re
port, Robert and Christine Prescott-Al
len, the results achieved so far in this 
direction "are substantial enough to 
demonstrate the enormous potential of 
the genetic diversity of wild plants and 
animals to improve the yields and quali
ty of domesticated crops and livestock 
and to provide for the more rapid 
domestication of new crops and live
stock." The exploitation of wild genetic 
resources, they point out, "is a means of 
benefiting materially from wildlife with
out harming the donor species." As with 
wild species, the main threats to wild 
genetic resources are identified as "loss 
of habitat, overexploitation, and compe
tition and predation by introduced spe
cies." With wild genetic resources, how
ever, "the impacts of these threats are 
more difficult to detect. Valuable gene 
pools of widespread species may dis
appear undetected, either because not 
enough is known about the distribution 
of genetic variation within the species, 
or because the very abundance of the 
species masks the disappearance of its 
constituent gene pools." 
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The only prudent policy, the Prescott
Allens conclude, is a two-track ap
proach, combining in situ conservation 
(defined as the maintenance of a wild 
gene pool in its native habitat) with ex 
situ conservation (the maintenance of 
the resource outside its native habitat, 
for example in zoos, botanical gardens 
and germ-plasm collections). "Fortu
nately," the authors report, "a conver
gence of opinion appears to be emerging 
among genetic resource users and the 
wildlife conservationists and protect
ed-areas community . . . .  New ways of 
maintaining and new ways of using the 
newest resource are being developed, as 
they must be, side by side." 

Da-da-da and ba-ba-ba 

I
n the four to six months before the 
onset of recognizable speech almost 

every child begins to babble. The pre
ceding gurgles and unarticulated glides 
give way to relatively stable vocalic 
sounds punctuated by the repetitive 
stopping and release of air in the vocal 
tract; the rhythmic and playful sounds 
"da da da" or "ba ba ba" that result are 
familiar in the nursery. Now Rachel E. 
Stark and Jennifer Bond of the John 
F. Kennedy Institute in Baltimore have 
closely studied babbling in three infants; 
they conclude that the behavior repre
sents an abrupt advance in linguistic de
velopment and may be neurophysiologi
cally related to other developments such 
as rhythmic waving and shaking that be
gin at roughly the same age. They pre
sented their results recently at a meeting 
of the Acoustical Society of America 
held in San Diego, Calif. 

Although the distinction between 
babbling and its precursor sounds has 
been recognized for many years, there is 
renewed interest in the phenomenon 
among linguists because of the limited 
sound repertory that is observed. Un
til recently it was widely believed bab
bling infants explore the entire range 
of speech sounds employed in the lan
guages of the world. It is now known, 
however, that many speech sounds are 
almost never heard in babbling, and cer
tain others have a high frequency no 
matter what the language community 
into which the child is born. Work on 
babbling has been carried out in at least 
seven languages, among the children of 
speakers of Arabic, Chinese, English, 
Japanese, Norwegian, Spanish and Yu
catec. In all these languages the most 
freq uently babbled sounds are nasals 
such as nand m, glides such as y or wand 
single stop consonants such as d, t or b, 
followed by a vowel formed with the 
tongue near its "home" position, such as 
the eh sound in "bet" or the aeh sound in 
"bat." Vowels formed with the tongue 
in an extreme position, such as the aw 
sound in "ought" or the front, rounded 
vowel sound in the French word "tu," 

are seldom heard, and consonants such 
as I, r, f and v and consonant clusters 
such as st are rare. Moreover, according 
to D. Kimbrough Oller of the University 
of Miami, the sounds favored during 
babbling are those favored by the child 
a few months later when meaningful 
speaking begins. 

In the study by Stark and Bond both 
audio and video recordings of the three 
infants were made in each infant's 
home. The audio recordings were ana
lyzed for various acoustic characteris
tics, such as the pitch contour, the fre
quency spectrum of the signal, the tim
ing of the repeated utterance and the 
timing of the consonant release. The 
video recordings made it possible to 
transcribe the sounds emitted both be
fore and after the onset of babbling ac
cording to place and manner of articula
tion. Stark and Bond found not only that 
babbling is rather stereotyped behavior 
but also that it seems to mark a sharp 
discontinuity in linguistic development. 
Utterances emitted before the onset of 
babbling were broken up into fairly 
large chunks by silent intervals or by 
a breath. Although there were changes 
within the chunks, none of them gave 
rise to a clear separation of the chunks 
into syllables. With the sudden onset of 
babbling by the time the child was six to 
eight months old, the chunks were clear
ly divided into small segments or sylla
bles; the syllables were identified by rap
id changes in the intensity of the acous
tic signal and in the pitch contour. Two 
to four syllables, each lasting for about 
half a second, were found in each chunk, 
and the chunks were grouped together in 
pairs or in triplets. 

It is not yet clear from such studies 
exactly what role babbling plays in the 
acquisition of language. Oller maintains 
that babbling manifests an emerging ca
pacity for controlling the timing and ar
ticulation of speech sounds, although 
he points out that babbling may not be 
a necessary stage of language develop
ment. Children who are unable to bab
ble because of surgical tracheotomy 
can learn to speak after the trachea is 
reclosed without necessarily babbling. 
Other investigators suggest that children 
who babble playfully with adults are 
learning to take turns, which is a prereq
uisite of conversation. Stark and Bond 
point out that at roughly the same age as 
the onset of babbling the child has also 
become preoccupied with objects, and 
object interactions often take the form 
of repetitive behavior such as waving or 
banging. All such repetitive behavior 
may reflect development of the motor 
cortex of the brain. Because there is 
less variation among children in bab
bling than there is in other kinds of be
havior, some linguists believe it should 
be possible to detect neurological im
pairment early by finding irregularities 
in babbling. 
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The Past: An agricultural and ntining 
econODlY is founded and early 

innovation flourishes 
Australia's development has result

ed from the application of capital and 
labor to the natural resources of the 
continent. However, supplies of capital 
and labor have not always been suffi
cient, and development has been peri
odically thwarted by the severity of the 
climate. In exploration and develop
ment a prolonged battle has been 
waged against severe droughts and an 
extreme range of temperature. 

Innovation has been an essential ele
ment in helping Australia to overcome 
such obstacles since its earliest pioneer 
days. 

The economic impulse that opened 
up the continent originated in the wool 
industry, which for more than a centu
ry has supplied Australia's most valu
able export. The first settlers, howev
er, were interested in sheep as food 
rather than in their wool. When John 
Macarthur, both an officer in the New 
South Wales Corps and a farmer at 
Parramatta, suggested breeding sheep 
not for their meat but for the fleece, he 
met with derision from his fellow colo
nists. But when in 1797 Macarthur im
ported a small flock of Merinos, the 
more discerning farmers realized the 
potential value of the wool. 

Governor King, an advocate of the 
development of the wool trade, wrote 
prophetically in 1800: "The introduc
tion of a breed of Spanish sheep into 
the flocks of individuals has so much 
improved the fleeces that there is a 
promising appearance of a great quan
tity of wool being produced in a few 
years." In 1807 the first consignment 
of Merino wool, weighing 245 pounds, 
was shipped to England, where its fine 
quality attracted wide interest. 

The Australian multimillion-dollar 
wheat export industry had its origin 
when W illiam Farrer, Australia's pio
neer of scientific wheat breeding, real
ized that English wheat varieties were 
potentially high yielding in Australia 
but matured too late to survive the 
long summer droughts. In 1886 he be
gan breeding new varieties. By cross
ing Indian and English varieties he 
produced the breed called Federation, 
which combined early maturity with 
high yields. Because the wheat is 
grown under drier conditions, it is less 
susceptible to attack by rust. 

Innovative farm machinery also vi
tally spurred Australia's development. 
In 1843 John Ridley, an Adelaide 
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miller, invented the stripper: a combi
nation grain-gatherer and thresher. 
The machine effectively combined two 
out of the three steps in the harvesting 
of grain; winnowing was still done sep
arately with a hand-turned machine. 

Thirty years later R. B. Smith's 
stump-jump plow, which became Aus-
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tralia's most well-known agricultural 
invention, further simplified farming. 
In 1884 Hugh Victor McKay, then 18 
years old and working on his father's 
farm in Drummartin, Victoria, revolu
tionized the grain industry by con
structing the first commercially suc
cessful combine harvester: it stripped, 
thrashed, winnowed and bagged the 
wheat in one continuous movement. 

Captain Cook's arrival in Botany 
Bay aboard the Endeavour in 1770 
marked the beginning of a strong sci
entific tradition in Australia. Cook had 
set sail at the behest of the Royal Soci
ety of London to plot the transit of 
Venus from Tahiti and to discover a 
new southern continent. 

He did not discover a new continent 
but instead managed to explore the en
tire eastern coast of Australia, claim
ing the region for Britain. He amassed 
a superb collection of bizarre and prim
itive plant and animal specimens, 
which aroused enormous interest on 
his return to England. 

Britain established the first penal 
colony at Port Jackson in 1788---now 
the site of Australia's largest city, Syd
ney. For 60 years or so science and 
technology languished under convict 
settlement conditions but in the 
1840's penal transportation came to 
an end and innovative, educated set
tlers poured into the colony, fleeing 
Victorian England determined to 
make a new life. 

The new settlers erected universi
ties, museums, herbaria and astronom
ical and magnetic observatories, begin
ning an exciting period of innovation. 
They soon realized that the vast dis
tances and isolation of Australia neces
sitated improved communication and 
transport systems. A 1O,000-mile net
work of railway tracks was built across 
the continent and a transcontinental 
telegraph opened between Adelaide 
and Darwin in 1872, only 10 years af
ter the continent was crossed for the 
first time from south to north. The 
telegraph was soon connected to the 
overseas cable, linking Australia to 
London and the rest of the Western 
financial and commercial world. 

To farm the poor soils and drought
prone land new breeds of crops and 
animals were needed, and the great 
mineral wealth could only be tapped 
through new exploration and mining 
methods. Such were soon developed. 
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INDIAN OCEAN 

AUSTRALIA 

A string of meteorological stations 
set up across the continent and me
teorological services established in 
each colony helped to keep track of the 
weather conditions. 

The discovery of gold in 1851 provid
ed an unexpected stimulus to Austra
lia's development. Between 1840 and 
1850 the population increased by 
200,000 and in the following 10 years 
to 740,000, bringing the total to more 
than one million. The number of gold 
miners in the country peaked at 
150,000 in 1858 and by 1865 had de
clined to 80,000. Company mining 
gradually replaced individual activity 
as equipment and processes became 
more complex. 

Development of agriculture was 
slower than in America where the cli
mate was more temperate, the land 
more suitable for farming and trans
port far better. Australia has few navi
gable rivers, and it was not until rail
ways reached the wheat lands across 
the Great Dividing Range that the 

TIMOR SEA 

SOUTHERN OCEAN 

ARAFURA SEA 

farmer could come into his own. Wool 
could be more cheaply transported and 
between 1861 and 1884 the area under 
crop in New South Wales increased 
from 300,000 to 700,000 acres, which 
were owned by a mere 40,000 farmers. 
Pastoralists improved their breeds by 
increasing the weight of the fleeces, 
began using better methods for wash
ing, pressing and sorting the wool and 
marketing it more efficiently. 

Farming made earlier progress in 
Victoria, where the climate is milder 
and transportation was more efficient. 
The area under crop increased from 
400,000 acres in 1860 to 1.5 million 
acres in 1880. In South Australia the 
wheat-growers succeeded even better. 
Between 1862 and 1880 their crop con
stituted more than half the total wheat 
production of the continent; in 1881, 
more than eight acres per capita 
were planted with wheat. 

Gradually, the need for a scientific 
study of agriculture was realized. The 
Roseworthy Agricultural College in 

ADVERTISEMENT 

o 

South Australia was founded in 1884, 
followed in 1885 by the Dookie College 
in Victoria. 

Pioneering Investment 

Considerable capital investment in 
industry, mining, communications and 
other public works brought about addi
tional development of Australia. In the 
1860's Victoria protected its infant 
manufacturing industries with a tariff; 
under its shelter textiles, clothing, 
leather goods, foods, agricultural im
plements and foundry products were 
developed or manufactured. 

Australia's great distance from Eu
rope and America also provided con
siderable market protection and made 
possible the development of industries 
connected with rural production. 
Many of the major financial houses, 
insurance and pastoral companies and 
merchandising concerns that still dom
inate the Australian commercial scene 
were developed in this period. Mining 
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A ustralia 's first windmill, built at The Domain, Sydney 

was another important company activ
ity. The development of the railways 
and the steamship increased the de
mand for coal, bringing prosperity to 
the collieries around Newcastle. 

The greatest investors in the coun
try were not Australian private busi
nesses but various colonial govern
ments. Australian companies began to 
build the railways, with high hopes in 
Victoria and New South Wales, but 
failed to complete the lines, and so the 
colonial governments took over con
struction. 

The early difficulties were partly fi
nancial and partly technical. In the 
eastern colonies, for example, the rail
road lines had first to cross the rugged 
mountain barrier, which obstructed 
the engineers and prevented local traf
fic, increasing costs and reducing reve
nue. But in the 1870's a period of opti
mism began, and so the railways 
rapidly advanced. In 1861 there were 
fewer than 250 miles of lines, in 1870 
only 1,000 miles, but by 1890 approxi
mately 10,000 miles were open at a 
cost of more than £100 million. 

Telegraph lines began to cross the 
continent; by 1889, 40,000 miles were 
erected. In the cities tramways and wa-
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terworks were built, and in the 1880's 
the great irrigation works in Victoria 
were begun. Between 1860 and 1880 
Australia's population doubled, rising 
from 1.1 million to 2.2 million. It rose 
by another million over the next 10 
years, thanks to rapid natural increase 
and vigorous immigration programs. 

The country prospered. But all the 
newcomers had to be housed, fed and 
clothed, and the governments extend
ed transport facilities and public utili
ties to provide for them. 

By the late 1880's, however, there 
were signs that the boom was coming 
to an end. Metal, wheat and wool 
prices continued to fall. The pastoral
ists were already in difficulty and the 
great strikes of 1891, led by the newly 
powerful labor movement, brought an 
unwelcome notoriety to Australia's 
problems. The confidence of British in
vestors waned, and for the first time in 
many years the colonial governments 
failed to raise the money they needed 
on the London market. The banks had 
to restrict credit, and the governments 
had to economize. Public work gradu
ally came to a standstill, causing un
employment to increase. Neither city 
speculators nor many pastoralists 
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could repay their overdrafts, yet many 
depositors in land banks, building soci
eties and even trading banks wanted 
their money in gold, for paper money 
was not yet in use as legal tender. 

The building societies and then the 
land banks started to go bankrupt, and 
a run on the trading banks occurred. 
In April, 1892, the Commercial Bank 
of Australia suspended payment, and 
by the end of June of that year, 22 
other banks had either suspended pay
ment or failed; only 10 banks survived. 

Recovery began with the expansion 
of wheat growing. The extension of the 
railways, low wool prices and in partic
ular improved farming techniques led 
to the doubling of the area under 
wheat cultivation in New South Wales 
between 1894 and 1899 and a second 
doubling by 1911, when over three mil
lion acres were planted, producing a 
crop of 38 million bushels. This is 
roughly 10 times the crop of 1891, 
greater than that of any other state in 
Australia at the time and, as a conse
quence of the discoveries of W illiam 
Farrer, with an increased yield per 
acre. Australia soon assumed a world 
role as a major wheat exporter. 

In the 1890's development of West
ern Australia boomed. The discovery 
of major gold deposits at Coolgardie 
and Kalgoorlie resulted in the colony's 
becoming the country's major gold pro
ducer. The population rose from 40,000 
to 180,000 in less than a decade, and as 
the diggers turned to the land in a 
short time more than one million acres 
were under cultivation. 

Industrial development suffered a 
setback as a result of the financial cri
sis of the 1890's, but progress resumed 
when Australia gained self-govern
ment in 1901. The six colonies of Vic
toria, New South Wales, South Austra
lia, Western Australia, Tasmania and 
Queensland were made into states un
der the new federal government of 
Australia. Import duties were imposed 
with the avowed intention of protect
ing Australian manufacturers from 
the competition of countries where the 
workers' wages and the conditions of 
work were inferior. One result of this 
was the near-doubling of the number 
of factory workers in Victoria and New 
South Wales between 1901 and 1914. 

Nevertheless, much of Australian 
industry remained tied to primary pro
duction and to consumers' immediate 
needs: clothing, food and drink, agri
cultural machinery, woodwork, vehi
cles, books and printing. One notable 
development at this time was the con
struction of an efficient modern iron
and steelworks at Newcastle. 

After W orld W ar I 

World War I intensified industrial 
development. In 1916 the first major 
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industrial enterprise was established 
in Tasmania: the Electrolytic Zinc 
Company, which used hydroelectric 
power supplied from a new govern
ment power project. 

After World War I profits in agricul
ture dropped markedly due to falling 
world prices and increased costs. In
dustries that had flourished immune 
from foreign competition demanded 
protection, and during the 1920's tar
iffs were steadily raised. Not all manu
facturers were efficient, however, and 
most were handicapped by having to 
produce on a small scale. As a result 
the economy shifted to increased ter
tiary or service income earned from 
transport and distribution, construc
tion, professions such as law and medi
cine, entertainment and other consum
er services, which by 1928 comprised 
56 percent of the national income. 

The Depression 

The world depression of 1929 
brought near-chaos to the Australian 
economy. The government had been 
raising almost £30 million a year from 
overseas; the sudden cutoff of funds 
and the decline in export prices re
duced the real national income by 
more than 10 percent and threw one
third of the labor force out of work. 

W ith the recovery of world prices in 

the 1930's manufacturing expanded 
considerably. Despite a modest popula
tion increase between 1930 and 1940, 
the real value of secondary production 
was one-third above its predepression 
level. 

World War II, like its predecessor, 
stimulated the Australian economy; 
the greatest advances took place in the 
metals and engineering industries. 
Tremendous postwar immigration 
brought more than half a million peo
ple to Australia between 1948 and 
1953, seriously straining public ser
vices and housing. However, as world 
prosperity increased and the prices of 
food and primary products went up, 
Australian farmers experienced a peri
od of extraordinary prosperity. 

Early Science 

During the early years of Australia's 
development, numerous small observa
tories were built to observe the south
ern skies and in particular the center 
of the Milky Way. In the 1860's the 
Victorian government decided to build 
a major observatory and constructed 
the Great Melbourne Telescope--then 
the largest equatorially mounted re
flector in the world. Well over a centu
ry later, substantially refurbished, it is 
still in operation at Mount Stromlo Ob
servatory, near Canberra. This early 

interest in astronomy has led to Aus
tralia's remaining one of the world 
leaders in the field. 

Naturalists were attracted to the 
country's unique plant and animal life, 
the majority of it long extinct in other 
parts of the world but preserved due to 
Australia's isolation. Native marsupi
als, such as kangaroos, koalas, pos
sums and wombats, the hundreds of 
different species of native parrots and 
cockatoos and many of the 1,100 or 
more species of eucalyptus and wattles 
were collected and classified. Today 
the process of identifying Australia's 
wildlife is still going on; some scien
tists claim hundreds of species and 
subspecies may yet be discovered. 

Geology was another colonial inter
est, because of the rich mineral depos
its and also because of an extensive 
debate on the age of the continent. 
Australia is now acknowledged as 
one of the oldest land masses in the 
world. The igneous, sedimentary and 
metamorphic rocks of the Common
wealth, range in age from the earliest 
pre-Cambrian (three billion years) to 
recent geological times (one million). 

Government funding for science 
started with support for geological and 
mineralogical surveys. The surveys 
were meant to be utilitarian searches 
for metals, in particular gold, but geol
ogists also produced systematic geolog-

Shearing time at Burrawong Station, New Sou th Wales circa 1900 
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Moving a compressor used to supply power for drills in early goldfields in A ustralia 

ical, mineralogical and topographical 
maps, which formed the basis of the 
present-day delineation of the coun
try's mineral resources. 

The country is now the largest baux
ite and alumina producer in the world, 
with total identified resources of 6,284 
million metric tons, and is the largest 
exporter of iron ore. It also has vast 
deposits of black coal, with identified 
recoverable amounts of 300,000 mil
lion tons, and extensive natural-gas re
serves both on- and offshore. In com
parison oil reserves are poor, and more 
than 30 percent of the country's needs 
must be imported. 

Distinguished Innovators 

Many innovators flourished in the 
heady atmosphere of growth and dis
covery, often developing inventions at 
the same time, if not before, their 
counterparts in Europe and the U.S. 
One such innovator was Henry Sutton, 
a music shop proprietor, who designed 
an electric continuous-current dynamo 
as early as 1870, constructed more 
than 20 different types of telephone 
systems at about the same time as 
A. G. Bell and carried out the first ex
periments with heavier-than-air mate
rials for flight in the 1870's. 

Another was Lawrence Hargrave, 
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who, despite his isolation from main
stream science and technology, was at 
the forefront of aeronautical research 
in the 1880's and 1890's. In 1889 he 
developed the radial rotary airscrew 
engine, which formed the basis of the 
first engines used to power European 
planes in the early 20th century. 

Australia achieved world recogni
tion for the first feature-length narra
tive film, which perhaps presaged the 
nation's current vigor in motion pic
ture production. In 1906 a Melbourne 
impressario, Charles Tait, produced a 
film of Ned Kelly that ran for nearly 
90 minutes. A commercial success in a 
time when other films ran for only 
about 20 minutes, it was also the first 
film to include interior photography. 

Government Activity 

The organization, sponsorship and 
goals of science began to change after 
Australia gained self-government in 
1901.  A number of Commonwealth 
government scientific organizations 
were established, such as the Bureau 
of Meteorology in 1907, which is now 
Australia's major forecasting and me
teorological research body. In 1926 the 
Science and Industry Research Act 
was passed, leading to the most signifi
cant development in Australian sci-
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ence--the establishment of the Coun
cil for Scientific and Industrial Re
search (CSIR), which in 1949 became 
the Commonwealth Scientific and 
Industrial Research Organisation 
(CSIRO). 

Since its inception in 1926 and par
ticularly since World War II the orga
nization has been responsible for many 
new scientific developments, particu
larly in mining and agriculture, in
cluding the downstream processing of 
farm products. 

A self-twist spinning machine, 15 to 
20 times faster than conventional ma
chines, has revolutionized wool knit
ting around the world. Another pro
cess, Sirospun, has almost halved the 
cost of weaving yarn. Other processes 
have made it possible for wool to be 
shrink-proofed, mothproofed, perma
nently pleated and given wash-and
wear properties. 

Important advances in the control of 
livestock diseases have been achieved, 
new cattle for the Tropics have been 
bred and new pasture plants for east
ern and northern Australia have been 
developed, along with novel methods of 
biological control. CSIRO has also sig
nificantly contributed to the success of 
the Australian mining and mineral
processing industry with new explora
tion and processing technologies. 
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FORSAYTH: .................................... ... 

Revolutionary Mining Exploration 

Forsayth Oil & Gas NL, a little
known Western Australian explora
tion and investment company capital
ized at only $4.5 million, looks set to 
move from obscurity into early gold 
production following its recent huge 
mining tenement purchases around 
Lawlers in the Yilgarn, Western Aus
tralia. 

Forsayth now owns 100 percent of 
the mining licenses covering an area of 
175 square kilometers in which a geo
logical appraisal indicates excellent 
potential for the development of two 
gold-mining operations and predicts 
the discovery of gold, silver, platinum 
and base-metal deposits. Initial drill
ing at the old Great Eastern Mine indi
cates a reserve of 340,000 metric tons 
at a grade of four grams per ton to a 
depth of 30 meters. Silver assays of up 
to 42 grams per ton and platinum as
says of up to 3.4 grams per ton have 
been obtained previously. 

Results of percussion and diamond 

drilling previously completed by Texas 
Gulf in the vicinity of the old Great 
Eastern Mine at Lawlers have shown: 

1. An in-ground resource of at least 
1.36 million grams of gold that could 
be extracted by open-pit mining opera
tions to a depth of 30 meters. 

2. An additional in-ground resource 
of two million grams of gold to a depth 
of 250 meters below the abandoned 
workings of the Great Eastern Mine, 
which would require an underground 
mining operation. 

3. Potential for additional reserves 
in the vicinity of the abandoned Caro
line and Donegal mines. 

Surface sampling and pitting has es
tablished the existence of areas of gold 
mineralization over a length of 20 kilo
meters within the tenement area, indi� 
cating excellent prospects for addition
al discoveries. 

In the southeastern area, diamond 
and percussion drilling has revealed 
platinum mineralization of economical 

grade, up to 3.4 p.p.m. platinum and 
3.3 p.p.m. palladium in composite sam
ples representing drill-hole intersec
tions of 25 feet (7.6 meters). The extent 
of these deposits is unknown, but addi
tional exploration is warranted. Geo
chemical analysis of the gossans shows 
values of up to 1.52 percent copper, 
8,950 p.p.m. zinc, 3,838 p.p.m. lead and 
42 p.p.m. silver. 

The in-ground resource of one mil
lion grams of gold equal to about $14 
million has already attracted the at
tention of Seltrust, which would like to 
treat the ore at its nearby Teutonic 
Bore mine, and of a Perth private com
pany, which has offered to spend up to 
$2 million on an ore treatment plant 
on a joint-venture basis, with the 
promise of gold production within 
eight months. 

Of great significance to Forsayth's 
tenement purchases is the fact that 
the exploration was not completed by 
conventional prospecting and explora-

The Landsat image of the Lawlers region produced by satellite from approximately 600 miles above the earth's surface. Well-defined 
lineaments and faults are visible to the human eye. 
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tion methods and could not conceiv
ably have been so completed. 

A regional geological appraisal of 
the eastern goldfields of Western Aus
tralia based principally on the geologi
cal interpretation of Landsat satellite 
imagery indicated that the Lawlers 
district has potential for the discovery 
of economical mineral deposits. De
tailed analysis within this district us
ing the computerized lineament analy
sis techniques developed by M. J. 
Longman & Associates showed three 
areas of interest, one area at Lawlers 
and two extending to the southeast. 

The primary aim of Longman's in
vestigation was to locate, using known 
mineral deposits as models, areas 
where the geological environment was 
potentially favorable for the develop
ment of the following three major gold 
mineralization types: 

1. Kalgoorlie Type. Gold associated 
with quartz veining and sulfide zones 
with a late-stage differentiate of a ba
sic sill. 

2. Kambalda Type. Gold associated 
with the sulfide or graphite-rich meta
sediments within a sequence of ultra
basic or basic flows. 

3. Porphyry Type. Low-grade, high
tonnage deposits closely associated 
with late-stage granitic intrusives with 
copper, molybdenum or tungsten affin
ities. 

Of the areas studied to date the 
Lawlers district is unique in that the 
criteria required for each type of de
posit exist, with known mineralization 
confirming the presence of all three 
geological environments. The regional 
geological structure is dominated by a 
trend of north-to-northwesterly linea
ment ZOnes. Visual interpretation of 
the lineament patterns visible on the 
Landsat image suggested that the 
Lawlers area is close to the intersec
tion of three major lineament zones. 

Because the regional structural 
features indicate the region could 
be favorable for the implacement of 
structurally controlled ore zones, a 
computer lineament analysis was un
dertaken of the greenstone belt ex
tending from Lawlers to Camel Bore. 
The analysis, using Longman's tech
niques for lineament analysis of Land
sat data, confirmed that the Lawlers 
mining area occupies an area of high 
lineament density dominated by major 
east-west structures. 

Ore zones extend southeast from 
Lawlers for a distance of four kilome
ters. A second zone with similar char
acteristics occurs two kilometers 
southwest of Camel Bore and extends 
for a distance of five kilometers to the 
west-northwest. A third zone extends 
southeast for a distance of five kilome-
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ters from two kilometers northeast of 
Table Well. All three zones parallel 
the granite greenstone contact, and in
terpretation of the computer-devel
oped lineaments suggests that any 
area within one kilometer of the zones 
of high lineament density would be fa
vorable for mineralization. 

Longman's theories and interpreta
tion were in the event supported by an 
earlier drilling program by Texas Gulf, 
which abandoned the Great Eastern 
Mine area when it appeared its large
scale target tonnages would not be 
met. Its complete exploration program 
has, however, proved the potential for 
a medium-grade operation and saved 
Forsayth about $700,000 in the pro
cess. This has put the area well beyond 
the exploration stage . 

. While Lawlers is undoubtedly the 
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feather in Forsayth's cap, the company 
is not without its other attractions: 

1. Cash and quoted investments of 
$3.5 million, equal to 22¢ per share; 

2. A 15 percent interest in a highly 
prospective oil permit in the Bass 
Strait, and an interest in ATP 298 in 
Queensland due to spud-in in mid
October; 

3. A small gold joint venture being 
negotiated with a major mining com
pany; 

4. Australi�n rights to Longman's 
techniques. 

Even with the price of gold languish
ing at about US $400 per ounce, For
sayth will not be ignored much longer, 
particularly when infill drilling results 
and ore reserve figures are expected 
from Lawlers in the near future. 

All 
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The Present: The governDlent leads 
research expenditure as private 

cODlpanies specialize 
CSIRO is now Australia's largest sci

entific research establishment. The or
ganization employs over 7,500 people 
in more than 100 laboratories around 
the country, consumes more than a 
third of the total government science 
budget and carries out research in all 
areas but nuclear energy. 

Australia's defense research effort 
began in 1916 with the establishment 
of an arsenal and a supporting defense 
laboratory. This effort gradually ex
panded through the establishment of 
defense research laboratories, mainly 
based at Salisbury in South Australia, 
and through the establishment in the 
1970's of the Defence Science and 
Technology Organisation (DSTO), which 
now employs over 1 ,000 professional 
scientists and engineers. 

Another major milestone was the 
creation of the Australian Atomic En
ergy Commission (AAEC) in 1953 to 
help with the exploration, mining and 
treatment of uranium, the use of nu
clear power and the use of radioiso
topes for medical purposes. 

The organization had its heyday in 
the 1960's and early 1970's, when 
there was a strong possibility that Aus
tralia would build a nuclear power sta
tion and move into enrichment and 
conversion of uranium oxide. 

However, under the policies of the 
new Labor government, the nuclear re
search effort is being wound down and 
work is concentrating on the medical 
and environmental uses of radioiso
topes and on nuclear waste disposal. 

Universities also provide research 
facilities. There are now 19, twice as 
many as 10 years ago, and despite the 
increase there are still quotas on stu
dent admissions. However, enroll
ments in engineering and the physical 
sciences are low, causing concern over 
future manpower, particularly for 
high-technology industry and resource 
development. 

Tertiary education is backed by 
more than 50 vocational colleges and 
more than 200 technical colleges. 

Overall, Australia's science and 
technology effort is still strongly bi
ased toward the colonial model of as
tronomy, natural sciences, meteorolo
gy, agriculture and geology, although 
it is also extremely strong in medical 
research, the development of scientific 
instruments and mining engineering. 

The industrial research effort in 
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Australia is extremely low in compari
son with that of other OECD countries: 
only .2 percent of the gross domestic 
product was spent on research by in
dustry in 1978-79, compared with 1 .9 
percent in countries of relatively com
parable population such as Switzer
land and Sweden. 

However, government spending on R 
& D as a percentage of GNP compares 
extremely well with that of other 
OECD countries, at .8 percent. For 
both Canada and Switzerland the fig
ure is only .6 percent. 

This imbalance is accentuated by 
the relatively large sums that still go 
to agricultural research, despite the 
sector's declining input to overall pro
duction, contributing only about 10 
percent in recent years. However, it 
still accounts for about 40 percent of 
export income. 

The imbalance is highlighted by 
CSIRO, which still spends more than a 
third of its annual budget of over $300 
million on agricultural research. In 
comparison, mineral and energy re
search receives less than a sixth of 
the total budget and high-technology 
about a tenth. 

Moves are under way to channel 
more funds into the manufacturing 
and high-technology sectors, but a 
change in direction can only be slow 
and many argue that CSIRO should 
continue to concentrate its effort on 
the primary industry sector, which has 
served the nation so well. However, 
the minister for science and technolo
gy, Mr. Barry Jones, is also pressing 
for CSIRO to change its emphasis and, 
he says, "come out of the closet ."  

The disparity has prompted govern
ment action to try to boost industrial 
research through a number of grant 
schemes, in particular the Industrial 
Research and Development Incentives 
Scheme (IR&DI), operated through the 
Department of Science and Technolo
gy. It had a budget of $49 million in 
1982-83 and made grants to a wide 
range of industrial research projects, 
many by emerging small companies. 
Its budget for 1983-86 is $71 .6 million. 

Efforts are in progress to establish 
more specific industrial research fund
ing schemes, particularly in the high
technology area. For instance, earlier 
this year the National Biotechnology 
Program was launched specifically to 
provide funds for the commercial 
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scale-up of biotechnology research. 
A similar energy research scheme, 

operated by the National Energy Re
search, Development and Demonstra
tion Council (NERDDC), has been in 
existence since 1978 and has made 
grants totaling almost $100 million in 
a wide range of fields from coal explo
ration to wind power. 

At the hub of Australia's research 
effort is the Department of Science 
and Technology, formed from two sep
arate departments in 1981 .  The de
partment, with a total budget of $574.2 
million for this financial year, is re
sponsible for a number of Australia's 
major scientific bodies such as the Bu
reau of Meteorology, the Antarctic Di
vision, the Australian Government 
Analytical Laboratories and the Pat
ent, Trade Marks and Design Office. 

The Department of Science and 
.Technology is also the main source of 
policy advice to the minister and is 
responsible for the government's ma
jor industrial innovation and technolo
gy development programs. It adminis
ters a number of grant schemes, 
including the Australian Research 
Grants Scheme (ARGS), which funds 
basic research, the Marine Sciences 
and Technologies Research Grants 
Scheme, the Industrial Research and 
Development Incentives Scheme and 
the new Australian Biotechnology 
Scheme. 

Australia's major tropical marine 
research body, the Australian Institute 
of Marine Science (AIMS), based at 
Townsville, Queensland, also reports 
to the department. AIMS was estab
lished in 1972 to carry out a wide 
range of multidisciplinary research 
projects, particularly on the Great 
Barrier Reef. It now has a budget of 
$6.9 million and its main projects in
clude work on marine food chains, 
reef-building organisms and coral 
reefs, tropical oceanography and ma
rine pollution. 

The Department of Science and 
Technology administers Australia's 
space programs, which include NASA's 
deep-space communications complex 
at Tidbinbilla, near Canberra, and the 
nearby Orroral Valley tracking sta
tion, which is to close shortly as part of 
NASA's rationalization of space facili
ties around the world. 

Tidbinbilla's main facility is a 64-
meter antenna supported by a 26-me

(continued on page A16) 
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APPLIED TECHNOLOGY: ---------------- � 
The Microbee 

In the battle with the international 
giants in the highly competitive micro
computer business, one Australian 
company has been remarkably success
ful.  With almost 20,000 Microbee com
puters delivered to date, Applied Tech
nology is currently scaling up its 
production facilities in the New South 
Wales town of Gosford to handle an 
output of 2,000 computers monthly. 
Additional company-owned support fa
cilities are now operational in Perth, 
Western Australia, and Melbourne, 
Victoria. 

The key to Applied Technology's suc
cess was in the specification of its Mi
crobee microcomputer system and the 
low price it charges for the product. 
The company was one of the first to 
recognize the importance of the price/ 
performance factor in key but cost
sensitive markets such as education. 
Indeed, at the time of this writing, the 
Microbee has been selected as an ap
proved computer for schools in New 
South Wales, Queensland and Western 
Australia and is in widespread use in 
schools, universities and technical col
leges throughout Australia and New 
Zealand. The success of the Microbee 
has in turn started to generate a 
stream of quality educational software 
utilizing the extensive graphics, sound 
and input/output features of the ma
chine. The Microbee is thus able to 
compete favorably with imported mi
crocomputers. 

Largely the brainchild of its develop
er, Mr. Owen Hill, the Microbee was 
originally sold in kit form. The ma
chine appealed to hobbyists, and it 
quickly acquired a reputation for being 
a reliable and surprisingly powerful 
system. As demand built up the com
pany began marketing fully assembled 
units using the information gained 
from the kit customers to fine-tune the 
final product. 

The Microbee is based on a Zilog 
Z80A microprocessor, one of the most 
widely used eight-bit microprocessor 
chips in the world. The architecture of 
the computer is another virtue: It es
sentially consists of a compact key
board/visual display/computer con
troller unit that can be expanded to 
various configurations by adding vari
ous types of memory boards. The Mi
crobee was one of the first computers 
to use battery-backed, CMOS static 
memory, and the 16K and 32K units 
are supplied with BASIC, WORD
PROCESSING and COMMUNICATIONS soft
ware in read-only memory. A user can 
write a file on the Microbee under 

WORDBEE, disconnect the computer 
from the power supply and then take it 
to the office the next day and print-out 
or edit the same WORD BEE file. The 64K 
disk version uses CP/M as an operat
ing system and is supplied with world
class software such as WORDSTAR, 
MULTIPLAN and BASIC bundled into the 
incredible $1 ,500 hardware/software 
package. The choice of CP /M gives Mi
crobee users access to what is probably 
the largest base of applications pro
grams worldwide. 

Applied Technology recently demon
strated several new products that are 
likely to ensure that it remains at the 
forefront of computer technology. 
These included a fully portable ma
chine using LCD display; powerful and 
technically advanced peripherals such 
as the LOW COST DIGITAL MODEM 
(BEEMODEM); BEETALKER, a fully inte
grated speech synthesis unit, and 
BEECOMPOSER, a polyphonic music gen
erator with a built-in editor that en
ables the user literally to write his 
sheet music as he composes. 
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The following of the Microbee is so 
large that two leading magazines pub
lish monthly Microbee columns on 
hardware and software developments, 
and there are eight very active Micro
bee user groups around Australia with 
a collective membership exceeding 
3,000. 

The Microbee is sold internationally 
under various licensing arrangements. 
Although the product has been re
leased for worldwide resale for less 
than six months, it has already cap
tured a significant market share in 
Denmark, Norway, Sweden and Fin
land, in Israel and other Middle East
ern countries, and particularly in 
South Africa. Interest has been shown 
in West Germany, Hong Kong, the 
Philippines, India, Indonesia, Singa
pore and the U.K. Applied Technology 
is planning to release a version of 
the Microbee into the U.S. and U.K. 
markets in 1984, which will be the 
real test of this product of Australian 
high technology against the might of 
the established. 
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DEPARTMENT OF SCIENCE AND TECHNOLOGY: ______ _ 

The Australian Department of Science 
and Technology provides support for re
search and development through three 
main funding schemes: 

• Basic research grants through the 
Australian Research Grants Scheme 
(ARGS). 

• Mission-oriented research grants, 
e.g. through the Marine Sciences 
and Technologies Research Grants 
Scheme. 

• Industrial research grants through 
the Australian Industrial Research 
and Development Incentives Scheme 
(AIR & DI). 

The following are examples of pro
jects supported by the department 
through the AIR & DI scheme. 

Sirofloc 

A new water purification technique, 
which decolorizes and clarifies turbid 
water cheaply and effectively, has 
been commercially developed in a joint 
project between private industry and 
the department. 

The technique, known as Sirofioc, 
was invented in 1977 by CSIRO scien
tists, and has been developed by Aus
tep Pty. Ltd. ,  a joint-venture company 
formed by Clough Engineering and 
Davy McKee Pacific Pty. Ltd. in 1979. 

Two commercial-scale plants have 

Three Notable Inventions 

been built, one in Western Australia 
and the other in Tasmania. The first, a 
35 megaliter plant at the Perth Metro
politan Water Board's Mirrabooka site 
opened in 1981, and the second, a 20 
megaliter plant at Bell Bay in Tasma
nia, was commissioned last year. 

Conventional plants for water purifi
cation require the use of fiocculants 
such as alum, which are much slower 
and less efficient and require large sed
imentation tanks. 

The Sirofioc process is fast and effi
cient and uses small particles of mag
netite to rapidly remove impurities 
and color from water. 

Impurities in the water are attract
ed by electrostatic forces onto the mag
netite. The particles are then magne
tized causing them to aggregate into 
large clumps that settle out very 
quickly, leaving behind clean water 
that is ready for consumption. 

Magnetite is recovered for reuse by 
stripping it from its accompanying 
sludge using magnetic drum separa
tors and an alkali wash. This reacti
vates the magnetic particles so that 
they attract and hold colloidal matter, 
algae, bacteria, dissolved colored mate
rial and other impurities. 

The process is particularly effective 
for purifying water that is hard to 
treat by conventional methods, such as 
reservoir water that is colored by dis-

The Sirofloc plant at Bell Bay, Tasmania is compact and produces 5,280,000 gallon/day of 
treated water. Major equipment includes contact tanks (left) and clarifier (right). 

A14 ADVERTISEMENT. 

solved organic matter. The humic ac
ids responsible for the color readily 
bind to the treated magnetite. 

Austep is also commercially develop
ing two other CSIRO water-treatment 
processes-Sirotherm, for the desali
nation of brackish water, and magnet
ic dealkalization, for the removal of 
temporary hardness from water. 

The department has contributed 
$4.6 million to the development of the 
three processes .  The overall aim is to 
cut the cost of water treatment and 
make the most efficient use of one of 
Australia's most scarce resources. 

Bionic Ear 

Commercial development of an Aus
tralian-designed bionic ear is in its fi
nal stages with full-scale clinical trials 
in both Australia and the U.S. 

Work on the bionic ear, or more cor
rectly cochlea implant, has been sup
ported by the department since 1979. 
A total of $4.7 million has been com
mitted to the project. 

It uses sophisticated state of the art 
electronics and a multichannel im
plant in the cochlea to convert normal 
sounds into electrical impulsell inside 
the ear. This helps nerve deaf people 
with a profound or total hearing loss to 
recognize speech and hear again. 

It was originally developed by Pro
fessor Graeme Clark of the University 
of Melbourne. Initial clinical testing of 
prototype devices was carried out in 
1978-79. In 1981 ,  a leading Australian 
biomedical company, Nucleus Ltd. ,  
was awarded a contract by the depart
ment for the commercial development 
of the implant. 

Last year six of the latest models of 
the device were successfully implanted 
in Australia with encouraging results. 

Two cochlea implant clinics have 
been established at Iowa University 
and the Baylor College of Medicine in 
Houston, Texas, with more planned. 
Nucleus Ltd. is now planning full-scale 
commercial production of the implant. 

The device consists of a speech pro
cessor-transmitter weighing only 200 
grams, which fits into a patient's pock
et. This receives sound vibrations 
through a microphone and converts 
them into a coded radio signal. These 
signals are transmitted from a small 
coil behind the wearer's ear through 
the skin to the cochlea implant, which 
has been fitted surgically in the mas
toid bone behind the ear. 

The implant converts the radio sig
nal to electrical impulses which are fed 
into the multielectrode array in the 
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inner ear. This consists of a bundle of 
ultra miniature wires that make con
tact to the auditory nerve endings 
within the cochlea via a series of elec
trode rings spaced along the array. 

A special connector has been devel
oped that, through a simple surgical 
procedure will allow the whole elec
tronics package to be replaced when 
new, more advanced electronic tech
niques are developed in the future. 

The world market for a bionic ear is 
not known although it is estimated 
that over four million people are pro
foundly deaf. A Nucleus survey esti
mated that 0 .1  percent of the popula
tion could benefit from the device. 

Interscan 

A new Australian-designed micro
wave landing system should be intro
duced into most world airports toward 
the end of this century. 

The system, known as Interscan, 
was chosen by the International Civil 
Aviation Authority (ICAO) in 1978 as 
the international standard for landing 
systems into the 21st century. 

Interscan Australia Pty. Ltd. ,  a 
wholly owned subsidiary of the Austra
lian Industry Development Corpora
tion, and its U.S. partner, Wilcox Elec
tric Inc. ,  have been commercially 
developing the system with the aid of 
nearly $14 million in grants from the 
Department of Science and Technology. 

This year, the partners bid for a con
tract for 208 of the systems for the 
Federal Aviation Authority (FAA) for 
use at small U.S. airports, and if suc
cessful, they will be well placed to de
velop a substantial worldwide market. 

Already the Australian government 
has decided to install the system at 
three country airports to show its ca
pabilities, and a production plant has 

The complete cochlea implant system including implantable prosthesis microphone headset 
and speech processor. 

been set up in Sydney. 
Interscan was originally developed 

in the 1970's by CSIRO and the De
partment of Aviation and is based on 
the principle of microwave beams that 
intercept and pinpoint the aircraft in 
the sky. 

Two ground antennas radiate nar
row fan-shaped microwave beams, one 
scanning horizontally and the other 
vertically. Each beam produces two 
pulses in the aircraft's receiver and by 
measuring the time interval between 
the two pulses the aircraft's azimuth 
and elevation angles relative to the 
runway can be accurately measured. 

Precision measuring equipment 

aboard the aircraft allows the crew to 
determine its distance from a beacon 
near the runway. This information, 
which is updated many times per sec
ond, pinpoints the position of the air
craft and allows the pilot to approach 
the runway from any direction up to 
20 nautical miles from the airport. 

Interscan has many advantages over 
continental instrument landing sys
tems as it allows curved approaches, 
facilitates safe landings in poor visibil
ity, optimizes approach paths and op
eration of aircraft, enables a wide vari
ety of flight paths for both landings 
and takeoffs and can be installed at 
airports with difficult terrain. 

The Interscan microwave landing system. The 1 Y, degree elevation 
antenna and associated electronics cabinet on display at Kansas 
City International A irport (left); the scanning principle (right). 'TO" SCAN 
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ter dish, and the station has taken part 
in many deep-space missions, includ
ing the Mariner, Pioneer, Viking and 
Voyager flights. 

Another element of Australia's 
space program is the Australian Land
sat station with a data acquisition fa
cility at Alice Springs and a processing 
facility in Canberra. It has been modi
fied recently at a cost of $600,000 to 
receive some data from the Landsat 4 
satellite, but there is disagreement as 
to whether an additional $10 million 
should be provided to upgrade it to 
receive high-resolution data from the 
new series of Landsat and French Spot 
satellites. 

The minister for science and tech
nology is also responsible for CSIRO. 
The organization is split into five insti
tutes and a bureau. These include the 
Institute of Biological Resources, Ener
gy and Earth Resources, Industrial 
Technology, Animal and Food Sciences 
and Physical Sciences and the Bureau 
of Scientific Services. Within this 
structure are 40-odd divisions and 
units concentrating on specific areas of 
research from radio astronomy to 
manufacturing technology. 

Current high-priority research areas 
include biotechnology, plant patholo
gy, energy, manufacturing industry, 
water and soils, information technolo
gy and oceanography. 

Under pressure from the minister 
for science and technology the organi
zation is redirecting its work into a 
number of specific areas of industrial 
research, including the use of comput
er technology and microelectronics for 
industrial processes, flexible manufac
turing systems, advanced-process and 
quality-control technologies, advanced 
materials, mineral-processing technol
ogies, environmental-monitoring and 
mineral-exploration instrumentation, 
communication technologies and agri
cultural chemicals, veterinary vac
cines and medical pharmaceutical 

products. 
CSIRO has also established a new 

contract research company, Sirotech, 
to help transfer CSIRO innovations 
from the research laboratory into com
mercial manufacture. 

However, CSIRO is not the prime 
source of science and technology policy 
advice to the government. Since 1977 
this has been the role of the Australian 
Science and Technology Council (AS
TEC), which is responsible directly to 
the prime minister. 

ASTEC is headed by Professor Ralph 
Slatyer of the Research School of Bio
logical Sciences at the Australian Na
tional University and a former Austra
lian ambassador to UNESCO. 

Apart from the Department of Sci
ence and Technology, another 12 or so 
federal government departments are 
involved in science and technology ini
tiatives-accounting for total federal 
government spending on science of 
$1 ,552 million in 1982-83. 

The Defence Science and Technology 
Organisation (DSTO) within the De
partment of Defence, is Australia's sec
ond-largest research organization after 
CSIRO, with a budget of $145 million 
for this financial year-about 3 per
cent of the total defense budget. It em
ploys about 1 ,000 professional scien
tists and engineers and an additional 
3,400 technical and support staff at 10 
research establishments around Aus
tralia. Research is mostly in the physi
cal sciences and engineering, but is 
also undertaken in food sciences, envi
ronmental psychology and operational 
research. 

Another department heavily in
volved in science and technology is the 
Department of Resources and Energy, 
spending $89.2 million over the last 
financial year. It is responsible for 
both the Australian Atomic Energy 
Commission (AAEC) and the Bureau of 
Mineral Resources (BMR). 

The bureau, with a budget of $23 . 1  

Tidbinbilla tracking station, near Canberra. 
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billion for 1983-84, is the country's 
main geoscience research organiza
tion. It carries out a wide range of geo
logical studies both on- and offshore 
and in Antarctica. It is organized into 
five divisions: continental geology, geo
physics, marine geoscience and petro
leum geology, and petrology and geo
chemistry; the fifth division is devoted 
to the assessment of Australia's miner
al and energy resources. 

The AAEC is a statutory authority 
with a budget of $38.3 million this fi
nancial year. With a staff of about 
1 ,000 it is the largest energy research 
body in Australia. 

In the past the AAEC has concen
trated almost a quarter of its staff on 
uranium-enrichment research, but 
this has now been wound down in line 
with the Labor government's policy on 
uranium mining and use. Research is 
now being concentrated on waste dis
posal, radioisotope use and production, 
nuclear physics and fusion and envi
ronmental programs. 

The government has plans to split 
the commission into three separate au
thorities in the future: one responsible 
for regulatory matters, including envi
ronmental protection, health and nu
clear safeguards; a second, a govern
ment corporation to produce and 
market radioisotopes, and the third, a 
nuclear research science authority. 

The Department of Health is respon
sible through the National Health and 
Medical Research Council (NH and 
MRC) for the majority of medical re
search funding in Australia, which 
this year has a budget of $38 million, 
28 percent more than last year. 

Last year the Australian Science 
and Technology Council recommended 
great revisions in the funding, coordi
nation and planning of medical re
search, pressing for the abolition of the 
NH and MRC and the establishment of 
a Medical Research Council and a Na
tional Health Council. This action was 
strongly opposed by the Australian 
Medical Association and no decision 
has been made. 

The state governments are all heavi
ly involved in science and technology 
development. In the past this has been 
mainly limited to agricultural re
search and extension services and 
medical research, but more recently it 
has extended to the support of high
technology development. 

All of the states are moving strongly 
into this area by establishing technolo
gy ministries, technology parks, inno
vation centers, special technology 
funds and information services. 

The universities receive a great deal 
of their funding for basic research 
through the Australian Research 
Grants Scheme (ARGS). However, the 
funding for this, $22.4 million for 1984, 
is considered far too low to support an 

(continued on page A20) 
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SOUTH AUSTRALIA: 

Determined High-Technology Development 

Adelaide, South Australia: n . . •  possibly the last, well-governed and moderately contented metropolis on earth. "The New Yorker 

South Australia likes to call itself 
the Festival State. It is also the central 
state and the self-styled high-technolo
gy state of Australia. To the east of 
South Australia lie the more populat
ed states of Victoria and New South 
Wales. To the north is the vast North
ern Territory, and to the west lies the 
even larger and emptier state of West
ern Australia. 

Of South Australia's total area of 
380,000 square miles, about two-thirds 
in the north is desert or near-desert. 
Recent discoveries of major natural re
sources include the Cooper Basin natu
ral-gas fields, which now supply parts 
of New South Wales, and the massive 
copper, gold and uranium deposits at 
Roxby Downs. 

Historically, South Australia has 
been highly dependent on agriculture 
for its wealth. Expansive grazing lands 
in the center of the state support a 
large population of sheep and cattle. In 
the south are temperate farming 
lands, and around the capital city of 

Adelaide are important wine-growing 
regions. 

During the 1950's and 1960's, South 
Australia made a determined bid to 
reduce its dependence on agriculture 
and increase industrial activity. Incen
tives were offered to manufacturers to 
relocate to South Australia and a poli
cy of encouraging migrants was active
ly pursued. Major automotive and 
white-goods manufacturing operations 
were established, and South Australia 
is now the third-largest manufacturing 
state in Australia. 

In the 1980's South Australia has 
been taking the next step in I:?ocioeco
nomic development. Because the major 
service-based industries are in Sydney 
and Melbourne, Adelaide had to follow 
a different route. Rather than chase 
tertiary industry wholesale, South 
Australia is embarking on an ambi
tious program to attract high-technolo
gy companies. The move to high tech
nology is designed to broaden the 
state's traditional base, much of which 
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is facing intense competition, while at 
the same time improving the competi
tiveness of existing industry. 

South Australia has had a headstart 
in the battle to attract high-technology 
companies; its vast empty interior at
tracted the V.I{. and Australian gov
ernments to set up a rocket range and 
nuclear bomb testing site there in the 
late 1940's and early 1950's. These 
moves into advanced technology oc
curred at about the same time the 
state was expanding its manufacturing 
base. From this defense-related activi
ty sprang a diverse range of high-tech
nology enterprises, which the state is 
determined to capitalize on. 

About a 20-minute drive from Ade
laide lies the largest electronics re
search establishment in the Southern 
Hemisphere. The Defence Research 
Center, Salisbury (known as DRCS), 
forms part of the Australian govern
ment's Department of Defence. DRCS 
employs 2,700 people in three major 
research laboratories: electronics, 
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weapon systems and advanced engi
neering, working on indigenous de
fense equipment development and 
modification and evaluation of over
seas equipment. This center has ad
vanced skills over a wide range of 
high-technology areas such as optics, 
infrared, radar, aeroballistics, fluid 
dynamics, propulsion, guidance and 
control systems, electronic warfare, 
underwater detection, communica
tions, precision mechanisms and many 
others. 

DRCS involves industry in projects 
at an early stage. As a result, a num
ber of private companies have devel
oped around the organization. Some of 
these companies are almost completely 
devoted to defense work whereas oth
ers are also involved in commercially 
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oriented high-technology work. Major 
companies such as Thorn-EMI Elec
tronics, British Aerospace and Fairey 
Australasia provide equipment to U.S. 
and European defense contractors. 
This has given South Australia more 
of an advanced technology flavor to its 
industry, concentrated in innovative 
R&D and complex systems develop
ment and manufacture, than any oth
er state in Australia. 

The South Australian government is 
keen to exploit and build on the ad
vanced level of existing high-technolo
gy expertise. The areas of expertise are 
considerable, but they cover in the 
main defense-related technologies, 
electronics and optoelectronics, bio
technology, mining-related technology, 
agriculture-related technology and re-
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mote sensing. In addition to highly ca
pable, indigenous high-technology 
companies, South Australia boasts 
such international names as British 
Aerospace, Philips, Raytheon and Tex
as Instruments. 

In the area of biotechnology, South 
Australia has extensive expertise par
ticularly through the University of Ad
elaide with its National Centre for 
Gene Technology and the internation
ally known Waite Agricultural Re
search Institute, Flinders University, 
Roseworthy Agricultural College, the 
South Australian Institute of Technol
ogy and various CSIRO divisions based 
in Adelaide. The state government is 
in the process of formulating a South 
Australian Biotechnology Advisory 
Committee to provide an important 
link between the scientific community 
and industry to assist in the commer
cial development of biotechnology. 

Adelaide is also home to Australia's 
largest manufacturer of H.F. commu
nications equipment, Codan Pty. Ltd. ,  
which is  diversifying into small earth 
terminal design and production. Codan 
has received.a significant federal gov
ernment research and development 
grant to aid its efforts in innovation. 

The state government has invested 
$4 million in developing Australia's 
only industrial/office park complex de
signed to meet the needs of high-tech
nology manufacturers and organiza
tions involved in research and 
development, and established a sepa
rate corporation to promote the devel
opment of high technology. Set in a 
landscaped area near DRCS and next 
to the main campus of the South Aus
tralia Institute of Technology, Tech
nology Park Adelaide appears ideally 
suited to meet the needs of technology
intensive companies. 

The park will include a multitenant 
complex for small companies, and this 
building will also house an innovation 
development advisory service. The 
technologies of future tenants span de
fense electronics, plastics technology, 
robotics, mining technology and com
munication. 
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The size of Adelaide and its excellent 

infrastructure is conducive to a flow of 
high-tech start-up ventures, a number 
of which have already committed to 
occupancy of Technology Park Ade
laide. 

The first separate tenant will be 
Duntech International, involved in an
tenna design and audio equipment. 
However, Technology Park has re
ceived a substantial boost from the re
cent announcement by British Aero
space, a major multinational company, 
to establish its Southern Hemisphere 
headquarters at the park, including 
design and engineering facilities· and 
the progressive addition of production 
facilities. 

British Aerospace will purchase 3.2 
hectares of land at Technology Park, 
and the expansion is likely to lead to a 
substantial employment boost as a re
sult of offset contracts from the FA-I8 
and Orion programs. British Aero
space sees the park as an excellent 
base location for future work associat
ed with space projects in Australia. 
The company is presently involved in 
the design specification of the electron
ics package for Australia's contribu
tion to the Starlab space satellite. 

Encumbrances on intending pur
chasers or lessees of property within 
Technology Park will ensure that the 
integrity of the development as a high
technology center is kept. 

The executive director of Technology 
Park Adelaide Corporation, Mr. Barry 
Orr, expects tenants of the complex to 
benefit from the location, the sharing 
of commercial services and the re
search resources of the South Austra
lian Institute of Technology. Also sup
porting Technology Park Adelaide are 
several other major academic institu
tions. These include Flinders Universi
ty, which houses the Institute for 
Atomic Studies, and the Waite Agri
cultural Research Institute at the Uni
versity of Adelaide. 

One of the most exciting areas being 
investigated in South Australia is the 
CSIRO project on the development of 
very-large-scale integrated circuits 
(100,000 circuits per chip) by Dr. Craig 
Mudge. 

Adelaide is also the base of the Aus
tralian Mineral Development Labora
tories (AM DEL). Similar to the U.s. 
Colorado School of Mines, AMDEL is 
Australia's largest mining-related con
tract research and technical consult
ing organization. 

Aside from the support available 
from the well-established tertiary in
stitutions, Technology Park Adelaide 
is also likely to benefit from the exist
ing manufacturing structure in the 
state. Heavy involvement in automo-

bile and white-goods manufacturing 
has developed skills in areas that in
clude molding and extrusion of plas
tics, toolmaking, presswork and alu
minium casting, electroplating and 
sheet metal working capabilities. 

Of considerable interest to any com
pany attracted to South Australia is 
its economic and social advantages. 
Although labor costs in the state 
and elsewhere in Australia are similar 
to those in other advanced Western 
countries including the U.S., South Aus
tralia has a marginally lower cost 
structure and a significantly lower 
rate of industrial disputes. This brings 
the overall labor rates in the state 
well below those in the other Austra
lian states. 

Housing costs are also generally low
er than in other parts of Australia and 
considerably lower than, for example, 
those in the Santa Clara Valley region 
of California. The median price of a 
quality family-sized home on its own 
block of land in the Adelaide suburbs 
is $55,000. The population of the met
ropolitan Adelaide area is about 
900,000, and the region has a well
planned and well-maintained road and 
public-transport. system. Surveys have 
shown that 70 percent of the working 
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population of the Adelaide area live 
within 30 minutes' commuting time to 
the central business district. For those 
living to the north of the city, the trav
eling time to Technology Park would 
be less. 

Adelaide was once described by The 
New Yorker magazine as "possibly the 
last well-planned, well-governed and 
moderately contented metropolis on 
earth." It certainly has less of the bus
tle of Sydney or Melbourne, more so
phistication than Brisbane and per
haps a touch less brashness than 
Perth. Adelaide is on a coastal plain 
surrounded by a low range of hills. The 
climate generally is conducive to com
fortable living. 

The city's cultural activity is widely 
noted. Adelaide has wholeheartedly 
adopted the idea of having regular fes
tivals. Every second year it organizes a 
festival of concerts, opera, ballet, dra
ma, art, literature and light entertain
ment that is achieving a standard of 
world renown. Professionals delight in 
Adelaide's clean environment, wealth 
of attractions and excellent quality of 
life. These features give some justifica
tion to the city's potential for further 
high-technology development. 

TECHNOl.CX7Y B4RK 
ADElAIDE 

AUSTRALIA'S FOREMOST HIGH-TECH CENTER 

Technology Park Adelaide is Australia's first comprehensively 

planned center for scientific research and development and high

technology manufacturing. 

Adelaide offers an unsurpassed life-style with quality research and 

development facilities through three universities, the National VLSI 

Design Programme, the National Defenc e.Research Centre, 
AMDEL and other organizations. Companies already established 
are British Aerospace, Thorn-EMI, Raytheon, Texas Instruments, 

Philips and the cream of Australia's emerging high-tech companies. 

For further information clip this coupon and return to the Executive 
Director, Technology Park Adelaide Corporation, G.PO. Box 1264, 
Adelaide, S.A. 5001, Australia. Telephone: 61 08 2126279-Telex: 
AA82827. 
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adequate level of pure research in the 
country. 

Recently the chairman of ARGS, 
Professor Peter Sheehan, has called 
for a substantial increase in funding to 
at least $40 million even if only the 
most promising projects are to be sup
ported. 

The colleges and institutes have 
been more successful in attracting 
funds from industry. There are now 22 
Tertiary Consulting Companies-only 
three based in universities-carrying 
out work for private enterprise. Some 
have been so successful that they now 
earn fees in excess of $2 million a year 
for consulting. 

Other organizations involved in poli
cymaking are a number of professional 
bodies such as the Institute of Physics 
and the three science academies. These 
include the Australian academies of 
science, technological sciences and so
cial sciences. 

A number of research associations, 
such as the Australian Welding Re
search Association and the Sugar Re
search Institute, support research in 
their particular industry area. Cur
rently, the government supports four 
out of the 14 research associations 
through a special budget allocation. 

Australian Company Profiles 

CSL 

Commonwealth Serum Laboratories 
(CSL) is a government-owned pharma
ceutical and biotechnology research, 
development and manufacturing orga
nization, based in Melbourne. 

It was established by the govern
ment in 1916 to provide essential vac
cines, sera and other biological materi
als and since then has expanded to 
become Australia's major manufactur
er of pharmaceutical products. 

AMDEL 

Australian Mineral Development 
Laboratories (AM DEL) is an indepen
dent, commercial organization, based 
in Adelaide, that carries out research 
and development, design, manufactur
ing and consulting, mostly for the min
eral and mining industry but also for 
government and other sectors of indus
try both in Australia and overseas. 

AMDEL has a wide scope of activi
ties, ranging from mine planning, 
chemical metallurgy and forensic in
vestigations to the design and manu
facture of high-technology instrumen
tation, environmental studies and 
computer services. The organization 
has laboratories in Adelaide, Perth, 
Melbourne and Townsville and has 
plans for another facility at Darwin. 
The staff of 320 is headed by Mr. Brian 
Hickman, managing director, and is 
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split into a number of divisions includ
ing analytical chemistry, applied tech
nology, mineral and materials sci
ences, fuels and geological services. 

AMDEL is responsible for the devel
opment and commercialization of a .  
wide range of advanced instrumenta
tion. Recently this has included Siro
log borehole logging probes (initially 
developed by CSIRO), programmable 
mineral analyzers, a xanthate monitor 
and monitors of lead in the air. 

In 1981-82 a total of 17 percent of 
AMDEL's income came from overseas, 
substantially bolstered by a $1 million 
sale of instrumentation to the Soviet 
Union. 

Mount Isa Mines Ltd. 

Mount Isa Mines Ltd. (MIM) oper
ates one of the largest copper and zinc
lead-silver mines in the world at the 
isolated township of Mount Isa in the 
far west of Queensland. The site also 
produces copper anodes, crude lead 
and zinc concentrate, which are further 
processed by associated companies in 
Australia and the U.K. Group annual 
revenues are more than $750 million. 
Operating more than 1 ,000 kilometers 
from the nearest major town, MIM has 
had to develop a high degree of self
sufficiency. In doing so, it has also de
veloped a number of techniques that 
have found ready acceptance in other 
major mining companies elsewhere in 
the world. 

Where MIM is not losing a competi
tive advantage, positive efforts have 
been made by the company to market 
its innovations. One of the best exam
ples of this was a process control soft
ware program developed by the compa
ny for enhancing the control of various 
processing stages of the ore it mined. 
The value of the package was recog
nized by Hewlett-Packard Co., the ma
jor U.S.-based computer and instru
mentation company. 

MIM developed the software in re
sponse to its own need for a system 
suitable for direct digital control, su
pervisory set point control and model
based control system applications. The 
company also needed a system that 
was easy to use and could be connected 
to a wide variety of instrumentation. 
MIM decided to implement the system 
on a Hewlett-Packard computer. 

HP bought and further developed 
the software, adding a few features 
and slightly altering the configuration 
to achieve a more flexible package. 

· Now known as Process Monitoring and 
Control 1000, the package has been ac
quired by Exxon, Northern Telecom, 
General Motors, Kodak and Rockwell 
in the U.8. General Electric has ac
quired PMC/lOOO for divisions in the 
U.S. and Canada, and Agfa-Gevaert is 
also using the program in Belgium. 
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MIM and its associated . companies 
have also sold technology to U.S. and 
European metal-producing companies 
and have licensed for manufacture and 
sale specialized environmental moni
toring devices for use in the lead indus
try. Also in the lead industry, MIM has 
with Australia's CSIRO jointly patent
ed a direct lead smelting process. The 
process is at the stage in which a pilot 
plant is being built. MIM believes the 
technology will be commercially viable 
in the early 1990's, when it will reduce 
energy costs, increase metal recover
ies and allow lower-grade ores to be 
mined. 

CRA Ltd. 

CRA Ltd. rides near the top of Aus
tralia's list of largest publicly owned 
companies. With sales of about $2.5 
billion, its interests reach from the 
mining and processing of base and pre
cious metals to biotechnology research. 
While CRA is often regarded as simply 
a resource development company, its 
vice-president of development, Dr. 
Geoff Bone, considers it a manufactur
ing concern. 

CRA's history as a processor of raw 
minerals goes back to its origin as 
the Zinc Corporation Ltd. ,  which was 
formed in 1905 to treat zinc-bearing 
tailings at Broken Hill, in the far west 
of New South Wales. The town is the 
site of one of the largest discoveries of 
zinc, lead and silver. 

Broken Hill was arguably the first 
place in the world to develop the flota
tion process for the removal of metal
bearing compounds from raw mineral 
aggregates. A subsidiary of CRA, Bro
ken Hill Associated Smelters, devel
oped the first continuous lead refining 
process at Port Pirie, South Australia. 
The key to the continuous process is 
the addition of zinc to the impure lead 
at near melting point. The zinc and 
silver combination floats to the outer 
shell of a container called a desilvering 
kettle, and the lead is collected from 
the center of the vessel. In recent years 
Broken Hill Associated Smelters has 
also developed a process for removing 
bismuth from lead, thus improving the 
purity of the metal . 

CRA's majority-owned subsidiary, 
Comalco, mines bauxite in the far 
north of Australia and processes it into 
aluminum products. Completing the 
company's portfolio of activities is its 
participation in a diamond mining op
eration in Western Australia. 

Dr. Bone notes that most research in 
Australia tends to be of a "hands-on" 
nature. "In the future we are also like
ly to continue to focus on problem ar
eas through the adaptation of existing 
technology rather than break new 
ground," he says. 

(continued on page A22) 
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Telecommunications Pioneer and Leader 

Australia is fast becoming the hub of 
an extensive communications network 
in Southeast Asia. International com
panies that have interests throughout 
the region are leasing private voice 
and data links that reach out from 
a sophisticated, computer-controlled 
switching center in Sydney. 

This new development in high tech
nology has been won by Australia's 
Overseas Telecommunications Com
mission (OTC) against strong competi
tion from the communications carriers 
of several other countries. Its success 
reflects Australia's highly developed 
communications infrastructure, and 
the country's long history of stable 
government. 

The network provides secure, dedi
cated links between companies' Aus
tralian operations and their Southeast 
Asian affiliates in the Philippines, In
donesia, Singapore, Malaysia, Thai
land, Hong Kong and other regional 
sites. Further connections are being es
tablished in some cases to link the hub 
in Sydney to the U.S. or to Europe to 
provide a worldwide network. 

OTC expects this type of internation
al networking for intracorporate traf
fic to grow, and it is actively working 
with several major multinational com
panies on a number of more special
ized networks for the region, including 
an extensive international facsimile 
hookup. 

Research done by OTC indicates that 
business managers in Australia per
ceive the greatest challenge in commu
nications to be how best to establish 
corporation-wide links, and that these 
improved internal communications 
will be a vital factor in forging a com
petitive edge. 

Australia has long been a major user 
of international telecommunications, 
partly because of its isolation and part
ly because of the diverse makeup of its 
population resulting from the heavy 
immigration programs and the popula
tion boom in the post-World War II 
period. 

OTC was formed to handle interna
tional communications in 1946, at the 
end of the war, because of public agree
ment that a nation's strategic commu
nication links should be under govern
ment control. Thus the government 
acquired the private interests in the 
existing radio network and undersea 
cables. Since that time OTC has pro
vided all of Australia's public overseas 
communications, progressing from the 
era of the telegraph cable to subma
rine telephone cables, to satellites and 
now fiber optics. 

Australia is the fourth-largest user of the global communications satellite system. 

OTC is the fourth-largest sharehold
er of the global communications satel
lite system, based on "user pays" ar
rangements. Australia is among the 
highest per capita users of telecommu
nications in the world, behind only the 
U.S., Britain and France in total use of 
the system. 

In every sense, Australia is part of 
the global trend toward the informa
tion age. Social use of the telephone in 
Australia has been growing at a steady 
30 percent per year, slowing only 
slightly during the recent economic 
downturn, and new business services 
have been introduced for high-speed 
transmission of data across the coun
try or across the world. 

Since its formation, OTC has grown 
in stature in the international tele
communications community. It initiat
ed the permanent leasing of inter
national television broadcast transpon
ders. Two major television networks in 
Australia now have 24-hour access to 
television program material, such as 
news reports, from North America, 
keeping Australians informed of the 
latest developments overseas. 

Through its Intelsat involvement 
OTC is abreast of the progress being 
made in satellite communications, but 
it also shares the ownership and opera
tion of substantial submarine cable 
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systems around the world. Currently 
under construction is the $400 million 
ANZCAN cable linking Australia and 
New Zealand to Canada via Norfolk 
Island, Fiji and Hawaii. Australia is 
the major partner in this project. It is 
also involved in the planning and de
velopment of a cable system across the 
Indian Ocean, which is due to be com
pleted in 1986. 

OTC is test-marketing some novel 
forms of telecommunications. Togeth
er with the U.S., Japan, Canada and 
the u.K., it is introducing an interna
tional videoconferencing technique 
that dramatically reduces the band
widths and cost involved in satellite 
television transmission. The technique 
involves digitizing information and 
then transmitting only the informa
tion that changes from one picture 
frame to the next, not full frame infor
mation. OTC has also recently intro
duced the first electronic messaging 
services in Australia, based on the U.S. 
Dialcom facility. 

OTC's progressive attitude toward 
service innovation and its experience 
in the telecommunications forums of 
the world will ensure that the most 
modern, convenient services will con
tinue to be available for business and 
social use in Australia. 
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Broken Hill Pty. Co. Ltd. 

The Broken Hill Pty. Co. Ltd. (BlIP) 
is Australia's largest publicly owned 
company and has developed beyond a 
mining company to an integrated steel 
and metal products manufacturer. Its 
interests include oil and gas explora
tion, coal mining and the creation of a 
new type of internal combustion en
gine. 

BlIP's manager for new technology, 
Dr. John Parrott, believes Australia is 
evolving beyond its historical role as 
the "quarry of the world." "We are 
now managing our own resource de
posits and applying technology to that 
management process," he says. BlIP 
has developed novel processes with the 
$26 million budget it allocates to re
search and development. 

A central research laboratory is 
maintained at Shortland, New South 
Wales, about nine kilometers from the 
company's Newcastle steelworks. The 
major aim of the laboratory is research 
into the raw materials and processes 
used in all of BlIP's operating divi
sions. Of particular interest is work 
being done on the hydrometallurgical 
and electrometallurgical processing of 
ores and concentrates. 

In the Melbourne suburb of Clayton, 
BlIP operates a research laboratory 
devoted to work on the maintenance 
and expansion of the company's exist
ing markets. Nearly half the research 
effort at Clayton is devoted to improv
ing the properties and quality of exist
ing steels produced by BlIP and to the 
development of new steels. 

BlIP scientists are involved in the 
research being conducted on the con
version of natural gas and light hydro
carbons into liquid transport fuels. 
(Australia's natural gas reserves are 
known to exceed 9 x  109 cubic meters.) 

Dr. Parrott says the basic technology 
used by BlIP in commercially develop
ing liquid fuels from natural gas was 
researched and patented by CSIRO. 
The process does not use the produc
tion of methanol as an intermediate 
step but rather synthesizes hydrocar
bon molecules directly from methane 
via butane. "The work in this area was 
a spinoff from our coal-to-oil project," 
Dr. Parrott says. BlIP is spending 
about $1 million this year on the gas
to-oil project. Although BlIP admits it 
may be too early to define the commer
cial prospects for the process-produc
tion costs are an inhibiting factor-the 
company believes the process has ex
citing long-term potential. 

ERA Computer Corporation Pty. Ltd. 

Dr. Bill Caelli left the Australian 
subsidiary of Control Data Corpora
tion, the major computer company, in 
the late 1970's with the idea that Aus-
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tralia could become a major force in 
the computer industry. 

The company he founded, ERA Com
puter Corporation Pty. Ltd. (known as 
Eracom), began making small micro
processor-based commercially oriented 
computer systems. But it is not in this 
area that Eracom is likely to

' 
find its 

biggest success. While working with 
microprocessors, Dr. Caelli began in
vestigating the security problems asso
ciated with the transmission of data 
over public telecommunications net
works. 

Eracom believes it has gone some 
way toward solving the problems of 
keeping data secure with the develop
ment of an encryption device claimed 
to be better than any similar device in 
the world. The device has attracted the 
attention of several companies in the 
U.S., which are ready to market the 
product there and, if necessary, build 
it under license. Also giving the prod
uct some attention is the world's larg
est computer company, International 
Business Machines Corp. (IBM). This 
company's Australian subsidiary re
cently asked Eracom to jointly bid 
with it for a major computer and com
munications network required by the 
police department in the Australian 
state of Queensland. (Eracom is now 
based in the southern Queensland re
sort city of Gold Coast.) 

While leading in the development of 
data encryption devices, Dr. Caelli also 
has strong ideas about high .technology 
in Australia. "Australia has to look for 
viable and well-rounded participation 
in new industries rather than concen
trating on some esoteric market niche 
that may be here today and gone to
morrow," Dr. Caelli recently told com
puter engineers. He says that the in
formation technology industries are 
ideal for viable job creation because 
they include computer and communi
cations manufacturing and support. 
"Success owes more to marketing, 
manufacturing, management and 
maintenance than it does to a world 
first in anything," Dr. Caelli remarks. 
He says Australia must start manufac
turing machines similar to the Apple 
and mM microcomputers. "The point 
is that currently successful big tech
nology such as Apple are not in the 
'scientific breakthrough' league." 

Oliver J. Nilsen (Australia) Ltd. 

A diverse electrical equipment man
ufacturer, Oliver J. Nilsen (Australia) 
Ltd., commonly known as Nilsen, has 
taken a major plunge into a novel 
area: developing, manufacturing and 
marketing an advanced ceramic prod
uct, which is known as partially stabi
lized zirconia (PSZ). 

The PSZ process was originally de
veloped and patented by Australia's 
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Commonwealth Scientific and Indus
trial Research Organization (CSIRO). 
Nilsen's associated company, Nilsen 
Sintered Products, has the exclusive 
world license for the PSZ process and 
has been working with CSIRO on the 
development of PSZ products since 
1975. PSZ is likely to have widespread 
applications in the manufacturing of 
extrusion dies and internal combus
tion engine components-both of 
which will benefit from PSZ's tough
ness, wear resistance and rapid heat 
dissipation properties. 

Interest in PSZ has already come 
from a major diesel engine manufac
turer in the U.s.,  and Nilsen Sintered 
Products has set up a branch office in 
the U.s. to further the marketing of 
PSZ products. Further PSZ develop
ment is under way in Australia, and 
CRA Ltd. , a major Australian mining 
and manufacturing group, has ac
quired a 50 percent stake in Nilsen 
Sintered Products for an initial $2 mil
lion investment and the promise of an 
additional $5 million over the next five 
years. 

Nilsen has annual sales of more 
than $60 million and spends more 
than 10 percent of its income from PSZ 
on further research and development 
of the product. The Nilsen group's 
managing director, Mr. John Nilsen, 
believes the development of PSZ prod
ucts will generate more export reve
nues for the company, which has tradi
tionally relied on its domestic market 
for the majority of its revenues. 

"If we. succeed with PSZ, about 75 
percent of our sales of the product will 
be overseas," Mr. Nilsen says "The big
gest potential users are in the U.s." 
Mr. Nilsen recognizes that Australia's 
distance from major world markets 
tends to be a problem with having a 
product on the leading edge of technol
ogy in a particular market. 

The company's other products in
clude electrical switchgear, porcelain 
electrical fuses and electric motor con
trol equipment. It also operates a high
ly successful commercial radio station. 
"The future lies in the development of 
new materials and technologies that 
have potential," Mr. Nilsen says: 
"We're involved in PSZ because it 
gives us an edge in a particular mar
ket. We like the idea of having a few 
high fliers in the company, knowing 
that not all of them will work, but we 
are confident about PSZ." 

F. H. Faulding & Co. Ltd. 

For one of Australia's oldest drug 
companies, opening up an export mar
ket was seen as the only way the 
company could continue to grow. To 
compete successfully in the pharma
ceutical business on an international 
scale is a daunting prospect, but F. H. 

(continued on page A26) 
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BP AUSTRALIA:---------------Cl 
d 

A Revolutionary Coal Transport System 

The 30 ton per hour pilot plant at Stockton Borehole Colliery, Taralba, New South Wales. 

BP Australia, known corporately as 
"The Quiet Achiever," has diversified 
its interests over the past few years 
and is now heavily involved in the de
velopment of Australia's vast re
sources. Australia has some of the 
world's largest deposits of coal and BP 
Australia, working with other compa
nies, is dedicated to developing those 
coal resources. The company is there
fore vitally concerned with developing 
new, more efficient techniques to over
come the many problems that arise in 
this challenging field. 

One of the most exciting joint ven
tures the company is undertaking is 

The IPTACCS process. 

the transportation of coal by pipeline. 
Known as IPTACCS (integrated pipe
line transportation and coal-cleaning 
system), the scheme was started as a 
means of lowering the costs associated 
with the recovery of coal from the New 
South Wales and Queensland coal
fields and transporting it to steel
works, power generation stations and 
potential coal conversion plants. 

In the IPTACCS process, coal fines 
are mixed with oil and water. The oil 
preferentially wets the coal fraction, 
causing it to flocculate. Turbulence 
compacts the flocs into agglomerate 
pellets about four millimeters in diam
eter. Although different methods of ag
itation can be used to effect the growth 
of the pellets, the IPTACCS joint
venture partners found the action of 
pumping the slurry through a pipeline 
to be the most satisfactory method. At 
the end of the pipeline, the oil is re
moved and the pellets are dried. In 
removing the liquids, it is possible to 
either retain or destroy the pellet 
structure. Hence suitable products can 
be made available for export, or pre
pared as pulverized fuel for power sta
tion boilers and industrial furnaces 
and kilns. 

BP Australia and the Broken Hill 
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Proprietary Company worked indepen
dently on various aspects of this tech
nology until 1979, when they decided 
to pool their experience and technolo
gy. BP's area of interest was in the oil 
agglomeration process as a better 
method of cleaning coal. The compa
ny's researchers concentrated on per
fecting the removal of the oil from the 
end product for recycling. 

One of the major advantages of the 
IPTACCS technology has been its suc
cessful application in the recovery of 
coal fines that otherwise would have 
been lost as part of the normal coal
washing process. A pilot plant in New 
South Wales is operating at 30 metric 
tons per hour and has demonstrated 
the viability of the IPTACCS process. 
Because of the high coal matter recov
ery achievable using oil agglomera
tion, IPTACCS technology appears 
useful as a means of beneficiating 
steaming and coking coals. 

Major potential outlets are long-dis
tance coal transportation and benefici
ation, coal recovery from rejects in ex
isting washeries, treatment of coal 
fines when other techniques are not 
viable and improving specification 
yields from coals with poor washing 
characteristics. 
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CSL: ........................................ .. 

The Development of Pharmaceutical Biotechnology in Australia 

by Neville McCarthy, 
Director of the Commonwealth 

Serum Laboratories 

The Australian pharmaceutical in
dustry was accurately described in 
1979 in the Ralph report, the "Phar
maceutical Manufacturing Industry 
Inquiry," as predominantly engaged in 
the marketing of products formulated 
and packaged from imported active 
ingredients. 

This general description, although 
accurate, has its notable exception, 
the government-owned pharmaceuti
cal manufacturer Commonwealth Se
rum Laboratories (CSL), founded in 
1916. Initiated during World War I as 
a manufacturer of vaccines and anti
sera, CSL's biological product and 
national-interest missions have been 
key aspects of its operation. 

The establishment of the Common
wealth Serum Laboratories Commis
sion in 1961 as a statutory authority 
allowed for these dual tasks under leg
islation requiring that commercial op
erations be dominant and meet post
tax dividend criteria from trading 
profits and that noncommercial opera
tions be undertaken only to the extent 
of allotted government budget funds. 
Today, with an annual total revenue 
approaching $60 million, the commer
cial operations are responsible for 
more than 90 percent of total activity. 

The worldwide pharmaceutical in
dustry is known for its research and 
development investment, but apart 
from several short-lived ventures into 
R&D, the Australian subsidiaries of 
the multinational companies have not 
demonstrated this facet of their 

Sterilization unit. 
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strength in Australia. Indeed, for an 
industry dependent on world markets 
and a critical mass sufficient to sup
port many key activities, small nation
al activities cannot be expected to be a 
miniature version of the full spread of 
parent company functions. 

What, then, is the place for an Aus
tralian enterprise in this global indus
try, particularly when our nation has 
only 15 million people and is still 
largely remote from the rest of the de
veloped world? The finding and ex
ploiting of market niches built on the 
strengths available is the path to be 
pursued, but the path is often poorly 
marked, often only discernible because 
others have already trodden it, and it 
frequently leads to dead ends unless 
one can find the key to pass through to 
the main routes of world marketing 
and distribution. 

Basic research relevant to biological 
medicine, however, is strong in the 
public sector of Australia, with a broad 
spread across the related fields of im
munology, microbiology and molecular 
biology, through the diverse divisions 
of the Commonwealth Scientific and 
Industrial Research Organization 
(CSIRO), the state-funded universities 
and concentrated effort in a few insti
tutions of world reputation. 

At the applied level in biological 
medicine there has been a notable 
R&D effort at CSL, resulting in the 
large range of products they have 
made over the past 67 years. Many of 
the major advances of this century in 
therapeutics have been among the 
milestones of CSL's growth, for exam
ple, industrial-scale manufacture of in
sulin in 1923, diphtheria toxoid in 
1927, snake antivenoms in 1929, teta
nus toxoid in 1938, penicillin in 1944, 
human serum fractionation (Cohn) in 
1952, Salk polio vaccine in 1956, sub
unit influenza vaccine in 1966 and in
terferon in 1981 .  

Biotechnology is  therefore not new 
in Australia, but today there is wide
spread interest and optimism in the 
"new biotechnology" because it is seen 
that spectacular new advances and for
tunes are the "glittering prizes" for 
those with the courage to enter the 
field. 

Will the economies of biological 
product manufacture and marketing 
somehow be different in the next 20 
years than they have been in the past 
20 years? A belief that they will be is 
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Downstream high-capacity protein 
purification. 

probably at variance WIth the attitude 
of the established industry, which over 
the past two decades has regarded bio
logical product manufacture as the 
low-profitability, high-risk sector of 
the pharmaceutical industry. Indeed, 
it can still be said today that the few 
multinational pharmaceutical compa
nies that have retained a strong pres
ence in vaccines do not have the public 
visibility and media glamour enjoyed, 
if not promoted, by the venture-capital 
entrepreneurs as they proclaim their 
pursuits. 

Nonetheless, it is from the broadly 
based companies with deep financial 
pockets, manufacturing and market
ing skills and extensive international 
distribution networks that the innova
tive pharmaceutical products from the 
new biotechnology are most likely to 
come during the remainder of this cen
tury. But as is the case with all com
mercial enterprise, there will be the 
exceptions as an occasional entrepre
neur succeeds and grows to multina
tional viability and the industry loses 
established members who fail to adapt 
to changing technology and markets. 

What is the situation in 1983 for in
vestment in pharmaceutical biotech
nology in Australia? 

At the lowest level (but not implied 
to be unworthy) the argument I would 
strongly advance is that a presence in 
the field is of national importance. 
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This argument parallels that for sup
port of basic or pure research in any 
field, which is an argument acceptable 
to governments (and therefore to the 
people) in most countries, as evidenced 
by the systems they develop for grants 
to train and employ researchers. 

Through hands-on experience and a 
working presence the identification 
and exploration of prospects worthy of 
possible commercial exploitation can 
be best undertaken. 

Some would argue that this task 
should be left to the market system, 
and so it would be if the market system 
worked freely or were allowed to so 
work. Most nations, however, do not 
allow the free-market forces unfet
tered play in pharmaceuticals (if in 
any fields), and there are particular 
justifications for small nations making 
individual decisions on the grounds of 
protecting health and employment and 
buffering against complete dependence 
on overseas technology and the com
plex logistics of international supply 
networks. 

Thus in Australia, with its small 
population and largely remote situa
tion in the Southern Hemisphere, deci
sions can be appropriately made to 
support particular areas of technology 
and the manufacturing industry. The 
next question then has to deal with the 
identification of areas of support. The 
present discussion confines itself to 
pharmaceuticals, and so the answer 
need only relate to aspects of that 
industry. 

The spectrum of drugs or agents re
garded as lifesaving is now extremely 
broad; a simple list such as could have 
been compiled immediately following 
World War II is no longer possible. 

Biological production control 
instrumentation. 

Concentration on treating indigenous 
diseases of particular national impor
tance could provide another approach, 
but such diseases amenable to control 
or calling for a local thrust more readi
ly come to mind for third world coun
tries than for developed ones. 

Hence, as in the approach to any 
marketing problem, the focus comes to 
be on product differentiation, that is, 
in what way an advantage can be ex
ploited or even developed if it does not 
already exist. 

This is not the place to debate 
whether a society can develop such sit
uations through deliberate science pro
grams or whether they emerge seren
dipitously, and then perhaps as a 
function of the quality or quantity of 
research. Existing skills and resources 
together with emergent new disci
plines provide the logical base for a 
national effort if there is to be one, 
even though it may only be a micro
cosm of the efforts under way and well 
advanced in the populous developed 
countries of the Northern Hemisphere. 

In Australia the base for pharma
ceuticals is narrow, and in the re
search disciplines fundamental to 
products of biotechnology and in devel
opment and manufacture, there are 
few organizations with the appropriate 
depth of experience and demonstrated 
ability. The question of the choice of 
therapeutic area for human and veter
inary product development therefore 
goes back to the technology and scien
tific strength married to the develop
ment and exploitation capability dem
onstrated by established manufactur
ing and marketing skills. 

The question of "what to do?" is thus 
tied to the next one of "how to do it?" 

Although public funding to support 
unprogrammed research in the biologi
cal sciences must continue with some 
encouragement to "areas of need" as 
identified by the National Health and 
Medical Research Council over the 
past decade, there has emerged an al
location of public funding by govern
ment for biotechnology programs lead
ing to product development. This 
orientation toward industrial applica
tion introduces the need for protection 
of intellectual property and technical 
know-how, which previously has been 
of little concern to academics. At the 
same time industry and academia 
have very limited experience in work
ing together. The situation is more 
complex when public funds bring the 
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Typical fermentation plant. 

private sector and academic research 
institutes together, but there is no al
ternative to such arrangements, par
ticularly when basic research abilities 
are diffusely spread across the nation 
in places such as the universities and 
CSIRO divisions. 

We should note, however, that pub
licly funded developments in other 
countries have taken advantage of ex
isting national organizations in which 
the government has equity, or that 
such developments occurred through 
the establishment of government pres
ence in joint-venture arrangements 
with major private-sector institutions. 
Through CSL, with its strengths at 
critical levels of product developmen
tal steps, there is a unique opportunity 
for both public- and private-sector re
search innovations and ideas to find 
the path to successful commercial ex
ploitation. 

I would argue that an already-exist
ing R&D-based biological product man
ufacturer with a strong national mar
keting presence and an international 
linkage through vigorous export per
formance and licensing arrangements 
can be the prime focus of pharmaceuti
cal biotechnology in Australia. This is 
particularly so when government poli
cy is supportive of national effort in 
this area. The Commonwealth Serum 
Laboratories meets all the criteria to 
be that prime focus. 

A25 

© 1983 SCIENTIFIC AMERICAN, INC



Faulding and Co. Ltd. of Adelaide in 
South Australia has managed it. 

F. H. Faulding has developed a 
method of packaging the widely used 
antibiotic erythromycin so that the 
drug is released some time after the 
capsule containing it is ingested. The 
benefit of this is in the treatment of 
conditions in the low region of the in
testinal tract. In the manufacturing 
process erythromycin is coated with a 
substance before being encapsulated. 

What distinguishes F. H. Faulding 
from many other Australian compa
nies that have successfully tackled the 
export market is that the company de
liberately set its sights on the overseas 
market for its new product rather than 
the domestic Australian market. Ac
cording to Mr. Brian Hough-Davies, 
the group general manager of Fauld
ing's product divisions, the local mar
ket was becoming very crowded. "Most 
of the major international companies 
had set up subsidiary operations in 
Australia, so we thought the only place 
for us to go was overseas," he says. 

The company searched hard for a 
niche in the pharmaceutical market 
and began working on the controlled
release process. It was only interested 
in applying the process to existing 
drugs because it could not afford the 
time or the resources required to put 
any novel preparation through exten
sive testing procedures. 

"Our target drugs have to be exist
ing drugs on which all the toxicity 
tests have been carried out," Mr. 
Hough-Davies says. "The next require
ment is that there must be something 
difficult about taking the drug-for ex
ample, some drugs leave you feeIng 
sick because they are released in the 
stomach." 

F. H. Faulding has signed a distribu-

tor in the U.S. and is hopeful this com
pany will take up an option to manu
facture erythromycin products using 
the Australian company's technology. 
F. H. Faulding & Co. is continuing to 
spend about 10 percent of its erythro
mycin-related revenues of $6 million a 
year on research and development. 

Australasian Training 
Aids Pty. Ltd. 

About 600 kilometers south of Syd
ney on the banks of the river Murray 
is the bustling country town of Albury, 
New South Wales. Albury is the home 
of one of Australia's most unusual 
companies, Australasian Training Aids 
Pty. Ltd. (ATA). It was formed in 
1957 by its current managing director, 
Mr. Lyndsay Knight, and has estab
lished itself at the forefront of global 
technology in the complex field of mili
tary target training systems. 

In the past five years, ATA has com
pleted major contracts worth more 
than $60 million. It has done this in 
conjunction with wholly owned subsid
iaries in the U.S. and Britain. It is 
currently negotiating new sales with a 
total value of several hundred million 
dollars for completion within the next 
five years. 

Recent developments by the 200-
strong work force include a gunnery 
training system, which provides imme
diate down-range feedback on the fall 
of shots. It displays this information on 
visual display terminals at the firing 
point and the range control tower. 

In the U.S. ATA is currently negoti
ating for the installation of a semiauto
matic infantry range system at Fort 
Jackson, South Carolina, and a com
puter-controlled infantry range system 
at Fort Polk, Louisiana. 

The 64-meter Parkes radio telescope, New South Wales, was constructed by CSIRO in 1961. 
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Dunlop Olympic Group 

Australia has more than its fair 
share of rough roads. Technology used 
to build tires for use on the generally 
smoother roads of North America and 
Europe is not necessarily applicable to 
Australian conditions. Olympic Tyre 
and Rubber Company, now part of the 
Dunlop Olympic Group, had adapted 
the steel-belted radial-ply tire for use 
on automobiles and took this one step 
further by developing a tubeless ver
sion for use on trucks and buses. 

Advantages of the steel-belted radial 
tire over cross-ply and fabric-belted 
tires include better handling charac
teristics, improved fuel consumption 
and lower wear rates. Olympic put its 
newly developed tire through a rigor
ous testing program. This culminated 
in the company's entering a five-ton 
truck in an international rally. The 
truck was not among the winners of 
the London-to-Sydney Rally in 1977, 
but it was the only vehicle to finish on 
the same set of tires it had at the start. 

Rheem Australia Ltd. 

While Rheem Australia admits it is 
not the major supplier of solar collec
tor panels in Australia-the honor 
goes to a Western Australian compa
ny-it has built up considerable exper
tise in associated technologies, includ
ing water heaters and steel containers. 

The publicly owned company is in
vesting $4 million in a new production 
line at its Sydney plant. This will have 
the capacity to produce 30,000 units 
annually of a solar collector panel de
veloped in Australia. The new panel 
does not use copper but a special so
called nickel-black coating on steel or 
aluminum collector panels-both met
als are cheaper than copper. 

Rheem is Australia's largest manu
facturer of electric and gas hot water 
systems. It first entered the solar wa
ter heater field in 1980 after a major 
research and development program. 
The company's solar-powered hot 
water systems are now used in com
mercial and domestic installations 
throughout Australia. 

Wormald International Ltd. 

Fire protection products play a cru
cial role in the protection of key sec
tions of the Kennedy Space Center at 
Cape Canaveral, Florida. A computer
ized monitoring and surveillance cen
ter in the British city of Birmingham 
acts as a silent guard for a variety of 
industrial and commercial premises. 
In Brazil, the leading manufacturer of 
fire hoses is recognized for the high
quality agricultural fire hose it makes. 
The company behind these diverse pro-

(continued on page A30) 
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AUSSAT: -----------------W 

1985 Satellite Launch to Create New Communications Era 

In 1985, in the four fiery minutes 
that it takes for a NASA space shuttle 
to blast into space, Australia will join 
the growing number of nations that 
use space-age communications sys
tems. During that year, two communi
cations satellites will be launched to 
provide the basis for a state of the art 
satellite network of world standard. A 
separate company, AUSSAT Pty. Ltd. ,  
has been formed by the Australian 

· government to operate and control the 
system and also has the responsibility 
of marketing it and interfacing it with 
the existing terrestrial telecommuni
cations system. The Australian gov
ernment is the owner of all the issued 
capital in AUSSAT. 

This planned domestic satellite sys
tem uses existing proven technology in 
an innovative way and brings to the 
country new skills in the operation of 
the satellite system. From this point of 
view, the satellite project is, and will 
continue to be, a positive force for the 
transfer of technology to Australia. 
Many highly experienced Australians 
have already been attracted back to 
Australia by the opportunity to apply 
their unique skills to this important 
national project. 

The potential exists for all Austra
lians to benefit from this exciting tech
nological development, in both com
mercial and private activities. It is also 
likely to have long-term beneficial ef
fects on the pattern of life in Australia. 
At the moment, the country is some
times a prisoner of its own size, as ma
jor cities are spaced 1 ,000 kilometers 
or more apart and physical communi
cations can be expensive and time con
suming. Australia's existing terrestrial 
telecommunications network is ac
knowledged to be of world standard 
but its operator, Telecom Australia, 
has been unable to provide its full 
range of services throughout the na
tion because of the distance-related na
ture of its costs . 

The upgrading of the national tele
communications network by the addi
tion of satellite-based technology will 
open up the possibility of placing ma
jor service organizations outside the 
cities, since they will have access to all 
modern forms of telecommunications 
required for such businesses. All Aus
tralians will be able to view significant 
national events and to enjoy new 
means of relaxation and entertain
ment. 

In addition to easing pressure on the 

cities, the satellite system can give all 
Australians access to common services 
in a wide variety of areas. For exam
ple, there must frequently be a core 
population level before a new service 
can be introduced into a community. 
The use of satellite technology will en
sure that if the service can be offered 
via telecommunications, then it can be 
delivered anywhere in Australia. 

The satellite is designed specifically 
for Australia's needs; it has a complex 
antenna system to shape a national 
beam and four regional beams that 
each cover about a quarter of the conti
nent. The design will permit the intro
duction of a quasi-direct broadcast ser
vice, so that residents of remote areas 
can receive television and radio pro
grams directly from the satellite. An
other small beam will cover Papua 
New Guinea to provide capacity for 
domestic telecommunications and tele
vision relay purposes. 

Major earth stations currently un
der construction by AUSSAT in the 
eight capital cities of Australia will 
provide gateway access for users of the 
system. 

An achieved objective of the Austra
lian satellite program has been to pro
vide a substantial degree of Australian 
content. The program has also led to 
the creation of high-technology em
ployment opportunities in areas such 
as satellite system design and opera
tion and the design and construction of 

earth stations. The widespread use of 
small earth dishes in remote areas of 
Australia is likely to open up export 
market opportunities for Australian 
companies that have perfected the 
technology involved in manufacturing 
small earth stations. 

As part of the technology transfer 
program, Hughes Communications In
ternational has given contracts to Aus
tralian companies for some elements 
of the satellite hardware and for the 
development and programming of the 
satellite control and monitoring sys
tems. The system design and overall 
technical specifications for the satel
lites were prepared by Australian en
gineers with support from overseas 
consultants. An engineering and tech
nical group from AUSSAT is current
ly working with the satellite manufac
turer in the U.S. to ensure that there 
will be a maximum transfer of satel
lite technology to Australia and that 
AUSSAT is well-equipped to operate 
and control the satellites after launch. 

Because the transfer to Australia of 
this advanced technology started early 
in the Australian communications sat
ellite program, less reliance on over
seas engineering assistance will be 
necessary during the design, tendering 
and construction phases of later gener
ations of satellites. AUSSAT estimates 
that current and future contracts will 
create more than 1 ,000 employment 
positions in Australia. 

An A ustralian technician assembling components for A USSAT 's satellites. Sydney, NSW. 
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NEW SOUTH WALES: -------------------� 
A Premier State 

New South Wales calls itself the 
Premier State with considerable justi
fication. Its capital, Sydney, is one of 
the world's great cities..and is certainly 
the best-known Australian city. It is 
the site where the cornerstone of Euro
pean settlement in Australia was laid 
in 1788. 

Today Sydney has become the hub of 
knowledge-of intensive industries 
such as finance, business services, 
medical technology, communications, 
electronics, computer software and bio
technology. Sydney has also attracted 
industries requiring external consult
ing, contract services, the facilities of 
universities, technical or private re
search or advisory organizations, all of 
which are readily available. 

Sydney is the major center in Aus
tralia for the computing and informa
tion technology industry, with some 
350 companies directly involved in this 
area. Of these 26 are Australian sub
sidiaries of major international com
puter hardware, software and service 
companies. 

The Sydney suburbs of North Ryde 
and nearby West Lane Cove have in 

the past 10 years attracted an amazing 
variety of advanced technology compa
nies including those in information 
processing, computing, pharmaceuti
cals, electronics, instrumentation and 
associated services. The North Ryde 
advanced-technology zone also houses 
the major complex of Australia's larg
est indigenous electronics company, 
AWA (Amalgamated Wireless Austral
asia Ltd.) .  

The Nucleus Ltd. group based in 
Lane Cove is an example of a success
ful advanced-technology company op
erating in Sydney. The group is at 
the forefront of biomedical technology 
with developments in ultrasonic body 
scanning and telemetrically repro
grammable cardiac pacemakers, not to 
mention the bionic ear for the pro
foundly deaf. 

The international life style of Syd
ney has been greatly enhanced by the 
introduction of many different cul
tures brought here by new settlers 
from all over the world. In its stunning 
Opera House, the city also boasts a 
world-famous cultural center. Housing 
costs in the Sydney region are compa
rable with those in other major cities 
in the world. The cost of office and 
manufacturing space in Sydney, how-

Sydney, one of the world 's great cities, offers a contrast of the old and the new. In the photo 
(above) a new pedestrian plaza is juxtapositioned with St. Andrews Cathedral. 
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ever, is probably lower than in any 
other major Western-style city in the 
world. 

. 

The head office of Australia's inter
national airline, Qantas, is in Sydney, 
as are the regional offices of other ma
jor international airlines, making the 
city's airport the most significant in 
Australia in terms of overseas services. 

Sydney's historical significance and 
its magnificent setting on the shores of 
a very large deep-water harbor have 
meant the city has long been the natu
ral gateway for Australian imports 
and exports. 

Although geographically large, New 
South Wales is a highly urbanized soci
ety with a population of more than five 
million . The state has a diverse econo
my. It produces, by value, about 30 
percent of Australia's agricultural out
put and about 40 percent of its manu
factured goods. 

The major industrial port cities of 
Newcastle and Wollongong flank Syd
ney to the north and south. These 
three cities account for 80 percent of 
the population of New South Wales, 
and the majority of Australia's ad
vanced-technology industries are found 
in them. As regards intellectual raw 
material, the Sydney-Newcastle-Wol
longong area has five universities to
gether with 15 colleges of advanced 
education and 80 technical colleges. 

With a solidly based manufacturing 
infrastructure and the largest local 
market in Australia, New South Wales 
is encouraging the introduction of ad
vanced technology into its existing in
dustrial base as well as fostering new 
advanced-technology industries. 

The state government has taken a 
number of initiatives to foster the de
velopment of industries based on ad
vanced technology. One such initiative 
was the establishment of the Advanced 
Technology Centre within the Depart
ment of Industrial Development and 
Decentralisation. The center is a focal 
point in New South Wales through 
which government assistance to pro
mote the increased use of advanced 
technology in industry can be chan
neled, and it is a place where people 
can go for both assistance and advice, 
financial and otherwise, about ad
vanced technology: its introduction, 
development, commercialization and 
marketing. 

With the technical and business in
frastructure in place and positive sup
port from its government, New South 
Wales is perfectly positioned to pro
vide the potential for advanced-tech
nology industries to capitalize on the 
vast and rapidly developing markets of 
the Pacific Basin. 

© 1983 SCIENTIFIC AMERICAN, INC



",., 
-UNITED STATES OF .AMERICA 

From our point of view, 
Sydney has more to offer advanced-tech industries 

than just a beautiful harbour. 
The whole Pacific is only a hop, skip and jump 

away from Sydney. 
So it's ideal as a headquarters for your produc

tion and marketing network in this part of the world. 
We've sophisticated transport and communi

cations links. 
We've also a highly educated workforce. 
And the people? Well, you've probably already 

heard how friendly we Australians can be. 
For more information on how Sydney can put 

your business on the map, simply use the reader 
service card in this magazine. 

Or contact our Advanced Technology Centre 
by writing to the Minister, Department of Industrial 
Development and Decentralisation, 139 Macquarie 
Street, Sydney 2000, New South Wales, Australia. 

We think you'll see things our way. 

NSW Department of I ndustria l  1"-. 
Development & Decentra l isation """ 

Dai!ey/DD64 
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jects is one of Australia's few multina
tional companies. 

Wormald International Ltd. has its 
head office in Sydney and operates 
subsidiaries in more than 20 other 
countries. It is one of the few leading 
special-risk fire protection companies 
in the world. It has diversified into 
other forms of security and now claims 
to be uniquely placed to provide inte
grated fire and security installations 
in large commercial, industrial and 
governmental complexes. This integra
tion involves extensive use of advanced 
computerized systems. 

Wormald has shown that it is pre
pared to diversify in the quest for new 
products. Earlier this year it an
nounced a joint-venture development 
company with the federal-government
backed Australian Industry Develop
ment Corporation. The new company, 
Australian Biomedical Corporation 
Ltd. , will develop and market Austra
lian biomedical inventions for world 
markets. Although Wormald's senior 
management admits the new company 
is at a very early stage of development, 
they are confident it has considerable 
potential. Australian Biomedical Corp. 
has already attracted a number of in
ventors and institutes, which have 
agreed in principle to offer marketing 
rights covering about 30 products to 

the corporation. The initial range of 
products includes electronic patient
care equipment, medical and surgical 
equipment and home-health-care prod
ucts. 

Biotechnology Australia Pty. Ltd. 

Biotechnology Australia Pty. Ltd. is 
one of Australia's largest biotechnol
ogy companies and among the few with 
the capacity to manufacture products 
on a large-scale commercial basis. It 
was first set up in 1978 by a Sydney 
researcher, Dr. David MacLennan, 
with the aim of establishing an Austra
lian ethanol based on genetic engineer
ing techniques. But funds were short, 
and the company was taken over by 
CRA Ltd. in 1981, which now holds 70 
percent equity in the company. Bio
technology Australia now has a staff 
of 65, including 48 graduates housed 
in a modern laboratory complex in the 
Sydney suburb of Roseville. The com
pany is concentrating on mining and 
agricultural products, in particular 
advanced animal vaccines, animal 
growth hormones, novel methods of 
biologically controlling pests and ore 
leaching. 

In the longer term it also plans to 
work on human health products, par
ticularly vaccines, such as the malaria 

An Antarctic research team preparing its helicopter for an ice-edge flight. 
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vaccine. Two products-vaccines for 
scours in pigs and fleece rot in sheep-
are nearing commercial production. 
The company hopes to have a number 
of products on the market within the 
next five years and currently has a 
portfolio of 12 different projects under 
way. It does not expect to make a prof
it for six to eight years. 

Australian Monoclonal Development 

Australian Monoclonal Develop
ment was established in March, 1982, 
in Artarmon, Sydney, by Dr. Alessan
dra Pucci to produce monoclonal anti
bodies for veterinary and pathology di
agnostic laboratories, research groups 
and pharmaceutical companies. It has 
a staff of 25 and has 35 monoclonal 
antibodies on the market in three dif
ferent categories: research use, immu
nological and endocrinological diag
nostic kits and veterinary diagnostic 
kits for diseases such as brucellosis as 
well as for meat identification. 

The company has a unique struc
ture, with six consultants from leading 
research institutes and universities 
around Australia. The commercial 
monoclonals are mostly the result of 
basic research by these consultants 
and other Australian research groups. 

Nucleus Ltd. 

Nucleus Ltd. based in Sydney, is 
Australia's largest biomedical equip
ment company, with a turnover of $70 
million a year and profits of $166,000 
in the half-year of June, 1983. It was 
set up in 1966 and since then has 
grown steadily, now employing more 
than 500 people in Australia and 250 
overseas. Nucleus Ltd. is divided into 
four main operating companies: Au
sonics Pty. Ltd. , which develops, manu
factures and markets ultrasound diag
nostic imaging equipment; Domedicia, 
which manufactures hemodialysis 
equipment and imports and distributes 
renal dialysis equipment; Medtel, 
which manufactures cardiac monitors, 
and Telectronics, which designs and 
manufactures electronic pacemakers 
and bone growth stimulators. The com
pany went public in 1980, raising $5.6 
million in capital. It exports 80 percent 
of its products overseas and is regard
ed as Australia's most successful high
technology company. It spends approx
imately 8 percent of sales on R & D  
Sales topped $37 million in the six 
months to June, 1983. 

D. D. Webster Electronics 

D. D. Webster Electronics of Mel
bourne, which was established in 1970, 
is now one of Australia's leading com
puter manufacturers. In 1977 the 
company launched its minicomputer 
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range: Spectrum Eleven, which is com
patible with a wide range of interfaces 
and applications packages covering 
accounting, financing, manufacturing, 
engineering, word processing, electron
ic spread sheets and educational appli
cations. Memory ranges from 32 kb to 
550 kb and the company is competing 
well against overseas competitors. 

Quentron Pty. Ltd. 

Quentron Pty. Ltd. is Australia's 
largest laser company. Based in Ade
laide, it designs and manufactures a 
range of lasers, precision optics and 
optical systems for research, industry 
and military applications. There are 
three companies in the group: Quen
tron Pty. Ltd. ,  Quentron Optics Pty. 
Ltd. and Quentron Electronics Pty. 
Ltd. ,  and the shares are held by the 
Dobrinine family and staff. Quentron 
was set up in 1969 and has been ex
panding rapidly since. In the past few 
years expansion has been at the rate of 
30 percent a year, with sales reaching 
$3.1 million in 1981-82. Imports of la
sers make up two-thirds of the sales; 
the remainder are designed and manu
factured by the company in Adelaide. 

Since 1974 Quentron has plowed 
most of its profits back into research 
and the development of new laser 
products. One such product is a high
energy-pulse metal-vapor laser for can
cer treatment. Others include a laser 
patient alignment system for radio
therapy, a laser-based mortar simula
tor for training soldiers and a laser 
lecture pointer, a unique multiple-opti
cal-fiber laser-light delivery system for 
cancer treatment and high-energy
pulse lasers for research. 

Digital Electronics Pty. Ltd. 

Digital Electronics Pty. Ltd. of Syd
ney, founded in 1970, markets a range 
of plug-in boards, electronic laboratory 
trainers and mini- and micro-business 
computers and has developed special 
devices for weather and wool measur
ing. It has a staff of 65 and a turnover 
of $6.5 million a year. 

Solahart 

Solahart of Perth in Western Aus
tralia is Australia's largest manufac
turer of solar water heaters. It has 
dominated the market for many years, 
having about 80 percent of the domes
tic market and over 90 percent of the 
export market. 

Much of Solahart's success can be 
attributed to the entrepreneurial drive 
of its managing director, Wayne Reed, 
who masterminded a takeover of the 
company by its employees in 1973. The 
reorganized company was so successful 
that in 1979 it attracted the attention 

of Shell, which bought 50 percent of 
the shares but has no direct involve
ment in the running of the company. 

Solahart is very reluctant to give 
any information on sales and profits, 
but the value of its sales are estimated 
to be about $20 million. 

Machine Dynamics Pty. Ltd. 

Machine Dynamics Pty. Ltd. of Mel
bourne is Australia's only robot manu
facturer and has developed a number 
of pick-and-place and point-to-point ro
botic devices. The company was estab
lished in 1968; it has grown slowly and 
now employs 17 people. 

Machinery Dynamics has sold over 
50 of its first-generation robots, which 
include machines for spot-welding, 
loading parts onto a conveyor and un
loading machine tools. It is estimated 
that only 200 robots are as yet in use 
in Australian industry, and the compa
ny faces stiff competition from over
seas products. Managing director, Len 
Whelan believes demand for robots in 
Australia will grow slowly and will de
pend on the creation of a demand for 
flexible automation systems based on 
small-batch production. He also feels 
that overseas imports of robots should 
be limited by quotas if a robot industry 
is to succeed in Australia. 

Varian Techtron 

Varian Techtron of Melbourne is the 
world's second-largest manufacturer of 
atomic absorption spectrophotometers 
and a major manufacturer of UV-visi
ble spectrophotometers. It began in the 
1950's as Varian Associates but was 
taken over by the U.S. company Tech
tron Appliances in 1967. It now em
ploys over 300 people, and sales ex
ceeded $25 million last year. 

AUSSAT 

Australia will be one of the last ma
jor nations to establish its own domes
tic satellite communications system. 
The satellite itself is due for launching 
by the space shuttle in 1985. By then a 
network of earth stations will have 
been established together with teleme
try and tracking stations in Sydney 
and Perth. The system will be operated 
by a partially government-owned com
pany called AUSSAT. 

The move to a domestic communica
tions satellite system will certainly 
maintain within Australia a growing 
body of talent in space technology. Fu
ture demands for meteorological sur
veillance and resources development 
and defense-related issues are likely to 
be met through the use of available 
commercial systems or specially con
structed systems suited to Australia's 
largest size and extensive resources. 
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NEW MARKETS AND 
INVESTMENT OPPORTUNITIES 

IN THE AUSTRALASIAN/PACIFIC 
BASIN REGION 

LOOK BEFORE 
YOU LEAP! 

Consult . the Industrial 
Marketing Specialistsl 

There are certa i n  basic cr i ter ia wh ich  
must be met to determ ine  the  
appropr iate strategy for  i nternat ional  
i nvestment with in the f ie lds of High 
Technology and Sunrise Industries:  

• O pportu n ity for Expansion 
• Potent ia l  for D ivers i f i cat ion 
• Risk and Return on I nvestment 
• Local Expertise and M anagement 
• S pec ia l is t  Advi sory S erv ice 
• Avai l a b i l i ty of F i nance.  

G & S RYAN PTY LTD can prov ide 
your company with  detai led ana lyses 
of the feas i b i l ity and pract ica l ity of 
bus iness opportu n i t ies and the 
development of new market potent ia l ,  
with in the Austr.alasian/Pacific Basin. 
The research and professional advisory 
services we offer w i l l  enab le  you r 
company to determ ine  the l i ke ly  
success of  d ivers if icat ion and  
expansion p lans .  

WE CAR RY OUT EXPERT 
AND PRACTICAL: 

• Pre-feasib i l ity Studies 
• Market Research, 

Identification and 
Assessment 

• I nvestigations of 
Competitive Activities 

• Pricing and Economic 
Studies 

We also provide an extensive range of 
anc i l l ary services wh ich  have 
enormous va lue in the assessment of 
new markets and opportu n i t ies. We 
are market ing  and buy ing speci a l i sts, 
with exte ns ive exper ience cover ing a 
wide range of i ndustr ia l  products, 
meta ls ,  m i nerals ,  com modit ies and 
services. 

F O R  F U RTH E R  I N F O R M ATI O N  O R  
D I S C U S S I O N  O F  YO U R  N E E D S  
C O N TACT: 

G & S R YAN PTY L TD 
P. O .  BOX 425 
PYM BLE, NSW, 2073 AUSTRALIA 
PH O N E :  SYD N EY 449 5746 

Laying the foundations for 
positive investment and 
new market opportunitiesl 
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M. J. LONGMAN AND ASSOCIATES: 

Advanced Satellite and Computer-Assisted Exploration Technology 

" " 
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� 
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by Murray Longman 

Identification of the linear features 
known as lineaments is an extremely 
subjective science, but one that has 
been practiced for decades in many sci
entific disciplines, including astrono
my and earth science. Lineament fea
tures were first recognized using 
relatively crude telescopes and the lin
eament map known as the Martian ca
nal system was produced. 

The same principles have been ap
plied to the study of the earth, based 
on pattern recognition of certain fea
tures such as the parallellism of conti
nental margins, the broad rift-valley 
structure of South Africa and the dis
tribution of submarine ridges. With 
the development of aerial photogra
phy, these linear features became visi-
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ble in many patterns, and the intro
duction of lineament analysis as a 
science in its own right commenced. In 
addition to the great variety of smaller 
features, lineaments of continental 
size were also visible on photomosaics 
and topographical maps produced from 
aerial photography. 

A new dimension of lineament anal
ysis was introduced when space photo
graphs from the Apollo missions pro
vided an opportunity to study the 
earth from space. With the launching 
of the first Landsat satellite in 1972, 
analysis of lineaments on both a conti
nental and a local scale could be un
dertaken on a routine basis. 

Detailed geological mapping in min
ing areas throughout the world has re
vealed a strong correlation between 
mineralization and structure. With the 
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introduction of this new method of an
alyzing data many researchers, partic
ularly O'Driscoll in Australia, quickly 
showed that major mineral deposits 
were at the intersection of regional lin
eament zones. O'Driscoll's work in 
Australia located Broken Hill, Kal
goorlie and Kazbalda, which are major 
base-metal-, gold- and nickel-producing 
areas at the intersection of regional 
lineament zones. 

During 1976 the senior partner of 
M. J. Longman and Associates discov
ered that geological and structural 
maps could be produced directly [tom 
computer-compatible tapes supplied by 
NASA rather than by visual interpre
tation of Landsat images. After consid
erable research, computer programs 
were developed to produce geological 
maps. Further research led to the de
velopment of software that could pro
duce lineament maps comparable to 
those produced by conventional visual 
analysis of Landsat images. 

However, to produce maps compara
ble in quality to visually interpreted 
maps, approximately 10 percent of the 
data available on the Landsat data 
tape is used. These computer programs 
can utilize a much broader data base 
than was previously available. 

The principle advantages of comput
er processing other than the capacity 
to utilize the data core fully is that it 
removes from interpretations the indi
vidual bias present in all visual ones. 
Because the data is now in digital 
form, statistical analysis of complex 
data transformations is possible. 

Initial work with the programs over 
known mining areas revealed that 
with the increased sensitivity made 
available by lineament analysis, indi
vidual mineral deposits could be out
lined and the characteristics of the lin
eaments associated with each deposit 
determined. With this approach, a 
portfolio of lineament characteristics 
associated with various mineralization 
types has been assembled and these 
characteristics applied to various ex
ploration targets. 

For exploration this approach is an 
excellent one, because the Landsat 
data provides regional coverage of any 
continent and the lineament analysis 
locates areas that have a greater po
tential for mineralization. These areas 
are then studied with conventional 
geological means to provide an addi
tional control to the system and to as
sess the distribution and grade of the 
mineralization. 

The effectiveness of the lineament 
exploration system is illustrated by a 
case study of an area near Lawlers in 
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the East Murchison Goldfield of West
ern Australia. The case study is of an 
area being explored by a junior Aus
tralian exploration company, Forsayth 
Oil & Gas NL. A regional analysis of 
this goldfield using specially enhanced 
Landsat imagery, under the supervi
sion of M. J. Longman and Associates, 
indicated from visual analysis that 
within the Lawlers area, approximate
ly 320 kilometers north of Kalgoorlie 
in Western Australia, an anomalous 
situation appeared to be present. 

A lineament analysis of this area, 
using the computerized techniques de
veloped by Murray Longman, indicat
ed that within a 2,000-square-kilo
meter region three areas totaling 
approximately 30 square kilometers 
were favorable for the accumulation of 
structurally controlled mineralization. 

The Landsat image produced by 
satellite from approximately 600 
miles above the earth's surface 
shows well-defined lineaments and 
faults that are visible to the unaided 
human eye. 

Figure 1 shows the lineaments with
in the Lawlers region as determined by 
computer analysis of the data recorded 
on the NASA Landsat tape. Each lin
eament represents a fracture of the 
earth, and mineralization may occur 
in highly fractured areas. A similar 
configuration might be obtained using 
visual analysis of the photographic im
age. This method, however, requires 
trained interpreters working many 
hours, and the results are highly sub
jective. The computer analysis has ob
vious advantages: unbiased interpreta
tion, timely analysis and processing of 
lineaments that cannot be detected by 
the unaided human eye. 

Figure 2 illustrates a further exten
sion of the computer process in that 
the lineaments shown in Figure 1 have 
been contoured according to fracture 
density for greater ease of interpreta
tion. The target areas are clearly visi
ble and occur where the fracture densi
ty is highest. 

When the target areas had been 
located, Western Australian Mines 
Department records were checked 
against the target areas to determine 
whether the prospective ground was 
available for pegging. After it was es
tablished that tenements were avail
able, exploration and prospecting li
cense applications were made and 
ground geological investigations com
menced. 

In the southern area three extensive 
zones, up to three kilometers in length, 
were mapped with gossans, iron-rich 
chemical deposits indicating base
metal and gold mineralization at 
depth. Initial shallow drilling has in-

d 
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tersected a zone up to nine meters 
wide of base-metal mineralization, and 
exploration is continuing with an ex
tensive drilling program. In the cen
tral area a stockwork of intersecting 
quartz and granite porphyry dikes has 
been located. Investigations are to be 
continued at a later stage. 

Adjacent to the northern anomaly is 
the Great Eastern Mine. This mine, 
which was operated by Bewick More
ing with Mr. Herbert Hoover in 
charge, closed in 1903 after producing 
4,151 kilograms of gold from 222,000 
tons of ore, an average grade of 18.7 
grams per ton. Hoover, a mining engi
neer, went on to become the 31st Presi
dent of the United States, Due to the 
significance of the lineament anomaly, 
the property was acquired by Forsayth 
Oil & Gas NL and the available drill
hole data reassessed to determine the 
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true potential of the area. Preliminary 
calculations indicate an in-ground re
source to a depth of 30 meters of 
340,000 metric tons at a grade of 4,00 
grams of gold per ton. The potential 
for at least one million tons of similar 
grade ore exists in the area. 

The above example illustrates that 
by basing an exploration program on 
the lineament analysis system, rapid 
and accurate assessment of explora
tion targets can be undertaken. In this 
case, the elapsed time from concept to 
discovery was five months, resulting in 
considerable cost savings to Forsayth. 

A worldwide analysis of major min
eral deposits has indicated that the 
Landsat lineament characteristics of 
these deposits can be readily developed 
and the method can be used to assist 
conventional geological and geophysi
cal exploration methods. 
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The Future: Traditional expertise 
offers promise as declining 

productivity urges diversification 

Since coming to power last March 
the Labor government has adopted a 
strong new policy boosting industrial 
innovation and development. The in
tention is to stimulate the develop
ment of new high-technology indus
tries and to encourage the introduction 
of new technology to improve tradi
tional industries. Such measures are 
seen by the government as a major 
way of boosting economic growth and 
lifting the productivity of Australia's 
declining manufacturing sector. 

As the Prime Minister, Mr. Bob 
Hawke, said at the opening of Austra
lia's first national technology confer
ence in September: "The effectiveness 
with which we use new technology will 
determine whether we can reverse the 
long downward slide in our living stan
dards relative to those of other coun
tries-from one of the highest per capi
ta incomes in the world 30 years ago to 
one of the lowest of the industrial 
countries. "  

This rapid decline i n  productivity, 
employment, exports and economic 
growth is one of the major concerns of 
the government. Between 1962 and 
1980 only four out of 24 OECD coun
tries had a GDP growth rate per capita 
lower than Australia, and Australia's 
ranking in terms of GDP per capita 
fell from ninth to twelfth. 

The decline is particularly apparent 
in the manufacturing sector, where 
Australia's percentage share of GDP 
has slipped from 28.8 percent in 1963 
to 21 percent in 1979 and is still fall
ing. This is also reflected in the very 
low ratio of exports to imports relative 
to other OECD countries and the par
ticularly low level of exports of tech
nology-intensive products. 

In 1980 Australia exported US$81 
per capita in high-technology goods 
compared with US$2,584 for Switzer
land, US$1 ,378 for the Netherlands 
(countries with smaller populations 
than that of Australia) and an average 
US$468 for the OECD. This is again 
reflected in the extremely low level of 
research and development carried out 
by private industry, which when mea
sured as a percentage of GDP, is one of 
the lowest among OECD countries. 

The new government is determined 
to reverse these trends and despite a 
tight budget for 1983-84 has increased 
spending on industrial research and 
development by 36 percent. It has also 
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more than tripled funding for technol
ogy programs and introduced a new 
tax incentive scheme to boost the ven
ture-capital market in Australia. 

Funding for the Industrial Research 
and Development Incentives Scheme 
(IR&DI) has been increased to $71 .6 
million, compared with $52.8 million 
last year. The scheme has been ex
panded to encompasses computer soft
ware research and includes $2.5 mil
lion specially earmarked for biotech
nology. 

The increased funding for technolo
gy and innovation programs will make 
possible a number of new initiatives, 
including analysis of market opportu
nities for specific new technologies, the 
establishment of a number of new 
technology demonstration projects in 
new and traditional industry and the 
establishment of a coordination unit to 
improve information flow to industry. 

The government has identified a 
number of particular high-technology 
areas for specific support, including 
biotechnology, energy, information, 
materials, communications and bio
medicine. Within these areas the gov
ernment is concentrating aid on tech
nologies that can achieve productivity 
increases across a wide range of indus
tries, such as computer-aided manufac
turing; that have good export poten
tial; that are fundamental to the next 
generation of technological change, 
such as microelectronics and biotech
nology, and that are based on particu
lar national research strengths. 

However, many see these measures 
as inadequate without the provision of 
a number of other support systems and 
in particular the provision of risk capi
tal to get innovations from the re
search and development stage through 
to commercialization. 

Agricultural Research 

Australia is now the world's largest 
exporter of wool and meat and the 
third largest exporter of wheat-all 
against the seemingly insuperable 
problems of a harsh climate, poor soils, 
extensive droughts and vast distances 
from export markets. 

Pasture improvement provides the 
most striking example of how research 
by CSIRO, state departments and uni
versities has transformed a country 
with the most limited natural re-
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sources into one of the world's major 
agricultural nations. 

Introduction of legumes, subterra
nean clover and lucerne in the temper
ate regions and stylos, lucerne and sir
ato in the tropical regions has boosted 
soil fertility and enabled highly pro
ductive grass species to grow in combi
nation with the legumes. This has 
made possible a fivefold increase in 
stocking rates, up to 100 percent in
creases in meat production as well as 
the sowing to pasture of an extra 20 
million hectares over the past two de
cades. 

Australian researchers now have a 
world reputation for their expertise in 
nitrogen fixation and Rhizobium bac
teria and have built up a collection of 
about 4,000 grasses and 12,000 leg
umes and associated bacteria to help 
in research programs. New pasture 
species and management systems and 
crop improvement have contributed 
significantly to the production in
creases. 

Improved livestock breeding has also 
played a major role in boosting produc
tion. A number of new breeds, such as 
the Belmont Red and the Australian 
Milking Zebu, have been produced for 
the tropical regions. Bos indicus blood 
has been gradually infused into breed
ing . programs to produce crosses that 
combine the meat production qualities 
of the British breeds with the ability to 
tolerate heat, resist parasites and sur
vive on low-quality feed of the zebu 
and brahman. 

Selective breeding programs to im
prove the productivity of sheep, cattle 
and pigs under Australian conditions 
have also proved very effective, along 
with world-class work on twinning in 
sheep and improved wool production. 

Australian researchers have built up 
a world reputation in ruminant nutri
tion, digestive physiology and wool bi
ology, and work is under way on new 
chemical shearing methods for sheep. 
A unique robot sheep-shearing system 
is under development with support 
from the Australian Wool Corporation. 
It involves the production of an ad
vanced robot system with a type of ar
tificial intelligence that enables it to 
learn and remember from one sheep to 
the next and to adjust the cutters con
tinually to keep them moving just 
above the skin. 

In the past three years of research 
(continued on page A38) 
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Agricultural Research for the Developing World 

Australia is one of the few developed 
nations that has agricultural environ
ments and problems that relate closely 
to those found in many third world 
countries. This comparative advantage 
in assisting developing countries with 
their agricultural research problems 
has been exploited by the Australian 
government in the formation of the 
Australian Centre for International 
Agricultural Research (ACIAR). 

The new center is a statutory au
thority, formed in June, 1982, in re
sponse to the need for an independent 
professional scientific body to initiate 
a new approach to the management of 
Australian aid in the broad field of 
agricultural research. This approach 
involves the establishment of a part
nership between Australian research 
scientists and those from developing 
countries to identify and help solve ag
ricultural problems. 

Since its establishment, the center 
has developed a number of collabora
tive research projects with developing 
countries. The projects are based on 
priorities established after intensive 
consultations, including advice from 
the center's international-policy advi
sory council, half of whose member
ship is from developing countries. 
These priorities represent problems 
that are common to several countries 
and with which Australia has special 
research competence. 

ACIAR is developing its projects for 
a number of program areas, including 
land use, soil and water management, 
plant improvement, nutrition and pre
ventative health, animal and fish pro
duction, animal health, postharvest 
technology, farming systems, forestry, 
socioeconomics and communications. 

The center acts essentially as an en
trepreneur, investigating joint oppor-

tunities, planning and developing re
search programs, orgamzmg and 
contracting for technical resources and 
handling funding. Once the agreed-to 
projects have been defined, they are 
contracted to Australian research es
tablishments, which manage the re
search activities, usually undertaken 
both in the developing countries and 
in Australia. 

Much of the effort is being focused 
on Australia's nearest neighbors in 
Southeast Asia, particularly the 
ASEAN and South Pacific countries 
and Papua New Guinea. The center is 
also considering joint projects in Afri
ca, South Asia and China. 

ACIAR has a budget of $25 million 
for its first three years of operation. 
Among the early projects receiving 
ACIAR support are research on im
provement of the pigeon pea, a 
drought-tolerant legume widely grown 
in India, parts of Africa and Southeast 
Asia; an identification system for viral 
diseases of legumes, and long-term 
storage of grain in the Tropics. Provi
sion of fuel wood for the billion or 
more people in developing countries 
who depend entirely on wood for cook
ing and heating is another urgent 
problem. Australian fast-growing 
hardwoods such as eucalyptus, acacia 
and casuarina are ideal for this pur
pose, and a project has been developed 
to provide seed and silvicultural tech
nology to help identify suitable species 
for collaborative projects in Africa and 
Southeast Asia. 

Projects in the farming systems pro
gram will be especially concerned with 
identifying constraints facing re
source-poor farmers in order to assist 
in designing technology options and 
agricultural policies that can alleviate 
them. One such project already under 

way examines the constraints to adop
tion of new rice-based technologies in 
the less reliably irrigated regions of Sri 
Lanka and the Philippines. Other ini
tiatives could include investigations 
into the use of the vast untapped estu
arine resources of Southeast Asia, 
which cover an estimated six mil ion 
hectares; the use of tropical crop and 
forage legumes in developing lea farm
ing systems for the Tropics, and re
search into increased ruminant pro
ductivity. 

Other projects in the fields of animal 
and plant nutrition, communications 
and socioeconomics are also in pro
gress. In addition, ACIAR will endeav
or to sponsor research on a range of 
commodities and to ensure that the 
special needs of resource-poor farmers 
are catered to in the composition of its 
research portfolio. 

A major justification for ACIAR is 
the high payoff of agricultural re
search in developing countries. The 
benefits include increased agricultural 
production at lower costs, generation 
of attractive returns on investments 
and enhanced equity. Annual rates of 
return of up to 60 percent are common 
and indicate that further investments 
are needed to exploit opportunities for 
increased production. 

The outputs of ACIAR's programs 
will be new knowledge, new technolo
gy and increased capacity of the devel
oping countries to undertake research, 
as well as the benefits from direct in
teraction between scientists from Aus
tralia and the developing countries. By 
utilizing these scientists' special skills, 
ACIAR presents Australia with a 
unique opportunity to contribute to 
the enhancement of agricultural pro
duction in the developing world. 

ACIAR specializes in agricultural development geared to the developing countries 
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AWA: 

An Advanced Electronics Pace-Setter for 70 Years 

Government recognition of "sun
rise" industries is certainly endorsed 
by Australia's largest indigenous elec
tronics company, Amalgamated Wire
less (Australasia) Ltd. (AWA). AWA 
believes it has been a sunrise organiza
tion since 1913, when it was formed. 

AWA designs, manufactures and 
maintains an extensive range of elec
tronic systems including fully integrat
ed telecommunications equipment and 
components, air navigational aids, 
data processing systems and advanced 
defense-related hardware. The compa
ny operates extensive services for the 
maintenance of radio and navigational 
equipment, and it is well known as a 
supplier of high-quality domestic elec
tronic equipment. AWA is also the op
erator of a commercial television sta
tion in Brisbane, the capital of the 
state of Queensland, and of seven radio 
stations in eastern Australia. 

The successful marketing of its wide
spread portfolio of electronics-based 
systems and services is backed by ex
tensive manufacturing facilities large
ly centered in its major divisions at 
Ashfield, North Ryde, Rydalmere and 
Leichhardt in Sydney. The total area 
used by the company covers 140,000 
square meters, of which factory areas 
occupy 1 10,000 square meters. Its cur
rent activity in high technology is sig
nificant and diverse, from microelec
tronics to satellite monitoring systems. 
The list includes HF and microwave 
radio, over-the-horizon radar, comput
er systems, sonobuoys, data terminals 
and even betting systems. 

AWA is a publicly owned company 
employing more than 5,000 people, in-

cluding 300 professional engineers and 
scientists. Over 85 percent of AWA's 
stockholders are Australian, and with 
annual sales approaching US$350 mil
lion and assets in excess of US$200 
million, the company can point to a 
decade of steady growth. 

Its major customers include Austra
lia's national telecommunications op
erator, Telecom Australia; Australian 
Defence and other federal and state 
government departments; major air
lines, and commercial, mining, oil and 
shipping companies. 

Throughout its history, AWA has 
had a reputation for quality, innova
tion and invention. The company 
operates extensive research and de
velopment facilities. The research 
laboratory is at its major high-technol
ogy manufacturing complex in the 
Sydney suburb of North Ryde. Under
lining the importance attached to this 
laboratory is the fact that the chief 
scientist who manages this activity re
ports directly to the chairman of the 
board of directors of AWA. Manufac
ture complies with the demanding 
quality standards for defense and pro
fessional customers, meeting the inter
national standards of MIL, DIN and 
lEe in addition to local Australian re
quirements. 

Since 1972 AWA has been research
ing the manufacture of optical fibers 
and optical-fiber communications. Ear
lier this year the company successfully 
commissioned a digital internal com
munications system on H.M.S. Yarra, 
a destroyer of the Royal Australian 
Navy. The system uses optical
fiber cables to connect digital voice 

(Below right) Mobile radio telephones were "leading edge " technology in the 1920 's. This 
picture shows the first such system supplied by AWA. (A bove right) Optical Fiber manufac
tured at AWA carries more signals than the 800 pair cable shown in the background. 
(Below) AWA designs, develops and manufactures data terminals at its North Ryde plant. 
This VTE-8 model is typical of current products. 
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telephones to a digital switch. The 
equipment was designed and devel
oped in AWA's research laboratories 
and manufactured by the company. 
AWA is exploring the opportunities for 
such systems in defense and commer
cial outlets. 

In other areas, AWA is working on 
the reduction of the bandwidths re
quired for quality television and tele
phone transmission using digital sig
nal processing and optical fiber as well 
as cables. Development is being car
ried out on local networks using opti
cal fibers to interconnect voice and 
data terminals. 

Fibers are also being used in under
water towed array investigations for 
the Australian government. The Barra 
Sonobuoy Project for the Australian 
and British governments reflects the 
skill and capability of Australian de
signers and manufacturers. This prod
uct was developed and is produced at 
AWA's North Ryde plant. 

Australia's remoteness from the rest 
of the world has meant that AWA has 
had to develop a high degree of self
sufficiency and still remain in the fore
front of technological development. 

AWA has done this as a public com
pany dependent on investor support. 

d 

The Barra sonobuoy is claimed as the world 's most sophisticated passive directional sono· 
buoy design in current production. It was developed under A ustralian defense funding and 
is now being manufactured at AWA 's North Ryde factory. 

AWA's microelectronics facility de
velops and builds custom integrated 
circuits in a state of the art plant that 
offers five micron technology matching 
international standards. At the Ash
field division multiple manufacture of 
telephone instruments is a major ac
tivity; the Leichhardt-based marine 
and aviation business on the other 
hand, is service-oriented, offering both 

service and agency sales from depots 
at Australia's major sea- and airports. 

The company's traditional markets 
have been in Australia. From this base 
a developing export business supplies 
AWA products worldwide. AWA is one 
of the major custodians of Australian 
expertise in advanced electronics tech
nology and thus of strategic impor
tance to the Australian nation. 

(Below) Specialized data systems such as this slaughter: house in
stallation are designed and supplied by AWA. This system includes 
data terminals capable of accepting steam cleaning. (Bottom) This 
Doppler V.HF. Omni Range (DVOR) Navigation beacon assists 
aircraft landing at Nepal 's Kathmandu airport. The system was 

designed, supplied and installed by AWA 's A irways Systems 
Group. (Below) A state of the art frequency synthesized 900 MHz 
radio for 60 channel telecommunications. (Bottom) Testing an inte
grated circuit at AWA Microelectronics manufacturing facility. 
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more than 200 sheep have been shorn 
and only about a dozen cuts have oc
curred. The corporation is to decide 
shortly whether the research should 
proceed to commercial production. 

Biological control of plant and ani
mal pests is another major area of Aus
tralian expertise. Much work is now 
concentrated on integrated systems of 
chemical and biological control and on 
computerized management systems 
such as the Siratac system for cotton. 
This is operated from an on-farm com
puter, which is fed information on pest 
numbers, crop maturity and weather 
conditions and provides farmers with 
daily advice on spraying or other man
agement options. 

Much research has also gone into 
ways of coping with drought and into 
new farming systems, such as mini
mum tillage improved ways of han
dling crpps after harvest, and into new 
crop species for the Tropics, such as 
kenaf, cassava and the pigeon pea. 

Synroc 

A totally new concept for the safe 
disposal of high-level nuclear waste 
has been developed by a team of scien
tists from the Australian National 
University. It is based on a highly sta
ble synthetic rock known as Synroc, 
which actually incorporates the radio
active elements into its crystalline 
structure, immobilizing them for thou
sands of years. 

The synthetic rock consists of three 
naturally occurring minerals-zircon
lite, perovskite and hollandite-made 
from oxides of five simple elements
titanium, zirconium, calcium, barium 
and aluminum. These minerals can 
take into their crystal structure and 
immobilize almost all of the 50 or so 
radioactive elements present in high
level nuclear waste. 

Synroc is the result of more than 
four years of work by a research team 
led by Professor Ted Ringwood, head of 
the university's Research School of 
Earth Sciences. Tests carried out in 
Australia and overseas have shown 
that Synroc is much more stable than 
borosilicate glass under high tempera
tures and pressures. 

A demonstration plant under con
struction at Australian Atomic Energy 
Commission headquarters at Lucas 
Heights near Sydney should be com
pleted within the next 18 months. It 
will be capable of handling 20 kilo
grams of Synroc an hour, containing 
four kilograms of waste and would be 
able to solidify all the wastes from 25 
1 ,000-megawatt nuclear power sta
tions-about the number needed to gen
erate all of Australia's electricity needs. 

The AAEC has been responsible for 
scaling up the Synroc process since 
1980 and developed a new technique 
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Research into rapid breeding techniques conducted by the Division of Plant Industry. 

called "in can" hot-pressing. This 
made possible production of 30-kilo
gram Synroc blocks from a 20 percent 
mix of simulated waste and the Synroc 
chemicals hot-pressed into stainless 
steel tubes or canisters. 

The technique has been further re
fined and a new process of uniaxial 
hot-pressing in bellows-shaped con
tainers developed. The powdered 
chemicals are transformed to Synroc 
at extremely high temperatures and 
pressures (30 Mpa and 1 , 150 degrees 
C.) and at the same time the bellows 
are compressed and collapse uniform
ly, remaining tightly sealed around 
the Synroc pancake. These containers 
can then be sealed and buried up to 
four kilometers underground in areas 
of impermeable rock. Borosilicate glass 
cannot be buried at these depths be
cause it is unable to withstand high 
temperatures and is susceptible to 
leaching by groundwater over 100 de
grees C. 

The Antarctic 

Australia's involvement in the Ant
arctic . stretches back to almost the 
turn of the century, when many Aus
tralians took part in the British expe
ditions led by Scott and Shackleton. 
The first Australian expedition, 
mounted by Sir Douglas Mawson be
tween 1911 and 1914, was responsible 
for establishing a number of bases as 
well as mapping over 1 ,000 kilometers 
of coastline. Many more expeditions 
followed, and laid the basis for Austra
lia's present claim to sovereignty over 
almost half of the Antarctic conti
nent-a claim that is contested by 
many countries. It came into force in 
1936 when Australia took over respon
sibility for a six million square kilome
ter area stretching south of 60 degrees 
south between 45 and 160 degrees east 
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longitude, now known as Australian 
Antarctic Territory. 

Mainland stations were set up at 
Mawson in 1954, Davis in 1957 and 
Casey in 1969 and all of them have 
been continuously manned. A $60 mil
lion rebuilding program, to be complet
ed by 1990, is now under way. 

Each year about 100 men (and, more 
recently, women) live at the stations 
over the winter to carry out research 
in many fields, including glaciology, 
atmospheric physics, biology, geology, 
meteorology and medicine. In the sum
mer they are joined by parties of expe
ditioners who carry out intensive re
search programs, returning to Austral
ia before the winter pack ice closes in. 

Currently, the stations can only be 
approached during the summer by 
three chartered supply ships, meaning 
that the winter expeditioners can be 
isolated for periods of up to 12 months. 
This inaccessibility has significantly 
reduced the effectiveness of Austra
lia's research programs over the years, 
and there are now plans to establish a 
new intercontinental air link between 
Australia and Antarctica. This would 
involve the construction of three run
ways: a compacted snow runway at Ca
sey station, a rock runway at Davis 
and an ice strip at Mawson, as well as 
the construction of a new Antarctic 
research vessel. The whole transport 
system is estimated to cost well over 
$60 million. 

Overall, funding for the Antarctic 
increased only marginally in this 
year's budget. Many believe that Aus
tralia's present level of activity in the 
region is much too low to maintain its 
claim to such a large area of the conti
nent. In fact, the chairman of the gov
ernment's Antarctic Research Policy 
Advisory Committee (ARPAC), Profes
sor David Caro, has called a number of 
times for substantially increased fund-

(continued on page A40) 
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Rapid Strides in VLSI Chip Design 

by Dr. J. Craig Mudge, 
VLSI Program, Adelaide 

The further microminiaturization of 
semiconductor technology makes pos
sible the fabrication of very complex 
functions, including application-specif
ic computers, on a single chip. Mecha
nisms recently developed at CSIRO for 
the clear separation of design and fab
rication have put Australia's chip-de
sign capability ahead of that of most 
nations. 

The emphasis on design over fabrica
tion is the major element of a strategy, 
devised by CSIRO's VLSI program, 
aimed at achieving a steep increase in 
Australia's technological capability. 
The emphasis on design was chosen for 
two reasons. First, the design of very 
complex chips is a research opportuni
ty in itself-reducing design time to a 
reasonable level, that is, a few man
years, is a widely sought goal. Second, 
a nation with a small population has a 
better chance of making an impact on 
international technology if it concen
trates on the brain-intensive aspects of 
VLSI technology rather than on the 
capital-intensive ones. 

In just under two years, Australia 
has moved from the position of having 
no user-designed chip capability to the 
point where many designers have been 
trained and nearly 200 different chips 
for application-specific functions have 
been conceived and fabricated. Al
though most of these early designs 
were done by university staff and stu
dents, about a dozen chips from inno
vative companies and research institu
tions are going into production, embed
ded in systems primarily for export. 
Applications have included a bore
hole logging probe for mineral explora
tion, a robotics vision processor, a co
chlea implant, several telecommunica
tions circuits, signal processing for 
radio-telescope data, computer-graph
ics subsystems and some novel analog 
circuits. 

This rapid propagation of knowledge 
is being used as a model by many Euro
pean and Southeast Asian countries 
wishing to develop a similar, wide
spread chip-design capability. The 
seeding exercise began in February, 
1982, with a three-week instructors' 
workshop in Adelaide. Most of the par
ticipants were university lecturers, 
who returned to their institutions and 
established chip-design courses based 
on the pioneering work of Mead and 
Conway. The backbone of the rapid 

propagation is AUSMPC, Australia's 
Multi-Project Chip Implementation 
System. Through its cost-sharing tech
nique and its clear interface with fab
rication, AUSMPC provides a rapid 
chip-prototyping service for designers 
from each state in Australia. CSIRO 
coordinates AUSMPC over a national 
electronic-mail communications net
work. Four runs per year, containing 
about 30 independent designs each, are 
now being conducted. Some of the 
steps of fabrication, in particular elec
tron-beam mask manufacture and wa
fer processing, are subcontracted to 
firms in the U.S. Typical turnaround 
from the submission of design data to 
the receipt of packaged, documented 
chips is 10 weeks. 

Having fulfilled its technology trans
fer role by early 1983, the VLSI pro
gram turned to its major research: it 
aims to design chips with 10 to 20 
times the density of AUSMPC designs. 
To achieve these densities, which are 
in excess of 100,000 transistors per 
chip, two advances were necessary. 
First, a new design methodology and 
associated computer-aided design pro
grams had to be developed. Second, 
the existing design/fabrication inter-

face, adequate for a five-micron process, 
had to be carried a step further to inter
face with an advanced two-micron pro
cess. Through its research collabo
ration with VLSI Technology, Inc., in 
San Jose, Calif., CSIRO has developed 
a standard interface with a double
metal, two-micron NMOS process. 
Two test runs have been completed. 
CSIRO's design capability is being 
measured by a signal-processing appli
cation; a single-chip word recognizer, 
using dynamic-time warping for refer
ence comparison, is nearing comple
tion. 

CSIRO's research capability in VLSI 
architecture and its design technology 
are resources for industrial firms em
bedding chips of their own design in 
advanced electronic equipment. &ien
tists and engineers have access to chip
design courses in their local universi
ties, as well as to three commercially 
available short courses. Moreover, the 
shared-cost fabrication technique has 
been emulated by three universities, 
including the Royal Melbourne Insti
tute of Technology, which developed 
the world's first multiproject gate-ar
ray implementation system. 

A user·designed chip and the four·inch wafer from which it was packaged. With this 
technique, from 30 to 50 Australian designs share an e..�pensive fabrication run. 
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ing and levels of research in the re
gion. In August he warned that if Aus
tralia is to remain a major Antarctic 
power, it must provide adequate trans
port and sufficient funds for a first
rate research program, saying, "If Aus
tralia cannot afford this level of 
activity, it would be more honest to 
move out or at least to reduce the num
ber of stations to be supported."  

Parkes radio telescope in  New South 
Wales by CSIRO in 1961 .  It was one of 
the most advanced radio telescopes in 
the world, and it was used to make 
many major discoveries, including the 
detection of the first quasar. 

The Parkes telescope has now been 
superseded by a number of more so
phisticated instruments in the North
ern Hemisphere, and this led the fed
eral government last year to fund the 
construction of a new $30-million syn
thesis telescope. It will link major tele
scopes across the continent to form one 
of the most sensitive high-resolution 
radio telescopes in the world. 

Australia's future activities in the 
region now much depend on the impor
tance the government decides to place 
on its claims to the region, given the 
potentially rich mineral and marine 
resources. This is likely to be a deci
sion that will be made outside the sci
ence and technology portfolio and 
within the government's overall for
eign affairs policy. 

Six new 22-meter antennas are to be 
built, five of them in a 6-kilometer line 
at Culgoora Observatory in New South 
Wales and the sixth at Siding Spring 
Observatory. These will be linked with 
the existing Parkes telescope, and op
erating together they will form a sin
gle telescope with a dish diameter 
equivalent to 300 kilometers. 

Astronomy 

Australia has been at the forefront 
of international optical and radio as
tronomy for almost 40 years, due in 
part to its unique position to observe 
the southern skies but also because of 
the wealth of major astronomical in
struments that have sprung up in the 
country since the 1950's. 

Further links with dishes at Carnar
von in Western Australia, Alice Springs, 
Tidbinbilla near Canberra, Sydney Uni
versity and Hobart will extend the 
telescope to a dish diameter of 3,000 
kilometers, spanning the entire conti
nent. It will be known as the Australia 
Telescope and begin operation in the 
bicentennial year, 1988. 

From 1945 to 1960 a team of CSIRO 
scientists was responsible for a string 
of new discoveries, which culminated 
in the construction of the 64-meter Optical astronomy has also fiour-

A40 

AUSTRALIAN RESEARCH ORGANIZATIONS 

CSIRO Headquarters, PO Box 225, Dickson, ACT 2602, tel: (02) 484211 

CSL 45 Poplar Rd, Parkville, VIC 3052, tel: (03) 3891911 

AMDEL Head Office, Flemington, Frewville, SA 5063, tel: (08) 791662 

AERONAUTICAL RESEARCH LABORATORIES PO Box 4331, Melbourne, VIC 3001, tel: 
(03) 6477511 

DEPARTMENT OF SCIENCE AND TECHNOLOGY PO Box 65, Belconnen, ACT 2616, tel: 
(062) 641155 

ANTARCTIC DIVISION Channel Highway, Kingston, TAS 7150, tel: (022) 290209 

AUSTRALIAN ACADEMY OF SCIENCE PO Box 783, Canberra, ACT 2601, tel: 
(062) 486011 

AUSTRALIAN ACADEMY OF TECHNOLOGICAL SCIENCES 191 Royal Parade, Parkville, 
VIC 3052, tel: (03) 3473166 

AUSTRALIAN ATOMIC ENERGY COMMISSION Lucas Heights Research Laboratories, 
Private Mail Bag, Sutherland, NSW 2232, tel: (02) 5430111 

AUSTRALIAN MINERAL INDUSTRIES RESEARCH ASSOCIATION 11th Floor, 
63 Exhibition St, Melbourne, VIC 3000 

AUSTRALIAN SCIENCE AND TECHNOLOGY COUNCIL PO Box 52, Canberra, ACT 
2600, tel: (062) 724655 

BUREAU OF METEOROLOGY 150 Lonsdale St, Melbourne, VIC 3000, tel: 
(03) 6620311 

BUREAU OF MINERAL RESOURCES PO Box 378, Canberra, ACT 2601, tel: (062) 499111 

HOWARD FLOREY INSTITUTE University of Melbourne, Parkville, VIC 3052, tel: 
(03) 3451844 

MATERIALS RESEARCH LABORATORIES PO Box 50, Ascot Vale, VIC 3032, tel: 
(03) 317222 

NSW SCIENCE AND TECHNOLOGY COUNCIL 151 Macquarie St, Sydney, NSW 2000, tel: 
(02) 273978 

SOLAR ENERGY RESEARCH INSTITUTE OF WA GPO Box R1283, Perth, WA 6001, 
tel: (09) 3264157 

WALTER AND ELIZA HALL INSTITUTE Post Office, Royal Melbourne Hospital, VIC 3050, 
tel: (03) 3471511 

AUSTRALIAN SCIENTIFIC INDUSTRIES ASSOCIATION c/o.Regional Administrative 
Office, 9 Queens Rd, Melbourne, VIC 3004, tel: (03) 2687111 

AUSTRALIAN INSTITUTE OF MARINE SCIENCE Cape Ferguson, PMB No. 3, 
Townsville MSO, QLD 4810, tel: (077) 789211 

AUSTRALIAN COAL INDUSTRY RESEARCH LABORATORIES 14 Delhi Rd;North 
Ryde, NSW 2113, tel: (02) 8875341 

VICTORIAN SOLAR ENERGY COUNCIL 151 Flinders St, Melbourne, VIC 3000, tel: 
(03) 6544533 

ADVERTISEMENT 

ished with the construction of a num
ber of new instruments in the 1960's 
and 1970's, in particular the 3.9-meter 
Anglo-Australian telescope, which is 
jointly operated by Britain and Austra
lia. This telescope has dominated opti
cal astronomy since its first use in 
1974; it has been responsible for many 
new discoveries, including the Vela 
Pulsar in 1977 and most recently the 
identification of the fastest spinning 
pulsar known in the universe, PSR 
1937-21 .  

The Anglo-Australian telescope is  at 
the Siding Spring Observatory near 
Coonabrabran in New South Wales, 
which is the major optical astronomy 
site in the Southern Hemisphere and 
the home for other instruments. These 
include the U.K. Schmidt telescope, 
which has played a significant role in 
mapping the southern skies. 

A new 2.3-meter optical telescope is 
nearing completion at the observatory, 
which has been built to a totally new 
design devised by scientists from the 
Mount Stromlo Observatory near Can
berra. It combines three major techno
logical advances-a rotating building, 
a large, thin mirror and an altazimuth 
mounting-into a single telescope, cut
ting the cost to a tenth of that of a 
conventional instrument. This makes 
the telescope extremely versatile and 
will make possible its use 24 hours a 
day, operating in the infrared during 
the daytime. 

In all, Australia has about 40 optical 
and radio telescopes, and in addition a 
number of X-ray, infrared and cosmic
ray instruments. 

The country is also moving into the 
field of space astronomy and is a part
ner with Canada and the U.s. in the 
Starlab project: a joint initiative to 
launch a space telescope aboard the 
space shuttle in 1990. Australia is re
sponsible for designing the central ele
ment of the telescope-the instrument 
package, which contains a unique ul
tralarge-format photon-counting array 
developed by scientists from Mount 
Stromlo Observatory. 

Medical Research 

The pioneering in vitro fertilization 
work by Professor Carl Wood and his 
team from Monash University in Mel
bourne has highlighted worldwide the 
excellence of Australian medical re
search. The work has led to the birth 
of the first test tube baby, the first test 
tube twins and triplets and the im
plantation of the first frozen embryo 
earlier this year. 

Major advances have included work 
by Sir Macfarlane Burnet on viral vac
cines, the establishment of the effects 
of thalidomide by Sir William McBride 
and pioneering work by Sir Norman 
Gregg on the effects of maternal Ru-

(continued on page A44) 
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ICI: ----------_______ W 

A Maj or R&D Spender 

ICI Australia has operated one of 
the largest private-enterprise research 
organizations in Australia since the 
early 1950's. Its list of achievements is 
notable, and some of the country's 
most prestigious awards have been re
ceived by ICI scientists. 

While working as part of the world
wide ICI group, ICI Australia has car
ried out significant research and devel
opment to solve problems posed by the 
particular markets and environment 
in Australia. In a number of cases the 
results of this research have been li
censed overseas. 

In the early 1960's the manufacture 
of the two basic industrial plastics, 
polyvinyl chloride and polyethylene, 
were integrated around a common 
feedstock (ethylene), and an Austra
lian petrochemical industry became a 
reality. The key was the oxychlorina
tion route to vinyl chloride. While this 
was simultaneously developed through
out the world, as a result of local re
search ICI Australia was the first in 
the Southern Hemisphere to have a 
plant on stream. 

At about the same time, the flame 
ionization detector was invented and 
subsequently licensed to 37 companies 
worldwide. This device launched a new 
era in the detection and identification 
of minute quantities of material, and 
probably no other instrument has 
made as great a contribution to envi
ronmental protection. The Royal Aus
tralian Chemical Institute recently or
ganized a commemorative symposium 
to celebrate the discovery. 

The company has strongly supported 
local agriculture by manufacturing 
fertilizers and since 1954 has actively 
developed animal-health and plant
protection products. When the anthel
mintic tetramisole was discovered in 
Belgium, ICI Australia could have con
tented itself with obtaining selling 
rights. Instead, in competition with the 
chemical giants of the world, a novel 
economical manufacturing process was 
developed and licensed overseas. When 
the improved drug levamisole replaced 
the earlier one, ICI Australia again de
veloped the best commercial route and 
continues to receive significant royal
ties in addition to the advantages of 
local manufacture. Levamisole has 
been a major aid to farmers faced with 
the difficult problem of controlling in
testinal worms in sheep and cattle. 

Local needs have always been of 
prime importance in setting research 
targets. When the cattle tick problem 
reached epidemic proportions in 
Queensland in 1971 ,  ICI Australia had 
already been working on the problem 
for seven years. Two years later Pro
macyl, probably the first biologically 
effective chemical entirely discovered 
and developed in Australia, was mar
keted. It has provided excellent tick 
control since 1973, in contrast to the 
short life of most overseas-developed 
tickicides. A new-generation tickicide 
with enhanced properties, Cyhaloth-

rin, followed in 1982 and is destined 
for a wide spectrum of markets. 

When the health hazards of vinyl 
chloride in PVC manufacture were 
recognized, ICI Australia developed its 
own plant modifications, including the 
inhibition of the buildup of deposits in 
reactors and steam-stripping product 
purification, rather than face the time 
lag in following overseas develop
ments. Major contributions to other 
Australian industries include the de
velopment of safe, water-resistant, 
slurry explosives for underground 
blasting with minimal shock waves, 
and high-boiling brake fluids to pro
vide cooler and safer braking for Aus
tralia's motor vehicles. 

The ICI Australia group has been in 
the forefront of many of the develop
ments that helped raise living stan
dards and made significant advances 
in the areas of medical care, food pro
duction, textiles, paints and building 
materials. Its range of products in-
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cludes industrial chemicals, commer
cial explosives, fertilizers, agricultural 
chemicals, pharmaceuticals, plastics, 
synthetic fibers and paints. A subsid
iary, Dulux Australia, developed a 
unique paint ingredient called Spin
drift, which made much higher opacity 
possible. The biggest paint manufac
turer in the U.S. ,  Sherwin Williams 
Company, has signed an agreement for 
rights to use the Dulux technology, 
Tioxide International has taken out a 
license to develop the U.K. and West
ern European markets and other 
agreements are under way in Japan. 

Industry and academic collaboration 
has long been encouraged. Many lead
ing Australian academic scientists had 
their early career in ICI Australia re
search. A major collaboration with 
CSIRO led to the commercial develop
ment of an imaginative ion exchange 
process for the desalination of brackish 
and effluent water. 

All major developments require a 
variety of skills. ICI Australia's scien
tists and engineers work in the context 
of a diverse organization of 1 1 ,000 peo
ple. Although a majority ownership 
lies with ICI PLC, the largest chemical 
manufacturing company in the U.K. ,  a 
substantial percentage of stock is 
owned by Australian interests. While 
benefiting from the resources and ex
perience of the worldwide ICI group, 
the Australian company has demon
strated both a commitment to local 
needs and problems and the capacity 
for world-level research and develop
ment. Its association with the ICI 
group means that processes and prod
ucts flowing from this research can be 
marketed effectively in many coun
tries. 

The company is justifiably proud of 
its past achievements and intends to 
maintain its reputation in the re
search and development of new prod
ucts and processes. There is a continu
ing review and reallocation of resour
ces. The company moved a few years 
ago to provide contract services in 
computing and chemical engineering 
to meet the needs of other industries, 
education and government. More re
cently it set up ICITACS to make avail
able even more widely its technical, 
analytical and computing expertise at 
three levels: consultation and advice; 
design, construction and production, 
and routine scientific and technical 
services. Already ICITACS has avail
able compact interfaces for real-time 
monitoring and devices for control of 
data acquisition by computers. 
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DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION: ___ _ 

® Strength Through Understanding 

Australia is geographically. far from 
the mainstream of current military 
conflicts. However, the island conti
nent, ringed as it is by long stretches 
of sparsely populated coastline, still 
needs to maintain a modern defense 
force that uses technology to t1!e best 
advantage. 

The Defence Science and Technology 
Organisation (DSTO) advises the Aus
tralian Defence Force (ADF) on tech
nology that is cost-effective for the 
Australian environment. DSTO also 
adapts and develops new equipment 
specifically for Australian conditions. 

Over 1,000 research scientists and 
engineers at DSTO's 10 establish
ments, spread across Australia, work 
in a wide range of fields from aerody
namics to electronic warfare, from the 
design of sonar systems to the develop
ment of new materials. 

The Thrust of Defense R&D 

DSTO's mission-oriented R&D pro
vides the knowledge base for solving 
hardware problems, for advising on 
the long-term development of the ADF 
and for scientific support and guidance 
in defense policy. The type of work 
ranges from consulting tasks for the 
ADF and industry to much larger pro
jects such as the Jindalee over-the-ho
riwn radar system, which can detect 
aircraft and ships thousands of kilome
ters from the transmitter. 

A strong technology base is main
tained to evaluate the implications of 
new weaponry, as well as to develop 
effective solutions to special and imme
diate problems and provide the exper
tise to handle future problems. DSTO 
needs to identify in advance new tech
nologies that will be particularly use
ful for Australia in multiplying de
fense force effectiveness; for example, 
wide-area surveillance and electronic 
warfare equipment, "smart" weapons 
and remotely piloted vehicles. It is 
then ready to advise on the purchase of 
new equipment (such as the recent se
lection of the F/A-18 to replace the 
Royal Australian Air Force's aging Mi
rages) and how the ADF can make the 
best use of the equipment. 

Industrial Involvement 

BecauSe of Australia's small popula
tion and limited industrial R&D and 
manufacturing base, much of the 
equipment used by the ADF is bought 
overseas. Some of this, however, must 
undergo substantial alteration to be
come suitable for the Australian envi
ronment, or alternative equipment 
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must be developed locally. Increasing 
emphasis is also being placed on self
reliance so that maintenance and mod
ifications can be made efficiently by 
local industry and the life of expensive 
equipment can be extended. 

Military equipment developed spe
cifically for Australian needs includes 
the Mulloka high-frequency shipborne 
sonar, which is designed to be effective 
in the warmer waters around much of 
the continent, and the Jindalee over
the-horizon radar. Other Australian
developed equipment has found world-

. wide application, for example, the 
Ikara long-range antisubmarine weap
on system, which has been in service 
with the Australian, British and Bra
zilian navies for over two decades, and 
the Barra air-dropped sonobuoy, which 
is used by both the Royal [British] Air 
Force and the Royal Australian Air 
Force. 

The Ikara, Barra and Mulloka pro
jects and the Karinga cluster bomb 
have led to $50 million in development 
contracts in industry and $320 million 
in production contracts. Over $140 mil
lion worth has been exported. 

Industry is involved as early as pos
sible in developments likely to lead to 
volume production, and DSTO devotes 
significant resources to helping trans
fer R&D into industrial production. 

Moreover, DSTO provides a wide 
range of consultancies and technical 
support to help industry gain offset 
contracts. For instance, a Queensland 
firm, assisted by DSTO, has developed 
an electroslag welding technique that 
has enabled it to successfully compete 
for the fabrication of the external 
A-frame propeller shaft bearing for pa
trol frigates bought from the U.S. The 
component is now being provided to 
the U.S. Navy shipbuilding program. 

Civilian Applications 

Defense research has had a number 
of civilian applications. Oceanographic 
studies have helped in navigation, fish
eries and meteorology. Structural
fatigue research has assisted in the de
velopment of monitoring equipment 
used on both military and civilian air
craft. 

DSTO expertise has helped in the 
prototype Interscan microwave land
ing system and in the construction of 
cochlea implants for a bionic ear devel
oped by the National Acoustics Labo
ratories. DSTO constructed a high
level-impulse noise generator that has 
aided in studies of hearing loss of both 
military gunners and industrial con
struction workers. Other examples in-
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clude a letter-bomb detection system 
used at the Melbourne Commonwealth 
Heads of Government Meeting and the 
Brisbane Commonwealth Games and a 
cable cutter that saves low-flying agri
cultural aircraft from crashing if they 
hit power lines. 

When defense priorities permit, 
DSTO facilities can be made available 
for outside research. For instance, the 
organization's wind tunnels have been 
used in the design of buildings and 
ship funnels and for studying airport 
wind patterns. 

Scientific Contacts 
at Home and Abroad 

As a matter of policy, contacts be
tween defense scientists and research
ers in industry, government and uni
versities are being increased. In the 
past five years the number of research 
contracts with tertiary institutions has 
greatly expanded. They now include 
work on signal processing, blue-green 
lasers, aircraft gust loads, strength 
degradation of brittle ceramics and the 
growth of single crystals for lasers. 

DSTO values its strong cooperative 
links with allied nations, which enable 
it to keep in touch with overseas devel
opments and to avoid duplication of 
effort. In addition to regular ex
changes of staff and information 
through a network of formal arrange
:nents, there are also joint research 
projects and programs. 

The Way Ahead 

DSTO will continue to update its 
skills and its technology base to enable 
it to solve pressing problems for the 
Australian Defence Force and the de
fense industry, and to provide them 
with soundly based advice. Three solu
tions that have met the challenges of 
the Australian strategic, military and 
physical environments are described 
opposite. 

Examples of DSTO's Work 

DSTO's tasks range from solving 
several thousand small problems for 
the Australian Defence Force and the 
defense industry each year to large in
digenous projects such as Jindalee. 
The following three examples have 
been chosen as being representative of 
the larger tasks. 

Camouflage 

The distinctive greens, blues and yel
lows of the Australian bush require 
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The photo at left shows the Australian-made and -designed camouflage uniform, which blends effectively in both dry and wet A ustralian 
environments. The photo at right shows the use of a. DSTO-developed crack patching kit on a Mirage wing. Patching cracks caused by 
fatigue or stress is a relatively simple idea that required some high-technology research to make it effective on high-performance aircraft. 

matching camouflage. As a result of 
extensive research at the Materials 
Research Laboratories (MRL) in Mel
bourne on the colors, patterns and tex
tures of Australian deserts, savannah, 
temperate forests, tropical jungles and 
snow country, essential characteristics 
of the landscape have been quantified. 
Using data on pattern shape and color 
correlations, a computer was used to 
derive suitable shapes and colors for a 
disruptive camouflage pattern. 

Rubber technologists at MRL have 
also designed a directed molded PVC
nitrile rubber sole, pigmented to 
match the disruptive patterning of a 
combat uniform, and tested it with 
various tread patterns. Toe caps and 
boot uppers are similarly camouflaged. 
Reversible camouflage nets that match 
either wet or dry environments have 
also been designed. Extensive field tri
als have been conducted to ensure that 
the textiles and dyes used for uniforms 
and nets can withstand Australia's in
tense ultraviolet light and other harsh 
conditions. 

Satellite imagery is used to classify 
terrain and vegetation so that appro
priate camouflage can be selected for a 
given area. Scientists are also working 
at reducing the infrared signatures of 
vehicles and equipment and studying 
materials that will obscure sources of 
infrared on the battlefield in the same 
way that smoke obscures sources in 
the visible part of the spectrum. 

Crack Patching 

Metal fatigue and stress corrosion 
can lead to the development of cracks 
in aircraft components. Replacement 
of the affected parts is usually expen
sive and time consuming, and in situ 
repairs, using traditional methods, can 

cause further cracking and internal 
damage. However, scientists from the 
Aeronautical Research Laboratories in 
Melbourne have developed a new, 
highly cost-effective method of patch
ing cracked components in the field 
quickly and efficiently. The technique 
is based on advanced fiber-reinforced 
plastics adhesively bonded to the 
cracked component and has been used 
successfully on a .wide variety of Royal 
Australian Air Force machines, in
cluding the wings of the Hercules and 
Mirage aircraft, the fuselage of Orions 
and the wheels of Macchis. 

The technique has a number of ad
vantages over conventional ones. Ad
hesive bonding provides a very effi
cient load transfer from the cracked 
component and produces a sealed in
terface, which reduces the danger of 
internal leaking such as from a fuel 
tank and further corrosion. The ad
vanced fiber-reinforced plastic also 
gives high directional stiffness, good 
resistance to cyclic loading and corro
sion, excellent formability and low 
density. 

Field techniques and kits have been 
developed that contain grit-blasting 
and anodizing units for surface treat
ment, and temperature controllers and 
hydraulic pressure indicators for use 
during the adhesive curing process. 
Specialized training programs are also 
run to teach Royal Australian Air 
Force technical personnel how to apply 
patches in the field. 

Laser Bathymetry 

Using existing conventional hydro
graphic techniques, it would take over 
50 years to map Australia's coastal wa
ters, which conceal a vast continental 
shelf with an area of over 2.2 million 
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square kilometers, more than half of it 
under a depth of less than 50 meters. 

DSTO has developed a unique laser 
airborne depth sounder (LADS) that 
will be used to chart Australia's shal
low coastal waters. It will obtain data 
at least 10 times faster than present 
techniques using boats, and in areas 
inaccessible to boats. 

LADS· has been developed entirely 
within Australia, by scientists from 
the Electronics Research Laboratory 
in South Australia, and has now been 
taken up by a consortium of Austra
lian companies led by Thorn-EMI Elec
tronics (Australia) Pty. Ltd. Commer
cial production of the system is 
expected to begin in 1984. Very short 
(five nanosecond) pulses of green and 
infrared laser light are simultaneously 
beamed down to the water from an 
aircraft flying at a height of 500 me
ters and a speed of 70 meters per sec
ond. The infrared pulse is reflected 
from the surface and used as a surface 
reference, while the green pulse pene
trates into the water and is reflected 
from the bottom and back to the air
craft. Water depth is then determined 
by measuring the time difference be
tween the arrival at the aircraft of the 
reflected infrared and green pulses. 

The green pulse is scanned back and 
forth across the water perpendicular 
to the track of the aircraft to form a 
swath 260 meters wide with a nominal 
spot spacing of 10 meters. Soundings 
are made at the rate of 168 per second 
and have been made in clear water to a 
depth of over 50 meters. Computer 
software and hardware have been de
veloped to process within 24 hours the 
two million soundings a day that will 
be produced by the LADS system and 
to supply validated data to the Austra
lian Hydrographic Data Base. 

A43 

© 1983 SCIENTIFIC AMERICAN, INC



bella on the developing baby. 
There are now 10 medical schools in 

Australia, plus the John Curtin School 
of Medical Research at the Australian 
National University, 14 private or hos
pital research institutes and half a doz
en government health laboratories. 
Funding comes from the government, 
private sources and overseas research 
grants and in 1982-83 topped an esti
mated $90 million. 

Compared with other areas of sci
ence and technology, medical research 
is relatively generously funded by the 
government: a total of almost $60 mil
lion was provided in 1982-83. 

The major government-funded re
search center is the John Curtin 
School of Medical Research, which has 
a budget of over $10 million and a staff 
of more than 300. The largest of the 
private medical research institutes is 
the Walter and Eliza Hall Institute of 
Medical Research, set up in 1919 and 
now a world leader in immunology, 
cancer and molecular biology research. 
The institute has recently been respon
sible for isolating malaria antigens, 
which will be used in developing a ma
laria vaccine in Australia. 

Other major private medical re
search institutes include the Howard 
Florey Institute of Experimental Phys
iology and Medicine, which specializes 
in endocrinology, hypertension and be
havior and has done much pioneering 
work on the human birth hormone re
laxin, and the Baker Medical Research 
Institute in Melbourne, which concen
trates on cardiovascular research, ath
erosclerosis and hypertension. 

In Sydney, independent research in
stitutes, such as the Kanematsu Re
search Institute, are at the forefront of 

leukemia research, and others, such as 
the Garvan Institute of Medical Re
search, are pioneering work into meta
bolic disorders such as diabetes. 

Major advances made by Australian 
medical researchers in recent years in
clude the determination of the link be
tween analgesics and kidney damage, 
detailing of the natural history of mel
anoma and the mechanism of the in
heritance of malignant hyperthermia. 
Other outstanding work has included 
the discovery of rotavirus as the cause 
of infantile diarrhea in both developed 
and developing countries, the use of 
transfer factor to slow down the pro
gression of multiple sclerosis and work 
on tissue rejection and the transplan
tation of pancreas islets in the treat
ment of infantile diabetes. 

The use of ultrasound as an investi
gative tool in cancer and the develop
ment of a number of new ultrasonic 
techniques have been pioneered by the 
Ultrasonics Institute in Sydney. 

Medical research, particularly as 
preventive medicine, is a major priori
ty in Australia and government sup
port is likely to continue at a relatively 
high level. 

Biotechnology 

Despite a strong research base, world 
class researchers and a number of ma
jor advances in biotechnology, Austra
lia has lagged behind in the establish
ment of a commercial biotechnology 
industry. 

The government, however, has iden
tified biotechnology as a major area of 
high-technology development, and this 
year, for the first time, funds have 
been earmarked specifically for bio-

CSIRO's Sirotem, a computerized direct digital borehole logging system and data processing 
center, can detect ore bodies covered by thick layers of conductive material. 
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technology research and industrial 
scale-up. A total of $12.2 million has 
been provided for a range of projects, 
including $1 .5  million to support the 
new National Biotechnology Scheme, 
aimed at commercializing university 
and other research. This is seen as to
tally inadequate to meet the demand, 
but it is hoped it will act as a catalyst 
to get the industry off the ground. 

So far, major activity has been in the 
field of monoclonal antibodies. A num
ber of diagnostic kits for animal and 
human diseases should soon reach the 
market. A number of genetically engi
neered animal vaccines, including one 
for scours in pigs and another for 
fleece rot in sheep, are also nearing 
commercial production. 

One of the most exciting projects is 
the plan to develop a malaria vaccine 
in Australia, following the successful 
isolation of antigens from one of the 
deadliest strains of malaria, Plasmodi
um (alciparum, by a research team 
from the Walter and Eliza Hall Insti
tute for Medical Research in Mel
bourne. 

The institute; the government
owned Commonwealth Serum Labo.ra
tories; a private company, Biotechnolo
gy Australia Pty Ltd. ,  and the 
Queensland Institute of Technology 
hope to develop ' the vaccine locally 
over the next five years. This repre
sents a major step forward, as until 
now much of Australia's best work has 
had to go overseas for commercial de
velopment. For instance, most recently 
further work on the human pregnancy 
hormone relaxin, successfully isolated 
by a team from the Howard Florey 
Institute in Melbourne, was handed 
over to Genentech in the U.S. 

Another major area of expertise in 
Australia is in plant genetics. Re
searchers at CSIRO's Division of Plant 
Industry have isolated a transposable 
element, or more colloquially, "jump
ing gene,"  in maize that is capable of 
moving from place to place on a chro
mosome or between chromosomes. It 
could be used to insert new desirable 
genes into the plant to combat disease 
or promote drought resistance. 

In other work, the Australian Na
tional University's Centre for Recom
binant DNA Research, headed by Dr. 
John Shine, is investigating the trans
fer of nitrogen fixation genes from leg
umes to nonlegume crops. The work is 
being supported with a $1 .8 million 
grant from Agrigenhics Corporation of 
Boulder, Colorado. Already the. team 
has managed to isolate a number of 
genes that enable bacteria to interact 
with the plant to form a root nodule 
and genes that make possible nitrogen 
fixation, thus putting the center at the 
forefront of world research in the area. 

The center also recently has been 
responsible for cloning the human 
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blood pressure hormone renin for the 
first time. This work is being support
ed by California Biotechnology Inc. in 
the U.S. The aim is to eventually de
sign an inhibitor of renin that can be 
used as a hypertensive agent for treat
ment of high blood pressure. 

The center is also involved in a col
laborative project with the University 
of New South Wales and the Garvan 
Institute of Medical Research in Syd
ney to produce commercial quantities 
of human growth hormone for the Aus
tralian market. Novel biological insec
ticides, animal hormones and vaccines, 
animal breeding, waste treatment and 
ore leaching are other areas of active 
research. 

The future development of a biotech
nology industry in Australia now de
pends on how effective new venture
capital tax incentives and increased 
research grants are in mobilizing the 
industry and freeing finance for com
mercial development. Currently, regu
lation of biotechnology research and 
development is purely voluntary. The 
federal government has established 
the Recombinant DNA Monitoring Com
mittee, responsible to the Department 
of Science and Technology, which has 
laid down voluntary guidelines for lab
oratory and industrial research. These 
specify various levels of laboratory 
containment, reporting procedures, 
the setting up of laboratory safety 
committees and approval procedures 
aimed at eliminating or minimizing 
risk from the work. The guidelines are 
based on those laid down by the Na
tional Institutes of Health in the U.S. 

Lawyers, theologians and a number 
of concerned scientists have raised 
community concern over the use of re
combinant DNA techniques and have 
called for legislation to control the new 
technology. However, at present it 
looks as if regulation of the embryo 
industry will remain voluntary. 

Solar Energy 

Not surprisingly, much research has 
gone into the use of Australia's most 
abundant energy resource--sunshine. 
In the 1950's and 1960's Australia led 
the way in the development and use of 
solar collectors and has a flourishing 
domestic industry and is the world's 
largest exporter of solar systems. 

Research is currently under way to 
improve both the basic flat plate col
lector and to develop improved solar 
water heating systems. Most recently 
Rheem Australia Ltd. decided to estab
lish a pilot manufacturing plant to 
produce evacuated-tube collectors de
veloped by Sydney University re
searchers. These will be aimed at both 
the industrial and the domestic mar
ket. A Japanese company, Nitto Kohki, 
has negotiated a licensing agreement 

Assembly-line production of the atomic absorption spectrophotometer. 

with the university to manufacture 
the system in Japan. 

Efforts have also been made to har
ness solar energy on a much larger 
scale, and two thermal power plants 
have been completed. One, a 25-kW 
unit at White Cliffs, near Broken Hill 
in New South Wales, has been de
signed and built by researchers from 
the Australian National University. It 
uses 14 five-meter mirror-glazed collec
tors focused on a central solar absorber 
to produce steam at 550 degrees C. 
This is used to drive a steam engine. 
The plant was completed last year, but 
due to a number of problems still has 
not been commissioned by the NSW 
Energy Commission. 

The other station is a 100-kW hybrid 
-plant built . at Meekatharra, 600 kilo
meters north of Perth in Western Aus
tralia, which uses German technology 
developed by MAN. It produces 50-kW 
of electricity using 960 square meters 
of parabolic trough-concentrating col
lectors and produces an additional 50 
kW from waste heat recovered from 
the town's existing diesel system. The 
$3.6 million cost of the project has 
been jointly shared by the West Ger
man and Western Australian govern
ments. It is part of a much larger re
mote area power supply investigation 
in the state that involves studies of 
wind, ethanol, photovoltaics and vege
table oils as alternative energy 
sources. 

Telecom has already used solar cells 
extensively to extend its network of 
microwave communications systems in 
the outback. It recently opened the 
first stage of what is believed to be the 
world's longest solar-powered micro
wave network, which will span 1 ,595 
kilometers, linking the remote Kim
berley region of Western Australia 
with Port Hedland. 

Very promising work is also under 
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way at the University of New South 
Wales on an extremely efficient solar 
cell that uses a new method of cell 
fabrication. Efficiencies of over 18 per
cent have been achieved. The work 
is being supported by NASA and the 
U.S. National Bureau of Standards. 

Wind power is also considered a via
ble possibility in Australia, and there 
are proposals for a $1 million wind 
farm for northwest Tasmania and a 
system for Lord Howe Island. Howev
er, overall government interest in so
lar research has waned in recent 
years, mirrored in the level of funding, 
which fell marginally last year from 
$1 .9  million to $ 1 .8 million. 

Oil, gas and electricity prices will 
have to rise substantially before solar 
energy becomes a viable alternative 
for many applications in Australia. 

Scientific Instrumentation 

Australia's most successful and well
known invention is the atomic absorp
tion spectrophotometer, which has rev
olutionized chemical analysis around 
the world. It was the result of a flash of 
inspiration in a Melbourne garden one 
Sunday morning back in 1952, when 
Dr. Alan Walsh realized that the best 
way of detecting minute quantities of 
metallic elements was to measure 
their absorption rather than their 
emission of radiation. By the following 
morning he had set up a successful ex
periment at his laboratory at CSIRO's 
Division of Chemical Physics, which laid 
the basis for what is now called the most 
significant advance in chemical analysis 
of this century. 

At the time, no one either in Austra
lia or overseas was interested in devel
oping the instrument, but it was final
ly taken up by a small Melbourne 
company, Techtron Appliances. This 
was taken over by Varian Associates 
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Australian States: Recent Developments 

NEW SOUTH WALES: Australia's richest and most populous state is in the 
forefront of the resources boom. Major restructuring of the steel industry is under 
way and more than $350 million in export sales are expected this year from the new 
CSR-Pechiney aluminum smelter in the Hunter region and an expanded potline at 
Alcoa's Kurri Kurri plant. In addition, rural output is expected to double with a 
record wheat crop of over 6 million metric tons, which alone will inject $86 million 
into the state's economy. 

The state government, led by Mr. Neville Wran, has developed a technology 
development policy that aims to increase economic development and technical 
competitiveness, encourage technological innovation, identify specific technologies 
for development and attract new technology manufacturers to the state. 

SOUTH AUSTRALIA: In its search for a new industrial direction, South Australia 
is adopting a high-technology profile. Technology Park Adelaide has been estab
lished and the government hopes the state's background experience of weapons 
research and related enterprise will encourage new companies to locate there. 

British Aerospace, EMI Electronics, Fairey and Raytheon have been established 
for some years but the real basis for South Australia's future prosperity lies in two 
large resource projects, the Cooper Basin oil and gas liquids project and the Roxby 
Downs copper, gold, uranium and silver mines. When the Roxby Downs mine starts 
production in 1990, South Australia expects a jump in its export income of 50 per
cent. A tarmac road from Adelaide to Alice Springs is planned to link up with the 
present road south from Darwin by 1988. 

WESTERN AUSTRALIA: The largest state, Western Australia is rich in oil, gas, 
diamonds, gold, uranium, nickel and aluminum. 

Brian Burke, the premier, plans to set up a development corporation to administer 
the state's stake in the Argyle Diamond mine which is potentially the world's 
biggest. Situated in the northeast Kimberley area, the mine is expected to generate 
infrastructure development by mining companies including a new all-weather air
port and eventually a hydroelectric generating plant on the Ord River. 

Talks on a high-technology joint venture with Japanese participation with West
ern Australia's providing the software are under way. Foreign investment is regard
ed as essential, particularly in large resource ventures. 

VICTORIA: Occupying only three percent of the Australia land mass, Victoria 
has over a quarter of its population. It produces most of the continent's oil, much of 
its natural gas and has vast reserves of brown coal for electric power generation. 

With industry predominating, agricultural production represents just over one
fifth of the national total. 

The state government is developing a science and technology strategy within the 
context of a much broader industry and regional development policy. A science and 
technology unit has been established within the Ministry for Economic Development 
and a biotechnology advisory committee has also been set up. 

Many of Australia's largest companies are headquartered in the state and Mel
bourne, the capital, continues to be an important financial center. 

QUEENSLAND: The sunshine state has a population of 2.4 million, which is 
growing at nearly twice the national average. State taxes are the lowest in Australia 
and in 1981-82 nearly 28,000 companies and more than 40,000 new business names 
were registered. Planned public sector spending on infrastructure is about $8,000 
million. The state has the world's largest bauxite deposits, a fully integrated alumi
num smelting industry and huge reserves of oil shale and coal, and in -the past seven 
years the gross value of annual minerals production has nearly doubled to more 
than $2,000 million. 

The last of the mainland state governments to move into the technology field, 
Queensland decided last July to establish a Science and Technology council and to 
appoint a minister for technology. 

TASMANIA: The island state has embarked on an expansionist policy with the 
government promising funds for the creation of a Tasmanian Development Author
ity as well as for numerous infrastructural projects and measures aimed at stimulat
ing industry and commerce. Among initiatives announced are a record government 
works program of $470 million, an upgrading of major fishing ports, a start on 
design work for a major irrigation dam, a 50 percent increase in funds for tourism 
promotion, a record road building program and planning for the upgrading of 
Hobart airport to international standards. 

Gross value of farm production in 1982-83 was $313 million against $760 million 
for minerals and metal refining. 
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in 1967, and now Varian Techtron in 
Melbourne is the world's second-larg
est maker of spectrophotometers and a 
major producer of UV-visible spectro
photometers. Sales exceed $25 million 
a year, and nine out of 10 instruments 
are exported to Europe and the U.S. 

Atomic absorption spectrophoto
meters can now detect 66 different ele
ments, and a single apparatus can 
make up to 1 ,700 analyses of different 
samples a day. 

Another major Australian achieve
ment, also in the 1950's, was the inven
tion of the flame ionization detector, 
which made the then-new technique of 
gas chromatography 10,000 times 
more sensitive virtually overnight. It 
was invented by Mr. Ian McWilliam of 
ICI Australia's Melbourne labora
tories, who realized that the compo
nents of a sample mixture could be 
detected by conductivity measure
ments if they were ionized as they left 
the column. The development has 
made an enormous contribution to en
vironmental protection around the 
world, and every day thousands of lab
oratories use the device to measure im
purities in the air, water, drugs, food 
and chemicals. 

Victoria is now at the heart of scien
tific instrument manufacture in Aus
tralia and has a number of firms such 
as GBC Scientific Equipment, Labtest 
Australia and R&D Instruments di
rectly involved in spectrophotometer 
development. 

Another Melbourne company also 
involved in the field is Scientific Glass 
Engineering, which has developed a 
number of microsyringes for gas chro
matography and has chalked up a 
world first by using glass-lined stain
less steel tubing. 

Another company, Selbys Scientific, 
is producing novel optical fiber nephe
lometers for taking high turbidity 
measurements, such as the concentra
tion of metallic wear particles in en
gine oil; another, Silenus, has devel
oped a highly sensitive clinical 
viscometer, which uses an innovative 
magnetic stabilizing system. 

Australia also excels in astronomical 
instrumentation, as shown by its in
volvement in the design and develop
ment of the Starlab instrument pack
age (the joint U.S. ,  Canadian and 
Australian project to launch a space 
telescope aboard the shuttle in 1990), 
the design of the Parkes telescope and 
the new Australian Telescope. 

Another example of this expertise 
was the construction in the 1960's of a 
unique solar radioheliograph (the only 
one of its kind in the world) at CSIRO's 
Culgoora Observatory in New South 
Wales. It consisted of 96 aerials set 
around a lO-kilometer circle, which 
performed as one huge dish 3 kilome
ters wide and photographed the sun 

(continued on page A49J 
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.. : FROM AUSTRALIA 
a bionic ear . . .  for deaf people who get no benefit from conventional hearing aids 

An Austra l i a n  medical e lectronics 
company together with u n iversity 
researchers have developed a 
device cal led a coch lear  i mplant .  
Th is  consists of a set of electrodes 
wh ich i s  inserted i nto the coch lea 
( i n ner ea r) . A smal l  control un it 
connected to the electrodes is  
p laced i n  the mastoid bone beh i n d  
the e a r  T h e  patient wears an 
external  speech processor s imi lar  to 
a body-worn hear ing aid .  Th is  i s  
connected to a sma l l  m icrophone/ 
transmi tter unit worn beh i n d  the ear. 
Speech is p icked up by the micro-

phone . The speech processor 
extracts i nformation from this and 
sends it to the impla nted control un i t  
by radio freq uency transm iss ion . 
Here the electrodes a re activated 
to st i m u late the hear ing neNe to 
produce d iffer ing hear ing sensations.  

Not on ly  is Austra l i a n  high tech
nology to the fore i n  medical and 
hospita l use . It has a l so developed 
many innovative products and 
techn iques for  the scientif ic f ie ld ,  
for  astronomy, for  industry, agr i 
cu lture, min ing and a host  of wide
ranging general appl ications .  

F ind out  just what Austra l ia  has 
avai lab le and how it can benefit 
you , by contacting the Austra l i a n  
Trade Com m i ssioner 

Australian technology 
finds a better way 

� 
For information on Austra l i a n  tec h nology 
contact the Austra l i a n  Trade Com m i ss ioner 
I n  your a rea . Austra l i a n  Trade C o m m i ss ioner 
offices are located i n  42 countr ies 
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VENTURE CAPITAL: 

Technology Development Funding in Australia 

by J. M. F. Keeney 

One hundred years from now histori
ans will be busy explaining our era. Of 
their many measurements of a soci
ety's vigor, the availability of venture 
capital will be an important one. Palo 
Alto, Boston and other such "neighbor
hoods" will be noted for the friendly 
interaction between financiers and 
technologists that spurred innova
tion. The correlation between venture 
capital and successfully commercial
ized technology will have been demon
strated by computer. 

Europe has lately awoken to this 
equation. Sweden, Britain and France 
all boast of budding efforts-some 
of them government sponsored-that 
have supplied between $50 million and 
$100 million in each coun.try. In com
parison, Australia lags behind. 

Australian bankers, made successful 
over many decades by investments in 
the several traditional sectors, are un
accustomed to dealing with fledgling 
technological enterprises. Many entre
preneurs complain of the banks' in
ability to understand technology and 
and of an obsession with "bricks and 
mortar" security. 

The large corporations capable of 
amassing and channeling money into 
development have not shown the will
ingness of their European or American 
counterparts to diversify outside their 

industries, create specialized subsidiar
ies or actively engage in joint ventures. 
There is some evidence that the Aus
tralian entrepreneur does not enjoy 
the "folk hero" status one of his kind 
might in America; the stigma of fail
ure is perhaps more daunting than in 
some other countries. 

Such difficulties, until very recently, 
made the financial outlook for a young 
engineer with a good idea very dismal 
indeed. Even the chances of overseas 
cooperation were slight. Only two 
American venture-capital firms are 
known to have consistent interest in 
the Pacific region: Pacific Technology 
Venture of San Francisco and Boston
based Tucker and Anthony. 

Now it appears change is under way. 
Although at present there is scarcely 
more venture capital in the country 
than a year ago, one can be guardedly 
optimistic about an improved state of 
affairs in 1984. 

"Developing High Technology En
terprises for Australia," the most 
sweeping study of its kind, was pre
pared for the minister of science and 
technology and published in April, 
1983. Informally known as the Espie 
report, after the study group's chair
man, Sir Frank Espie, it devotes con
siderable attention to the plight of the 
average techno-entrepreneur in search 
of money, and to the paucity of ven
ture-capital establishments. 

Although the report does not quanti
fy the extent of the problem, knowl
edgeable sources suggest that at the 
very least there are 100 qualified indi
viduals with ideas, patents or proto
types in desperate need of finance. 
Venture capital available today is 
probably less than $5 million. 

The Espie report concludes with 
a series of recommendations, which 
have been adopted in principle by the 
Hawke government. The report called 
for the creation of a Management and 
Investment Company Licensing Board 
to be made up of industry and business 
representatives with government in
volvement. The board will report to 
the minister of science and technology 
and issue licenses to venture-capital 
companies offering finance and man
agemtmt capabilities. Tax incentives 
will be generous to those licensed. The 
loss of revenues to government, esti
mated at $200 million over five years, 
should be more than offset by growth 
in the high-technology sector and the 
generation of taxable income. 

A number of venture capitalists are 
now preparing to apply for licenses 
once the legislation establishing the 
scheme has been passed by Parlia
ment. These include Business Loans 
and Equity Capital, which is 60 per
cent owned by Westpac and 40 percent 
by the U.K.-based Investors in Indus
try; Pratt and Co. Financial Services in 

50 
The $50 note portrays scientist Sir Ian Clunies-Ross, renowned for his work on parasites affecting livestock and his long association with 
the A ustralian Commonwealth Scientific and Industrial Research Organisation. 
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Melbourne; Citicorp Capital Investors, 
a branch of the U.S. company, and 
Western Pacific Management and In
vestment Co. of Melbourne. Terence 
Morgan, a Sydney-based merchant 
banker, is establishing a full-service 
bank that will, he states, "treat ven
ture capital for high-technology enter
prises as one of our priorities."  

Among the most aggressive of  ven
ture capitalists is Pratt and Co. ,  which 
intends to develop a portfolio of 10 en
terprises including several in the high
risk, high-potential category. The ma
jor aim of the company is to retain 
control of the technology in Australia 
even if the product may have to be 
developed overseas. "We'll provide the 
missing ingredient whether it is fi
nance or management skills or both," 
declares Mr. Robert Rees, one of the 
company's three directors. 

The need for management guidance 
in addition to capital is a central con
cern of the Espie report. Dr. Craig 
Mudge, an electronics engineer who 
returned from the U.s. to direct a 

(continued from page A46) 
once a second, providing a continuous 
record of the rapid outbursts of solar 
radiation. This could be played back as 
a fast-motion movie film. Unfortunate
ly, CSIRO had to close the observatory 
due tQ budget funding cuts. 

Mining and Mineral Processing 

Australian-developed mining equip
ment and mineral processing tech
niques are now in use throughout the 
world, from the remotest parts of Afri
ca to the heart of the U.s .. Many of the 
developments have revolutionized re
source exploration and extraction 
methods, allowing much greater quan
tities of ore to be extracted, cutting 
costs, improving safety and increasing 
the economics of many projects. 

One of the first innovations to have 
widespread impact around the world 
was the development of the flotation 
process for the separation of minerals, 
first patented in 1901 by a Melbourne 
brewer and chemist, Charles Potter. It 
was soon in use at Broken Hill, and by 
1912 a selective flotation process for 
the separation of lead from zinc had 
been developed. It was further refined 
and is now the most widely used meth
od in the world for mineral extraction 
and is used for the concentration of 
practically every mineral mined. 

Since 1959 much of the work has 
been supported by the Australian Min
eral Industries Research Association 
(AMIRA), which has a membership of 

CSIRO-backed chip design facility, in
sists, "Australian financiers need to 
take a lesson from firms like Ham
brecht and Quist in San Francisco, 
who employ engineers to help manage 
their portfolio companies."  

The Australian Industry Develop
ment Corporation (AIDC), a statutory 
body recently revamped by the govern
ment, will soon be able to contribute to 
both management and financial solu
tions. The government has increased 
the corporation's lending powers sub
stantially by lifting its authorized capi
tal from $100 million to $150 million. 
Its gearing ratio has been increased so 
that it will be able to borrow up to 15 
times the level of its capital and re
serves. This will result in a total bor
rowing capacity of 1 ,700 million. 

The AIDC has formerly concentrat
ed on large capital-intensive projects 
such as mining and oil exploration. It 
will soon formalize a program to assist 
smaller, high-technology firms. Senior 
executive Barry Hilson describes the 
effort as "expanding our perspectives 

70 resource companies. AMIRA initi
ates and coordinates jointly sponsored 
R&D, which it contracts out to groups 
such as CSIRO. 

One major advance of the 1960's was 
the development of a new system of on
stream analysis for measuring the dif
ferent grades of ore in the raw mined 
material as it passed through the pro
cessing plant. The Australian Atomic 
Energy Commission pioneered the 
work, developing radioisotope X-ray 
and gamma-ray probes, first to deter
mine the lead content in process 
streams and later to pinpoint a range 
of metals, including zinc, tin, copper, 
nickel and iron. The technique was lat
er taken up by AMIRA in conjunction 
with the Australian Mineral Develop
ment Laboratory and the electronics 
group Philips, and a range of radioiso
tope immersion probes were developed 
to measure the levels of various metals 
in slurries. 

Automatic computerized process 
control of mineral extraction now in 
use throughout the world has also 
been pioneered in Australia by MIM 
Holdings at its Mount Isa mine. Crush
ing, grinding and flotation of ores is 
computer controlled, which greatly im
proves the efficiency of processing, in
creases the level of metals recovered 
from the ore and allows the grade of 
mineral concentrate produced to be 
predicted. 

One of CSIRO's successful inven
tions has been Sirotem-a computer-
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to include smaller loans than we have 
previously made and organizing an en
larged staff to deal with the needs of 
the small company. "  

One o f  the a s  yet unanswered chal
lenges is the creation of an over-the
counter share market, which would al
low people to realize their investments 
early. At present it may be difficult for 
investors to extricate themselves from 
a venture company in the short term. 
There are also fears that the limits on 
investment placed on the venture com
panies will mean that worthwhile 
higher-risk enterprises will remain un
funded and that without careful man
agement the new scheme will become 
a tax haven. 

While the Espie report has galva
nized opinion and offered coherent so
lutions, a good deal remains to be done. 
For the pioneers in Australia's ven
ture-capital business, 1984 will provide 
a significant testing ground. Decades 
from now it may be regarded as a 
benchmark year in Australia's efforts 
to retain control of its own inventions. 

ized direct digital borehole logging sys
tem and data processing center, which 
can detect ore bodies covered by thick 
layers of conductive material . 

The portable system was developed 
in the early 1970's by CSIRO's Division 
of Mineral Physics and is now in use in 
many parts of the world, including 
Scandinavia, Canada and China. 

Another successful CSIRO develop
ment, QEM SEM (quantitative evalu
ation of minerals by scanning electron 
microscopy), is a fast, comprehensive 
mineral analysis system that can scan 
an ore sample and identify the number 
of minerals present, their types, quan
tities and position. 

Others include Sirosmelt, a direct 
lead smelting technique, which cuts 
energy costs and increases metal re
covery; Siroash, a gauge for on-line de
termination of ash in coal; Sirolog, a 
series of nuclear probes for accurately 
determining the grade of ores and the 
way minerals are arranged in rock, 
and Stratosnoop, for measuring the 
thickness of mudstone or shale in un
derground coal mines. 

Australia is at the forefront of world 
soil and rock mechanics research and 
development, particularly in the de
sign of open-cut mines. Techniques for 
the mining of very large openings, digi
tal monitoring systems to detect slip
page in high-wall or spoil heaps, new 
methods of underground mining and 
explosive technology and innovative 
ways of dealing with spoil heaps, tail-

(continued on page A51) 
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DEPARTMENT OF SCIENCE AND TECHNOLOGY: --- w d 

Sunrise Industries and Technological Autonomy 

by Hon. Barry O. Jones, 
Minister for Science and 

Technology 

Australia is an urbanized, technolog
ically sophisticated nation with a 
strong agricultural base, rich mineral 
resources, a historic record of develop
ing its intellectual capacity and sub
stantial achievements in agricultural 
and medical research. The challenge to 
be faced in the 1980's and 1990's is 
this: can a nation with only 15 million 
people, a mere 4 percent of the En
glish-speaking world, whose high-tech
nology industries are overwhelmingly 
under foreign control, make a transi
tion toward the newly developing 
brain-based high-technology ("sun
rise") industries as wealth generators, 
to compensate for the long-term de
cline in employment in traditional 
manufacturing industries? Can new 
technologies be used to regenerate 
smokestack industries? 

In the late 19th century Australia 
began to adopt the colonial model of 
technology transfer, exchanging gold, 
wheat and wool for technological arti
facts and know-how. There were im
portant exceptions: Australia was a 
world leader in agricultural machin
ery, refrigerated ships and building 
and mining techniques. We had some 
of the first electrified cities, electric 
cables and telephones. Before 1950 
Australia produced pharmaceuticals, 
automobiles, aircraft, electronic equip
ment and one of the earliest stored
memory computers (CSIRAC). Howev
er, under the long Menzies era, foreign 
corporations were encouraged to estab
lish themselves in Australia, often tak
ing over locally owned companies. 

The commanding heights of the Aus
tralian economy are in foreign hands, 
including motor manufacturing, oil, 
computers, electronics, chemicals, 
plastics and pharmaceuticals. This 
leads to a major disincentive to invest
ment in research and development by 
heavy industry in Australia, with a 
few notable exceptions. 

Australian industry and society face 
massive threats, but also great oppor
tunities. We can be locked into a glolJal 
economy in a dependent role, with di
minishing power to maintain our tech
nological autonomy, or we can develop 
our own high-technology industries 
and attempt to penetrate niches in the 
world markets. The revolutionary pro
ductive techniques of the 1970's, if 
they are adopted wholeheartedly, 
could overturn much of the conven-
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tional economic wisdom about econo
mies of scale, which have excluded 
many Australian products from the 
world markets. On the other hand, 
rapid adoption of the new technologies 
in existing industries could cause a 
massive loss of jobs, so that consider
ation must be given to choosing tech
nologies selectively and distinguishing 
between "old" and "new" industries. 

As a major international trader in 
raw materials Australia has been ad
versely affected by the shift in West
ern economies from a resources base to 
a skills base. We can no longer assume 
with the confidence we had in the 
1960's that minerals, wheat and wool 
alone will carry "the lucky country" 
toward higher living standards. We 
have to diversify and extend our skills 
base and our international market 
commodities. 

Since 1965 Australia has had a post
industrial economy. Virtually all new 
jobs created since then have been in 
"services."  As early as 1900 a majority 
of Australia's labor force worked in 
services and the figure is now more 
than 75 percent. A four-sector labor 
force analysis showed that more Aus
tralians now work in "information" 
than in farming, mining and manufac
turing combined (27 percent). 

To complete the transition to an ac
tive information society, Australia will 
strengthen its knowledge base and 
technological skills. There is already a 
strong foundation to build on. The 
Commonwealth Scientific and Indus
trial Research Organisation (CSIRO) 
was founded in 1926, employs 7 ,500 
people and has an international repu
tation for research in agriculture, ani
mal and plant genetics, mining, earth 
sciences and radio astronomy. 

Australia has 19 universities and 22 
technologically based colleges of ad
vanced education, and many depart
ments have international reputations 
for research. So have the Walter and 
Eliza Hall Institute, the Howard Flo
rey Institute, the Baker Institute and 
the Garvan Institute in medical re
search, where Australia developed an 
early expertise, probably because of 
the tyranny of "distance."  

Australia, with .3 percent of  the 
world's population, produces 2.0 per
cent of the world's scientific papers 
each year. With one-eighth the popula
tion of Japan, Australia has produced 
the same number of Nobel prizewin
ners in the sciences (Florey, Burnet, 
Eccles and Cornforth). However, past 
policies failed to encourage commer-
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cial exploitation of scientific discovery. 
Many managers have preferred to ac
quire licenses to foreign products and 
assemble them here behind high tar
iffs rather than develop our own skills 
in invention and product innovation 
and aim at an export market. We had 
the ideas, but until now we were lack
ing in product development. The great
est problem in technology transfer was 
essentially domestic. 

The Labor government elected in 
March, 1983 came to office with a de
tailed recovery and reconstruction pol
icy aimed at promoting Australia's 
technological autonomy. The science 
and technology policy identified 16 
"sunrise" industries-all of them 
where Australian research is at the 
leading edge or where we are appropri
ately placed to exploit significant mar
kets in our region. The list of 16 leads 
off with biotechnology, in which Aus
tralia has a very strong skill base in 
the universities and CSIRO. There are 
a number of major developments in 
biotechnology that seem likely to pene
trate world markets: much of our re
search funding comes from abroad and 
the final stages of product develop
ment may be carried out offshore. 
Three microelectronics-based "sun
rise" industries were nominated: com
puter software, custom-made VLSI 
chips and personal computers, al
though local developments are occur
ring so rapidly that it now seems un
wise to limit the list to three. CSIRO's 
industrial ceramic PSZ (partially stabi
lized zirconia) performs better than 
metal alloys and steel under heat and 
stress. Solar technologies are well ad
vanced in Australia, and we have sig
nificant exports in seientific instru
mentation and medica1 technologies. 

These and other "sunrise" industries 
will not be major employers in them
selves, but we expect them to be major 
wealth generators, like mining, that 
will generate significant second- and 
third-order effects in employment. 

In the 1983-84 budget the govern
ment provided greatly increased funds 
for research in the key areas of bio
technology, genetic technologies and 
advanced industrial materials. The 
government has also taken steps to 
create a venture-capital market to en
courage the creation of new industries. 

We are changing direction, and 
there are good prospects that our de
velopment of human skills will gener
ate higher levels of economic growth 
than could be produced by physical re
sources alone. 
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ing dams and general reclamation of 
mined land have been developed. 

Research is under way in a number 
of other areas such as slurry pipe lining 
of coal, new gold recovery techniques, 
the use 

'
of remote sensing for mineral 

exploration, coal hydrogenation and 
pyrolysis, new hydrometallurgical and 
electrometallurgical processing tech
niques, coal outbursts and drainage, 
improved control of sintering, the sta
bility of underground and open-cut 
metal and coal mines and the use of 
aquatic plants to purify mining wastes. 

Conclusion 

Australia, as it enters 1984, is at a 
crossroads, faced with far-reaching de
cisions on its economic and technologi
cal future. Should it continue as a re
source-based economy dependent on 
income generated by its mineral and 
rural exports or should it take a new 
course and establish a skill-based econ
omy founded on new high-growth, 
high-technology enterprises? 

Opinion is mixed and debate wide
spread on whether the federal govern
ment should back the establishment of 
new "sunrise" industries or continue 
with its high protection policies for the 
declining traditional manufacturing 
sector. 

Mr. Barry Jones, minister for sci
ence and technology, is leading a 
strong push into the new technology 
field arguing that unless Australia 
moves rapidly to adopt new technology 
and set up new industries its economic 
base will contract, its skill levels dete
riorate and its standard of living will 
further decline. 

He maintains that Australia has al
ready entered a postindustrial society 
and that it must reject all hopes of 
what he describes as "nostalgia-led or 
obsolescence-led recovery" based on 
traditional manufacturing. 

He says that Australia has already 
undergone a paradigm shift in its eco
nomic base and is experiencing much 
more than an industrial decline that 
can be fixed with temporary support. 
A new type of society based on a differ
ent economic base-knowledge and 
skills rather than raw materials and 
muscle power-must be developed. 

He believes Australia must rapidly 
establish new high-technology indus
tries as wealth generators .to compen
sate for the decline in employment in 
the sunset of smoke stack industries. 

But this view is not shared by all 
and many of the more conservative el
ements of industry, business, the fi
nancial community and government 
argue that Australia should continue 
to concentrate on more traditional ar
eas, such as mining and agriculture, 
and to prop up its declining manufac
turing sector with more protective tar-

iffs. Their only concession is that per
haps new technology should be intro
duced to some of these industries. 

They argue strongly against giving 
extra support to the new emerging in
dustries, believing that this should be 
left to market forces. 

But, under the strong influence of 
Mr. Jones, government opinion is shift
ing more toward the support of new 
technology, as seen by the recent deci
sion to introduce a new tax-incentives 
scheme to boost a venture-capital mar-

, ket in Australia and moves to direct 
more money into high technology. 

But government, business and com
munity attitudes have a long way to go 
before they become aligned with those 
of Mr. Jones. 

Management is still reluctant to in
vest in research and development or in 
new technology, financiers are wary of 
taking risks and backing new enter
prises and unions are opposed in many 
cases to the introduction of new tech
nology. However, attitudes are chang
ing and unions are becoming more 
willing to negotiate with employers on 
the introduction of new technology, 
recognizing that it represents a choice 
between adopting new practices and 
company closure. Management and fi
nanciers are also slowly sensing the 
possibilities. 

Australia also has other major prob
lems to overcome in developing a tech
nology-based economy, in particular 
its small domestic market, its distance 
from export markets and the predomi
nance of foreign-owned companies in 
Australia. 

The latter has led to increasing de
pendence by Australia on overseas 
technology as well as to the low level of 
private-sector industrial research and 
developm,ent, with multinationals pre
ferring to carry out their research in 
their home countries. 

This lack of technological sovereign
ty is a major concern of the govern
ment, as is the loss of much Austra
lian-developed technology overseas 
due to the reluctance of Australian in
dustry to take the risk to develop it 
locally. Another concern is the need to 
adapt Australia's educational struc
ture to a skills-based economy, with 
more leisure, less people employed and 
a large sector of the work force concen
trated in service and information in
dustries. 

Mr. Jones believes there will have to 
be radical changes in attitudes to the 
work ethic and total redefinition of 
work and the ways it is organized. 

He admits that new technology will 
reduce employment but believes that 
Australia should start looking at alter
natives such as early retirement, re
current education, a diversity of life
styles based on individual autonomy, a 
guaranteed income scheme ·and a re-

ADVERTISEMENT 

definition of work to include domestic 
work and hobby activities. 

He sees the first step as the "shock 
of recognition" that technological 
change is under way, that Australia is 
entering a new economic era and that 
new ideas and attitudes must be adopt
ed. How successful Mr. Jones and the 
new government will be in moves to 
transform Australia from a resource to 
skill-based economy is still debatable
but it is sure that the next few years 
will be among the most interesting for 
science and technology in Australia 
since the early pioneering days. 

As Prime Minister Hawke said at 
the recent national technology confer
ence, "We have in this country the in
tellectual wherewithal to adopt a new 
attitude that allows us to make better 
use of new technology for our national 
purposes. 

"We have good schools and universi
ties, stable government and the obvi
ous potential to build a great future, 
based on the development and appreci
ation of innovative industrial struc
tures. 

"Some will say to this that Australia 
is not yet ready, that the cost of adjust
ment is unacceptably high, that pro
tection must be provided against the 
growing power of overseas competi
tion. To them 1 simply say 'I hear you, 
but cannot agree. '  " 
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We get ou r best ideas whi le 
America and Eu rope sleep 

. . .  i n  Austral ia our perspectives are different 
The half of the universe that nightly wheels  above our 
heads is  largely hidden from northern eye s .  We ' ve found 
some remarkable thing s there . Soon w e ' l l  have a new 
radio telescope array to probe even deeper into the south
ern sky . Its computers will employ some spec ialized chips 

we designed ourselve s .  We gave Australian indu stry the 
same cu stom-design capability . 
Resourcefulness .  The Au stralian environment demands i t .  

Our landscapes dazzled LANDS AT with 
their brightnes s .  We coped by 

Australia ' s  first multi-project 
silicon wafer. 

Components made from PSZ, 
the world' s toughest ceramic . 

devising a superior image en
hancement sy stem and sold 

it to the country that 
made the satellite s .  

Our minerals are no 
longer easy to find . 

Today w e ' re hunting for new deposits with a supremely 
sensitive device that detects their electromagnetic signature 
beneath the veil of salt in our ancient soil s .  
Our scientists invented the world ' s  toughest ceramic , PSZ . 
You ' ll find it in tomorrow ' s  super-effic ient diesel engines 
and a range of other industrial products . 
In agriculture , we' ve bred plants that can cope with our 
poor soil s and erratic climate . The magic of somacloning , 
and direct gene in sertion using transposable DNA ele
men t s ,  are j u st two trai ls  our molecular biolog i sts are 
exploring in the quest for tomorrow ' s  crop s .  
We' ve devised ion-exchange water purifiers . A low-energy 
smelting sy stem . A new generation of safe , c omputer
de signed in secticide s .  A powerful mini- node for computer 
networking . And advances in a hundred other fields . 
No giant steps. Just modest leaps. 

CSI RO 
Commonwealth Scientific 
and Industrial Research 
Organization 

CSIRO Chief Executive: 
Dr J. Paul Wild 
Postal address:  
PO Box 225 , Dickson , A . C . T .  
2602 , AUSTRALIA . 
Telephone: (062) 48 4 1 32 
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Back light. Shot in 
. �=--__ ...., _____ .... Programmed with the Nikon FA . 

Sun-in-frame. Shot in 
Shutter-Priority with the Nikon FA . 

The pictures you see here are actual unretouched photographs, shot simultaneously without any exposure compensa tion. ©Nikon Inc . l 984.  

The Nikon FA. The biggest 
advance in automatic photography 

since automatic exposure. 
Until now, the metering system of any 

automatic camera could do just one thing. 
Measure light and give you a technically 
correct exposure. 

But as any photographer knows, a tech
nically correct exposure doesn't always 
give you the best picture. 

Thafs why Nikon developed the FA. 
The first: camera with AMP (Automatic 
Multi-Pattern) metering. 

AMP is the only metering system that 
can automatically give you optimum expo
sure, not just technically correct exposure, 
even under extreme lighting conditions. 

So what you see in your pictures is a lot 
more like what you saw with your eyes. 

How AMP works. 
AMP metering divides your picture 

into five segments and then individually 
measures and compares each segment, 
evaluating such factors as contrast: 
ratios, variations in brightness levels 
and percentages of light and dark areas. 

It then processes this information in 
its own Nikon microcomputer, compar
ing the components of your picture with 
those of nearly 100,000 photographs 
programmed into its memory, and 
instantly chooses the optimum exposure. 

�ee. 
The FA gives you more choices 

than any other camera. 
Shoot in the Dual-Program mode and 

the camera does it all for you. With one 
program for normal and wide-angle lenses 
and a high-speed program for Nikon AI-S 
and Series E lenses, 135mm and longer. 

Or switch to 
Shutter-Priority. 

With the FA's top shutter speed of 1/4000 
of a second, thereS not much you can't catch. 

If you're most concerned about control
ling the sharpness of foreground and back
ground, Aperture-Priority is at your 
command. 

And of course, you can also take full 
creative control in Manual. 

Add other Nikon options, too. 
When you shoot with the FA, you can 

take advantage of the most advanced pho
tographic system in the world. 

Use a Nikon motor drive and shoot up 
to 3.2 frames-per-second. 

Or attach a variety of Nikon Speedlights 
to activate the FA's automatic TTL 
(through-the-lens) flash metering system, 
and shoot flash pictures at sync-speeds 
up to 1/250 of a second. 

The FA is also compatible with all 
current and many older Nikon lenses, 
and a full range of Nikon accessories. 

To find out more about the kind of 
pictures the FA can take, write to Nikon 
Inc. ,  Dept. 55, 623 Stewart Ave. ,  Garden 
City, N.Y 11530. 

Or better yet, just use your eyes. 

Nikon 
\\e take the oorlds 

greatest pictures:" 
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Rice 
This member of the grass famIly, along with wheat and maize, is one 
of the three on which the human species largely subsists. Advances 
in the genetics of the plant have greatly increased its yields per acre 

Among the major grain crops the .n. only one that is grown almost ex-
clusively as human food is rice. 

Indeed, rice constitutes half of the diet 
of 1.6 billion people, and another 400 
million rely on it for between a fourth 
and half of their diet. As one might ex
pect, the cultivation of the crop takes up 
a great deal of land: some 145 million 
hectares (358 million acres), amounting 
to 11 percent of the world's arable land. 
In the year ending July 31, 1982, the 
harvest amounted to 410.9 million met
ric tons. It would have been far less than 
that, and millions of people would have 
been severely underfed, if it had not 
been for a series of remarkable genetic 
advances that have brought under culti
vation high-yield varieties, resistant to 
disease and insect pests. 

Rice is an ann ual grass belonging to 
the same family as barley, oats, rye and 
wheat and sharing many of their charac
teristics. The rice genus is Oryza. Its ori
gins go so far back into antiquity that 
they will probably never be traced with 
certainty. My colleague T. T. Chang at 
the International Rice Research Insti
tute in the Philippines has speculated 
that the original habitat may have been 
the ancient supercontinent of Gondwa
na. When Gondwana broke up and 
became Africa, Antarctica, Australia, 
Malagasy, South America and South 
and Southeast Asia, Oryza species drift
ed into distinct geographic habitats. 

The two cultivated rices, each with a 
great number of varieties, are 0. sativa 
of Asia and 0. glaberrima of West Afri
ca. Oryza also includes 20 wild species, 
which are scattered in Asia, Africa, Aus
tralia and Central and South America. 
Archaeological evidence suggests that 
the domestication of 0. sativa began in 
Asia more than 7,000 years ago and that 

by M. S. Swaminathan 

0. glaberrima was domesticated in Afri
ca somewhat later. 

Rice grows in a diversity of environ
ments almost unparalleled in the plant 
kingdom. It originated in the hot, hu
mid Tropics, where monsoon rains and 
floodwaters create an aquatic environ
ment for at least part of the year. Natu
ral dispersal and human selection have 
extended the cultivation of rice from the 
banks of the Amur River (53 degrees 
north latitude) on the border between 
the U.S.S.R. and China to central Ar
gentina (40 degrees south latitude). Rice 
is cultivated in cool climates high in the 
mountains of Nepal and India and in the 
hot deserts of Pakistan, Iran and Egypt. 
It is grown as a dry-land crop in parts of 
Asia, Africa and Latin America. At the 
other extreme of cultivation are floating 
rices, which thrive in floodwaters three 
meters deep in parts of Bangladesh, Bur
ma, eastern India, Thailand and Viet
nam. Rice adapts well to diverse grow
ing conditions and performs better than 
other grain crops in areas with unfavor
able saline, alkali and acid sulfate soils. 
On the basis of this characteristic the 
Food and Agriculture Organization has 
predicted (in Land Resources/or Popula
tions 0/ the Future) that in coming dec
ades rice culture will expand in sever
al countries. 

Methods of growing rice range from 
highly mechanized systems in the U.S. 
to labor-intensive cultivation in many 
parts of Southeast Asia. Average rice 
yields vary from less than one ton per 
hectare in some African countries to 
more than six tons in Australia, Japan, 
North and South Korea and the U.S. In 
tropical Asia the yield for centuries was 
from one ton to 1.5 tons per hectare. 
From 1960 to 1980, however, average 
yields in that area increased 40 percent 

TERRACING FOR RICE greatly extends the area available for cultivation in mountainous 
regions of Asia. The terraces in the photograph on the opposite page are in the Philippines. 
Rice can be seen in severarstages of cultivation in paddies holding from five to 10 centimeters 
(two to four inches) of water. The rice plant is able to thrive in water because of a system 
of air passages that carries oxygen to the roots. These diked terraces are filled by rainwater. 

and production increased more than 60 
percent. Countries such as Indonesia 
and the Philippines increased rice pro
d uction and prod uctivity more during 
those 20 years than in the preceding 
7,000. Indonesia is now nearly self-suf
ficient in rice. The Philippines, which 
were a major rice importer until a few 
years ago, now freq uently export more 
than 100,000 tons per year. 

How did such a transformation take 
place? The primary catalyst of change 
was the development of high-yielding 
varieties of rice, supported by a trend 
toward scientific management of the soil 
and of the health of the plants. The gov
ernments of several countries in South
east Asia introduced complementary 
policies to speed irrigation, land reform 
and such inputs as fertilizer, along with 
liberal credit arrangements and price 
supports. The result was a rise in pro
d uction in most of the countries exceed
ing 5 percent per year. 

Asian Rice 

Over the millenniums the cultivated 
species of Asia (0. sativa) differentiat
ed into three subspecies based on geo
graphic conditions. They are indica, ja
ponica (also called sinica) and javanica. 
A further classification, which empha
sizes the habitat in terms of soil and wa
ter, is rain-fed lowland and upland rice 
and irrigated and deep-water rice. In
dica rices were originally confined to 
the humid regions of the Asian Tropics 
and subtropics. Japonicas were cultivat
ed in subtropical Temperate Zone re
gions. Javanicas flourished in the equa
torial region of Indonesia. 

In addition to their adaptation to cli
mate the three races differ in character
istics of the grain, including the content 
of amylose (a derivative of starch), the 
elongation of the grain, the temperature 
at which the grain becomes gelatinous 
and the aroma in cooking. The cook
ing and eating qualities of rice are large
ly determined by the properties of the 
starch, which constitutes 90 percent of 
milled rice. Grain quality also must be 
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RICE GRAIN 

STEM----"'-;-

NODE 

NODE 
SEPTUM---"'----

RICE PLANT is portrayed, together with a section of the tiller, or stem and leaf, and a grain. 
The rice genus is Oryza; this plant is O. satil'a, the cultivated Asian species, of which there are 
some 120,000 varieties. The other cultivated line of rice is O. glaberrima, an African species. 
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defined in relation to place. For exam
ple, to the people of Thailand rice is 
of good quality if it has long, slender, 
translucent grains that yield a fluffy and 
tender product when they are cooked. In 
Japan the preference is for rices with 
short, broad grains and sticky cooking 
properties that make eating with chop
sticks easy. In parts of Pakistan and 
northwestern India premium prices are 
fetched by basmati varieties with long, 
slender, scented grains. 

In tracing the spread of the Asian cul
tivated species 0. sativa most investiga
tors agree that the area with the greatest 
diversity of varieties is a belt extending 
from the Assam-Meghalaya region of 
India to the mountain ranges of South
east Asia and southwestern China. Vari
eties that matured early and therefore 
escaped the most serious effects of pe
riodic drought probably emerged be
tween about 15,000 and 10,000 years 
ago along the southern and northern 
slopes of the Himalayas. Annual ances
tral forms of 0. sativa began to appear 
then at the periphery of the wild annu
al progenitors, mainly in the southern 
reaches of the Himalayas and to a less
er extent in southern and southwestern 
China. Alternating periods of drought 
and pronounced temperature variation 
accelerated the development of the an
nual forms of 0. sativa in northeastern 
and eastern India, northern Southeast 
Asia and southern China. All the early 
cultigens were indicas. 

Cultivated varieties matured earlier 
than their progenitors, and so they sur
vived better in drier, fluctuating cli
mates and produced more seed. These 
factors helped them to move farther 
north than perennial forms. Increasing 
aridity on the northern border of the 
Himalayas and their associated moun
tain ranges in mainland Southeast Asia 
forced early settlers in China to move 
east and south toward more humid ar
eas. As people migrated, plants also dis
persed, accelerating the process of eco
genetic diversification. 

Inside the present boundaries of Chi
na, along a branch of the Brahmaputra 
River (Hsiangchuna River), a Temper
ate Zone race of rice evolved from the 
primary tropical indica race. This race 
has been widely known as japonica since 
Japanese workers coined the term in 
1928. Because the Japanese people ob
tained their rices from China, however, 
Chang argues that japonica rices should 
really be called sinica (keng) rice. Tall, 
large-grained rices migrated to the In
donesian islands from the east coast of 
South Asia and differentiated to become 
javanica rice. 

The oldest remains of cultivated rice, 
both indicas, were found in eastern Chi
na and northern India and date back 
7,000 years. The oldest sinica rice found 
in China is dated at 3300 R.C. Grains of 
what probably was wild rice have been 
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LAND DEVOTED TO RICE throughout the world is charted in a 
schematic map, wherein the space for a country is roughly propor-

tional to the amount of land (shown in millions of hectares) planted 
to rice. Also shown is each country's percentage of the world total. 

U.S. 6.2 (1.6%) 

I 

OTHERS 

6.5 (1.7%) 

EUROPE U.S.S.R. 
1.9 (.5%) 2.4 (.6%) 

D D 

N. AFRICA AND 

w. ASIA 

4.6 (1.2%) 

N. AFRICA W. ASIA 
2.4 (.6%) 2.1 (.6%) 

LATIN AMERICA 

15.2 (3.9%) 

OJ BRAZIL 
WEST 

CENTRAL 
AND EAST 

3 (.8%) 2.8 (.7%) 

SUBSAHARAN AFRICA 

5.8 (1.5%) 

NEPAL 
,----, 2.3 (.6%) 

C:J 

EAST ASIA 

168.8 (43.7%) 
N. KOREA 
4.3 (1.1%) 

S. KOREA 
7 (1.8%) 

CHINA 
140 (36.2%) 

JAPAN 
14.3 (3.7%) 

PAKISTAN 
4:8 (1.2%) 

BURMA 
10.6 (2.7%) O TAIWAN 

INDIA 
74.8 (9.3%) 

BANGLADESH 

D 20 (5.2%) 

SRI LANKA THAILAND 
1.9 (.5%) 

17.3 (4.4%) 

SOUTH ASIA 

103.7 (26.8%) 

MALAYSIA 
1.9 (.5%) 

LAOS 
1 (.3%) 

3.2 (.8%) 

1[]V6�
T
(�A6�O) U PHILIPPINES 

7.6 (2%) 

KAMPUCHEA 
1.4 (.4%) 

INDONESIA 
27.3 (7.1%) 

OCEANIA 

.7 (.2%) 

PRODUCTION OF RICE is charted schematically in terms of mil
lions of metric tons. Each country's contribution to the world total is 

also shown as a percentage. The production measured in the tally is 
paddy, that is, rice grains that have been threshed but not milled. 

83 
© 1983 SCIENTIFIC AMERICAN, INC



excavated at Non Nok Tha in northern 
Thailand and date to about 4000 B.C. 

The antiquity of rice cultivation is wide
ly known in Asia; rice farmers are some
times referred to as "farmers of 50 
centuries." 

The later dispersal of Asian cultivars, 
mainly indicas, from India to the Mid
dle East, North Africa and then Europe 
probably began in about 1000 B.C. Rice 
also traveled from India to Madagascar 
and East Africa. Many javanica culti
vars found their way from Indonesia to 
Madagascar. West Africa obtained rice 
varieties from Europe or directly from 
South Asia. European countries sup
plied most of the first cultivars grown in 
South America. The U.S. obtained rice 
seed from Madagascar, South Asia and 
East Asia. 

I have said little about the cultivat
ed African rices (0. glaberrima) because 
they have never attained the economic 
importance of the Asian group (0. sati
va). The late R. Porteres of the Institute 
for Agronomic Research in Paris postu
lated that the African cultigen 0. glaber
rima originated in the delta of the Niger 
River. The primary center of diversity 
for 0. glaberrima is from the swampy 
upper basin of the Niger southwest into 

NORTH AFRICA 
5.6 

two areas near the Guinean coast. Rice 
was probably cultivated in the Niger ba
sin in about 1500 B.C. and in Guinea 
about 400 years later. In West Africa 0. 
glaberrima is a dominant crop grown 
in flooded areas of the Niger and Soko
to basins. 

The African cultigen and its annual 
wild race (0. barthii) are less diverse 
than their Asian counterparts. Although 
Por'teres recognized in 0. glaberrima two 
subspecies designated vulgaris and hu
milis, other workers believe the barthii
glaberrima complex can be differentiat
ed into two ecotypes: deep-water and 
upland. African cultivars are inferior to 
the Asian cultivars in deep water be
cause they are limited in their genetic 
ability to elongate under such condi
tions. The differentiation of 0. sativa in 
Asia probably predated that of 0. gla
berrima in West Africa, judging by their 
history of domestication and the ex
tent of the diversification of varieties 
within species. 

Preserving the Heritage 

The ecogenetic differentiation of rice 
was achieved primarily through natural 
selection and human selection in dif-

WEST 
ASIA 

3.3 

B 
PAKISTAN 
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ferent environments following hybrid
ization, segregation or mutation. The 
many races of rice thus developed con
stitute a valuable pool of germ plasm. 
They must be collected, conserved and 
classified for current and future breed
ing programs. To this end the Interna
tional Rice Research Institute has or
ganized the International Rice Germ 
Plasm Center. 

The full spectrum of germ plasm in 
Oryza derives from three sources. In the 
first group are wild species, natural hy
brids between cultivated varieties and 
their wild relatives and primitive culti
vars. The second group includes com
mercial, obsolete, minor and special
purpose varieties. The third consists of 
the varieties arising from human inter
vention, either unwitting or intentional. 

It is estimated that the number of cul
tivars of rice may approach 120,000. 
Every major rice-growing country in 
Asia assembled germ plasm from sub
stantial numbers of indigenous rices 
starting in the 1930's. The size of the 
national collections ranges from sever
al hundred varieties in Laos to about 
40,000 in China. India has assembled 
some 25,000 varieties and the U.S. 
maintains more than 7,000. 
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YIELD OF RICE is charted in metric tons per hectare. This chart and 
the two preceding ones are based on work by Adelita C. PaJacpac of 
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the International Rice Research Institute with data from the U.S. De
partment of Agriculture and the Food and Agriculture Organization. 
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Most national collections in Asia 
have several common features. The 
main commercial varieties are well rep
resented. Collections of minor and 
primitive cultivars are small. The col
lections include many duplicates, par
ticularly of foreign varieties that have 
achieved an international reputation. 
Small numbers of breeding lines are 
maintained. Few wild rices have been 
collected. The lack of refrigerated facili
ties for storing seed has forced national 
centers to grow and renew their stocks 
almost annually, leading to mixtures, 
losses and mislabeling and a work load 
that has strained the local capabilities. 

The International Rice Research In
stitute established its germ-plasm center 
in 1961. The collection grew to 12,000 
accessions by 1970, assisted by excellent 
cooperation from various national cen
ters. A cold-storage facility built at the 
start of the program has helped the bank 
to serve as a major seed-exchange center 
for many rice-growing countries. 

Since 1971 the bank has been the cen
tral repository for the base collection 
of the world's rices. In 1983 the col
lection included 63,000 Asian cultivars, 
2,575 African rices, 1,100 wild rices 
and 680 varieties maintained to test 
genetic traits. Thousands of breeding 
lines with one or more desirable traits 
are also preserved. 

To provide extra security for the col
fection, which represents the products of 
thousands of years of natural and hu
man selection, the institute deposits a 
duplicate set of seed at the U.S. National 
Seed Storage Laboratory in Fort Col
lins, Colo. A five-year plan has recently 
been developed, with the assistance of 
national rice scientists and the Interna
tional Board for Plant Genetic Resour
ces, to collect and conserve the remain
ing 30,000 to 40,000 varieties. When 
this task is completed by 1987, through 
the cooperation of scientists, farmers, 
students and military personnel who 
have access to remote areas, rice may 
be the first important food crop to be 
preserved for the 21st century and be
yond in as complete a collection of nat
urally occurring genetic variability as 
can be achieved. 

A recent example indicates the im
portance of this worldwide cooperation. 
Two years ago the International Rice 
Research Institute received a request 
from Kampuchea (through Oxfam, a 
humanitarian organization based in the 
United Kingdom) for a set of tradition
al rice varieties once cultivated in that 
country. Many local varieties had been 
lost to war. The institute's germ-plasm 
bank had 800 Kampuchean rice varie
ties as a result of a collection effort 
launched in 1973. Seeds of about 140 
varieties required by the Kampuchean 
Ministry of Agriculture were supplied 
in 1981 and 1982; they are being mul
tiplied locally. If it had not been for 

RICE IS PLANTED by hand on a paddy in Taiwan. The scene is typical of the labor-inten
sive methods still employed in much of Asia. In a few places seed is dropped from airplanes. 

RICE IS HARVESTED by hand near Chaing Rai in northern Thaila.;d. This scene too could 
be duplicated in many of the world's rice-growing areas. In California, however, where much 
attention has been given to the mechanization of rice farming, the trend is to harvest with grain 
combines. The combine is usually fitted with tracks so that it can operate in the muddy paddy. 
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What if you chose 
as a technical 

What should you expect 
from a working partnership 
with Hewlett-Packard? 

Results with assurance! DataPro Re
search Corporation's annual survey 
of compu�er users has ranked Hew
lett-Packard number one in Customer 
Support Satisfaction for three years 
in a row. Why? Because the same 
quality and reliability engineered 
into HP products is built into our 

.5 

customer support programs. 

From the outset, a Local Support 
Team of specialists who understand 
your needs will help you develop a 
cost-effective strategy to meet your 
goals-from selecting the right 
equipment to training your people. 

You can tie your HP system into one 
of our Technical Centers where HP 
specialists will monitor your sys
tem's performance. Our routine, re
mote diagnostic tests can help iden-

ti. 

"At Union Carbide, 
an HP computer network 
automates production 
management and has 
paid for itself in less than 
two years." 

Union Carbide's Linde Division 
in Tonawanda, N. Y., manufactures 
custom production equipment. 
Factory systems manager Doyce 
Coffman says, "When production 
demand fluctuates, it complicates 
our scheduling, product costing, 
and long range planning. 

"To solve these problems we auto
mated production and materials 
management with a network of HP 
1000 and 3000 computers and 43 
data capture terminals. 

"Because these systems continu
ously monitor operations and re
spond in real time, we can identify 
and eliminate production bottle
necks on line. T he payback? Im
proved efficiency factory-wide and 
a dollar savings that covered the 
cost of our entire HP network in 
less than two years." 

The HP circle of quality customer support 
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Hewlett-Packard 
cotnputer partner? 

tify and prevent problems before 
they occur. 

The reliability designed into our sys
tems and maintained by our world
wide support network enables us to 
offer Guaranteed Uptime Service
guaranteeing that covered systems 
will be up and running at least 99 
percent of the time. Results with as
surance: that's what a working 
partnership with Hewlett-Packard is 
all about. 

-
-

You should consider 
a working partnership 
with HP. Now. 
For a free copy of our brochure ex
plaining HP's practical, proven ap-

"At Amdahl, an HP 
computer network helps 
control testing. And it's 
paid for itself in two 
years." 
Amdahl manufactures large-scale 
general purpose computers. In. 
Sunnyvale, Calif., Bob Henderson, 
Manager of Test Systems Software, 
says: "We use a network of HP 1000 
computers to control various tests 
on our Model 580 computers. With 
the HP systems, we can achieve the 
advanced testing and stringent 
quality control our high-speed, 
high-density products demand. 

"Replacing batch systems with an 
HP computer network saved us 
nearly $100,000 in equipment costs. 
And by using HP 1000's we're 
obtaining test data ten times faster 
than before. 

"Our test network helps streamline 
manufacturing processes and has 
paid for itself in just 2 years. In 
addition, the network saves us up 
to $34,000 a year by reducing pa
perwork and test cycle time." 

proach to meeting your long-term 
computer and information needs, 
write to A.P. Oliverio, Senior Vice 
President, Marketing, Dept. 207, 
Hewlett-Packard Company, P.O. 
Box 10301, Palo Alto, CA 94303. 

Whenperformance must Flin- HEWLETT 
be measured by results �� PACKARD 
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Operating Principle of the 
Optical Oisk Memory Unit 

Hitachi e � � on!re 
To avoid error. the .... beam must be 
focused within 0.08 microns of dead 
center for each pit-a talk as dffftcutt as 
WlUiam Tell's if a grape had been placed 
on his son's head instead of an apple. 

of the ita. difference 
.. degree of preci8Ion, Hitachi's 

.... disk memory syatem can readily 
.. appfted In corporate record..fceeping • 

..... and archiVeS. Unlike currently 
.... 111� tapes and microfiche, 
_tICal", pennit random access of 
information via computer, locating any 
bit of digital information in just a quarter 
of a second on the average. And once 
written, racords are held permanently for 
an expected file life of ten years, adding 
longevity to the system's high-speed, 
hlgh-eapacity advantages. 
Technical excellence is embodied in all 
Hitachi products 
The development of a h�hly precise, 
optical disk memory system is just one 
case demonstrating Hitachi's technologi
cal strength. You'll find other examples in 
all of Hitachi's products, from Winchester 
hard disk drives and floppy disk units to 
, whole host of high-quality electronic 
appliances. Our comprehensive tech
nological expertise is your guarantee of 
convenience, easy operation and high 
reliability in every product that bears the 
Hitachi brand. 

_HITACHI 
A World Leader in Technology 
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the institute's germ-plasm collection, 
those locally adapted traditional varie
ties might have been lost forever. 

As another example, if Indian scien
tists and the International Rice Research 
Institute had not preserved some of the 
unique genetic variability in rice that 
grows in the northeastern Himalayas 
and -in the state of Kerala in southern 
India, it would have been difficult to stay 
one step ahead of the brown planthop
per, an insect that preys on rice and is 
a menace to high-yielding varieties be
cause it quickly develops resistance to 
pesticides and has the capacity to over
come genetic resistance based on single 
genes of the rice plant. Rices from this 
region possess genes for resistance not 
only to the brown planthopper but also 
to several other pests. 

Why Rice Is Adaptable 

Rice has an efficient system of air pas
sage from shoot to root that makes it 
adaptable to a wide range of environ-

... AREA OF ORIGIN 

-- INDICA 
-- JAPONICA OR SINICA 

JAVANICA 

DISTRIBUTION OF 
WILD RELATIVES 

mental conditions. The system enables 
rice to grow in waterlogged soils. Air 
enters the plant through the stomates of 
leaf blades and leaf sheaths and moves 
to nodes at the base of the plant. As the 
air moves from the shoot to the root, 
oxygen is supplied to the tissues, where 
it is utilized for respiration. From the 
roots the air diffuses into the surround
ing soil. At least part of the shoot must 
be exposed to the air for the system to 
function efficiently. 

Because of the air-passage system, the 
roots respire aerobically and utilize car
bohydrates efficiently to produce need
ed energy even when they are growing 
in an anaerobic, waterlogged environ
ment. Most other plants cannot grow in 
waterlogged soils because their air-pas
sage system is less efficient. In rice the 
efficiency of oxygen transport from the 
shoot to the root is 10 times greater 
than it is in barley and four times great
er than it is in maize. 

In much of the world the rice crop is 
grown on soils with from five to 10 cen-

timeters of water standing on them. The 
plant also yields well, however, on dry 
upland soils, where it is sometimes culti
vated like wheat or maize, and in deeply 
flooded areas. For these reasons rice 
can be grown satisfactorily in mixed 
and multiple cropping patterns involv
ing other crops such as wheat, maize 
and soybeans. 

Floating rice can grow in water that is 
from 1.5 to five meters deep. It can with
stand an abrupt rise in water level and 
grow rapidly above it, often growing as 
tall as six meters. It normally elongates 
at a rate of from two to 10 centimeters 
per day but can elongate as much as 25 
centimeters per day in deep floodwaters. 
Workers at the International Rice Re
search Institute are collaborating with 
scientists in Thailand, Bangladesh and 
India to improve rice varieties adapted 
to areas flooded to a depth of one meter 
by incorporating the elongation genes of 
floating rice into improved high-yield
ing semidwarf varieties. These deep-wa
ter rices are short when the water is shal-

. �  

SPREAD OF ASIAN RICE (0. satil'a) from its area of origin as a 
wild annual grass is indicated. Indica, japonica (or sinica) and javanica 
are the three major geographic races of O. satil'a. The indicas were 
originally cultivated in the humid parts of the Asian Tropics and sub-

tropics; japonicas developed in subtropical Temperate regions, and 
javanicas developed in equatorial Indonesia. Rice cultivation is be
lieved to have begun in Asia some 7,000 years ago. The map is based 
on work of T. T. Chang of the International Rice Research Institute. 
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low, but they grow tall if the depth of 
the water rises because of flooding. 

Nitrogen Fixation 

Some 80 percent of the atmosphere is 
nitrogen, which is not utilized directly 
by the rice plant. Nitrogen, however, be
comes available through biological ni
trogen fixation: the conversion of gas
eous nitrogen (N 2) to ammonium ion 
(NH4+) by specialized microorganisms. 
Unique patterns of microbial metabo
lism are found in flooded rice soils, in
cluding transformations of nitrogen and 
sulfur, biological nitrogen fixation and 
the rapid decomposition of pesticides. 
Biological nitrogen fixation is the most 
intensively studied of these microbio
logical activities. Flooded rice soils en
courage several nitrogen-fixing agents, 
including free-living blue-green algae, 
nitrogen-fixing bacteria and a symbiotic 
relation between nitrogen-fixing blue
green algae and the water fern azolla. 

The symbiotic nitrogen-fixing rela
tion between azolla and the blue-green 
alga Anabaena azolla is most active in 
flooded soils, where it can fix as much 
as three kilograms of atmospheric nitro
gen per hectare per day. Nitrogen accu
mulated through this symbiosis is re
leased int6 the soil and made available 
to rice plants when azolla decomposes. 
Because of its high nitrogen-fixing activ
ity, azolla has served as a "green ma
nure" for rice in China and Vietnam for 
centuries. (Vietnam has a temple dedi
cated to azolla.) The International Rice 
Research Institute is conducting collab
orative research and training activities 
to disseminate knowledge of azolla and 
to encourage its use as a source of nitro
gen for rice cropping throughout South 
and Southeast Asia. 

Free-living nitrogen-fixing blue-green 
algae grow spontaneously in alkaline 
and neutral rice fields, where they can 
develop a large biomass. Trials are be
ing cond ucted to improve their growth, 
either by means of cultural practices or 
by means of inoculation in rice fields. 

Bacterial nitrogen fixation is a third 
source of biological nitrogen for the rice 
plant. Both aerobic and anaerobic nitro
gen-fixing bacteria are present in rice
paddy soils. Surface and interior parts 
of roots and basal parts of shoots are 
colonized by nitrogen-fixing bacteria 
that are nourished by dead plant materi
al and organic matter released by the 
living plant. Some 10lD cells of nitrogen
fixing bacteria are found per gram of 
rice root (dry weight). They probably 
provide a significant amount of nitrogen 
for the rice crop. 

Rice plants need about 20 kilograms 
of nitrogen per hectare for each ton of 
rice produced. The different forms of 
biological nitrogen fixation enable rice 
to yield one or two tons of grain per 
hectare without supplementary mineral 

BLUE-GREEN ALGAE 

HETEROTROPHIC 
BACTERIA 

FIXATION OF NITROGEN by microorganisms in the soil and water means that a yield of 
about two tons of rice per hectare can be obtained without the application of mineral fertilizer. 
The organisms include free-living blue-green algae, Anabaella azalia, the same algae in a sym
biotic relation with the water fern azolla, and a variety of bacteria. The habitats are also shown. 

fertilizer. This is one of the reasons 
Asian farmers have harvested from one 
to two tons of rice per hectare for centu
ries without applying such fertilizers. 

Improving Yields 

Yields of rice were stagnant in most 
Asian countries until 20 years ago. Only 
in Japan had yields gradually improved 
from about 1.3 tons per hectare in A.D. 

900 to 2.5 tons per hectare late in the 
19th century, when the Meiji restoration 
led to the modernization of agriculture. 
Genetic improvements and better farm 
practices rapidly increased yields in the 
20th century. Today yields in Japan, 
North Korea, South Korea, Australia 
and the U.S. (notably in California) 
average about six tons per hectare. 
Yields in most countries have increased 
gradually over the past 15 years, but 
many farmers still harvest only two tons 
per hectare. 

The genetic key to these advances was 
the development of high-yielding varie
ties of indica rice. The traditional indica 
was tall and had a tendency to lodge, 
that is, to fall over because of wind, rain 
or the weight of the grain. Most of the 
modern varieties are semidwarfs. 

Modern semidwarf indica rices were 

developed from semidwarf mutants 
such as Dee-geo-woo-gen, a Chinese va
riety. In the early 1950's Taichung Na
tive 1, the first semidwarf indica rice 
bred outside mainland China, was de
veloped and released in Taiwan. It re
sisted lodging, was responsive to ap
plications of fertilizer and was fairly 
insensitive to differences in the length 
of the day with latitude. 

When the Ford and Rockefeller foun
dations, with the cooperation of the 
Philippine government, established the 
International Rice Research Institute in 
1960, one of the first projects set in mo
tion by the institute was the achieve
ment of dramatic improvements in yield 
by means of breeding programs utilizing 
the best available parents from many 
nations. IR8, a semidwarf, was a nota
bly successful result. Released in the 
Philippines in 1966, the new variety set 
yield records and became known 
as "the miracle rice." Other high-yield
ing semidwarfs followed, including IR5, 
IR20, IR22 and IR24. They had pro
gressively shorter growing periods and 
a better response to good management. 

The dispersion of such high-yield
ing, short-duration varieties encouraged 
farmers to grow two or more crops of 
rice per year in dense plantings on irri-
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gated fields with large applications of 
fertilizer. This technology brought more 
grain to market, but it also brought on 
increased problems with disease and in
sects. Workers at the institute therefore 
began to breed varieties with insect and 
disease resistance and to emphasize re
ductions in year-to-year variability as 
well as high yield in their strategy. 

IR36, a variety now grown on more 
than 10 million hectares of the world's 
rice land, is a result of this strategy. It 
resists four major rice diseases and four 
serious rice insects, including brown 
planthopper biotypes 1 and 2. It grows 
well in a variety of cultural environ
ments, tolerates several adverse soil 
conditions, has grain of good quality 
and matures in 1 10 days, which enables 
farmers to harvest as many as three 
crops in one year on irrigated paddies. 
IR36 is the progeny of 13 different varie
ties from six nations. Among its ances
tors are IRS, Taichung Native 1 and a 
wild species from India, 0. nivara. 

Insects and Diseases 

Breeding for pest resistance is compli
cated by the adaptation of insects and 
disease-causing organisms to resistant 
varieties of rice. For example, three dis
tinct brown planthopper biotypes have 
been identified that directly damage rice 
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plants and are also vectors of impor
tant virus diseases. When IRS was first 
grown, only one brown planthopper was 
known to attack rice. Since then, as 
new resistant rice varieties have been 
developed, resistant biotypes of the in
sect have also selectively multiplied. Al
ready brown planthopper biotype 3 may 
be starting to damage rice crops in cer
tain areas of the Philippines and In
donesia. Fortunately variety IR56 resists 
brown planthopper biotype 3 and has 
been released in those areas. . 

It is essential that rice research remain 
one step ahead in the dynamic interac
tion of rice varieties and pest resistance. 
For this purpose workers in the insti
tute's multidisciplinary Genetic Evalu
ation and Utilization Program system
atically screen the worldwide collec
tions of rice germ plasm for reaction to 
the major pests of rice. 

Varieties with desirable resistance are 
crossed in a hybridization program to 
combine many positive traits in one va
riety. More than 4,000 crosses are made 
each year at the institute. The most 
promising material is tested at more 
than 300 locations under the Interna
tional Rice Testing Program, encom
passing some SOO plant scientists in 70 
countries. Several successful varieties 
have been developed through this coop
erative network. 
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YIELDS OF RICE in Japan rose slowly from A.D. 900 to the late 19th century and then much 
more rapidly. The period of gradual rise is accounted 'for mainly by the spread of irrigation 
and by flood-control procedures. The recent rapid rise is due to the breeding of improved 
varieties, the trend toward the application of mineral fertilizer and better farm management. 
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New insect and disease problems are 
continuously monitored. As a result a 
new strain of grassy stunt virus, ten
tatively designated RGSV2, has been 
identified. This strain is found in several 
parts of the Philippines and may cause 
significant damage to rice. Vigorous 
screening is now in progress to identify 
so urces of resistance to it. 

The never-ending contest between 
pests and human beings has led to the 
realization that the goal in farming 
should be pest management rather than 
pest elimination. To manage pests so 
that serious crop losses do not result it 
is necessary to adopt an integrated ap
proach incorporating genetic, agronom
ic and biological methods of control, 
coupled with the prudent deployment of 
safe and effective chemical pesticides. 

What Lies Ahead 

The Food and Agriculture Organiza
tion has estimated that to keep pace with 
the rise in population an annual rate of 
increase of about 3 percent in rice pro
duction will be necessary over the re
maining years of the 20th century. Pro
duction can surely be increased at that 
rate through the effective transfer of 
currently available technology, because 
modern technology and agronomic ad
vances have not yet been fully dis
seminated throughout the rice-growing 
world. It would therefore be interesting 
to know how much rice can be produced 
exploiting the high level of technology 
currently available. Such information 
will provide a target for future yields. At 
experiment stations in Japan workers 
have achieved yields of from 9.3 to 10.2 
tons per hectare with modern technolo
gy. Even that falls short of the highest 
yield ever recorded: 13.2 tons per hec
tare, achieved by a progressive Japanese 
farmer in 1960. 

In developing realistic national plans 
for rice production it will be useful to 
know what the theoretical production 
potential is in each country. Since green 
plants convert solar energy into chemi
cal energy, it will be worthwhile to esti
mate the potential rice yield under dif
ferent levels of incident solar radiation. 
One important concept useful for the 
estimation of potential rice yield is ener
gy-use efficiency, which can be likened 
to the energy-conversion efficiency for 
sili'con solar cells. 

Rice builds up most of the starch in 
the grain in the last stage of its growth. 
That stage is called the grain-filling peri
od. To estimate the potential rice yield 
in tropical Asia the energy-use efficien
cy in the grain-filling period is assumed 
to be 3 percent for the wet-season crop 
(whet! most of the rice crop is grown) 
and 2.5 percent for the dry-season crop 
(the off-season crop, grown with irri
gation). At many locations in tropical 
Asia solar radiation of 300 calories per 
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square centimeter per day is common 
for the grain-filling period in the wet 
season. In the dry season, with fewer 
cloudy days, it should be possible to 
produce 12.5 tons per hectare with an 
energy-use efficiency of 2.5 percent un
der an incident solar radiation of 550 
calories per sq uare centimeter per day. 

Another question of general interest 
is the relative yield potential of rice in 
Temperate Zone regions and the Trop
ics. The number of days for grain filling 
in rice is largely determined by tempera
ture. It is about 25 days in the Tropics 
and 35 days in the Temperate Zone. If 
the daily incident solar radiation is the 
same for both regions, the total amount 
of incident solar radiation would be pro
portional to the effective number of 
days for grain filling. In other words, the 
potential rice yield would be higher by 
40 percent in Temperate Zone regions 
than it would be in the Tropics, given 
that the daily incident solar radiation is 
the same. On the other hand, two or 
more rice crops can be grown in the 
Tropics if enough water is available. 

Irrigated rice crops currently occupy 
about 30 percent of the rice-production 
area in developing tropical countries 
and account for 50 percent of the rice 
grown in those countries. Irrigated rice 
will assume increasing importance in 
the future because most developing 
countries are bringing more land under 
assured irrigation. Irrigation makes pos
sible not only higher productivity but 
also higher cropping intensity, achieved 
by growing an irrigated rice crop, a 
nonirrigated crop of a grain legume or 
something else and then a second rice 
crop, all in one year. 

In nonirrigated, rain-fed lowland and 
upland rice areas yields are low and un
stable because the amount and distribu
tion of rainfall are uneven and erratic. 
Such undependable weather conditions 
make nonirrigated rice cultivation risky. 
Hence farmers invest little in fertilizer, 
pesticides and other purchased inputs. 
The average yield of nonirrigated rice 
ranges from .5 ton to 1.5 tons per hec
tare for upland crops and is less than 
two tons per hectare for rain-fed low
land rice. The yield has increased little 
over the past two decades, particular
ly in upland rice. Intensive efforts are 
now being organized at the Internation
al Rice Research Institute and other in
stitutions to increase and stabilize rice 
yield on non irrigated lands. 

Genetic Engineering 

Recent advances in biotechnology 
may 'offer new ways to improve yield. 
One is tissue culture leading to haploid 
plants: plants with only one complete set 
of genes instead of the usual two. With 
such plants one can stabilize vital char
acteristics because two competing genes 
for the same characteristic are not pres-
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RECENT TRENDS in total rice production (gray) and production per capita (color) are indi
cated for Southeast Asia. Notwithstanding the steady rise in total production, the rice available 
per capita has changed little since about 1969 because of the rate of increase in the population. 

ent. Moreover, the technique reduces 
the time needed to get a new variety 
from 10 generations with conventional 
breeding methods to as few as three gen
erations. The Chinese have employed 
this procedure to create new varieties of 
rice, wheat and maize. 

Most of the research on the haploid 
technique has been done in Japan, Chi
na and the U.S. with japonica rices. So 
far the proced ure has not succeeded 
with indica rice because the indica varie
ties do not grow a useful number of cal
luses, an early stage of growth iri which 
the tissue is undifferentiated; such tissue 
is needed for culture purposes. Much 
effort is being devoted to making the 
technique successful with indica rices. 

Another promising techniq ue is to 
modify plants by inducing mutations in 
tissue culture. Individual plant cells or 
pollen grains in culture can serve as mu
table material that can be grown into 
whole plants. One advantage of this ap
proach over the procedure that induces 
mutations in seeds and whole plants by 
irradiation or chemicals is that a partic
ular trait can be selected at the cell level. 
Promising r,esults for increasing the tol
erance for salinity by rice plants have 
been obtained by this technique. 

Among the many aims of genetic en
gineering the most ambitious goal is the 
incorporation of nitrogen-fixing genes 
into rice. The nitrogen-fixation system 
includes at least 17 genes, however, and 

it is too early to know whether the ma
nipulation of such a large number of 
genes IS feasible. 

China has introduced hybrid rice into 
cultivation, opening the possibility of 
the remarkable improvements that have 
been achieved in this way with maize. 
The technique should not be confused 
with crossing, which consists in combin
ing different varieties to achieve an 
enduring new line. In the hybrid tech
niq ue only the first generation (F 1) of 
hybrids is sought; that generation is usu
ally more vigorous than either of its par
ents. Hence the farmer must buy a new 
supply of F 1 seed each year. 

The technique has been difficult in 
self-pollinating plants such as rice, but 
the recent development of the breeding 
system called cytoplasmic male sterility 
has made hybrid varieties possible in 
such plants. The system depends on the 
interaction of a gene that causes sterility 
in male plants and a factor in the cyto
plasm of the female sex cell. The appli
cation of the technique to rice became 
possible after Chinese workers discov
ered male-sterile plants that can serve as 
female plants in crosses with suitable 
male parents. The advantage of the hy
brid in terms of yield should be sufficient 
to offset the high cost of seed produc
tion. It is still too early, however, to fore
cast how successful the technique will 
be in China or to estimate how it will 
fare in other countries. 
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Unisexual Lizards 
Populations of whiptail lizards in the southwestern Us., Mexico 

and South America consist of females only. The animals are unusual 

among vertebrates in reproducing by parthenogenesis: virgin birth 

I
n 1958 a zoologist at the Academy of 

Sciences in Leningrad, Ilya Darev
sky, published a startling report on 

certain lizards of Soviet Armenia. He 
had found that several populations of 
the lizard genus Lacerta consisted exclu
sively of females, and he suggested the 
lizards could lay eggs that were viable 
although they were not fertilized. Many 
zoologists received Darevsky's finding 
with incredulity. At the time it was al
most axiomatic that no vertebrate spe
cies could reprod uce except through the 
union of the male's sperm with the fe
male's egg. 

To some biologists in the U.S., how
ever, Darevsky's report was credible 
and welcome. For example, Sherman A. 
Minton of the Indiana University Medi
cal Center and Richard G. Zweifel of the 
American Museum of Natural History 
had found populations of whiptail liz
ards (the genus Cnemidophorus) in the 
southwestern U.S. and northern Mexico 
that lacked males, although neighboring 
whiptail populations consisted of males 
and females in the normal one-to-one 
ratio. Minton, Zweifel and a few other 
biologists decided that further study of 
various whiptail lizards might well add 
another group to the roster of partheno
genetic species. 

Parthenogenesis, or virgin birth, is a 
term that is often misapplied to what are 
only apparent forms of unisexual repro
duction. For example, among some uni
sexual fishes the females produce dip
loid eggs: germ cells that contain two 
full sets of chromosomes. Thus the eggs 
are genetically complete, although they 
will not develop until they are activat
ed-not fertilized-by contact with the 
sperm of a male. Since there is no fertil
ization, the process has been loosely 
classified as parthenogenesis. It is more 
correct to call it gynogenesis, a term that 
emphasizes the dominant role of the 
female. Among other unisexual fishes 
the females prod uce haploid eggs: germ 
cells that like the germ cells of species 
that reproduce sexually have only one 
set of chromosomes. These eggs do not 
develop until they are fertilized by a 
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male belonging to a closely related spe
cies, a process that may be called hy
bridogenesis to emphasize the fact that 
the all-female offspring are hybrids. In 
addition at least one fish species, the 
rivul us (Rivulus marmoratus), reprod uces 
as a self-fertilizing hermaphrodite. In 
all three instances, however, reproduc
tion depends on the presence of sperm. 
Only reprod uction in the certain ab
sence of sperm can strictly be called 
parthenogenesis. 

To prove that sperm are absent in the 
reproduction of a population in the wild 
is clearly impossible. It is not easy even 
under laboratory conditions. For exam
ple, females of some normally bisexual 
reptile species can store sperm in their 
ovid ucts for months or even years after 
mating and then produce viable fertil
ized eggs. Therefore to prove that some 
whiptail lizards were strictly partheno
genetic it would be necessary to raise 
first-generation females in the absence 
of males until they reached sexual ma
turity and then see whether they could 
prod uce a second generation in the con
tinued absence of males. 

so it was that early in the 1960's appar
ently unisexual whiptail lizards were 

captured in the wild and kept in lab
oratories for the purpose of studying 
their reproduction. Most of the early 
attempts were discouraging because no 
one knew how to maintain this kind of 
wildlife properly in captivity. At first 
some females did lay eggs in the labora
tory, but most of the eggs spoiled. When 
this problem was overcome in Zweifel's 
laboratory, first-generation whiptail liz
ards were successfully hatched there and 
elsewhere but a second problem arose. 
Some 90 percent of the newly hatched 
lizards died within three months and 
most of the rest died within six months. 
Whiptails req uire almost a year to reach 
sexual maturity, and so it began to seem 
that getting second-generation whiptails 
would not be feasible. 

In 1973, however, a factor vital to the 
lizards' survival in captivity became 
clear. The animals had already been 

provided with an appropriate living sur
face, shelter, warmth, food, water and 
generally hygienic conditions. What was 
lacking under routine laboratory light
ing was exposure to the ultraviolet radi
ation in sunlight. The action of ultra
violet wavelengths on the lizards' skin 
brings about the synthesis 'of vitamin D 
(as it does in mammals, including man). 
That vitamin is essential to proper calci
um metabolism. As the required radia
tion was supplied to the animals in the 
American Museum laboratory of herpe
tology Carol R. Townsend and I fur
ther discovered that different species of 
whiptails req uire different doses of it. 

Once these details were worked out 
the raising of many unisexual whiptail 
species in captivity became routine. In 
our laboratory unisexual lineages have 
now reached not only the initial goal of 
a second generation but also generations 
unto the seventh, with offspring num
bering in the hundreds and not a single 
male among them. 

By the late 1970's the evidence that 
all-female whiptails were rep rod ucing 
by means of strict parthenogenesis, that 
is, in the total absence of sperm, was 
becoming incontrovertible. It was not a 
conclusion to be taken lightly, because 
parthenogenetic species were previously 
unknown among the vertebrates. The 
best evidence of parthenogenetic repro
duction came from comparing the pat
terns of development in unisexual fe
males and bisexual whiptail lizards of 
both sexes, with particular reference to 
their reprod uctive tract. Laurence M. 
Hardy of Louisiana State University at 
Shreveport did most of this work, start
ing with a number of our second-genera
tion offspring. 

Hardy found that the reprod uctive 
tracts of the unisexual lizards were iden
tical in every important detail with those 
of the females of bisexual species. He 
also found no trace of sperm in any of 
the unisexual whiptails, lending conclu
sive support to our view that they repro
duce strictly by parthenogenesis. 

In the years before laboratory colonies 
of whiptails were successfully estab-
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lished a number of biologists, including 
Zweifel, T. Paul Maslin of the Universi
ty of Colorado at Boulder and William 
Neaves of the Harvard Medical School, 
conducted experiments with unisexual 
whiptails captured in the field to test the 
hypothesis that their populations were 
clones, that is, populations of genetical
ly identical individ uals related by com
mon ancestry. The conclusions of their 
studies can be summarized briefly as fol
lows. First, with respect to such char
acteristics as the number of epidermal 
scales around the middle of the liz
ard's body, the unisexual species show 
less variability than neighboring bisex
ual species. Second, the body cells of 
the lizards in the unisexual species con
tain marker chromosomes indicating 
the presence of two different genomes 
(complete sets of genes). This is to say 
the chromosomes are heterozygous. 
Moreover, when this is clearly the case, 
the heterozygous state appears to be 
fixed in the population because all indi
viduals are alike. In contrast, the chro
mosomes of lizards in the bisexual spe
cies are homozygous: the animals have 
two similar genomes. 

Third, the body cells of the lizards in 
many unisexual species have an unusu
ally high chromosome count. Instead of 
showing the normal diploid count char
acteristic of bisexual species they are 
triploids. Fourth, when proteins of uni
sexual species are separated by the lab
oratory techniq ue of electrophoresis, 
they reflect a high level of apparently 
fixed heterozygosity, whereas proteins 
of bisexual species do not. Finally, when 
a piece of skin is transplanted from one 
lizard to another of the same unisexual 
species, the graft usually takes, demon
strating that individuals of the same spe
cies have a substantial tissue compati
bility. Exactly the opposite is true of 
bisexual whiptail species. All these find
ings are consistent with the hypothesis 
that unisexual reptiles are clones. 

The laboratory colonies of unisexual 
whiptails have made it possible to 

collect added clone data that are sim
ply not available from lizards captured 
in the field. For example, in our labo
ratory eggs and hatchlings are main
tained in such a way as to permanently 
establish the individ ual lizard's ances
try and identity. Thus the genealogy of 
an individual and her relatives can be 
traced back to when the original female 
was collected in the field several gener
ations earlier. This makes it possible to 
trace through a unisexual lineage such 
characteristics as external morphology, 
chromosome states and protein electro
phoretic patterns. 

The findings derived from our labora
tory colonies are as follows. First, with 
respect to morphology, the color, the 
color pattern and the shape and size of 
the scales of individual unisexual lizards 

WHIPTAIL LIZARD of the New World genus Cllem;do(J/IOrl/S is drawn twice life size. Most 
species of whiptails are bisexual, and their reproduction requires fertilization of the female's 
eggs by the male's sperm. This female is one of the unisexual species: C. lleomeX;calllls. Its 
eggs develop in the total absence of sperm. Its offspring will also be parthenogenetic females. 
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PROCESS OF MEIOSIS in bisexual whiptails is compared with the 
same process in unisexual species. On the left side of the illustra
tion (a) two pairs of chromosomes (black alld color) are shown sche
matically in an ovarian cell that is diploid: having two sets of chromo
somes. Next the chromosomes duplicate and pair up (b). The chro
mosomes may then "cross over" (c, d), a process that can, as it does 
here (d), make the combination of genes on certain chromosomes (ill
dicated by the letters A, a, B, b, C, c, D, d) differ from the initial one. 
The first cell division follows (e), with one chromosome of each set go
ing to each new cell (f). A second cell division (g) gives rise to four 
new cells, one of which becomes a functional egg. Each cell is haploid: 
having one set of chromosomes (II). Now only union with a haploid 
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sperm, that is, fertilization, will restore the egg cell to the viable dip
loid state. On the right side of the illustration is the process in a uni
sexual lizard's cell. The start (a) is similar, with two pairs of chromo
somes in·a diploid cell. The chromosomes then, however, duplicate 
and separate (b). Next they duplicate again and pair up (c), now in a 
tetraploid cell. Each new chromosome pairs with the original one 
that gave rise to it. Crossing-over (d) is followed by the first divi
sion of the tetraploid ovarian cell (e), with one chromosome of each 
duplicated set going to each new cell (f). The next division (g) gives 
rise to four new cells, one of which becomes a functional egg. Each 
egg is diploid (II) and genetically identical with the original ovarian 
cell. Development of these eggs begins without contact with sperm. 
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are nearly always identical with those of 
their mother. There are, however, some 
unexpected variations, and we are now 
seeking to find whether their basis is ge
netic or environmental. Second, with 
respect to chromosomes, whether the 
mother's species is diploid or triploid, 
she produces offspring with chromo
somes identical with her own. 

A third laboratory finding, in the field 
of biochemical genetics, has emerged 
from the studies of Herbert Dessauer of 
the Louisiana State University Medical 
Center in New Orleans. He has studied 
the proteins produced by more than 30 
genes and has found that generation 
after generation the unisexual whiptail 
offspring show the same electrophoretic 
protein patterns as their mother. All the 
same genes are expressed, and all the 
gene combinations, including heterozy
gous states, are fixed. Hence the labora
tory experiments strongly reinforce the 
conclusions of the field studies. 

Afew observations on how eggs are 
cloned by parthenogenetic whip

tails indicate that the chromosomes 
duplicate themselves within the ovari
an cells destined to become eggs. Thus 
these specialized reproductive cells be
come polyploid. In diploid species they 
become tetraploid, and in triploid spe
cies they become hexaploid. The chro
mosome counts, together with the evi
dence for clonal inheritance, suggest 
that in pairing to produce ova each 
duplicated chromosome pairs with the 
chromosbme of which it is an exact 
copy. Therefore an exchange of DNA in 
"crossing over" among paired chromo
somes has no genetic consequences be
cause it involves identical strands of 
DNA. The crossing over is followed by 
the two cell divisions typical of egg mat
uration, so that the final product is an 
egg containing the same chromosomes 
and the same combination of genes as 
existed in the original ovarian cell be
fore the chromosomes were duplicated. 
As a result the mature egg is genetically 
complete rather than haploid, as it is in 
females of bisexual species, and begins 

development without fertilization. 
How did this peculiar parthenogene

sis arise in nature? The whiptail lizard 

genus Cnemidophorus is confined to the 

New World and includes about 40 spe
cies. Most of the species are bisexual, 

but perhaps 12 are unisexual. Most of 
the unisexual species are found in an 
area of the southwestern U.S. and north
ern Mexico where plant communities 
have been shifting and mixing in periods 
of climatic change in recent geologic 
times. In some places one or two bisexu
al whiptail species share their range with 
a unisexual species. 

Under these circumstances a parthe
nogenetic female is occasionally insem
inated by a male of a bisexual spe
cies and hybrid offspring result. The 

QUESTAR ® • • •  the telescope that can take it 
A Questar's durability is the thing 
that amazes so many owners. That 
an instrument so small and so beau
tiful can exhibit such toughness in 
the clinches is the quality that 
astonishes almost as much as its 
unique optical performance. Hubert 
Entrop, who sends us those great 
deep-sky photographs, keeps writing 
to tell us how he sometimes gets his 
best shots of galaxies and nebulas in 
areas that are exposed to sudden 
mountain squalls and gusting winds, 
but his Questar keeps guiding 
steadily along. Now comes a letter 
from Wings, a group that specializes 
in safaris to far away places. Will 
Russell, their leader, writes: 

"WINGS now owns. five Questars 
and during the last two years we've 
used them at Pt. Barrow, Alaska, in 
Kathmandu and Jerusalem, along the 
Amazon, in Kenya, Siberia, Thailand 
and many places in between. We've 
used them in the steaming tropics 
and sub-zero cold; in blizzards, dust 
storms, Atlantic hurricanes, Pacific 
typhoons and just about every other 
sort of weather. We've dropped 

Let us send you our literature describing 
Questor, the world's finest, most versatile 
optical system. Please send $2 to cover mail
ing costs on this continent; by air to S. 
America, $3.50; Europe and S. Africa, $4; 
elsewhere, $4.50. 

them, kicked them over, watched 
them blow over, had them partially 
dismantled by foreign security 
guards, run over by airlines luggage 
conveyors and temporarily con
fiscated. In short, in the past 24 
months we've learned quite a lot 
about using Questars." 

And so, whether you propose to 
use your Questar on your patio or in 
one of those distant spots where 
Russell's Questars have been put 
through their paces, .you will be 
reassured to know that Questars can 
take it. We like to think that every
one babies his or her Questar, but 
obviously Wings isn't able to do this. 
and the instruments not only survive 
but turn in fine performances. 

It is nice to know, too, that this 
old, established company still guar
antees its product for ten years 
against defective parts and workman
ship. Even Questars that have fallen 
down a flight of stairs or were 
dropped out second story windows, 
have turned up here to be put back 
together for a whole new useful life. 

© 1982 Questar Corporation 

QUESTAR 
Box C, Dept. 202. New Hope, Pa. 18938 
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offspring have polyploid chromosome 
counts: diploid and triploid unisexual 
females respectively prod uce triploid 
and tetraploid hybrid offspring. Des
sauer has found that all the genes detect
able by protein electrophoresis as being 
characteristic of each parent are func-

tioning. The hybrids exhibit more of 
their mother's traits (she having contrib
uted two or three sets of chromosomes) 
than of their father's (he having contrib
uted only one set). If the egg is fertilized 
by a sperm carrying an X chromosome, 
the hybrid is a female; if it is fertilized 
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by a sperm carrying a Y chromosome, 
the hybrid is a male. 

The characteristics of such hybrids 
suggest that in nature unisexual triploid 
species of whiptails were cloned from 
hybrid female offspring of a diploid par
thenogenetic female's insemination by 
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CHROMOSOMES of several whiptail lizard species are shown dia
grammatically. At the top (a) are the 23 chromosomes of a C. tigris 
germ cell, the haploid number. Below them (b) are the 23 chromo
somes of a C. illomatlls haploid germ cell. Next ·are the 46 chromo
somes in a typical body cell of the unisexual C. Ileolllexicalllls, the 
.usual diploid count (c). Their similarity to the two sets of chromo
somes above them is consistent with the hypothesis that the origin of 
C. Ileolllexicalllls was a crossbreeding of the bisexual C. tigris and C. 

illomatllS. As is shown in the illustration on page 96, this combinatioll 
of chromosomes is cloned generation after generation in C. llefJlllexi
call liS. If one of these unisexual females were to crossbreed with a 
male of a bisexual species, a hybrid with three sets of chromosomes 
would be the result (d). The triploid array of 69 chromosomes is from 
a body cell of a laboratory crossbreeding of.a C. II eOlllexic(J II liS female 
with a male of the bisexual C. sexlilleatlH. If a triploid were crossed 
with a normal male, the body cells of offspring would be tetraploid. 
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a male of a different species. But how 
did the diploid parthenogenetic female 
arise? This question was answered in 
1966 by Charles H. Lowe, Jr., of the 
University of Arizona and John W. 
Wright, who is now at the Los Angeles 
County Museum of Natural History. 
One of the species they examined most 
closely is the unisexual New Mexico 
whiptail, C. neomexicanus. The species is 
found along streams in the Rio Grande 
drainage system and in nearby desert
grassland habitats, areas of transition 
between desert and grassland. One bi
sexual whiptail species, C. inornatus, oc
cupies a grassland habitat it shares mar
ginally with the unisexual C. lIeol11exica
nus. Another bisexual species, C. tigris, 

occupies a desert habitat it also shares 
marginally with C. lleOl11eXiCallUS. 

Lowe and Wright found that in such 
pertinent attributes as color, color pat
tern, scale shape, chromosomes and 
preferred habitats the character of C. 
neomexicanus appears to be �hat of a 
first-generation hybrid produced by the 
mating of C. inornatus and C. tigris. The 
C. neol11exicanus populations have pre
served their identity as· first-generation 
hybrids generation after generation by 
parthenogenetic cloning. 

Towe and Wright suggested that at 
L some time in the past the grassland 
species of whiptail interbred with the 
desert species, producing. hybrids such 
as C. lleomeXicallUS. As is the case with 
most interspecific hybrids, the initial 
crosses probably included both males 
and females, most of them sterile. At the 
same time the hybrids probably compet
ed successfully with the nonhybrids in 
the mixed desert-grassland habitats. The 
first-generation hybrid males would 
have disappeared eventually, but any fe
males capable of parthenogenetic clon
ing would have perpetuated their kind. 

The sterility of interspecific hybrids is 
generally thought to be an example of 
natural selection in action. This is to say 
that individuals within a species that 
breed only with others of their own spe
cies generate the most fertile offspring, 
whereas hybridization, with its atten
dant sterility, would appear to have no 
adaptive advantage. In the case of the 
unisexual whiptails, however, the an
imals have continued to perpetuate 
themselves by cloning in spite of their 
hybrid origin. Do these parthenogenetic 
lizards enjoy any adaptive advantages? 

One immediate advantage, of course, 
is the fact that parthenogenesis can
cels the disadvantage usually imposed 
by hybrid sterility. Clonal inheritance 
also seems to maintain the advantage 
sometimes called hybrid vigor. This is 
to say that by cloning the animals do 
not break up a new combination of 
genes that has proved to be successful 
in a particular environment. 

A third advantage arises from the liz-
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BLOOD PROTEINS OF THREE WHIPTAIL SPECIES were analyzed by electrophoresis 
on a gel; the result of the analysis is shown here schematically, Samples of blood plasma mixed 
with a radioactive isotope of iron were introduced through the six slots. Aftel' electrophoresis 
the radioactive iron exposed a sheet of photographic film laid over the gel, thus marking the po
sitions of transferrin, an iron-binding protein. All these protein molecules have moved toward 
the positive pole of the gel. The two darker patches opposite slot J and slot 6 are respectively 
the fast-moving molecules of transferrin protein in the blood of C. tigris and slower-moving 
molecules of a structurally different transferrin in the blood of C. illornatlls. The eight lighter' 
patches mark the movement of molecules of th.e same proteins in the blood of the unisexual C. 
lIeolllexicalllls. The sample in slot 2 is from a specimen of C. lIeolllexicalllls taken in the field. 
The samples in the remaining slots are from its descendants of successive generations. Their 
identical displacement demonstrates clonal inheritance: the proteins, and therefore the genes 
that code for them, remain the same from generation to generation. Moreover, the unisexual 
C. lIeolllexicalllls expresses the two different transferrin genes present in its ancestral species. 
Many other proteins reveal that their genes are in the heterozygous state in unisexual species. 

TIME TOWARD PRESENT 

> PRESENT 
C.INORNATUS, �.� ..... . . 
MALE AND FEMALE 

. - " 

eC. UN/PARENS, 
FEMALE 

eC. NEOMEX/CANUS, 
FEMALE 

...------.. C. SEXLINEATUS, 
MALE AND FEMALE 

,;eC. LAREDOENS/S, 
FEMALE 

..... ---f�-.. C. GULARIS, ��") 
MALE AND FEMALE ��:= 

.C. TESSELLATUS A-B, 
FEMALE 
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ec. SCALAR/S, ��:� 
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-eC. TESSELLATUS C-E, -·'·",ii.:: 
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e.::------e c. TlGR/S, 
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PHYLOGENETIC RELATIONS among nine species of whiptails, many of them unisexual, 
are outlined. The bisexual species (black) are related according to speciation theory: diver
gence from common ancestors. Here the widest divergence is between C. illornatlls (top) and 
C. tigris (boflolll). The unisexual species (color), derived through hybridization, show a more 
netlike phylogenetic pattern. Diploid unisexual species such as C. lIeolllexicalllls and C. laredo
ellsis have arisen from a single hybridization, but triploids such as C. IIl1iparells and C. tessel
latlls A-B have ancestries that include hybridizations and sometimes three bisexual species. 
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ards' reproductive potential: since the 
entire population consists of females 
that give rise to more females, unisexual 
species can reproduce in larger numbers 
than bisexual species, half of which can
not lay eggs. They are also at some ad
vantage when it comes to colonizing 

/ 

new localities and perhaps even new 
habitats. For example, in the event of 
chance dispersal the survival of only one 
parthenogenetic lizard is sufficient to es
tablish a new population in a previous
ly uninhabited area. In some instances 
these last advantages might result in 

FIRST- GENERATION 
OFFSPRING 

11\ SECOND- GENERATION 
OFFSPRING 

UNISEXUAL WHIPTAILS OF THE SPECIES C. EXSANGUIS bave now been raised 
in tbe laboratory tbrougb seven partbenogenetic generations. Illustrated bere are tbe initial 
parent and some first- and second-generation offspring. All tbe offspring are females geneti
cally identical witb one anotber and witb tbeir parent. Tbe six second-generation offspring 
are not identical witb otbers in coloration because tbe adult markings do not appear until later. 
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HIGH REPRODUCTIVE POTENTIAL is one advantage of unisexual lizards. Tbis grapb 
compares tbe population growtb of unisexual wbiptail lizards (color) witb tbe population 
growtb of bisexual wbiptails over a tbree-year period. Tbe data are based on egg production by 
a laboratory-reared specimen of C. exsallguis. Tbe point at year 0 on tbe grapb represents 
tbe batcbing of one egg. For tbe bisexual species an extra male would bave to be present brieOy 
for fertilization in year 1. At tbe end of tbe first year, assuming 100 percent batcbing and sur
vival, botb populations would number nine. At tbe end of tbe tbird year, bowever, tbe uni
sexual lizards would be more tban twice as numerous as tbe bisexual ones. Tbe reason is tbat 
all tbe unisexual lizards deposit eggs wbereas only SO percent of tbe bisexual lizards do so. 
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the establishment of parthenogenesis by 
means of mutation rather than hybrid
ization; such may be the case with the 
South American whiptail species C. lem
niscatus, which has been studied by 
P. E. Vanzolini of the University of Sao 
Paulo in Brazil. 

At least in principle, however, not ev
erything is advantageous for a partheno
genetic species. Clonal inheritance is a 
plus under fixed environmental condi
tions because it preserves gene combina
tions that are highly adaptive to those 
conditions. Environmental conditions, 
however, are rarely fixed. When they 
change quickly, as they often do, bisexu
al species are more likely than unisexual 
ones to produce some variant offspring 
that can adapt to the new conditions. 
The long-range probability of survival 
therefore may be less favorable for spe
cies that reproduce by cloning than for 
those that reproduce sexually with the 
features of Mendelian inheritance. 

Still, not all the evolutionary cards are 
stacked against parthenogenetic species. 
Habitats often shift rather than being 
totaliy eliminated. Under such circum
stances cloning lizards need only shift 
along with their habitat to remain with
in it. Furthermore, if any advantageous 
mutation were to occur in a unisex
ual lineage, cloning would ensure that 
the mutation would be transmitted to 
successive generations. Cloning may 
even confer some protection against dis
advantageous mutations, particularly if 
they are recessive and occur in triploid 
individuals. 

Twenty-five years ago a few biologists 
courageously raised the possibility 

that unisexual species of lizards existed. 
At that time no one would have predict
ed that such investigations would lead to 
the surprising discoveries of partheno
genetic cloning, polyploidy and the or
igin of new species of vertebrates by 
means of hybridization. Today interest
ed workers find themselves in a posi
tion not only to ask new questions and 
design new experiments but also to util
ize these specialized organisms in ways 
that could not have been imagined a 
few years ago. Among the possibilities 
that come to mind are gaining a better 
understanding of the role of sperm in 
fertilization, clarifying how it is that 
some animals are quite successful with 
multiple copies of their genes whereas 
others are not, studying switching mech
anisms in embryonic development, pro
ducing cloned animals of known genet
ic composition for biological experi
mentation and even inducing cloning in 
normally bisexual species to increase 
productivity in animal husbandry. If 
unisexual reptiles contribute to progress 
in any or all of these areas, it will have 
begun with a few startling observations 
concerning a form of wildlife that prac
tically no one considered significant. 
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Thunderbird Turbo Coupe. 
The understatement 

of the year. 
, , To say that this car is 
the best new Thunderbird 
in years is a dramatic 
understatement. " 

Road & Track, 
January 1983 

" The new Turbo 
Coupe is a most serious 
effort at returning to the 
concept of a 'personal 
car.' An enthusiast's 
performance GT " 

AutoWeek, 
January 1983 

" Ford's new 
Thunderbird Turbo 
Coupe is pure driving 
excitement. " 

Popular Mechanics, 
April 1983 

" The Turbo Coupe's 
handling is 
remarkable ... " 

Motor Trend, 
February 1983 

Get it together
Buekl up. 

" Ford had done its 
homework on this car, 
and we found it exciting, 
responsive, and fun to 
drive. " 

Motor Trend, 
June 1983 

" The new Thunderbird 
is Detroit's design 
triumph of the year. " 

" There are absolutely 
perfect 'articulated' front 
seats with adjustments 
galore, excellent grip and 
comfortable support -
and they look good. " 

Road & Track, 
January 1983 

Naturally, we are 
excited about what the 
experts had to say about 
Thunderbird Turbo 
Coupe. But we aren't 
surprised. From the 
Goodyear Eagle HR per
formance radials, to the 
gas-filled struts and 
shocks, to the quick
ratio power rack and 
pinion steering, the 
Thunderbird Turbo 
Coupe was designed to 
handle as well as many 
of the world's best sport 

coupes. And, its 2.3 liter 
turbocharged engine, 
when mated with eitber 
the 5-speed manual or 
optional 3-speed auto
matic transmission, 
delivers enough power 
to move the Turbo 

Coupe's aerodynamic 
shape quickly down 
the road. This combi
nation of performance, 
handling and design 
makes the Turbo 
Coupe a true world 
class touring car. 

" We trust the public 
will know a good thing 
when it sees one. " 

Car and Driver, 
October 1982 
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The Control of Ribosome Synthesis 
The particle of the living cell that translates RNA into protein IS 

itself made up of three RNA's and 52 proteins. How is the assembly 

of ribosomes hom these molecules adapted to the needs of the cell? 

The r ibosome is the organelle of the 
l iving cell where proteins are 
made. On it amino acids are 

j oined one at a time to a growing protein 
chain. The completed chain folds itself 
up into a molecule that can serve as part 
of the cell's structure or as an enzyme : 
the catalyst of a specific metabolic reac
tion. S ince all such metabolic functions 
require enzymes, it follows that in order 
for a cell to grow and d ivide faster it 
m ust increase its capacity to make pro
teins. The r ibosome, however, has a l im
ited capacity for adding amino acids to 
the protein chain. For example, in the 
bacterium Escherichia coli each ribo
some can add 15 amino acids per second 
at 37 degrees Celsius. If the temperature 
remains constant but the medium in 
which the E. coli l ive is enriched with 
n utrients, the bacteria begin to d ivide at 
a higher rate. S ince the capacity of the 
ribosome is l imited, if the cell is to in
crease the rate of protein synthesis, it 
m ust make more r ibosomes. The ribo
some is energetically expensive to man
ufacture, and making a large surplus 
of r ibosomes would be wasteful. There
fore the bacterium m ust be able to ad
j ust its r ibosome o utput with consider
able sensitivity. 

Controlling the synthesis rate of ribo
somes is by no means simple, because 
the organelle is a complex apparatus. 
Each ribosome includes 52 different 
proteins and three d ifferent molecules of 
RNA. The genetic code for the ribosom
al proteins and the r ibosomal RNA's 
(rRNA's) is carried by the DNA in the 
bacterium's single chromosome. In the 
making of the proteins the code is first 
transcribed into a molecule of messen
ger RNA (mRNA). The mRNA is then 
translated into protein on ribosomes 
made earlier. The rRNA's are produced 
d irectly from the chromosome by tran
scription. If  the appropriate rate of ri
bosome synthesis is to be ensured, the 
rate of manufacture of each component 
must be controlled in relation to the rate 
for each of the other 54 components, 
much as automobile parts must be made 
in the right quantities and delivered to 
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an assembly l ine at the r ight time for the 
automobile to be assembled with maxi
mum efficiency. F urthermore, it is ap
parent that control could be exerted on 
at least two levels :  the transcription of 
the genes for the 55 ribosomal compo
nents or the translation of the mRNA's 
for the 52 r ibosomal proteins. 

Perhaps the most intuitively obvious 
method of control is for the transcrip
tion of the ribosomal genes to be reg
ulated directly. Indeed, in the early 
1970's, when work on control of ribo
some synthesis was begun, that was the 
main model of genetic control. It q uick
ly became apparent, however, that di
rect control could not account for all 
of the observed pattern of variation in 
the rate of r ibosome assembly. F urther 
work, which is the subject of this article, 
showed that the synthesis of ribosomes 
is controlled by a system in which a fun
damental role is played by two negative
feedback loops. As long as ribosomal
RNA molecules are available the ri
bosomal proteins bind to the rRNA's 
and the assembly of ribosomes contin
ues. When no rRNA is available to be 
bound, certain ribosomal-protein mole
c ules function as "translational repres
sors" :  by binding to the protein messen
ger RNA's they interrupt the translation 
of all the r ibosomal prote ins. That is the 
first feedback loop. 

The second loop mod ulates the tran
scription of the ribosomal-RNA 

genes and certain other genes. Here the 
feedback control is exerted by free ribo
somes :  r ibosomes that are not engaged 
in making prote in. When free ribosomes 
are present, they turn off the rRNA 
genes. When the environment becomes 
richer in n utrients, the free ribosomes 
begin to make protein and the rRNA 
genes are turned on again. The com
bined action of the two interlocking 
feedback mechanisms enables a bacte
rium to adjust with great precision the 
rate at which ribosomes are made. Like 
many other fundamental scientific in
vestigations, the e lucidation of this sys
tem of genetic control has more than 

one outcome. The repression of transla
tion by means of a feed back mechanism 
could provide a model for the control 
of the manufacture of other bacterial 
structures built up from several mole
cules. Furthermore, the res ults from E. 
coli could have implications for the con
trol of ribosome synthesis in the more 
complex cells of multicell ular organ
isms, including those of human be ings. 
And gaining an understanding of s uch 
an intricate and elegant system of bio
logical regulation yields an aesthetic sat
isfaction that is by no means the least 
significant fruit  of such work. 

The structure, function and mode of 
assembly of the ribosome are so closely 
connected to the processing of genetic 
information that it is necessary to un
derstand the basis of the genetic code 
in order to comprehend how ribosome 
synthesis is regulated. DNA, the pri
mary genetic material, is a chain of four 
types of nucleotide bases. The bases are 
adenine, cytosine, g uanine and thymine, 
abbreviated A. C. C and T. Beca use of 
their chemical structure A can general
ly form a bond only with T, and C can 
form a bond only with C. This restricted 
bonding, or complementarity, is the ba
sis of the joining of two strands of DNA 
in a double-strand hel ix, s uch as the he
lix in the single chromosome that carries 
the genetic information in E. coli. 

The E. coli chromosome is a piece 
of double-strand DNA in the form of 
a loop some four million n ucleotides 
long. The sequence of n ucleotides along 
the loop embodies the code for all the 
proteins req u ired in the metabolism of 
the bacterium and also for several kinds 
of RNA. Either strand of the DNA helix 
can carry the coding information. The 
stretch of nucleotides that includes the 
code for a single prod uct, whether it is a 
protein or a ribosomal-RNA molec ule,  
is a gene. The genes for the 55 compo
nents of the r ibosome scattered along 
the loop represent about 5 percent of 
the total information content of the E. 
coli DNA. 

The sequence of nucleotides in a gene 
is transcribed into RN A by one of the 
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enzymes called RNA polymerases .  The 
polymerase binds to the DN A at a spe
cific site and moves along the DNA 
strand, reading the code and catalyzing 
the addition of one nucleotide at a time 
to a growing RNA chain. Like DNA, 
RNA is a sequence of fo ur nucleotides .  
The sub units in RNA are the same as 
those in DNA with one exception: in 

RNA uracil (U) takes the place of thy
mine. Like thymine,  uracil is comple
mentary to adenine. 

mosome and as such preserves the ge
netic information encoded in that gene. 
When transcription is complete, the new
ly made RNA molecule is freed from 
the DNA. 

When the polymerase moves down 
the DNA strand, the n ucleotide added 
to the RNA is the one complementary to 
the nucleotide in the DNA. As a result 
the transcribed RNA is a negative rep
lica of a stretch of the bacterial chro-

I f the transcribed RNA is messen
ger RNA, ribosomes q uickly attach 

themselves to it and begin to translate 

GENES FOR RIBO.SOMAL COMPONENTS are shown in sche
matic form on a map of the chromosom e of the bacterium Escherich
ia coli. The bacterial chromosome is a double-strand loop of DNA 
made up of four million of the subunits called nucleotide bases. The 
middle circle (black) is a map on which each division stands for 40,000 
bases. A ribosomal gene is a stretch of nucleotides that bears the ge
netic code for one component of the ribosome: either a molecule of 
protein or a molecule of ribosomal RNA (rRNA). The genes for the 
S2 ribosomal proteins are shown in the outer circle. The proteins indi
cated by an 5 belong to the small subunit of the ribosom e; the proteins 

indicated by an L belong to the large subunit. There are several nOI1-
ribosomal genes among the genes for the ribosomal compon ents. OriC 
is the point where replication of the bacterial chromosom e begins. 
Genes shown in a single colored unit are transcribed together into a 
molecule of m essenger RNA (mRNA), which is later translated into 
protein. The genes for the three rRNA molecules are shown in the in
ner circle. There are seven copies of each rRNA gene. The 21 genes 
are arranged in seven sets of three genes. For ribosom e synthesis to 
be regulated the output of each ribosomal component must be ad
justed in relation to the output of all S4 of the other compon ents. 
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the encoded message. Short seq uences 
of n ucleotides in the messenger serve 
as signals for the initiation and termina
tion of translation.  When the ribosome 
attaches itself to the mRN A, the coding 
seq uence in the messenger is read three 
n ucleotides at a time. Each "codon," or 
group of three successive nucleotides, 
codes for a single amino acid in the pro
tein chain. 

A small  RNA molecule called a trans
fer RNA (tRNA) serves as a hook to 
add the amino acid to the protein. Each 
tRNA is specific to one amino acid unit. 
Three bases on the tRNA complemen
tary to the codon recognize the codon 
and bind to it. At the same time the 
amino acid on the other end of the 
tRNA is affixed to the end of the grow
ing protein chain. When the ribosome 
advances to the next codon, the tRNA is 
ejected and replaced by a new one cor
responding to the next amino acid. 

Like other bacterial cells, the E. coli is 
prokaryotic: it lacks a well-defined nu
cleus .  In  a prokaryotic cel l  transcrip
tion and translation are closely coupled. 
In many instances ribosomes begin to 
translate the messenger RNA before it 
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has been freed from the ON A. After 
the mRN A  has been freed its coding 
sequence continues to be translated. In  
general, however, the messenger lasts 
for only a few minutes before it is de
graded by enzymes.  In this period the 
coding sequence is typically translated 
between 10 and 20 times.  Hence each 
mRN A  can give rise to more than one 
protein molecule, with the exact n umber 
depending on how long the messenger 
lasts and on the rate of translation.  

The cel ls  of multicell ular organisms, 
including those of human beings, 

are e ukaryotic: they have a well-defined 
nucleus that is separated from the s ur
rounding cytoplasm by the nuclear 
membrane. In eukaryotic cells tran
scription is accomplished in the nucle us 
and the messenger is transported to the 
cytoplasm, which is the site of transla
tion .  In  such cells ribosomes are assem
bled in the n ucleolus, an organelle with
in the nuclear membrane. 

How do the fundamental genetic proc
esses operate in the bacterial cell in the 
construction of a ribosome? The ribo
some of E. coli has been studied more 
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intensively than that of any other or
ganism, and the answer to the question 
is now emerging. Each E. coli ribosome 
consists of two subunits with different 
sizes and shapes: the 30Ssubunit and the 
50S subunit. S stands for Svedberg unit, 
a measure of how fast a particle sinks 
when it is spun at high speed in a centri
fuge. The value defined in this way is the 
sedimentation coefficient, and it is a 
measure of the size of the particle.  

The 30S subunit, the smaller of the 
two subunits, includes one RNA mole
c ule, the 16S ribosomal RNA, which is 
1,542 nucleotides long. The other com
ponents of the subunit are proteins. 
There is one molecule of each of 21 dif
ferent proteins. The proteins are desig
nated S 1 through S21, and here the S 
stands not for Svedberg unit but for 
small subunit. The single molecule of 
rRNA and the 21 proteins are attached 
to one another to form a particle with a 
complex shape and a molecular weight 
of 900,000 daltons. 

The 50S subunit, the larger of the 
two sub units, incl udes two ribosomal 
RNA's: the 23S molec ule and the 5S 
molecule .  The two rRNA's respectively 

5' END OF 5S rRNA 

x '-.... 3' END OF 
23S rRNA 

SUBUNITS OF THE RIBOSOME are shown with the location of some of their components 
mapped on them. Each subunit is made up of protein molecules and ribosomal RNA. The small 
subunit, designated 305, is at the left. The large subunit, d esignated 50S, is at the right. The 
small subunit includes 21 protein molecules, all present in one copy each. The large subunit in
cludes 34 protein molecules, all present in one copy each except for one molecule, which is 
present in four copies. The colored regions indicate where the proteins whose location is known 
intersect the surface of the su

·
bunit. The map was made on the basis of results obtained by im

mune electron microscopy; the colored areas are the sites on the surface of the ribosome where 
antibodies bind to the protein against which they were prim ed. The mapping was initiated by 
the author and his colleagues Lawrence Kahan and William A. Strycharz with Jam es A. Lake 
of the University of California at Los Angeles; it was continued by Kahan and Lake. There is 
one molecule of rRNA in the small subunit and two in the large subunit. The X's indicate 
where the ends of the rRNA's appear on the surface. The functional ribosome is at the left. 
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are 2,904 nucleotides long and 120 nu
cleo tides long.  The rest  of the subunit 
consists of 34 protein molecules.  The 
proteins are designated Ll through L34, 
with L standing for large sub unit. Al
tho ugh there are 34 protein molec ules in 
the 50S unit, there are only 31 types of 
protein. One protein is present in four 
copies per ribosome . The others are 
present in one copy each. The n umber
ing system, however, extends to 34 be
cause of misassignments in early work 
on the ribosome. The proteins and the 
two rRNA's are joined in a flattened 
spheroid that has several irregular pro
trusions on its upper s urface. The large 
subunit has a molecular weight of 1.6 
million daltons. 

When the 50S subunit is attached to 
the 30S subunit, they form the function
al ribosome, which has a sedimenta
tion coefficient of 70S and a molecular 
weight of 2.5 million daltons. (The sedi
mentation coefficients are not additive 
because the shape of the particle infl u
ences how fast it sinks when it is spun 
in the centrifuge.) In the functional or
ganelle there is a groove between the 
large and small subunits into which 
the messenger RNA and enzymes fit in 
the course of translation.  

Some of the earliest q uantitative obser
vations of the ribosome concerned 

the amo unt of RN A in the cell at differ
ent rates of growth and division. In the 
late 1950's Ole Maaloe, Niels O .  Kjeld
gaard and their colleag ues at the State 
Serum Institute and later at the Univer
sity Institute of Microbiology in Copen
hagen examined the cellular contents of 
the bacterium Salmonella typhimurium. 
They c ultured Salmonella, which is a 
close relative of E. coli, in various media 
and found there is a linear relation be
tween the rate at which the bacteria di
vide and their total RNA content. At the 
time it was already known that most of 
the RNA in the cell is ribosomal RNA. 
Thus measuring the total RNA content 
yields an approximation of the concen
tration of ribosomes in the bacterium. 

Subsequent work has shown that 
there is indeed a linear relation between 
the growth rate and the quantity of ribo
somes in the cell: the faster the bacteria 
are dividing, the more ribosomes there 
are .  (The linear relation does not hold, 
however, at very low growth rates . )  The 
linear relation s uggested to workers in 
the field that the control of ribosome 
synthesis is crucial to the regulation of 
cell growth and division. Indeed, some 
bacterial physiologists proposed that 
the ultimate limit on the rate of growth 
is the bacterium's capacity to make ribo
somes.  As we shall see, newer results 
strongly s uggest this hypothesis is false.  
Neverthe less, the work by the Copenha
gen school served to arouse considera
ble interest in the q uestion of how ribo
some synthesis is reg ulated. 
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RIBOSOME CONCENTRATION in E. coli (colored IiI/e) rises with the rate of cell growth 
and division; the relation is a linear one. To grow and divide faster the bacterinm must mannfac
ture protein m olecules more rapidly. Since each ribosome has a limited capacity to make pro
teins, E. coli must make more rihosom es in order to grow faster. Making surplus ribosom es and 
storing them would be wasteful; hence the bacterial cell m ust be able to adjust its ribosome 
ontput precisely. The protein concentration (black IiI/e), however, does not  increase with the 
growth rate. Both ribosome concentration and protein concentration are expressed in relation 
to the mass of the bacterial genome (the complete set of genes). Rapidly growing cells have a 
larger volume, but the ratio of protein to DNA remains the sam e  as in slower-growing cells. 

In the 1960's and the early 1970's I 
worked on the structure and function 
of the ribosomes and on how the organ
elle is assembled from its many com
ponents. As I was studying how the 
ribosome is p ut together I became inter
ested in the even more complex prob
lem of how the manufacture of ribo
somal components is regulated. When 
the problem of control is considered, 
several questions arise qui te nat ural
ly. Among the most important of them 
is the question: Is  the manufacture of 
the parts of the ribosome balanced and 
coordinated? 

By balanced I mean that the compo
nents are produced in the same propor
tions that are present in the finished 
product. As a much simplified analogy, 
consider an ind ustrial prod uct with two 
parts. If 50 units of the finished prod uct 
are desired, one way to ensur e  that this 
q uantity is made is to manufacture 50 
of each part and begin the assembly 
process. Assuming that no parts are bro
ken along the way, when 50 units of the 
product have been made, assembly will 
come to a halt for lack of both parts. 
This is balanced control. 

Coordinated reg ulation, on the other 
hand, means that the man ufacture 

of the components is adj usted so that the 
ratio of the parts remains constant when 
the total volume of production increases 
or decreases. Hence in the example of 
balanced control given above if it were 
decided to make 100 of the finished 
product instead of 50, coordinated regu
lation would req uire that 1 00 of each 
component be made. 

It can now be asked whether the man
ufacture of the 52 ribosomal proteins is 
balanced and coordinated so that the 
proteins are always made in the propor
tions in which they appear in the finished 
ribosome . It can also be asked whether 
the synthesis of the proteins is balanced 
and coordinated in relation to synthe
sis of the ribosomal RNA's,  so that all 
the components of the ribosome are al
ways made in equal amounts. As an 
alternative, the method of reg ulation 
could be unbalanced, with some com
ponents made in excess and later de
graded by enzymes.  

These were the basic q uestions that 
first arose when the regulation of ribo
some synthesis was considered in detail. 
In its first stages the work concentrat
ed on the ribosomal proteins. At about 
the time the problem of reg ulation was 
taken up E. Kaltschmidt and Heinz
GUnter Wittmann of the Max Planck In
stitute for Molecular Genetics in Berlin 
devised a simple method for separat
ing most of the ribosomal proteins. This 
method and others developed later were 
q uite helpful in examining the synthesis 
of the individual ribosomal proteins at 
different growth rates. 

In 1974 Patrick P. Dennis, a postdoc
toral fellow in my laboratory at the Uni
versity of Wisconsin at Madison, ex
ploited the new methods of protein sep
aration to observe the manufacture of 
the ribosomal proteins. He fo und that 
the synthesis rates of most of the pro
teins are balanced with respect to one 
another and that the rates are controlled 
In a coordinated manner in response 
to changes in the composition of the 
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growth medium. With this knowledge 
we could approach the problem of regu
lation directly. 

From very early in the work on the 
ribosome it had been apparent to me 
that in order to study the regulation of 
synthesis in molecular terms it was nec
essary to identify the genes for the ri
bosomal proteins and the ribosomal 
RNA's .  Once the DNA of these genes 
could be identified and isolated it could 
be employed in experiments where pro
teins and rRNA are made in cell-free 
laboratory systems. Once such an in vi
tro system had been devised biochemi
cal techniques would make it possible to 

TRANSCRIPTION 

DNA 

GGAATTTATAATG 

CCTTAAATATTAC 

TRANSLATION 

measure the rate at which the ribosomal 
genes are expressed and to e lucidate the 
control mechanism. The isolation of the 
genes for the 55 ribosomal components, 
however was a difficult task and took a 
long time to accomplish. Recombinant
DNA methods for manipulating genetic 
material had not yet been devised and 
the work had to be based on the meth
ods of classical genetics.  

Bacteriophage lambda, a virus that 
infects bacteria, was central to the in
vestigation. When the phage invades a 
bacterial cell, the virus DNA is inserted 
into the chromosome of the host. After 
the insertion the phage can coexist with 

1 
RIBOSOME 

• 

• 

�3CQ 
AMINO ACID 

; TRANSFER RNA 

TRANSCRIPTION AND TRANSLATION are the fundamental genetic processes in the 
making of a ribosome. Transcription (top) is the copying of the genetic information in DNA 
into RNA. The four nucleotides in DNA are adenine, cytosine, guaniue and thymine (A, C, G 
and n. In RNA uracil (U) takes 1he place of thymine. A can form a bond only with Tor U, and 
C can form a 'bond only with. G. Bases that can form a bond are said to be complem entary. In 
transcription the enzyme RNA polym erase binds to the bacterial chromosome and temporarily 
separates the strands of DNA. The enzyme then uses one strand as a template for adding com
plementary nucleotides to a growing chain of m essenger RNA or ribosomal RNA. Translation 
(bottom) is the joining of amino acids into a protein according to the information carried by 
the mRNA. Each codon, or group of three nucleotides in the mRNA, codes for one amino acid. 
The small molecules called transfer RNA's (tRNA's) have anticodons: three bases comple
m entary to the codon. Each tRNA is specific to one amino acid. The ribosome moves down the 
mRNA reading the codons in turn. The anticodon on the tRNA binds to the codon and the 
amino acid on the other end of the tRNA is attached to the growing amino acid chain. When 
the ribosome moves on to the next codon, the tRNA is ejected and a n ew one takes its place. 
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the bacterium quite peacefully for long 
periods. Certain triggering events, how
ever, such as an inj ury to the host' s 
DNA caused by ultraviolet radiation, 
can cause the phage to take over the 
bacterium's genetic apparatus and begin 
to reprod uce itself. 

The first step in the reproduction of 
the virus is for the phage DNA to be 
excised from the bacterial chromosome 
by enzymes. In some instances the exci
sion is done incorrectly and pieces of the 
bacterial chromosome adjacent to the 
phage DNA are removed along with the 
phage DNA. The excised DNA is then 
incorporated into a new vir us particle .  
If both virus DNA and bacterial DNA 
are incorporated, the phage can serve 
to "transduce" the bacterial DNA into 
another bacterium. By the time the at
tempt to isolate the ribosomal genes was 
begun there was evidence that many of 
the ribosomal-protein genes are cl us
tered in one segment of the E. coli chro
mosome. The region offered a ready tar
get for a transducing phage.  

I n late 1974 S .  Richard Jaskunas, 
Lasse A. Lindahl, a postdoctoral fel

low in my laboratory, and I succeeded 
in directing the phage to integrate into 
the bacterial DNA near the cluster of ri
bosomal-protein genes. We then isolat
ed several phage particles containing 
one or more ribosomal-protein genes. 
The number of ribosomal-protein genes 
in the virus particle varied considera
bly: one phage was shown to carry the 
genes for 27 ribosomal proteins, more 
than half of the full complement. 

This was the first breakthrough in the 
study of the regulation of ribosome syn
thesis .  The significance of this work lay 
in the fact that it made possible the con
struction of the test-tube systems for 
studying how the manufacture of the 
parts of the ribosome is regulated. Since 
1974 ribosomal-protein genes from oth
er regions of the E. coli chromosome 
have been isolated by other investiga
tors as well as by workers in my lab
oratory . 

While the ribosomal-protein genes 
were being studied in the mid-1970's 
the genes for the ribosomal-RNA mole
c ules were also being examined, notably 
by N orman R. Davidson and his col
leag ues at the California Institute of 
Technology and in several other labora
tories, including my own. In contrast to 
the genes for the ribosomal proteins, 
which exist in a single copy each, there 
are seven copies of each of the three 
rRNA genes on the E. coli chromosome . 
The genes in each set are transcribed 
together into a single RN A, which is 
processed to yield the 16S, 23S and 5S 
molec ules. By 1977 all seven sets of 
rRNA genes had been isolated, and the 
effort to determine their structure and 
nucleotide seq uence was under way. 

With the ribosomal-RNA genes and 
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the majority of the ribosomal-protein 
genes purified, the question of how the 
ensemble of genes for the 55 ribosomal 
components is regulated to yield bal
anced and coordinated manufacture of 
the components of the ribosome could 
be taken up directly .  At the time the 
most widely accepted concept of ge
netic regulation was the operon theory, 
which had been developed by Jacques 
Monod and Fran�ois Jacob of the Pas
teur Institute in Paris in the early 1960's 
to explain how £. coli cells control the 
metabolism of lactose. 

£. coli can employ several molecules 
as a source of carbon, among them the 
sugars lactose and glucose. The utiliza
tion of lactose requires the enzyme beta
galactosidase. If the bacteria are grown 
in a medium that includes lactose as 

RIBOSOMAL-PROTEIN OPERONS 

a carbon source, beta-galactosidase is 
found in the cell .  The utilization of glu
cose, however, does not require beta
galactosidase, and if the bacteria are 
grown in a medium that includes glu
cose as the source of carbon, little beta
galactosidase is made . 

Monod and Jacob showed that three 
genes participate in lactose metab

olism, one of which is the gene for 
beta-galactosidase. The genes form a ge
netic unit known as the lactose operon, 
or lac operon. They are next to one an
other on the bacterial chromosome and 
are transcribed together .  The transcrip
tion of the lac operon is begun when a 
polymerase enzyme binds to a stretch 
of nucleotides called the lac promoter, 
which is near one end of the operon. 

Close to the promoter is a group of 
nucleotides known as the operator. A 
protein called the lac repressor can form 
a bond to the operator site . When the 
repressor is bound to the operator, the 
polymerase cannot attach itself to the 
promoter and the lac operon cannot be 
transcribed. This is the situation when 
there is no lactose in the bacterial cell. 

When molecules of lactose enter the 
bacterium, however, they are quickly 
modified. One of the modified forms, 
which is closely related to lactose in 
structure, acts as an inducer: by bind
ing to the lac repressor it prevents the 
repressor from occupying the operator 
site . As a result the promoter is freed to 
interact with the polymerase and tran
scription begins. Thus the presence of 
lactose constitutes the signal to turn the 
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FEEDBACK LOOP enables the ribosomal protein 520 to regnlate 
its own synthesis. The ribosomal-protein genes are transcribed in the 
groups called operons. Each operon is a nnit made up of one or more 
genes that are transcribed together. An operon has its own promoter: 
the stretch of nucleotides on the DNA where transcription begins. 
The 520 gene constitutes such a unit; it is transcribed from its own 
promoter (P). Each set of three ribosomal-RNA genes also consti-

-- -- -- -- -- -- -- ----+--------� 

30S SUBUNIT 50S SUBUNIT 

tutes an operon. The rRN A's are transcribed together in a precursor 
that is divided to yield the three rRNA molecules. The 520 is a bind
ing protein: in ribosome assembly it forms a complex with the 165 
rRNA and is ultimately incorporated into the 305 subunit. As long as 
165 rRNA's are available the 520 protein is made. When there are 
no 165 rRNA's to be bound, the excess 520 molecules interrupt fur
ther synthesis by stopping the translation of their own mRNA's. 
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TRANSLATIONAL REPRESSOR is a ribosomal protein that can stop the synthesis of itself 
and in some instances the synthesis of other ribosomal proteins. It does so by binding to the 
m essenger RNA for its own operon and thereby halting translation. The translational repres
sors are indicated by colored boxes. Each horizontal row of boxes stands for a ribosomal-pro
tein operon. Transcription begins at the promoter sequence (P); the arrows indicate the direction 
of transcription. In each operon the boxes marked with a pins sign correspond to proteins whose 
synthesis can be halted by the repressor. Not all the proteins in the operon are subject to re
pression in this way. For example, the synthesis of 512 is not inhibited by 57. It appears that 
512, L14 and L24 can interrupt their own synthesis. Thus the operon is divid ed into regulatory 
units. Genes for some proteins that are not components of the ribosome are included in the 
ribosomal operons. Alpha, beta and beta' are subnnits of RNA polym erase. EF-Tu and EF
G are "elongation factors" required for protein synthesis. Y has a role in protein secretion. 

lac operon on and the absence of lactose 
constitutes the signal to turn the lac op
eron off. 

The s uccess of the operon model in 
explaining the regulation of lactose 
metabolism led most workers to focus 
their attention on the direct control of 
transcription . Partly as a result, in the 
late 1960's and early 1970's most of the 
known regulatory systems were based 
on the control of transcription by mech
anisms similar to that of the original op
eron model .  It was natural that when the 
control of ribosome synthesis began to 
be studied, an attempt would be made 
to apply the operon theory. 

The first step in seeing whether the 
operon model could explain ribosome 
synthesis was to identify the transcrip
tion units and promoters for the ribo
somal components. By then it had been 
established that the ribosomal-RNA 
genes are arranged in seven sets, each of 
which makes up an operon, or transcrip. 
tion unit. The work in my laboratory 
therefore concentrated on the ribosom
al-protein genes. It was soon found that 
within the main protein-gene cluster the 
genes are arranged in several operons. 
Each operon includes one or more pro
tein genes that are transcribed together 
starting at a single promoter, and each 
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operon can be transcribed independent
ly of the others. 

Knowing the functional arrangement 
of the ribosomal-protein genes made it 
possible to propose a hypothesis about 
how the genes are regulated. The hy
pothesis, which closely followed the op
eron model, was based on the direct con
trol of transcription. A central feature 
of the hypothesis was the assumption 
that all the protein operons respond to 
the same chemical signals (ind ucer and 
repressor molecules) .  The presence of 
the inducer would serve to turn on all 
the protein operons simultaneo usly and 
the absence of the ind ucer molecule 
would serve to turn them all off. 

I f it was true that all the ribosomal-pro
tein operons respond to the same sig

nals, it followed that the operator and 
promoter n ucleotide sequences would 
have significant common features.  The 
similarity of the promoters and their 
simultaneous response to a single induc
er wo uld explain the coordinated syn
thesis of the ribosomal proteins.  

Altho ugh the operon theory was for
mulated to explain the action of a few 
adjacent genes, there is no reason in 
principle why s uch a mechanism might 
not acco unt for the operation of many 

genes, even genes widely separated on 
the bacterial chromosome . Indeed, ex
amples of complex operon systems were 
subseq uently fo und, inc I uding one made 
up of genes that are activated when 
the E. coli chromosome is damaged. 

For ribosome synthesis to be regulat
ed by a mechanism of the operon type, 
however, would call for some strict 
specifications. To explain the balanced 
synthesis of the ribosomal proteins it 
would be necessary to ass ume that the 
transcription of each of the ribosom
al-protein operons proceeds with the 
same efficiency, that all the messenger
RNA molecules made from these oper
ons have the same average lifetime 
and that all the coding seq uences in the 
mRNA are translated at the same rate . 
If any of these conditions were to be vi
olated, the ribosomal proteins wo uld be 
made in different amo unts. 

F urthermore, there is evidence that 
the rate of manufacture of the ribosom
al R NA's and the ribosolJlal proteins is 
about the same, at least in healthy grow
ing cells .  To maintain the operon hy
pothesis it would have to be assumed 
that the promoters for the rRN A op
erons share features with the promot
ers for the ribosomal-protein operons. 
This would be necessary for the oper
ons to respond in a coordinated way to 
the same signals. In addition, since the 
rRNA's are transcribed directly from 
the DNA, whereas the proteins come 
from the messenger molecule, which 
can be translated more than once, the 
efficiency of the promoters for the 
rRNA operons would have to be great
er than the efficiency of the promoters 
for the protein operons, and the ratio 
between them wo uld have to be such 
as to yield an eq ual quantity of the two 
types of components. 

S uch theoretical difficulties did not 
seem insurmountable, and in any event 
the operon model provided a val uable 
starting point. If the operon mechanism 
were the correct one, s upporting evi
dence would be the similarities between 
the promoters for all the ribosomal op
erons. Fortunately for the work on the 
ribosome, at about the same time that 
the ribosomal genes and promoters were 
isolated two powerful new techniq ues 
for determining n ucleotide sequences 
were developed, one by Frederick Sang
er and his colleag ues at the Medical Re
search Council Laboratory of Molecu
lar Biology in Cambridge and the other 
by Allan M. Maxam and Walter Gilbert 
of Harvard University. 

Leonard E. Post, a graduate student in 
my laboratory, employed the new tech
niques to find the nucleotide seq uences 
of the promoters for the ribosomal
protein operons. The complete seq uen
ces for five promoters were determined. 
Herman A. deBoer and Scott F. Gilbert 
in my laboratory also determined the 
nucleotide sequence of the promoters 
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for two sets of ribosomal-RNA genes, 
and other investigators determined the 
promoter sequence for other sets of 
rRNA genes. 

The sequencing work failed to reveal 
any obvious common characteris

tics that distinguished the ribosomal 
promoters from other known conven
tional promoter sequences .  Thus the hy
pothesis that balanced and coordinated 
synthesis of the ribosomal components 
is achieved by an operon mechanism be
came less appealing. 

When the direct regulation of the 
complete ensemble of ribosomal genes 
was p ut in doubt, two alternative possi
bilities remained. The first was that ribo
somal-RN A  synthesis is reg ulated di
rectly and protein synthesis is reg ulat
ed as a secondary conseq uence of the 
control of rRNA manufacture . The 
second possibility is the converse of the 
first: that the ribosomal-protein genes 
are regulated directly and the rRNA 
genes are regulated as  a secondary con
sequence of the reg ulation of the pro
tein genes. 

Since there are many ribosomal-pro
tein operons, the second possibility had 
the same drawback as the basic operon 
model .  It entailed the existence of many 
promoters with the same structure, a 
possibility that had already been shown 
to be improbable. The first mechanism, 
however, seemed to be promising .  It ap
peared that a simple way to control the 
overall rate of ribosome synthesis was 
for ribosomal proteins to be made in 
marginally larger quantities than ribo
somal RNA's .  The quantity of rRNA 
would limit the rate of assembly of ribo
somes .  The very small s urplus of ribo
somal proteins could serve as repressor 
molecules to interrupt the synthesis of 
unneeded additional proteins. It was as
sumed that the reg ulation of ribosomal
protein synthesis was carried o ut at the 
level of transcription. 

The first attempt to find out wheth
er ribosomal-protein synthesis is con
trolled by a feed back system was carried 
o ut by Ann M. Fallon, S ue links-Rob
ertson and Geneva D. Strycharz, work
ing with me. The work was designed to 
provide an additional and more con
clusive test of the operon hypothesis. 
If  identical promoters sensitive to the 
same inducer or repressor were the basis 
of balanced synthesis of the ribosomal 
proteins, then adding extra copies of a 
ribosomal-protein operon and its pro
moter to the bacterium would unbal
ance the manufacturing process. The 
proteins corresponding to the added 
genes would be made in larger quanti
ties than the other ribosomal proteins.  

If  the synthesis is balanced and coor
dinated by a feedback mechanism, how
ever, no significant effect of the in
creased "gene dosage" would be noted 
because the feedback loop could repress 

the action of the extra genes and their 
promoters j ust as easily as ircould the 
action of the original genes. Hence bal
anced synthesis would be maintained. 

Copies of some of the ribosomal-pro
tein genes were introduced into E. coli 
by putting the genes into bacteriophage 
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lambda or a plasmid, a circlet of DNA 
separate from the bacterial chromo
some. As we have seen, the bacterio
phage can infect bacterial cells and co
exist with the bacterium. The plasmid 
can also be taken up by the bacterial 
cell .  The extra copies of the ribosomal-
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SEQUENTIAL TRANSLATION, in combination with the feedback repression of transla
tion, ensures that the ribosomal proteins are always made in equal quantities. The Lll-LI 
operon includes a promoter and the genes for the Lll protein and the LI protein in that order 
(1). At the beginning of each coding sequence in the messenger RNA are the nucleotid'es AUG, 
which serve as the signal to start translation. At the end of each coding sequence are the nucleo
tides UAA, which serve as the signal to stop translation. The ribosome can begin translation of 
the Lll-LI message, however, only at the beginning of the Lll sequence, at a point called the 
ribosome entry site. Only after Lll has been translated can translation of LI begin. Each trans
lation of LII makes possible only one translation of LI (2). When the two proteins have been 
made, Ll binds to the 235 ribosomal RNA as long as rRNA's are available. When the supply 
of 235 molecules has been used up, Lt, which is a translational repressor, binds to the Lll-LI 
mRNA near the ribosome entry site and no Lll or LI is made (3). Thus if Lll and LI are being 
made, they are made in the same quantity. If translation is repressed, nG LII or LI is made. 
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protein genes on the phage or the plas
mid are expressed along with the infor
mation in the chromosome. 

When the phage or the plasmids with 
the ribosomal-protein genes were put 
into the bacteria, the rate of transcrip
tion and translation was measured. The 
rate of transcription of the messenger 
RNA for the proteins increased in pro
portion to the number of copies of the 
gene present in the bacterial cell. The 
rate of translation of the proteins from 
the mRNA, however, was unchanged. 
The proteins whose genes had been add
ed were not made in greater quantities 
than the proteins whose genes were pres
ent in the usual number of copies. 

These results were consistent with the 
feedback concept of regulation. It 

was evident, however, that the feedback 
process was operating at the level of 
translation rather than at the level of 
transcription. A few examples of genetic 
control exerted by means of the regula
tion of translation were known at the 
time. Our findings, however, were unex
pected and dramatic to workers accus
tomed to the concept of transcriptional 
control. After repeating the experiments 
many times we proposed the transla
tional-feedback model as the explana
tion for balanced synthesis of the ribo
somal proteins. Experiments similar to 
ours were done at about the same time 
by Dieter Geyl and August Bock of.the 

University of Regensburg and also by 
Niels Fiil of the University Institute of 
Microbiology in Copenhagen, working 
with Patrick Dennis (who was now at 
the University of British Columbia). 
Their results were in agreement with the 
idea of translational feedback. 

In the translational-feedback theory 
the free ribosomal proteins (those not 
bound to ribosomal RNA) serve as 
feedback inhibitors of the translation of 
their own messenger RNA's. Ribosom
al-protein synthesis is coupled to the 
process of ribosome assembly. As long 
as the assembly of ribosomes, that is, 
the binding of the ribosomal proteins to 
the rRNA's, removes the free ribosom
al proteins, the messenger for the pro
teins continues to be translated. When 
there is no more rRNA to be bound, the 
free protein stops the translation of its 
own messenger. 

Direct proof of the translational-fced
back-regulation hypothesis came from 
in vitro tests done by John L. Yates in 
my laboratory. Yates mixed the DNA 
bearing the code for the ribosomal pro
teins with ribosomes, RNA polymer
ase, other enzymes and other molecules 
needed for transcription and translation. 
Amino acids that had been labeled with 
radioactive atoms were added to the 
test-tube mixture as a means of detect
ing the proteins into which the amino 
acid units were assembled. 

By 1979 most of the ribosomal pro-

RNA MOLECULES are long, single-strand cbains under cbemical conditions wbere base pair
ing between adjacent regions of tbe cbain is prevented. Tbe upper micrograpb sbows 16S ribo
somal RNA's under sucb conditions. Wben 16S rRNA's are mixed witb tbe S8 protein, wbicb 
is a translational repressor, bowever, tbe result is an RNA witb a sbort double-strand region 
near tbe middle of tbe RNA cbain; sucb molecules are sbown in tbe lower micrograpb. Tbe S8 
protein, wbicb is not visible in tbe micrograpb, is bound to the double-strand region. Tbe ca
pacity of tbe S8 protein to form a complex witb eitber tbe 16S rRNA or tbe messenger RNA 
for its own operon enables tb� feedback loop to operate. Tbe electron micrograpbs were made 
by Micbael Beer of Jobns Hopkins University, Tbeo Koller of tbe Swiss Federal Institute of 
Tecbnology and workers in tbe autbor's laboratory at tbe University of Wisconsin at Madison. 
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teins had been purified. When small 
quantities of the proteins that had been 
isolated were added to the in vitro mix
ture, it was striking to observe that 
some proteins were capable of inhibit
ing translation of the protein messenger 
RNA's. Not all the ribosomal proteins 
had this property, but the ones that did 
have it inhibited the synthesis of several 
other proteins in addition to themselves. 

The genes for the proteins whose syn
thesis was interrupted were always in 
the same operon as the gene for the re
pressor protein was. (This repressor is 
called a translational repressor to distin
guish it from the transcriptional repres
sors of the classical operon model.) For 
example, when protein S4 is added to 
the test tube, it stops not only its own 
translation but also that of proteins S 13 
and S 11; all three of the proteins are in 
the same operon. Protein Ll inhibits its 
own synthesis and that of Lll, with 
which it shares a transcription unit. The 
presence of protein Ll, however, has no 
effect on the synthesis of proteins S4, 
Sll or S13, and the presence of S4 has 
no effect on the translation of Ll or Lll. 

Proteins S8, S4 and Ll were immedi
ately identified as translational repres
sors. Soon S7 and L4 were so identified 
in my laboratory. At about the same 
time Ryuji Fukuda of the University 
of Kyoto and independently Herbert 
Weissbach of the Roche Institute of Mo
lecular Biology and his colleagues dem
onstrated that LI0 can halt the transla
tion of its own message. Bock and Rein
hard Wirth of Regensburg showed that 
S20 is also a translational repressor. 
Each repressor regulates the translation 
of all the proteins in its operon or a sUQ
group of those proteins. Each group of 
proteins regulated in this way is called a 
unit of regulation, and there is only 
one repressor in each unit of regulation. 
When translational repression was dis
covered, it appeared likely that the re
pressor halts translation by binding to 
the messenger RN A transcribed from its 
operon and thereby keeps the ribosome 
from attaching itself to the messenger 
and beginning translation. 

Since the repressor protein can inhib
it the translation of several ribosomal 
proteins encoded in a single messenger 
RNA, the repression could be achieved 
in two ways. The repressor could bind to 
a single target site in each unit of regula
tion on the mRN A, preventing the trans
lation of all the coding sequences at 
once. Alternatively, the repressor could 
interact with several sites on the mRNA, 
with each site corresponding to a single 
coding sequence. 

Work by Yates, Dennis Dean and 
Gail A. Baughman in my labora

tory suggests that there is only one bind
ing site in each unit of regulation and 
that the binding of the repressor to this 
site simultaneously interrupts the trans-
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lation of all the proteins in the unit. 
It turns out that when the messenger 
is translated,  the r ibosome can begin 
translation only at a single position 
within the regulatory unit :  the r ibosome 
entry site. Only when the first coding 
sequence after the entry site has been 
translated can the second seq uence after 
the entry site be translated .  

This process, which is termed sequen
tial translation, or translational cou
pl ing, was first demonstrated for the op
eron made up of the LII and LI genes. 
In  the LII-LI messenger the r ibosome 
entry site is near the beginning of the 
LI I  coding sequence; protein LI can be 
made only after protein LII has been 
translated .  The synthesis of both pro
teins is probably accomplished by the 
same ribosome, which continues on to 
the second coding sequence when it has 
reached the end of the first. I t  appears 
that when the r ibosome moves along the 
messenger, each act of translation of 
protein LII makes possible only one 
translation of protein L l .  

The principle o f  sequential transla
tion probably holds in other units of 
regulation in ribosomal-protein operons 
that are controlled by the translation
al feedback mechanism. Indeed, other 
work has shown that the principle holds 
even in some nonribosomal operons. In 
all these instances a unit of regulation 
consists of several genes and each cod
ing seq uence on the messenger RN A 
m ust be translated in turn before the 
next one can be read by the r ibosome. 

I t  can readily be seen that the com
bination of sequential translation and 
translational repression 'yields balanced 
and coordinated manufacture of the ri
bosomal proteins in relation to the ri
bosomal RNA's. Translational repres
sion ensures that the ribosomal proteins 
are made in the same quantity as the 
rRNA's:  when the supply of rRNA's for 
binding has been exhausted, the repres
sor ribosomal proteins immediately 
bind to their own messenger RN A's and 
synthesis of new ribosomal proteins 
stops. If  the rate of synthesis of rRNA 
increases and more rRNA's become 
available for binding, the translation of 
the r ibosomal-protein mRNA's begins 
again. When translation of the protein 
mRNA's is under way, sequential trans
lation ensures that equal amounts of all 
the r ibosomal proteins will be made. 

When translational repression was 
d iscovered, the interaction between the 
repressor and the mess.enger immediate
ly became a subject of great interest. 
The significance of the interaction stems 
from the fact that when r ibosome as
sembly is in progress, ribosomal RNA's 
and messenger RNA's for ribosomal 
proteins are both present. An essential 
feature of the translational-feedback 
theory is the competition between the 
rRNA and the mRNA to bind the re
pressor r ibosomal protein. For this com-
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BINDING SITES for the translational repressor on ribosomal RNA and messenger RNA show 
significant similarities. In ribosome assembly the ribosomal protein 58 forms a complex with 
the 165 rRNA. It can also form a complex with its own mRNA. When 58 is bound to the 
mRNA, it prevents the translation of several proteins in its operon, beginning with LS. In both 
complexes the 58 molecule interacts with a double-strand region of the RNA chain. The struc
ture of the double-strand regions has been worked ont. The one for the 165 rRNA is at the left; 
the one for the mRNA is at the right. The donble-strand regions arise from pairing between 
complementary bases (solid lines) and also from weak, nonstandard pairing between G 's and 
U's (broken lines). There are striking similarities between the regions in nucleotide sequen
ces (colored areas). The resemblances enable the translational repressor to bind to either RNA. 

petition to exist the repressor protein 
must be capable of binding to e ither 
RNA molecule.  As a result of the study 
of ribosome assembly the binding of the 
protein to the rRNA was fairly well un
derstood. Little was known, however, 
about the interaction of the repressor 
protein and the messenger. 

C lues to the nature of the interaction 
began to accumulate; in the proc

ess new l ight was shed on old data. The 
translational repressors identified in the 
early work on ribosome synthesis all be
longed to the category of "binding pro
teins." I t  was already known that bind
ing proteins can form a specific complex 
with RN A in the test tube in the absence 
of other ribosomal proteins.  S uch inter
actions had been studied years before 
translational repression was discovered 
and some of the binding sites for the 
proteins on the RNA molecules had 
been characterized .  

The information that had been gath
ered on the target sites for the bind ing 
proteins was exploited to help under
stand the competition between the ri
bosomal RNA and messenger RNA in 
binding to the repressor protein. The 
simplest way to achieve such competi
tion would be for the same region of the 
repressor protein to interact with e ither 
of the two RNA's.  If  the same region of 
the protein served for binding, it seemed 
likely there would be structural similari
ties between the target s ite on the rRNA 
and the target site on the mRNA. 

Similarities were indeed found in the 
instances where information was avail
able on the makeup of the sites on 
the ribosomal RNA and the messenger 
RNA that interact with the same repres
sor r ibosomal protein. The resemblan
ces were of two kinds. Some similar nu
cleotide sequences were found at the 
binding site in both types of RNA. In 
addition there were similarities in the 
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secondary structure of the RNA chains. 
The secondary structure of a sec

tion of an RNA molecule corresponds 
roughly to the folding of the molecule 
in space. The configuration that arises 
from the folding of the chain is influ
enced in part by the capacity of comple
mentary stretches of the RNA strand 
to form bonds with each other. In ar
eas where such bonding takes place 
the RNA molecule forms a double
strand structure; such structures can be 
part of a site where only a specific re
pressor protein can form a complex with 
the RNA. 

The similarity between the target site 
on the messenger RNA and the target 

site on the r ibosomal RNA makes the 
operation of the negative feedback loop 
possible. As long as rRNA's are being 
transcribed the repressor r ibosomal pro
tein recognizes the binding site on the 
rRNA and binds to it. When the rate of 
transcription of rRNA diminishes, the 
result is a small excess of the repressor. 
Some repressor molecules cannot find 
an rRNA to bind to; these proteins rec
ognize the mRNA binding site and form 
a complex with it instead, thereby inter
rupting the translation of the proteins 
from the mRNA. Since the same proc
ess is going on simultaneously for all 
the repressor proteins, the translation 
of all the r ibosomal proteins is halted .  
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SECOND FEEDBACK LOOP regulates the transcription of ribosomal RNA in E. coli. An ex
periment that served to �stablish the existence of the second loop is shown schematically in the 
panels of the illustration. Three groups of E. coli cells were grown on the same m edium. All 
three made the sam e quantity of ribosomes. One group (1) had only the seven sets of rRNA 
genes (color) carried on the bacterial chromosome. The rRNA transcribed from the chromo
some was incorporated into ribosom es. Free ribosom es, the ones not engaged in making pro
tein, acted as repressors to prevent the transcription of unneeded additional rRNA's. Plasmids, 
or loops of free bacterial DNA, were inserted into a second group of cells (2); the plasm ids car
ried extra sets of rRNA genes (color). The second group of bacteria made the same amount of 
rRNA as the first. Half of the rRNA came from the chromosom e and half from the plasmids. 
RNA from both sources was incorporated into ribosom es that could function as repressors. A 
third group of cells also had plasm ids inserted into them (3), but deletions had been made in the 
rRNA genes carried by these plasmids (black). As a result the rRNA derived from the plasm ids 
could not be incorporated into ribosom es, and the RNA from the plasm ids could not contrib
ute to regulating the output of rRN A. Therefore the third group of bacterial cells made twice 
as much rRNA as the other two groups, including both functional and defective molecules. 
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It is apparent that when ribosomal 
RNA's and messenger RNA's are both 
available, the probabil ity that the re
pressor r ibosomal protein will bind to 
the rRNA must be considerably greater 
than the probability that it will bind to 
the mRNA. In other words, the binding 
of the repressor protein to the rRNA 
target site m ust be much more favorable 
in terms of energy than the bind ing of 
the repressor to the mRNA target site . If  
this were not so, the binding of the re
pressor ribosomal prote in to the mes
senger would interrupt translation with
out regard to whether rRNA's were 
available to be assembled into new ri
bosomes. The system made up of the 
repressor and the two RNA's would 
therefore cease to function as a nega
tive feedback loop . 

This inference is supported by experi
mental results .  In the test tube the 

repressor action of protein L I on the 
synthesis of proteins L i l  and Ll can be 
eliminated by the addition of a q uantity 
of 23S ribosomal RNA to the reaction 
mixture . The 23S rRNA is known to 
form a complex with Ll when the ribo
some is being assembled, and as we have 
seen L 1 serves as the translational re
pressor of its own operon. Evidently the 
formation of the Ll -23S complex is 
strongly favored in the competition with 
the complex between LI and the mRNA 
for the L I I - L l  operon. 

Feedback mechanisms based on com
petition between two similar interac
tions could turn out to be a common 
means of regulating the expression of 
genes for the proteins that are includ
ed in cellular assemblies or are compo
nents of complexes of n ucleic acids and 
prote ins. At least one other instance of 
such a system is already known. 

Since the repression of the translation 
of the r ibosomal proteins depends on 
the supply of ribosomal RNA's,  the 
question of how the quantity of rRNA is 
controlled becomes quite significant. It 
is a striking feature of ribosome synthe 
sis that many different types of growth 
medium can result in the same rate 
of manufacture of ribosomes. For ex
ample, a medium with a poor carbon 
source and a good nitrogen source can 
yield the same quantity of ribosomes in 
E. coli as a medium with a good carbon 
source and a poor nitrogen source, pro
vided the two mediums are on the whole 
equally favorable for growth. The same 
is true of many other substances needed 
for cell growth. 

As we have seen, the operon model 
relies on the presence of a chemical sig
nal (the ind ucer) to turn the genes on 
and off. The ind ucer is a chemical deriv
ative of a substance in the environment 
of the bacterium. S ince a medium with 
a particular chemical composition can 
yield the same rate of ribosome synthe
sis as a med i um with a quite different 
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composition, it follows that if the manu
facture of r ibosomal RNA were regu
lated by a mechanism of the operon 
type, the two different mediums would 
have to give rise to the same chemical 
compound in the same quantity, which 
would serve as an internal signal in the 
regulatory process. This appears to be 
implausible, although not impossible . 

It seems more likely that a second 
feedback mechanism determines the 
rate of transcription of the r ibosomal 
RNA's. S uppose the E. coli cell general
ly has the capacity to make more ribo
somes than it is making at any particular 
time. The bacterium's capacity is rarely 
tested,  however, because free ribosomes 
(the ones that are not making proteins) 
usually limit the rate of transcription 
of rRNA and hence construction of 
new ribosomes. 

To test this hypothesis J inks-Robert
son, Richard L. Gourse and I devised a 
gene-dosage experiment for ribosomal 
RNA. Plasm ids carrying a complete set 
of rRNA genes were introd uced into E. 
coli. The plasm ids exist in multiple cop
ies in the bacterial cell .  In our exper
iment there were seven copies of the 
plasmid for each bacterial chromosome. 
Each transformed cell therefore had a 
total of 1 4  rRNA operons, its own seven 
and the seven added by the plasmids. 

The doubling of the ribosomal-RNA 
operons caused no increase, or only a 
slight one, in the total rate of rRNA syn
thesis .  The plasmid-borne rRNA oper
ons were active : it was found that rRNA 
was being transcribed from them at ap
proximately the same rate as it was be
ing transcribed from the sets of genes 
on the bacterial chromosome. The 1 4  
rRNA promoters were all functioning at 
about half the usual rate, yielding the 
same overall synthesis of rRNA as they 
would in bacteria without plasmids. 

The o utcome of the gene-dosage test 
is consistent with the feedback mod

el  for limiting ribosomal-RNA synthe
sis. According to this model, the rate 
of total rRNA synthesis will not signifi
cantly exceed the rate required to make 
the optimum number of ribosomes. If 
an excess of rRNA is made, it will accu
m ulate in the form of free ribosomes, 
which will inhibit further synthesis of 
rRNA from both the plasmid-borne op
erons and the chromosomal operons. 

This finding, however, is  also consis
tent with another explanation. The alter
native account entails the existence of a 
molecule needed for the transcription of 
ribosomal RNA. The quantity of the hy
pothetical factor would be determined 
by the composition of the bacterium's 
environment and therefore would not be 
affected by the number of sets of rRNA 
genes. This might be called a factor-lim
iting mechanism. 

To evaluate the validity of the two 
hypotheses we deleted certain nucleo-
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tides in ribosomal-RNA genes that were 
inserted into plasmids. The plasm ids 
were then p ut into E. coli. As a result 
of the deletions the rRNA transcribed 
from the operons on the plasm ids was 
not functional : it could not be assem
bled into r ibosomes. Therefore the bac
teria into which the plasmids were put 
had extra rRNA genes and promoters 
but only the usual number of genes ca
pable of making RNA that could be
come part of a ribosome. 

If the factor-limiting account were 
correct, the total amount of ribosomal 
RNA made in the transformed cells 
would be equal to the amount made in 
cells with the usual complement of sev
en rRNA operons. The reason is that 
both groups of cells would be grown in 
the same medium; growing at the same 
rate, they would both get the same 
amount of the hypothetical factor that 
l imits rRNA transcription. 

If the feedback model is the right one, 
however, a quite d ifferent result would 
be observed. The defective r ibosomal 
RNA derived from the operons on the 
plasm ids could not be assembled into 
r ibosomes and so would not serve to 
make proteins or to inhibit the synthesis 
of more rRNA. Only functional RNA 
incorporated into ribosomes that are 
then accumulated as free ribosomes can 
serve as a repressor. Therefore the cells 
with the defective rRNA genes would 
make more rRNA in total (including 
both defective and functional rRNA) 
than the unaltered bacteria do. 

The gene-dosage test showed that 
there was a notable increase in ribo
somal-RNA manufacture in the cells 
with the defective genes, which supports 
the feedback hypothesis .  It is still not 
known, however, whether the control of 
rRNA synthesis is accomplished direct
ly by the free ribosomes or by an inter
mediary molecule formed in response to 
the increase in free ribosomes. 

Although some details must still be 
filled in, the question of how the synthe
sis of r ibosomes is controlled in E. coli 
can now be answered in o utline. Consid
er E. coli cells in a medium favorable for 
growth. Under such conditions the ribo
some concentration is high but  almost 
all the r ibosomes are making proteins; 
there are few free ribosomes in the cell .  

If the bacteria are transferred to a me
dium less favorable for growth, the rate 
of protein synthesis declines, and as a 
result there is an increase in the quantity 
of free ribosomes. The free ribosomes 
directly or indirectly inhibit r ibosomal
RNA synthesis and also the synthesis of 
some other RNA's, including transfer 
RNA's, which are not relevant to the 
c urrent argument. The absence of newly 
transcribed rRNA leads to the interrup
tion of ribosomal-protein synthesis by 
the translational feedback cycle. The ac
cumulation of r ibosomes is  halted and 
the ribosome concentration gradually 

becomes commensurate with a lower 
rate of growth. 

I f E. coli growing in a poor medium are 
put into one that favors growth, how

ever, the rate of protein synthesis in
creases rapidly. The immediate increase 
is small because there is generally only a 
small quantity of free ribosomes avail
able to be put to work. Even a small 
increase in protein synthesis, however, 
entails a large red uction in the con
centration of free ribosomes, and that 
reduction results in a burst of ribosom
al-RNA synthesis and therefore in a 
quickening of the pace of r ibosome ac
cumulation. 

This pattern is consistent with the 
observation that when bacteria enter a 
richer med ium, the rate of ribosome 
synthesis increases faster than the rate 
of protein synthesis .  The rate at which 
proteins are made is initially increased 
only by the utilization of the few free 
r ibosomes; larger increases m ust await 
the assembly of new ribosomes. Eventu
ally a steady state is reached in which 
ribosome manufacture is in balance 
with the volume of protein synthesis de
termined by the new, favorable cond i
tions for cell growth and d ivision. 

Hence the two intertwined feedback 
systems can explain how E. coli cells 
adjust the assembly of r ibosomes to 
achieve a particular growth rate . The 
presence of a considerable quantity of 
free ribosomes in the cell when growth 
is very low suggests that in general cell 
growth is not limited by the capacity to 
make ribosomes. On the contrary, the 
bacterium appears to adjust the rate at 
which ribosomes are made to achieve 
the highest growth rate possible in the 
particular environment. The mecha
nisms found in E. coli for adj usting the 
r ibosome synthesis rate must have con
ferred considerable adaptive advantage 
on the ancestors of the c urrent E. coli 
l ines when such mechanisms evolved in 
competitive natural surroundings. 

Having understood in a general way 
how the manufacture of ribosomes is 
carried out in a bacterium, a logical 
next step is to attempt to understand 
how such regulation is achieved in eu
karyotic cel ls .  Because of the division 
of the cell into the n ucle us and the cyto
plasm, the control of ribosomal synthe
sis in eukaryotic cells m ust be some
what more complicated than it is in the 
bacterium. In spite of such complexi
ties the eukaryotic cell, like its bacterial 
relative, appears to adjust the rate of 
r ibosome synthesis to match the envi
ronmental conditions and yield a specif
ic rate of cell growth. Although the 
mechanism of the regulation remains a 
p uzzle, having penetrated the mystery 
of how E. coli manages the feat makes it 
possible that the control of r ibosome 
synthesis in eukaryotic cells will be un
derstood in the not too distant future. 

© 1983 SCIENTIFIC AMERICAN, INC



SCZBNCB/SCOPB 

An adv anced i n frared seeker n ow being dev e l oped w ou l d  imp rove the op erating range 
and accura cy of fu ture ai r-t o- g r ou n d  mis s i les and gu ided b om b s .  H ughes A i r craft 
C omp any is produ c i ng a scanni ng focal p l ane array ( FPA ) seeker t o  demonstrate 
advanced in fr ared image ry . T h e  senso r ,  the s i ze of a c o l l ar bu t t o n , cons is ts o f  
t i ny i n frared detect ors on o n e  s i de and a like number of signal- p r oces s i ng 
e l ements on the oth e r .  Bec au se the sensor w ou l d  be more sens i t iv e  than ex isting 
dev i ces , it can stay lock e d  on sma l l  t argets more eas i ly , distingu i s h  between 
t a rgets a n d  b a ckg r ound c lu t t e r  more eas i ly ,  and detect targets fr om farth e r  away . 
T h e  seek e r  a ls o  p r omi ses benefits in weig h t  and cost . Hughes als o w i l l  condu c t  a 
s t u dy t o  dete rmi ne wh ether th e seeker would be feas ible for a v a r iety o f  weapons 
p l anne d by the U . S .  Air F or ce and A rmy for between 19 9 0  and 2000 . 

P r oduct iv ity w i l l  be impr ov ed by a new comput e r  system that will g iv e  man ag ement 
access t o  v i t al ma nu fact u r i ng i n form a t i on within mi nutes instead of h ou rs or 
d ay s .  H u ghes is d ev e l op i ng a s y s t em that w i l l  collect data di re c t ly from 
nume rical-control ma ch ines , mach ine op erat ors , material mov e rs , assem b l er s , 
inspect i o n  s t at i ons and ope r at or s ,  and pro duct test s t a t i on s .  I n format i on w i l l  
b e  e ntered into t h e  system v i a  b a r  code wands a n d  scanners , key b oards , an d v o ice 
i npu t d ev i ce s .  I n  the interest of speed and accu r a cy , w o rk s t ati on te rmi nals 
w i l l  be p r og r amme d  t o  de t e rmi ne i f  the dat a  seems reas ona b l e .  I f  not , it w i l l  
a s k  fo r correct i ons be fore e n t e r i ng t h e  dat a i nt o  th e s y s t em .  

A w e a  on- l ocat i n  radar can i n  oint t h e  sources o f  
mortars - - often be fore the fi rst p r o j e ct ile h it s .  
radar swe ep s  a series o f  penci l-s h ap e d  radar beams , adjustable acco r d i ng t o  the 
t e r r ai n ,  along a 9 0 - d eg ree sector of the h or izon s ev eral t imes a s e c on d .  Wh en a n  
ob j e ct break s  th rou g h  this cu r t ai n ,  t h e  system i nstantly tr ansmi ts a v e r i fication 
b e am .  I f  this be am detects a targe t ,  the syst em ' s  c omputer unl eashes a rap i d  
suc cess i on of t rack i ng beams . Wh i l e  t rack i ng this target , the radar con t i n u es 
scanni ng , locati ng oth e r  t argets and d ev e l op i ng t r a cks on th em as we l l . H ughes 
bu i l ds the radar for the U . S .  Army , Ma r ine C orp s ,  and selected allies . 

An i n frared sensor made o f  standard components t u rns n igh t i n t o  day for t a nks and 
other combat v e h i cl e s .  The comp act dev i ce ,  c a l l e d  Hughes I n frared E q u ipme nt 
( H I R E ) , was des ig ned t o  be l ow i n  cost yet h igh per fo rmi ng . It can be adapted t o  
p e r i s c op es t o  let gunners o f  such t anks a s  t h e  M4 8 see th rough dark ness , h az e ,  or 
bat tlefie l d  smoke . H I R E  can be m ounted i n  l as e r  t ank fi re cont rol syst ems , l ight 
armo red v e h i cles , or u s e d  as a t arget acq u is i t i on/fire control sigh t for anti
ai rcraf t ,  s h i p , and h e l i c opter ap p l i c at i on s .  The des ig n uses U . S .  A rmy c ommon 
m o du l e s , the standa r d  bu i l di ng b lock s for the rma l ima g i ng systems . 

Hugh es Research L ab oratories needs scientists for a spect rum of l ong - t e rm s op h is
t i cated p r ogr ams . Maj o r  areas of i nv e stig a t i on inclu d e :  maske d ion beam l i t h og
raphy , liqu id- c rystal mat e r i a ls and ap plicat i on s ,  s ubmi c r on microelect r oni cs , i o n  
p rop uls ion , and new e lect ronic ma ter ials . F o r  imme diate considerat i on ,  pl ease 
s e n d  y our resume to P r o fess i o n a l  S t a f f i ng , H u ghes Research L a b oratorie s ,  Dep t .  
SE , 3 0 1 1  M a l i bu C any o n  R oad , Ma l i bu , C A  9 02 6 5 . E q u a l  op p ortunity emp l oy e r . 

Creating a new world wfth electronics r - - - - - - - - - - - - - - - - - - ,  
I I 

i H U G H ES i 
I I 
L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  J 
H U G H  ES A I  R C R A FT C O M PA N Y  

For additional information please write to: 
P.O. Box 1 1 205. Marina del Rey. CA 90295 

© 1983 SCIENTIFIC AMERICAN, INC



The Packing of Spheres 
What is the densest way to arrange identical spheres In space? 

There has been much progress on the problem, particularly in 24 

dimensions, and the results can be applied to digital signaling 

A
manufacturer of ball bearings is 

asked to deliver as many balls, 
all the same size, to a foreign 

port as he can ship on a day's notice. 
Although the ball bearings are ready, 
only one ship is available, and the ship
per explains to the manufacturer that 
the draft of the ship would be too deep 
for the local channel if the balls were to 
fill more than three-fourths of the vol
ume of the hold. The manufacturer is 
unperturbed. "Your ship is safe," he 
repl ies. "Let the hold be filled to the 
hatches." Should the shipper believe 
his cl ient? 

The solution to this problem depends 
on find ing out how densely a large num
ber of identical spheres can be packed 
together in space. If, instead of ball 
bearings, the ship's hold were to be 
packed with cubes all the same size, the 
answer would be easy. Since the cubes 
would fit together with no wasted space 
in between, the hold could be essential
ly filled with cubes ( ignoring the small 
spaces that might be left around the 
walls and ceiling) and the manufactur
er's assurances would clearly be wrong. 
Balls, however, cannot be packed with
out wasting space. If in spite of arrang
ing the ball bearings as densely as pos
sible the wasted space still exceeds a 
fourth of the volume of the hold, the 
shipper can safely fill the hold with balls 
and proceed out of the channel. 

A few minutes spent experimenting 
with oranges or bill iard balls is enough 
to mislead many people into thinking 
the problem is trivial. Arrange three 
spheres on a flat surface so that their 
centers form an eq uilateral triangle; 
continue add ing spheres on the surface 
so that each new sphere touches at least 
two spheres already in place. Build a 
second layer of spheres by placing each 
new sphere in the "deep hole," or de
pression, left at the center of any trian
gular group of spheres in the first layer. 
The finished second layer is identical 
with the first layer, although it is shifted 
in the horizontal plane. If more layers 
are added in the same way, the packing 
of spheres that results is called the 
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face-centered-cubic packing, which is 
famil iar to chemists and crystallogra
phers; it fills just over 74 percent of the 
volume of the space. As far as anyone 
knows, it is the densest packing that can 
be achieved. 

I am sorry to report, however, that 
this density has never been mathemati
cally proved to be maximal. The least 
upper bound on the density obtained so 
far was found in 1 958 by C. A. Rogers 
of the University of Birmingham, who 
proved that no packing of spheres can 
have a density greater than about . 7796. 
The result is not particularly helpful to 
anyone looking for a more efficient way 
to pack ball bearings. Rogers' proof of
fers no construction of any sphere pack-

FACE-CENTERED-CUBIC packing of 
spheres, often seen in fruit stands or in piles 
of cannonballs at war memorials, is thought 
to be the densest packing of spheres in thrce
dimensional space. In spite of centuries of ef
fort, however, a proof of its maximal density 
has never been given. Each sphere in the pack
ing "kisses," or touches, 12 other spheres; a 
proof that this number is maximal was not 
given nntil 1 874. If the center of one sphere 
is fixed, the set of all possible rotations and 
reflections that permute the 12 surrounding 
spheres is called the symmetry group of the 
packing. The symmetry group of the face
centered-cubic packing has 48 elements; they 
can best be understood if the center of each 
sphere is thought of as the vertex of the poly
hedron at the right, which is called a cuboc
tahedron. Anyone of the six square faces of 
the cuboctahedron can become the front face 
by an appropriate rotation of the figure about 
the green or the blue axis (A-F). Each set of 
four spheres that form a square face (say the 
fourth face) can then assnme one of four con
figurations if the entire figure is rotated about 
the red axis (Dl-D4). Finally, each config
uration (say the third one) can be reflected 
about a vertical plane to give a new configura
tion (DJa, DJb). The total number of ele
ments in the symmetry group is therefore 6 X 
4 X 2, or 48. An analogous symmetry group, 
which describes the rotations and reflections 
of a dense packing of spheres in 24-dimen
sional space discovered by John Leech at the 
University of Glasgow, has been important 
in the mathematical theory of finite groups. 

ing that comes close to his bound, and 
in the paper announcing the proof he 
remarked that "many mathematicians 
bel ieve, and all physicists know," the 
correct answer is about 74 percent. In 
the quarter century since Rogers made 
the remark his assessment stands un
changed; the sphere-packing problem, 
so simple to state and so difficult to 
solve, remains one of the basic unre
solved problems in mathematics. 

Densely arranged configurations of 
hard spheres have been stud ied for 

many years in part because of their 
broad implications for an understand ing 
of the behavior of solids and liq uids. For 
example, the molecular properties of 
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many crystalline materials can be de
scribed, at least to a first approximation, 
as the effects of various forces on a huge 
assembly of closely packed spheres. 
Equally important is the application of 
the sphere-packing model to the proper
ties of powders and porous materials. 

Although experimental studies of 
sphere pac kings are important for an 
understanding of certain physical sys
tems, there are also compelling reasons 
to carry out mathematical studies of 
ideally dense packings. For example, 
the fact that no sphere packing has 
been proved to be maximally dense sug
gests the mathematical understanding of 
ordinary, three-d imensional Euclidean 
space is far from complete. Moreover, 
for the mathematician the concept of a 
sphere and the problem of packing 
spheres can be generalized to include 
mathematical objects called n-dimen
sional spheres, whose algebraic form 
closely resembles the algebraic descrip
tion of the sphere in ordinary space. The 
study of sphere pac kings in n d imen
sions has been recognized for some time 
as being mathematically equivalent to 
the design of a finite set of digitally en
coded messages that do not waste power 
or cause confusion in transmission. Fur
thermore, in recent years the search for 
optimal sphere pac kings in spaces of 24 
or more d imensions has led to major 
d iscoveries in the branch of mathemat
ics called group theory. 

There are two other problems, closely 
related to the sphere-packing problem, 
that are important in geometry. One is 
known as the "kissing number" prob-

ONE DIMENSION 
z, 

• 
1 �� I � 

"SPHERE" 
o 

TWO DIMENSIONS 
Z'=D, 

• • 
4 5 

lem: How many spheres can be arranged 
around a central sphere in such a way 
that all the surrounding spheres just 
"kiss," or touch, the central sphere? The 
kissing-number problem in three d imen
sions was the subject of a famous dis
pute in 1 694 between Isaac Newton and 
the Scottish astronomer David Grego
ry. Newton maintained the kissing num
ber is 1 2, and for the face-centered-cu
bic packing of spheres described above 
the kissing number is indeed 12 [see il
lustration on preceding page]. Grego
ry probably argued that an additional 
sphere could be squeezed in, although 
he was not able to prove it. 

Accord ing to H. S .  M. Coxeter of the 
I\. University of Toronto, Gregory 
may have imagined that the 12 outer 
spheres could be rolled around the cen
tral sphere in such a way that all the' gaps 
could be concentrated in one d irection, 
thereby leaving room for 1 3  surround
ing spheres. Actually it can readily be 
shown that the solid angle, measured 
from the center of the central sphere, 
that is subtended by one of the sur
rounding spheres is less than 1 / 1 3  of the 
total solid angle. The total vol ume of the 
space around the central sphere is there
fore sufficient to accommodate the vol
ume of 13 surround ing spheres. Inevita
bly, however, part of the total solid an
gIe at the central sphere is subtended by 
the gaps that arise when the surrounding 
spheres are packed together . It was not 
until 1 874 that the question of the 
kissing number was settled; R. Hoppe 
showed Newton was r ight. 

• • • 
6 7 8 

• 
9 

• I ) 
10 

"SPHERE" PACKINGS can be carried out in one and two dimensions as well as in three. In 
one dimension the spheres are line segments of unit length, centered at integer points. The 
spheres cover 1 00 percent of the line and each sphere kisses two others. This packing is ob
viously as dense as possible: it is called Zl. In the plane the spheres are circles and there are 
three packings of interest. In the Z2 packing the spheres are centered at every point in the 
plane whose coordinates are integers; in the D2 packing the spheres are centered at alternating 
points of the Z2 packing, in checkerboard fashion. If the coordinate axes of the Z2 packing are 
rescaled and rotated 45 degrees, the result is the D2 packing. Hence the two packings are equiv
alent. Their density is the same as the part of the area of one square that is covered by circles or 
parts of circles (shadillg ill color); it is 7T 14, or about .7854 (le!t). The densest packing of cir
cles in two dimensions is the hexagonal lattice packing L 2' Parts of circles cover 7TV3 16 of 
each equilateral triangle; the density of the packing is therefore equal to about .9069 (right). 
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The second important problem relat
ed to sphere packing is called the cover
ing problem: What is the least dense ar
rangement of identical spheres with the 
property that any point is inside or on 
the boundary of at least one sphere? Un
like the first packing problem, in which 
the spheres cannot overlap, the solution 
to the covering problem inevitably calls 
for overlapping spheres. One way to 
cover an entire volume with spheres is to 
inflate all the spheres in a sphere pack
ing until they encompass all the deep 
holes in the original packing. In general, 
however, inflating the spheres in the 
densest nonoverlapping configuration 
does not lead to the best sol ution of the 
covering problem. In three dimensions, 
for example, it is believed the best cov
ering is g iven by spheres arranged at the 
vertexes of what is known as a body
centered-cubic lattice. If nonoverlap
p ing spheres are centered at these points, 
however, the packing that results is not 
as dense as other known sphere pack
ings, such as the face-centered-cubic 
packing. Moreover, the conjecture that 
body-centered-cubic pac kings solve the 
covering problem has not been proved . 

What makes it so hard to solve the 
sphere-packing problem in three d imen
sions? Consider the face-centered-cubic 
packing again. Since the problem states 
only that the density of the packing must 
be maximized, the number of spheres in 
the packing must be regarded as unlim
ited. If, say, a million spheres are re
moved, the packing density will remain 
effectively unchanged; in other words, 
the change in density can be made as 
small as one wants by increasing the 
number of spheres in the packing as a 
whole. For each sphere removed from 
the face-centered-cubic packing, how
ever, a d istinct packing is created. Thus 
a proof that the face-centered-cubic 
packing is optimal (as many people be
lieve it is) is at the same time a proof that 
an infinite number of d istinct packings 
are optimal as well .  

There is another way to appreciate 
the complexities of the sphere-packing 
problem in ord inary space. In three di
mensions at most four spheres can touch 
one another at a time. (This property 
must be clearly d istinguished from the 
configuration required by the kissing
number problem. In that problem only 
one central sphere must be touched by 
surrounding spheres; the surrounding 
spheres need not touch one another. ) 
When four spheres are mutually in con
tact, their centers form the vertexes of a 
regular tetrahedron, or triangular pyra
mid. Since the four spheres cannot move 
closer together, the densest configura
tion of four spheres possible in space is 
the tetrahedral configuration. 

Suppose new spheres are added to a 
tetrahedral configuration one at a time 
so as to form a new tetrahedral configu
ration whenever possible. If this proce-
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LAMINATED LATTICE PACKING L3 

BOTTOM LAYER MIDDLE LAYER 

HEXAGONAL CLOSE PACKING (NONLATTICE) 

TOP LAYER 

CONSTRUCTION of the laminated lattice packing L3, which is 
equivalent to the face-centered-cubic packing D3, is'done by fitting 
together layers of spheres whose centers are arranged according to 
the hexagonal lattice packing L 2' If the spheres are packed so that 

the spheres in the third hexagonal layer are directly above the spheres 
in the first layer, the packing is called the hexagonal close packing. 
The hexagonal close packing is just as dense as L3, but the centers of 
the spheres in th"e packing do not satisfy the definition of a lattice. 

d ure could be continued indefinitely, the 
resulting arrangement of spheres would 
have the greatest packing density possi
ble, s ince every tetrahedral configura
tion would be packed as densely as pos
sible. Rogers' upper bound for the 
densest sphere packing possible is based 
on precisely this argument; a straight
forward computation in spherical trigo
nometry shows that about .7796 of the 
volume of a tetrahedron is filled by the 
four nonoverlapping spheres that can be 
centered at its vertexes. (The exact result 
is V2 [3 arccos (1/3) - 7T]. )  Unfortu
nately, however, tetrahedrons do not fit 
perfectly together to fill space. The strat
egy of packing spheres into tetrahedral 
arrangements whenever possible, which 
might be called a greedy algorithm, 
eventually forces a bad move. At a cer
tain stage in the proced ure the growing 
configuration of spheres presents a sur
face that cannot accrete more spheres 
without wasting interior space . Hence 
although the greedy algorithm gener
ates an optimal sphere packing over the 
short range of, say, a few spherical d i
ameters, it turns out that the algorithm 
gives rise to a packing that is less dense 
on a global scale than the face-centered
cubic packing. 

In order to make further progress on 
the three sphere-packing problems 

mathematicians have found it conve
nient to supplement geometric intuition 
with an analytic representation of the 
spheres in terms of their rectangular co-

ordinates. It  is well known that any point 
in the plane can be specified by two co
ordinates, a horizontal coordinate x and 
a vertical coordinate y: the point is gen
erally written as the ordered pair (x,y). 
For example, the point (3,4) refers to the 
point in the plane three units to the r ight 
of the origin along the x axis and four 
units above the origin along the y axis. 

The d istance between, say, the point 
(3,4) in the plane and any other point 
(x,y) can be calculated from the Pythag
orean relation among the sides of a r ight 
triangle: The square of the d istance be
tween the two points is equal to the 
square of the distance between them 
along the x axis, (x - 3 )2, plus the 
square of the distance between them 
along the y axis, (y - 4)2. Since a circle is 
by definition the set of all points in 
the plane equidistant from a central 
point (a, b), any point (x,y) on the cir
cumference must satisfy the equation 
(x - a)2 + (y - b)2 = R2, where R is. the 
radius of the circle .  If the radius of 
the circle is equal to 1 and the center 
is at the origin (0,0), the equation is 
much simpler: all points', (x,y) on the 
circumference must satisfy the equa
tion X2 + y2 = 1. 

Similarly, any point in three-dimen
sional space is specified by three coordi
nates, x, yand z :  more suggestively, the 
point can be written (X[,X2,X3). The 
surface of a sphere of radius lcentered 
at the origin is made up of all the points 
(X[,X2,X3) such that Xt2 + X22 + X32 = 1. 
the equation arises, much as it does 

in two d imensions, from the geometric 
definition of a sphere and from two ap
plications of the Pythagorean relation. 

In more than three d imensions geo
metric intuition is of little value and one 
must begin to think exclusively in terms' 
of coordinates. For example, a "point" 
in four-dimensional space is a mathe
matical object that requires four d istinct 
numbers in order to be specified un
ambiguously; such a point is written 
(X[,X2,X3,X4)' If a person's height, weight, 
age and income are sufficient to unam
biguously p ick out the name of that per
son from a l ist, the four quantities can 
be regarded as specifying a point in a 
four-dimensional space . 

A four-dimensional sphere is defined 
by analogy with the definitions for the 
circle and the sphere in two and three 
d imensions. All the points (X[,XZ,X3,X4) 
on the "surface" of the sphere are found 
at some distance R from a central point 
(a[,a2,a3,a4)' The sum of the squares 
of the distance along each independ
ent coordinate axis between any point 
(Xt,X2,X3,X4) on the sphere and the cen
tral point (a[,a2,a3,a4) must always be 
equal to R2. 

There has been a great deal of non
sense written in science fiction -and else
where about the mysteries of the fourth 
d imension. In mathematical d iscussions 
one must not assume, as the physicist 
does, that the fourth' d imension rep
resents time. Furthermore, one must 
avoid the temptation to reify the some
what metaphorical terms "surface," 

119 

/ 

© 1983 SCIENTIFIC AMERICAN, INC



TWO DIMENSIONS THREE DIMENSIONS 

y 
'l/X2 + y2 = 1 

(0,0) 

POINT IN TWO DIMENSIONS is specified by assigning a value to two coordinates, say x 
and y. A circle of radius 1 around the origin (0,0) is the set of all points (x,y) that satisfy the 
equation x2 + y2 = 1 (left). In three dimensions three coordinates, say Xh Xz and X3, are needed 
to specify a point. The surface of a sphere of radius 1 around the origin (0,0,0) is the set of all 
points (XhX2,X3) that satisfy the equation Xj2 + xZ2 + X32 = 1. In II dimensions a point is speci
fied by 1/. coordinates, XhX2,''''X n' The surface of an II-dimensional sphere of radius 1 cen
tered on the origin (0,0, . . .  ,O)is the set of points (XhXZ,''''x n)such thatxj2 + X22 + . . . + x ,,2 = 1.  

"point," "sphere" and so on, which are 
applied to mathematical objects whose 
algebraic properties are otherwise per
fectly straightforward. The terms -are 
justified because the objects they refer 
to are constructed by analogy with the 
algebraic properties of ordinary circles 
and spheres;  it must not be supposed, 
however, that the objects represent real 
geometric objects in some universe wid
er than our own. To repeat, in math
ematics four-dimensional space con
sists of points with four coordinates in
stead of three (and the same holds  for 
any number of d imensions). 

Once the concept of a sphere is under
stood as a relation among coord i

nates, there are several problems, seem
ingly unrelated to sphere packing, that 
can be red uced to one of the three 
sphere"packing problems. The principal 
applications of high-dimensional sphere 
packing are to problems in d igital com
munications, particularly in the con
struction of signals for use on a noisy 
channel and in the design of analogue
to-digital converters. It  must be admit
ted, however, that most d iscussions of 
these applications have been theoret
ical; only quite recently have sphere 
packings been used to design practical 
systems. As communications systems 
become more sophisticated further ap
plications can be expected. 

In d igital communications one of the 
major aims of the designer is to con
struct a list of d istinct coded symbols, or 
code words, that-can be transmitted with 
maximum reliability and minimum 
power. Each code word might be repre
sented as, say, an eight-digit symbol, 
each d igit of which can take on one of 
five d istinct values: 0, 1/2, 1, -1/2 or 
- 1. At first it would seem that the sys-
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tem would provide for 58, or 3 90,625, 
d ifferent code words, but the difference 
between many pairs of these code words 
is so small that such a system would be 
highly subject to random errors in trans
mission or to electrical 'interference. For 
example, the difference between' the 
code word ( 1 , 1 ,1, 1 , 1 ,1,1, 1 )  and the code 
word (1, 1 ,1, 1 ,1, 1 , 1 , 1 /2) is far too small. 
If both code words were in use, it is like
ly they would often be confused. Anoth
er way to put the same point is that if 
the d ifference between two code words 
were as small as the difference between 
( 1 , 1 ,1, 1 , 1 , 1 , 1 ,1) and ( 1 , 1 , 1 , 1 ,1, 1 , 1 , 1 /2), 
a very large amount of power would 
be needed to guarantee that these two 
code words could be d istinguished in 
the presence of background noise. 

There is a general mathematical re
lation between the d istinguishability 
of code words and the power needed to 
transmit them reliably. The relation was 
first formulated in 1948 by Claude E. 
Shannon, then of the Bell Telephone 
Laboratories, in his paper A Mathemati
cal Theory o/Communication. As my dis
tinguished colleague David Slepian has 
said, "probably no single work in this 
century has more profoundly altered 
man's understanding of comm unica
tion" than Shannon's paper. What Shan
non showed is that given some fixed, 
finite amount of power there always 
exists a system of code words that can 
be transmitted essentially without error. 
The only qualification is that the rate at 
which the code words are transmitted 
cannot exceed a critical threshold called 
the capacity of the transmission chan
nel. Unfortunately Shannon's theorem 
is nonconstructive; it proves that such 
systems for encoding a signal exist, but 
it gives no hint of how they might be 
designed. Although many signaling sys-

tems have been constr ucted, schemes 
that perform as well as Shannon's theo
rem promises have still not been found. 

One way to design a signaling system 
that comes close to meeting the 

standards of Shannon's theorem is to 
represent each signal as a point in II-d i
mensional space. For example, consider 
any sequence of eight numbers in the 
signaling system described above. Phys
ically each of the numbers corresponds 
to a voltage level on a transmission line, 
and so each code word can be plotted 
on a two-dimensional graph as a series 
of eight distinct pulses whose he ight 
is specified for each of e ight intervals 
along the time axis. Mathematically, 
however, a single point in e ight-dimen
sional space can represent the same in
formation: let the first number in each 
sequence be the value of the first coordi
nate of the point, the second number be 
the value of the second coordinate and 
so on. Since a point in e ight dimensions 
is determined by fixing the values of all 
e ight coord inates, every code word in 
the system can be represented as a d is-_ 
tinct point in e ight-dimensional space. 

When the code words are represent
ed as points, two important features of 
a system of code words can be given a. 
geometric interpretation. First, remem
ber that the code words must be reli
ably distinguishable from one another. 
In e ight-dimensional space this suggests 
that the points representing the possi
ble code words must be separated by a 
certain minimum "distance." How well 
does the Pythagorean d istance between 
two points in e ight d imensions meas
ure the d istinguishability between two 
code words? In order to determine the 
Pythagorean distance the difference be
tween the two values of each coordinate 
of the two points must be sq uared. Small 
d ifferences between coordinate values 
(thai is, d ifferences less than 1) are there
by red uced, whereas large d ifferences 
(that is, d ifferences greater than 1) are 
magnified. Because a small d ifference in 
the voltage levels between two signals is 
much more likely to lead to confusion 
between code words than a large differ
ence, the Pythagorean d istance is a rea
sonable measure of distinguishability. 

For example, consider the two code 
words( 1 ,I, 1, 1, 1, 1, 1, 1) and (1 /2, I /2, 1 /2, 
1/2,1/2,1/2,1/2,1/2). The sq uare of the 
distance between the two points is the 
sum of e ight squares, each of the form 
(1 - 1/2)2, and so the d istance between 
them is vL. According to the Pythago
rean measure of distance, the two code 
words (1,1, 1 ,1,1, 1 , 1 , 1 )  and (0,0, 1 , 1 ,1,1, 
1, I), which differ only in the first two 
coordinates, are also -Y2 units apart, 
and so they are just as easy to distin
guish as (1,1, 1 ,1,1, 1 ,1, 1 )  and ( 1 /2,1/2, 
1 /2,1/2,1/2,1/2,1/2, 1/2). 

A second important feature of any 
system of code words is that the power 
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needed to transmit them must be mini· 
mized. It follows from the elementary 
definitions of power and voltage that 
power is d irectly proportional to the 
square of voltage; for a simple circuit 
the power is the sq uare of the voltage 
divided by the resistance in the circuit. 
The total power necessary to transmit 
an e ight-digit code word is consequently 
the sum of the squares of all e ight digits 
that make up the code word. This sum is 
the square of the d istance between the 
point representing the code word in 
e ight-dimensional space and the origin 
(0,0,0,0,0,0,0,0). 

The design of a signaling system that 
is reliable and makes efficient use of 

power can therefore be reduced to the 
geometric problem of placing points in
side a region of space while constraining 
them not to be too close together. If the 
points must be at least a d istance of, say, 
V2 apart, the problem is equivalent to 
the problem of finding the densest pack
ing of spheres whose radius is half that 
d istance, v7/2. A closely related prob
lem is to find a set of code words that all 
have the same energy. This problem is 
equivalent to the problem of placing as 
many points as possible on the sur
face of an n-d imensional sphere while 
constraining them not to be too close 
together. That problem is in turn a 
generalized version of the kissing-num
ber problem. 

It turns out that in a space of e ight 
d imensions there is an extremely dense 
packing called the £8 packing; it was d is
covered in the last third of the 1 9th cen-

tury by the Russian mathematicians Al
exander N. Korkin and E. L Zolotareff 
and by the English lawyer and amateur 
mathematician Thorold Gosset. The 
centers of the spheres in the £8 packing 
are all the points whose coord inates are 
equal to whole numbers or to whole 
numbers plus a haif. The sum of the 
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coord inates for each point mllst be 
an even number. There are 240 such 
points whose d istance isV2 from the 
OrIgin: 1 1 2 points of the from 
(± 1 ,± 1 ,0,0,0,0,0,0), where the two 1 's 
and any combination of signs can ap
pear in any positions, and 128 points 
of the form (± 1 /2,± 1 !2,± 1/2,± 1 /2, 
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DESIGN OF A CODE for the efficient trans
mission of information is closely related to the 
sphere-packing problem. The code is to be a 
finite set of signals called code words that are 
easily distinguished from one another and do 
not waste electric power. If each code word 
is a sequence of, say, three discrete voltage 
levels, each sequence can be represented as a 
point in three-dimensional space: the first co
ordinate of the point is the numerical value 
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of the first voltage level, the second coordinate 
is the value of the second voltage level and so 
on (A-D). The transmission power required E 
for each voltage pulse is proportional to the 
square of the voltage, and so the total power 
needed to transmit one code word is the sum 
of the squares of the three discrete voltages 
associated with the code word. The sum is 
equal to the square of the distance from the 
origin to the point in three-dimensional space 
that represents the code word. Thus the prob-
lem of minimizing transmission power is equiv
alent to the problem of placing all the points 
that represent code words as close to the ori-
gin as possible. On the other hand, the need to 
distinguish code words from one another can 
be treated as the requirement that the points 
in space representing the code words not be 
closer together than some minimum distance 
d. Meeting the two requirements simultane
ously is geometrically equivalent to packing 
hard, nonoverlapping spheres of radius d 12 
around the origin as densely as possible (E). 
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± 1 12,±112,± 1 12,± 1 12), where the 
number of minus signs is even. 

The £8 packing could become the ba
sis of a practical and efficient signaling 
scheme. If the scheme were to include 
exactly 240 code words, the 240 points 
in the £8 packing that are equidistant 
from the origin could be chosen as the 
code words. In most practical systems, 
however, the number of distinct code 
words needed is some integral power of 
2. For example, in medium-distance tel
ephony the digital transmission system 
known as pulse-code mod ulation is 
now in wide service. The voltage of the 
voice signal is measured every 1 /8,000 
second, and the measured samples are 
quantized, or replaced, by one of 28, 
or 256, levels. Each quantized voltage 
level is then expressed as an eight-d igit 
binary number; such binary numbers 
make up what is called the source code. 

It has been known since the work of 
Harry Nyquist of Bell Laboratories in 
the 1 920's that the voice signal can be 
reconstructed from the sample values 
alone . The voice s ignal can be thought 
of as a quantity, such as air pressure or 
voltage, that varies continuously with 
t ime . Early in the 1 9th century Jean 
Baptiste Joseph Fourier proved that 
the graph of any such quantity can be 
approximated to any desired degree 
of accuracy by superposing sine and 
cosine curves of appropriate amplitude 
and frequency. The sine and cosine 
curves (which, for an arbitrary curve, 

may be infinite in number) are called 
the Fourier components of the curve 
on the graph. 

Suppose the graph of a quantity can 
be exactly generated by superposing a 
finite number of Fourier components 
whose frequencies are no higher than 
some frequency W cycles per second. 
Then what Nyquist showed is that the 
graph can also be perfectly reconstruct
ed solely from the values it takes every 
1 12 W second. For example, a voice sig
nal that has no freq uency components 
higher than 4,000 cycles per second can 
be perfectly reconstructed from samples 
of the signal taken every 1 /8,000 sec
ond .  It is therefore enough to sample the 
voice signal and transmit only the sam
ple values, which are represented by the 
code words in the source code, instead 
of transmitting the entire voice signal. 
If the sample values were transmitted 
without being rounded off, Nyquist's 
theorem shows that an entire second 
of speech signal, which corresponds to 
8,000 sample values, can be represent
ed as a single point in a space of 8,000 di
mensions. This shows the power of 
mathematics. 

For efficient transmission the source
code numbers that represent the 

sample values must be further encoded 
by another code, called a channel code; 
it is the channel code that pertains to the 
sphere-packing problem. An excellent 
way to derive a channel code from the 

QUANTIZING DATA from a continuously variable source is closely related to the problem 
of covering space with the least dense arrangement of overlapping spheres. For example, in 
order to quantize data in two dimensions the input data are paired and each pair is treated as 
the coordinates of a point in the plane. Each data point, such as the point A, is then rounded off 
to a quantizing point, such as the point B, that lies in the same preselected region of the plane 
as the data point. The problem is to choose the quantizing points and the partition of the plane 
in a way that minimizes the average qnantizing error. If the data points are uniformly distribut
ed and the quantizing points are chosen as the centers of squares, the average error is 1/12. A 
better way of qnantizing can be derived from the best covering of the plane by circles. That 
covering is generated from the hexagonal packing of circles (black circles) by increasing the 
radius of each circle by just enough to include every point in the plane inside or on the circum
ference of at least one circle (colored circles). The radius R of the covering circles is the dis
tance from the center of a circle to the nearest "deep hole" in the packing. If the deep holes 
are connected by the appropriate straight lines, the plane is partitioned into regular hexagons; 
for uniformly distributed data points the average quantizing error for quantizing points that 
are centered on regular hexagons is 5 v'J1108, or about .0802, which is slightly less than 1112. 
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£8 sphere packing is to encode each pair 
of successive e ight-d igit binary numbers 
in the source code. Each 1 6-digit binary 
number that results is then assigned to 
the center point of one of 216, or 65,536, 
spheres in the £8 packing. A good chan
nel code can then be constructed by 
choosing the 65,536 center points that 
lie closest to the origin. At the rece iving 
end of the telephone line the code words 
that correspond to the coord inates of 
each center point are converted back 
into the binary numbers of the source 
code, and the voice signal is reconstruct
ed from the binary numbers. 

There is a second major application 
of sphere packing in digital commu
nications that I shall describe briefly. 
Remember that in deriving the binary 
numbers in the source code from the 
voice signal of the telephone it is neces
sary to quantize the precise intensity of 
the signal to one of 256 levels. The real. 
world is full of awkward numbers such 
as .79 1 3  . . .  , but the world of computers 
and d igital systems must ultimately deal 
only with round numbers such as 0 and 
1 .  Any device that rounds off a continu
ously variable quantity to some set of 
discrete values is called an analogue-to
digital converter, or q uantizer. 

Quantization can be carried out in 
two or more d imensions as well as along 
a single coord inate axis. Imagine that 
the plane is divided into regions, not 
necessarily congruent, and imagine that 
within each region one point has been 
marked. Any such array of points and 
regions can function as a two-dimen
sional quantizer; the input to the quan
tizer is a pair of real numbers that speci
fy some arbitrary point, and the output 
is the preselected quantizing point that 
lies in the same region of the plane as 
the arbitrary point. Thus any point in the 
plane is rounded off to one of the q uan
tizing points. The process compresses 
input data; a single indexing number for 
the quantizing point can be transmitted 
in place of the precise coordinate val ues 
of the data point. 

Quantizing introduces errors, and so 
one tries to choose the quantizing points 
in such a way as to minimize the average 
error. For example, if the input to the 
quantizer is uniformly distributed, or 
in other words if every input val ue is 
equally probable, it is straightforward 
to calculate the average error for a num
ber of quantizing schemes. If a single 
coordinate axis is divided into eq ual 
seqments of unit length and the q uantiz
ing points are centered on each segment, 
the average error is 1/12, or about 
.0833 .  The same data can be quantized 
in two dimensions: the data points are 
paired, and each pair is considered a 
point in the plane. If the plane is then 
divided into squares and the quantizing 
points are centered on each sq uare, the 
average error is st ill 1/ 12. On the other 
hand, if the pl-ane is divided into regular 
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hexagons having the same area as the 
squares, and if each quantizing point is 
at the center of a hexagon, the average 
quantization error can be reduced to 
50/108, or about .0802. 

Uemarkably, it turns out that a corre
L\... sponding improvement can always 
be made even if the data points are not 
evenly distributed. In a 1963 doctoral 
dissertation at Stanford University, P. L. 
Zador showed that it is always possible 
to reduce the average error by quantiz
ing in a space of higher dimensions. It is 
more efficient to wait until several data 
points have been collected and then 
quantize them all at the same time by 
regarding them as a point in n-dimen
sional space than it is to quantize them 
one at a time along a single axis. In 
quantizing it pays to procrastinate. 

UnfortunatelY Zador's result, like 
Shannon's theorem, is nonconstructive: 
The problem of finding good multidi
mensional quantizers even for uniform
ly distributed data is still unsolved. 
There are several sphere packings, how
ever, that appear to give rise to excellent 
quantizing schemes. Consider the pack
ing of spheres in two dimensions, that is, 
the packing of circles. It has been known 
since 1940 that circles can be packed at 
maximum density if they are arranged 
so that each circle is surrounded by six 
others [see illustration on opposite page]. 

Imagine now that each circle in the 
packing is bounded by a thin, flexible 
membrane and that the interior of the 
circle is inflated. As the circles get big
ger the membranes press against one 
another to fill the remaining space in 
the plane; if the inflation is uniform 
throughout the plane, each circle will 
expand to form a regular hexagon. As I 
have mentioned, basing the quantiza
tion of uniformly distributed data on 
hexagonal regions leads to the mini
mum av'erage error. A similar expansion 
of the eight-dimensional spheres in the 
£8 packing also leads to low quantiza
tion error, which is even smaller than 
the error in two dimensions. The general 
problem of quantization, which requires 
that space be broken up, or covered, by a 
discrete partition, is closely related to 
the problem of finding the best covering 
of space by spheres. 

The search for dense sphere packings 
in multidimensional spaces is greatly 
simplified by focusing attention on cer
tain kinds of packings called lattice 
packings that have a highly regular 
configuration. Consider the hexagonal 
packing of circles I have.just described: 
notice that the centers of any two adja
cent surrounding circles and the center 
of the circle in the middleJorm an equi
laterai.triangle. In order to calculate the 
density of the packing it is sufficient to 
determine the proportion of each trian
gle that is covered by circles or parts of 
circles. Because the triangles tessellate, 

or completely fill, the plane and because 
the configuration of circles within a tri
angle is always the same, the circle den
sity in one triangle is equal to the density 
of the packing throughout the plane. By 
applying elementary geometry one can 
show the density is equal to 7T 0/6, or 
approximately .9069. 

The foregoing calculation would not 
have been possible if no repeating unit 
that fills the plane could have been 
found. It is nonetheless easy to imagine 
that there exist highly irregular sphere 
packings that have no repeating units. 
Such packings are much harder to study 
than those that repeat: not only is the 
density of an irregular packing difficult 
or impossible to determine but also even 
the coordinates of all the center points 
may not be specifiable. The definition of 
a lattice packing guarantees that these 
disadvantages can be avoided. A sphere 
packing is said to be a lattice packing 
if whenever there are two spheres, one 
that has its center at the point 
(UhU2,'" ,un) and the other at the point 
(VhV2,'" ,vn), there are also spheres in 
the packing with centers at all points 
of the form (aul + bVhau2 + bV2,"" 
aUn + bvn), where a and b are any 
whole numbers. The center coordinates 
of the latter spheres are said to be gen
erated from the center coordinates of 
the first two spheres. 

The simplest lattice packing is the cu
bic lattice. packing, in which the center 
coordinates of each sphere in the pack
ing are integers; the cubic lattice in an 
arbitrary number of dimensions n is des
ignated Zn. The one-dimensional "cu
bic" lattice ZI is made up of discrete line 
segments, each of unit length, that are 
centered at the integer points on the line. 
The "spheres," or line segments, cover 
100 percent of the line, and each sphere 
touches two others; hence ZI solves the 
sphere-packing problem and the kissing
number problem in one dimension. 

In two dimensions, however, the 
square lattice Z2 is not the densest 

packing. Its packirIg density is 7T / 4, or 
about .7854, far less than the density of 
the hexagonal packing of circles [see il
lustration OIl page 118]. In a like manner 
the sphere-packing density of the cubic 
lattice Z3 is relatively low: it is 7T /6, or 
about .5236. A much denser family of 
lattice packings can be generated from 
cubic lattices if the spheres are centered 
at alternate points of the lattice in check
erboard fashion. To construct the new 
family of lattices color the points of a 

cubic lattice alternately red and black 
and make the centers of the spheres 
coincide with the black points. Eq uiv
alently, the centers of the new pack
ing are the points with integer coordi
nates that add up to an even number. 
In an arbitrary number of dimensions 11 

this packing is designated Dn- In D3, 
for example, the origin (0,0,0) and the 

point (1,1,0) are legal centers of spheres, 
but the point (1,0,0) is not because 
I + 0 + ° is an odd number. 

The sequence of lattice packings D3, 
D4, D5 and so on is of considerable im
portance for the sphere-packing prob
lem. The packing D3 is the face-cen
tered�cubic lattice. A model constructed 
of Ping-Pong balls shows that one re
peating unit cell of the lattice is a cube 
two units on a side having a sphere at its 
center; the radius of each sphere is 1/L/ 
2. The density of the packing can be cal-

Lo= ONE-POINT 
LATTICE L,= INTEGER 

b= HEXAGONAL LATTICE Z' 

LATTICE 
b= FACE-CENTERED
CUBIC LATTICE OJ 

L'2(') 

L. =0. 

L� =£. 

La = GOSSET 
LATTICE Ea 

L,. 

L,. 

L18 

b!} 

L22 

Ls =Os 

L9 

L'2(J) 

L,s 

LH 

L'9 

L2' 

bJ 

t.a 

LAMINA TED lattice packings of spberes in 
n dimensions are built up by packing togetber 
layers of a suitable laminated lattice packing 
in tbe next smaller dimension·n -1.Forexam
pie, tbe two-dimensional bexagonal packing 
1-2 can be built up by stacking rows of circles 
wbose centers are arranged according to tbe 
Zl packing. Similarly. layers of spberes, eacb 
layer arranged according to tbe bexagonal lat
tice packing. can be stacked to yield tbe lattice 
packing L3• tbe densest packing known in 
three dimensions. Jobn Horton .Conway of tbe 
University of Cambridge and tbe autbor bave 
continued tbe construction and found all tbe 
laminated lattices in dimensions up to 25. Tbe 
laminated lattices in dimensions 1 to 10 and 
in dimensions 14 to 24 are unique; tbere ·are 
two laminated lattices in dimension 11, tbree 
eacb in dimens.ions 12 and 13. 23 in dimen
sion 25 and at least 75,000 in dimension 26. 
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culated by finding the fraction of the 
volume of the cube that is filled by 
spheres; it is equal to V21T /6, or about 
. 7405. Although it is possible that dens
er sphere packings exist in three d imen
sions, Carl Friedrich Gauss proved in 
1 83 1  that D3 is the densest three-dimen
sional lattice packing. It  is also known 
that D4 and Ds are the densest lattice 
packings in four and five d imensions. 

Above five d imensions, however, Dn 
is not the densest lattice packing, and by 
the time one reaches D8 there are huge 
gaps between the spheres. The gaps are 
so large that it is possible to slide an
other copy of D8 into the holes with
out overlapping the spheres; the result 
turns out to be the £8 lattice. In 1 934 
H.  F .  Blichfeldt of Stanford Universi
ty proved that £8 is the densest lattice 
packing in e ight d imensions, and he 
showed that certain cross sections of £8 
called £6 and £7 are the densest lattice 
packings in six and seven dimensions. In 
these d imensions no denser pac kings, 
which would necessarily be nonlattice 
packings, have been found since. 

In 1965 John Leech, then at the Uni
versity of Glasgow, constructed a re
markable sphere packing in 24-dimen
sional space; his const['uction is outlined 
in the illustration below. The study of 
the Leech lattice, as the packing is usu
ally called, has led to a deeper under
standing of the properties of other high
er-d imensional lattices and to impor
tant results in the theory of groups. 
The lattice is almost certainly the dens
est sphere packing possible in 24 di
mensions. C.  A. Rogers, arguing as he 

did for sphere packing in three d imen
sions, gave bounds for the maximum 
density of packings ih any n-dimension
al space; his bound for any 24-dimen
sional sphere packing is only slightly 
greater than the density of the Leech 
lattice. Each sphere in the lattice touch
es 1 96,560 others, and in 1 979 A. M .  
Odlyzko o f  Bell Laboratories and I 
proved that this number solves the kiss
ing-number problem in 24 dimensions. 
The same method of proof also solved 
the kissing-number problem in e ight di
mensions; there the answer is 240, the 
number of spheres that touch one sphere 
in the £8 lattice. These two results were 
found independently by V. I .  Leven
shtein of the L. V. Keldysh Institute of 
Applied Mathematics in Moscow. Inci
dentally, the problem remains unsolved 
in all other d imensions except one, two 
and three (where the answers are re
spectively two, six and 12). 

The Leech lattice has been indispens
able to group theorists for the construc
tion of certain finite simple groups. 
These groups are the building blocks of 
all groups having a, finite number of el
ements; their classification, which has 
just been completed, has preoccupied 
many mathematicians for more than 50 
years. The simple groups ·play much the 
same role in group theory that the prime 
numbers play in number theory and the 
chemical elements play in chemistry. 
Several important simple groups have 
now been constructed by consider ing 
the set of all the rigid rotations and re
flections of the Leech lattice that leave 
the central sphere fixed and permute the 

2 3  4 5 6 7 8 9 10 1 1  1 2  1 3  14 1 5  1 6  17 18 19 20 21  22 23 24 

1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 1 1 0 1 1 

0 1 0 ' 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 1 1 1 0 1 

0 0 1 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 1 1 1 1 

0 0 0 1 0 0 0 0 0 0 0 0 1 0 1 1 0 1 0 0 0 1 1 1 

0 0 0 0 1 0 0 0 0 0 0 0 1 1 0 1 1 0 1 0 0 0 1 1 

0 0 0 0 0 1 0 0 0 0 0 0 1 1 1 0 1 1 0 1 0 0 0 1 

0 0 0 0 0 0 1 0 0 0 0 0 0 1 1 1 0 1 1 0 1 0 0 1 

0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 1 1 0 1 1 0 1 0 1 

0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 1 1 0 1 1 0 1 1 

0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 1 1 0 1 

0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 1 1 1 

0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 

CONSTRUCTION OF THE LEECH LATTICE, the densest known packing of spheres in 24-
dimensional space, is based on the 24-digit binary sequences shown. The s,et of all possible 
sums of the 12 binary sequences, where the addition is carried out modulo 2, is made up of 2 12, 
or 4,096, binary sequences called code words. ( In addition modulo 2 the sum of 1 and 1 is equal 
to 0; the digit ordinarily carried in binary arithmetic is ignored.) The 2 12 code words make up 
an efficient code for transmitting information that was devised by Marcel J. E. Golay at the 
'U.S. Army Signal Corps Engineering Laboratories in 1 949. The centers of the spheres 'in the 
Leech lattice all have the form 2C + 4Xor 1 +  2C + 4 Y, where Cis a code word of the Golay code, 
I is the point (1,1,  . . .  ,1 )  in 24 dimensions and X and Y range over all points in 24 dimensions 
whose coordinates are all integers. The sum of the coordinates of each point X must ,be ,even 
and the sum of the coordinates of each point Y must be odd. Each sphere has radius 2 v'2, and 
the spheres closest to the origin have centers such as ( ± 4, ± 4,0,0, . . .  ,0), ( ± 2, ± 2, ± 2, ± 2, 
±2,±2,±2,±2,0,0, . .  , . ,0) and ( t 3, ± I, ± I, . . .  , ± I ). Each sphere touches 1 96,560 others. 

1 24 

surrounding spheres. This set of opera
tions is called the symmetry group of the 
packing; the analogous symmetry group 
of the face-centered-cubic packing in 
three dimensions is shown in the illus
tration on pages 1 1 6  and 1 1 7 . 

The symmetry group of the Leech lat
tice was found in 1968 by John Hor
ton Conway of the University of Cam
bridge. Its order, or the number of 
elements in the group, is immense, al
though , not particularly large in the 
context of group theory : i t  is 
222 X 3 9 X 54 X 72 X 1 1  X 1 3  X 23, or 
8,3 1 5,553,613,086,720,000. From this 
group, which is not a simple group, Con
way constructed three previously un
known simple groups whose order in 
each case exactly d ivides the order of 
the symmetry group of the Leech lattice . 
In 1 9 8 1  the Leech lattice enabled Rob
ert L.  Griess, Jr., of the University of 
Michigan to construct one of the last 
finite simple groups to be found . ' It  is 
rather larger than Conway's  groups and 
has been nicknamed the monster :  the 
number of elements in the group is 
246 X 3 20 X 59 X 76 X 1 } 2  X 13 3 X 1 7  
X 1 9  X 23 X 29 X 3 1  X 41 X 4 7  X 
X 7 1 , or 808,0 1 7,424,794,512,875,886,-
459,904, 96 1,7 1 0,757,005,754, 368,000,-
000,000. Griess's construction is not 
at all straightforward, however, and 
one of the fascinations of the Leech lat
tice is that one feels there should be a 
more d irect connection between it and 
the monster simple group. 

The Leech lattice is such a dense pack
ing that its influence is felt in all low

er d imensions. I t  is not surprising that a 
slice of a good packing gives a good 
packing in a space of one lower d imen
sion; for example, one slice through 
D3 exposes a surface of hexagonally 
packed spheres. Suitable cross sections 
of the Leech lattice, however, give rise 
to the densest known packings in all di
mensions less than 24 except 1 0, 1.1 and 
1 3 .  For example, one eight-dimensional 
slice through the Leech lattice exposes 
the £8 lattice. 

Since dense packings can be built 
from the Leech lattice, so to speak, from 
the top down, it is tempting to ask how 
the Leech lattice might be built from the 
bottom up, .that is, from dense pac kings 
in lower dimensions. It turns out its con
struction can be done in a particular
ly simple way. Begin with the densest 
packing possible in one d imension, ZI. 
At the center of each one-dimensional 
sphere in ZI construct a two-dimension
al sphere whose radius is 1 /2. Now con
struct another layer of two-dimensional 
spheres identical with the first layer and 
fit it into the holes in the first layer as 
tightly as poss·ible . If an infinite number 
of layers are packed together in this 
way, the resulting two-dimensional lat
tice is the dense, hexagonal packing; 
because of this construction it can be 
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called the laminate,d packing in two di
mensions, abbreviated Lz .  

I have already s uggested how one 
goes to three d imensions: a ball  of radius 
1 ! 2 is emplaced at the center of each 
c ircle in Lz,  and idenfical layers of balls 
are fitted into the holes of the first layer 
in s uch a way as to form a lattice. S ince 
this packing is  e q  uiva1ent to D3, the lam
inating proce d ure g ives the best-known 
packing in three d imensions as well as 
in two. If  the proced ure is continued in 
higher d imensions, one d imension at a 
time, the res ulting lattice packings are 
extremely dense.  I t  has been known for a 
long time that L4 and L5 are eq uivalent 
to D4 and D5, and that L6, L 7  and Ls are 
e q u ivalent respectively to E6, E7 and 
Es. Hence the laminated lattices are 
the densest lattice pac kings possible in 
up to e ight d imensions.  

Recently Conway and I contin ued the 
laminating process a bit  further: we 
found all the laminated lattices in up to 
25 d imensions and examples of them for 
e ach d imension up to 4 8. It turns o u t  
that although there is a u n i q u e  laminat
e d  lattice in every d imension up to 1 0, 
there are two d istinct ways to stack lay
ers of  the LlO  lattice. The two I I -d imen
s ional lattices have the same density b u t  
d ifferent kissing n umbers.  There are 
three 1 2- d imensional and three 1 3 -di 
mensional laminated lattices b u t  only 
one s uch lattice for e ach d imension 
from 14 thro ugh 24. The laminated lat
tice LZ4 is the Leech lattice . I t  is only in 
spaces having 1 1 , 1 2  and 1 3  d imensions 
where cross sections of the Leech lat
tice are known that have a higher densi
ty than the laminated lattices in those 
d imensions. 

The laminated lattices are b u ilt ,  layer . 
on layer, by fitting e ach new layer as 
snugly as possible into the deep holes of 
the preced ing one.  Hence the inve stiga
tion of  laminated lattices is closely relat
e d  to the covering problem: enlarge ev
ery sphere in any packing j ust  enough to 
encompass the deep holes,  and by defini
tion the packing must  cover the space.  In 
1 966 Leech conj ect ured that  if each of 
the spheres in the Leech lattice is en
larged by a factor of VI, the spheres 
would cover all the points in the space; 
s uch a covering m ight well be the best
possible covering of 24-d imensional 
space.  Leech's conjecture,  however, was 
q u ite d ifficult  to prove, primarily be
ca use of the complexity of the deep 
holes in the Leech lattice. 

In the two-d imensional lattice Lz it  is  
clear there is only one kind of deep hole; 
the maximum d istance from any point 
in the lattice is always a point bounded 
by three circles,  and so there is nothing 
to d istinguish one deep hole from any 
other. In the Leech lattice,  however, 
Conway, Richard A .  Parker and I classi
fied 2 3  dist inct kinds of deep hole before 
we were able to prove Leech's conj e c 
t ure.  N o t  s urprisingly there t urn o u t  t o  
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DENSEST KNOWN PACKINGS of spheres in spaces of up to 48 dimensions are plotted ac
cording to a method suggested by John Leech; the "normalized" density of the packing depends 
on the dimension in which the packing is done. Its definition is based on the fact that the den
sity of the 24-dimensional Leech lattice, divided by the volume of a 24-dimensional sphere of 
unit radius, is equal to 1. (The volume of an I/-dimensional sphere of radius 1 is equal to rr ,,1 2 / 
(1 X 2 X 3  X . . .  X 1/ / 2) if 1/ is even, or to 2(2rr) ( " 1 ) /2 / (1 X 3 X 5 X . . .  X 1/) if 1/ is odd.) That 
quotient in an arbitrary space of dimension 1/ is called the center density D. The normalized 
density shown on the graph is equal to Log2D + 1/(24 � 1/) / 96; for laminated lattice packings the 
graph is symmetrical about the normalized density of the Leech lattice. The graph shows that 
L3, L s  and L 24 are quite close to the least upper bound known for the density of any sphere 
packing. The laminated lattice packings are the densest known packings in all dimensions up 
to 32 except dimensions 10 to 13.  There is an alternative sequence of lattices called the K "  se
quence, which starts at L 6 and rejoins the laminated sequence at L IS' The K "  packings arc 
denser than the L" packings in dimensions 1 1, 12 and 13. The P" packings are also lattice 
packings, but the densest known packings in 1 0, 1 1  and 13 dimensions are nonlattice pack
ings; all these packings are constructed from codes for the digital transmission of information. 

be 23 d istinct ways to stack copies of the 
Leech lattice together in 2 5 -d imensional 
space : there are 2 3  d ifferent 2 5 -d imen
sional laminated lattices.  In 26 d imen
sions the laminated lattices n umber at 
least 7 5 , 000. 

In d imensions higher than 25 m uch less 
is known. Hermann M inkowski dem

onstrate d in 1 90 5  that there are lattice 
packings in any d imension n whose den
sity is greater than 2 - ". His  argument, 
l ike others I have mentione d,  is  noncon
structive.  In low d imensions the esti
mate is rather crude: when n is e q  ual to 
24,  for example, it states merely that 
there exist pac kings whose density ex
ceeds about 6 X 10 - s, whereas the 
Leech lattice is known to be more than 
3 2,000 times denser.  In the other d irec
tion Blichfeldt  showed in 1 9 1 4  that for 
arbitrarily large n umbers n the density 
cannot exceed about 2 - 5n .  In spite of 
m uch e ffort there was essentially no 
improvement on this bound until  the 
1 9 70's. G. A. Kabatiansky, Levenshtein 

and V. M .  Sidel'nikov in M oscow then 
showed that the density in very high di
mensions n cannot exceed about 2 - 599 " .  

E .  S. Barnes of the University of Ade
laide ,  A.  Bos of N .  V. Phil ips '  Gloeilam
penfabrieken in E indhoven, the N e ther
lands, Conway, Leech and I have con
structed a n umber of explicit  pac kings 
in high d imensions, but none of them is 
as dense as M inkowski's theorem prom
ises. Recently Barnes and I constr ucted 
lattice packings from the Leech lattice 
in d imensions up to 1 00,000.  The densi
ty of these pac kings is ro ughly 2 - 125" ,  
which a t  first glance seems almost as 
dense as the bo und in M inkowski's theo
rem. Indeed,  in d imension 6 5 , 5 3 6  our 
packings are about 1 0 40.000 times denser 
than any lattice packing previo usly 
known. Unfort unately the exponential 
form of the bound can obsc ure the fact 
that we still  fall rather short of the 
promised goal.  The theorem g uarantees  
there remain packings to be d iscovered 
that are 1 0 4.000 times denser than the 
ones we have fo und.  

1 2 5  
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The Invention of the Balloon 
and the Birth of Modern Chemistry 

The first manned balloon Rights in France 200 years ago 

were inspired by basic research into the nature of gases 
by some of the leading chemical investigators of the day 

The first free flight by human be
ings was a balloon ascension from 
the gardens of the Chateau de la 

M uette in the western outskirts of Paris 
on N ovem ber 21, 1783. The passengers 
were Pilatre de Rozier, the young direc
tor of a museum of science in Paris, and 
the Marquis d'Arlandes, an army officer 
with good connections at the court of 
Louis XVI. In a hot-air balloon designed 
by the brothers Joseph-Michel and 
Jacques-Etienne Montgolfier the two 
passengers stayed aloft for some 25 
minutes and came down unharmed in 
open country near the road to Fontaine
bleau, having traveled about five miles. 

The flight was remarkable in its own 
right, but it also epitomized a major 
achievement in chemistry, namely the 
fall of the phlogiston theory of chemical 
composition under the impact of the 
discovery that gases are distinguishable 
by weight. The names of four preemi
nent chemists-Joseph Black, Henry 
Cavendish, Joseph Priestley and An
toine Lavoisier-are entwined in the rec
ords of the first balloon flights, manned 
and unmanned. Their work opened the 
way to the first clear understanding of 
the chemical nature of matter. 

The Montgolfier brothers lived in An
nonay, a town near Lyons. They had 
been fascinated with the idea of flight, 
and it occurred to them that a paper bag 
filled with smoke from a fire would rise 
in the air. Late in 1782 they carried out 
two preliminary experiments, which sat
isfied them that a bigger bag filled from 
a sufficiently large fire could be made 
to float. The brothers first demonstrated 
their idea publicly in Annonay on June 
4, 1783. The balloon bag was a spherical 
sack made out of linen and lined with 
paper. It was 36 feet in diameter and 
weighed about 500 pounds. The balloon 
was inflated over a fire fed with small 
bundles of chopped straw. When it was 
released, it rose to a considerable height 
and came down in about 10 minutes, 
having traveled a mile and a half. Great 
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excitement ensued, and news of the 
experiment spread quickly throughout 
France and the rest of Europe. 

A different group carried out th.: next 
balloon trial in Paris two months later. 
The experiment was supervised by a 
physicist, Jacques Charles. Exploiting 
his knowledge of recent discoveries in 
the study of gases, Charles had decided 
to inflate the balloon with hydrogen. 
Since hydrogen would easily escape 
through a paper liner, the balloon bag 
was made out of thin silk fabric and 
coated with a solution of rubber. The 
hydrogen was obtained from the action 
of sulfuric acid on iron filings. Inflating 
the bag to its final diameter of 13 feet 
took several days and consumed nearly 
500 pounds of acid and 1,000 pounds of 
iron. An immense crowd watched the 
ascension from the Champs de Mars on 
August 27. The balloon stayed up for 45 
minutes, finally landing in a field near 
Gonesse, about 15 miles away, where it 
so terrified the inhabitants that they tore 
it to shreds. 

Some three weeks later the Montgol
fier experiment was repeated in Ver
sailles, this time with Louis XVI and his 
court in attendance. Filling the fire bal
loon was a simple task compared with 
the preparation of the hydrogen bal
loon, and within 10 minutes the balloon 
was ready to take off. For this demon
stration the balloon was fitted with a 
small cage carrying a sheep, a rooster 
and a duck. The balloon itself was not 
the plain bag of the first ascent but was 
brightly painted in oil colors. The flight 
ended in a wood about two miles away. 
The first aerial travelers were uninjured. 

Once the feasibility of balloon flight 
had been established the practical possi-

bilities were quickly tested. In October 
de Rozier was lifted to 80 feet in a teth
ered Montgolfier balloon and remained 
aloft for more than four minutes. A 
month later de Rozier and d'Arlandes 
made their historic free flight across 
Paris. Not to be outdone, Charles em
barked with a passenger from Paris on 
December 1 in a hydrogen balloon. This 
flight lasted for two hours and took' 
them some 27 miles to the small town of 
Nesle. There the passenger was let off 
and Charles continued alone, ascending 
to an altitude of about two miles. In a 
span of six months man had taken to 
the air and had learned how to fly. 

In the years following 1783 there were 
many balloon flights all over Europe. 

Particularly noteworthy was an ascent 
by Joseph Montgolfier, the only one of 
the two brothers to have actually flown. 
He made his flight on January 10, 1784, 
from Lyons. The balloon, named Fles
selles, was the largest one up to that date, 
standing more than 180 feet high and 
measuring 100 feet around. It was inflat
ed from a straw fire in 17 minutes and 
rose to a height of 3,000 feet, carrying 
seven people. 

Success followed success in balloon
ing. In August, 1784, a French chemist, 
Guyton de Moreau, accompanied by 
Abbe Bertrand, made a flight to more 
than 10,000 feet to collect data on the 
temperature and pressure of the atmo
sphere. In January of the following year 
the first crossing of the English Channel 
(from Dover to Calais) was achieved by 
Jean Pierre Blanchard, a French aero
naut, and John Jeffries, an American 
physician. 

Following the first flight at Annonay 

FIRST PUBLIC DEMONSTRATION of the flight of a hot-air balloon is captured in this 
somewhat fanciful contemporary print. The test was conducted by the brothers Joseph and 
Etienne Montgolfier near their home in Annonay in France on June 4, 1783. The balloon, 
a spherical sack of linen lined with paper, measured 36 feet across and weighed about 500 
pounds. It was inflated over a fire fed with bundles of straw. The flight lasted for 10 minutes. 
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FIRST FREE FLIGHT of a manned hot-air balloon took place over 
Paris on November 21, 1783. The elaborately decorated balloon, de
signed by the Montgolfier brothers, was 46 feet across and 70 feet 

128 

high. Including its two passengers, Pilatre de Rozier and tbe Mar
quis d'Arlandes, the rig weighed a to.tal of 1,600 pounds. The view is 
said to be from the terrace of Benjamin Franklin's house at Passy. 
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the French Academy of Sciences, at the 
request of the government, appointed a 
commission to report on that experi
ment and to plan future experiments. 
Lavoisier, the French chemist whose 
scientific discoveries were among those 
underlying the first balloons, was one of 
the commissioners and played a lead
ing part in the work of the commission. 
The French government evidently re
garded the balloon invention as a signif
icant one, since it covered the expenses 
of some of the later flights directed by 
the commission. 

The reaction of British scientists to 
the balloon was less enthusiastic. In No
vember, 1783, King George III and the 
court at Windsor were treated to an 
exhibition of a hydrogen balloon. Im
pressed, the king wrote to Sir Joseph 
Banks, the president of the Royal Soci
ety of London, offering to subsidize fur
ther experimentation. The reply came 
back that since "no good whatsoever" 
could be expected from such experi
ments, the society was not interested. 

The potential value of the balloon 
in warfare, however, was recognized 
quickly. A pamphlet on the subject was 
published in the same month as the 
demonstration at Windsor. Benjamin 
Franklin expressed the situation clear
ly in a letter dated soon afterward: 

"The invention of the balloon ap
pears, as you observe, to be a discovery 
of great importance. Convincing sover
eigns of the folly of wars may perhaps 
be one effect of it, since it will be impos
sible for the most potent of them to 
guard his dominions. Five thousand bal
loons, capable of raising two men each, 
could not cost more than five ships of 
the line, and where is there a prince who 
could afford to cover his country with 
troops for its defense as that ten thou
sand men descending from the clouds 
might not in many places do an infinite 
amount of damage before a force could 
be brought together to repel them? " 

The spectacular developments in bal
loon flight were an inevitable conse

quence of a drastic change in the human 
understanding of matter. At the time the 
only science worthy of the name was 
mechanics, in particular celestial me
chanics, the study of the motion of the 
heavenly bodies. Chemistry was just be
ing freed from the dogma of alchemy, 
and biology and the other natural sci
ences were still in the early observation
al stage. It was a time when a scholar 
might still master all science and was 
properly referred to as a natural philos
opher. Four of these natural philoso
phers greatly influenced the invention of 
the balloon: Black, Cavendish, Priestley 
and Lavoisier, all of whom would today 
be called chemists. 

To anyone familiar with modern sci
entific concepts the primitive state of 
chemistry in the early 18th century is 

MONTGOLFIER BROTHERS, Joseph-Michel (left) and Jacques-Etienne (right), are pic
tnred in these 19th-centnry line engravings. At the time of their first public balloon flights Jo
seph was 43 and Etienne 38. The image of Etienne is copied from a portrait by his daughter. 

bewildering. The alchemical idea that 
all matter was compounded from four 
terrestrial elements-air, earth, fire and 
water-was still widely held. This sim
ple notion had first appeared in Aristot
le's Natural Science some 20 centuries 
earlier and had led, among other things, 
to the belief that different kinds of mat
ter could be transmuted into one anoth
er. One result was the illusory quest 
for the philosopher's stone, which was 
said to be capable of turning iron and 
lead into gold. Another descendant of 
Aristotle's ideas was also in vogue at 
that time, namely the phlogiston theo
ry, which was to cloud and confuse the 
thinking of chemistry for most of the 
18th century. 

The phlogiston theory was developed 
to explain the nature of fire. From man's 
earliest prehistoric experience it had 
been recognized that certain substan
ces burn and others do not. The alche
mists had enlarged on this observation, 
noting that with intense enough heat 
even the common metals would burn, 
leaving a calx, or ash, that could not be 
burned. Why was this so? 

The explanation put forward by 
Georg Stahl in the first decades of the 
18th century was based on an earlier 
idea of his teacher, Johann Becher. 
Becher had expanded the Aristotelian 
elements to include terra pinguis (fatty 
earth), which was supposed to be re
leased from a substance when it burned. 
Stahl took the idea further, asserting 
that a metal was nothing more than a 
compound of its calx and fatty earth. 
Viewed from this perspective, burning 
was the release of the stored fatty earth, 
which Stahl renamed phlogiston, from 
the Greek for "flammable." 

The phlogiston theory was as versatile 
as it was successful. It explained, for ex
ample, why a calx heated with charcoal 
would revert to the original metal: the 

charcoal, a flammable substance, is rich 
in phlogiston, whereas the calx, which 
does not burn, has none. Hence the char
coal transfers its phlogiston to the calx, 
thereby regenerating the metal and leav
ing charcoal ash. Successes such as this 
one propelled the theory into general 
acceptance, and the idea of phlogiston 
came to dominate chemical thought for 
most of the century that followed. 

Black, Cavendish, Priestley and La
voisier were all confirmed phlogistonists 
when they embarked on their chemical 
careers. Indeed, the first three were en
gaged chiefly in making experimental 
discoveries they often interpreted in 
terms of the phlogiston theory. Lavoi
sier, however, had the genius necessary 
to organize the new findings, along 
with older facts, into a system of chem
istry that had no place for phlogiston. 
Ironically, although the work of Caven
dish and Priestley contributed as much 
as anything to the overthrow of the 
phlogiston theory, neither man ever 
gave up the theory. Priestley remained 
so convinced in 1800, well after oxygen 
had become accepted as the cause of 
fire, that he called his final book The 
Doctrine 0/ Phlogiston Established. 

The first break with the chemical ideas 
of Aristotle stemmed from the ex

periments of Jan van Helmont, who 
made the results of his studies known 
early in the 17th century. Although the 
alchemists were aware earlier that gases 
were produced in reactions such as fer
mentation or the burning of charcoal, 
they regarded the gases as a form of or
dinary air. By means of simple chemi
cal experiments van Helmont produced 
gases he could distinguish from ordi
nary air. He gave them such graphic 
names (in translation) as windy gas, fat 
gas and smoky: gas. Van Helmont made 
no chemical tests of these gases, nor 
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did he attempt to isolate them, but he 
is credited with introducing the word 
"gas" into the scientific vocabulary. The 
study and understanding of gases devel
oped into a branch of chemistry known 
as pneumatic chemistry, and van Hel
mont is generally seen as its founder. 

The field of pneumatic chemistry lay 
relatively dormant until the middle of 
the 18th century. Then it suddenly took 
on new life and new direction, with sur
prising results. In the words of Tor
bern Bergmann, the 18th-century Swed
ish chemist: "During the past 10 years 
chemistry has not only soared into re
gions of invisible aerial substances, but 
it has dared to explore the nature of 
these substances, and to search for their 
constituent principles." Indeed, by 1779, 
when those words were written, the 
chemical composition of eight gases was 
already known with certainty. 

Although Black, Cavendish, Priestley 
and Lavoisier were not close associates, 
their scientific contributions built on 
one another and developed into what is 
now known as the scientific revolution. 
The chain of discoveries was initiated 
by Black. In the 1750's, while he was a 
medical student at Edinburgh, he un
dertook a careful examination of the gas 
released by the action of acids on solid 
magnesia (magnesium carbonate). His 
primary goal was to understand the ant
acid properties of magnesia, but in the 
process he established that the gas re
leased was a chemical entity distinct 
from atmospheric air. 

Black named this new substance 
"fixed air," since it seemed to be fixed or 
trapped inside the magnesia. At the time 
it was not yet understood that this gas 
was a compound of chemical elements, 
and several decades passed before it was 
renamed carbon dioxide after its atomic 
composition. By passing gas bubbles 
through limewater and looking for a 
milky precipitate Black was able to 
show that fixed air was released in the 
burning of charcoal, in respiration and 
in fermentation. He became one of the 
foremost chemical philosophers of his 
age, serving first as professor of chem
istry at Glasgow and later returning to 
Edinburgh in the same capacity. 

One of the first scientists to look at the 
properties of fixed air was Cavendish. 
He was the stereotype of the early natu
ral philosopher: rich, eccentric and re
clusive. Having inherited vast wealth (at 
one time he was among the richest men 
in England), Cavendish chose to live his 

FIRST FREE FLIGHT of a manned hydro
gen-filled balloon was launched from the Tui
leries Gardens in Paris on December 1, 1783. 
The passengers were the physicist Jacques 
Charles and an assistant, M.-N. Robert. The 
flight lasted for about two hours, after which 
Robert got off and Charles continued alone, 
ascending to an altitude of some two miles. 

JOSEPH BLACK (1728-99) initiated the chain of discoveries that led to the invention of the 
balloon. In the 1750's, while he was still a medical student at Edinburgh, he identified the 
gas released by the action of acids on solid magnesia as a chemical entity distinct from atmos
pheric air. The new substance, which he called "fixed air," was subsequently renamed carbon 
dioxide. This steel engraving of Black is a copy of a painting made by Sir Henry Raeburn. 

life alone and to devote himself to ex
periment. In 1766 he published three 
papers titled Experiments on Factitious 
Air. By factitious air Cavendish meant 
any kind of gas that is "contained in 
other bodies ... and is produced from 
them" by chemical manipUlations. Be
fore Cavendish only Black's fixed air 
was known to be factitious. Cavendish 
had followed Black's method of pro
ducing fixed air by adding acid to mag
nesia and had extended his work by 
trapping samples of the gas in animal 
bladders. By weighing the bladder filled 
first with atmospheric air and then 
filled with fixed air Cavendish discov
ered that fixed air was 1.47 times heav
ier than normal air. 

Propelled by curiosity, Cavendish 
went further. What would happen if the 
magnesia in Black's experiment were re
placed with a common metal such as 
iron? Once again gas bubbles were ob
served and once again Cavendish col
lected the gas in a bladder. This facti-

tious gas, however, did not give rise to a 
precipitate in limewater and turned out 
to be 11 times lighter than air. More
over, instead of extinguishing a flame as 
fixed air did, it produced an explosion 
when a flame was brought near it. Cav
endish had clearly discovered a sec
ond factitious gas, which he appropri
ately named "inflammable air." 

The work of Black and Cavendish 
firmly established that gases were sepa
rate chemical entities. It was no longer 
possible to think of air as one of the 
elementary constituents of matter. But 
what about earth, fire and water? 

At about this time Lavoisier, a young 
French aristocrat, undertook a simple 
test that eliminated "earth" as an ele
mentary substance. An old experiment, 
which had suggested that it might be, 
involved heating water for an extended 
period in a closed "pelican." (That was 
what the vessel, a retort, looked like.) In 
the end a small amount of solid was visi
ble at the bottom of the vessel. This ex-
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periment had been interpreted as the 
conversion of water into "earth." 

Lavoisier decided to test the accepted 
interpretation of this experiment with 
the chemical balance. He weighed the 
empty pelican and added purified water 
to it. After sealing the top he record
ed the weight of the filled vessel and 
by subtraction ascertained the weight of 
the water. He then allowed the water 
to simmer for 101 days. At the end of 
the experiment he weighed the filled 
and empty pelican again. The combined 
weight had not changed, but a solid had 
appeared whose weight was equal to the 
loss in weight of the empty vessel. Obvi
ously the "earth " had leached out of the 
glass pelican and had not come from 
the water. Combined with the work of 
Black and Cavendish, Lavoisier's exper
iment cast grave doubt on Aristotelian 
althemical theory. 

The final developments in the scientif
ic revolution hinged on further discov
eries in pneumatic chemistry, mainly 

by Priestley. He was a man of diverse 
talents and interests. Trained as a Non
conformist clergyman, he had several 
careers, including publicist, author (of 
106 books) and chemist. In 1772 he pub
lished a paper titled Observations of Dif
ferent Kinds of Air, in which he de
scribed the preparation of several new 
gases. In the next decade, which was 
the one just preceding the invention of 
the balloon, Priestley added eight more 
gases to his list of discoveries. 

At the heart of Priestley's success 
I\. lay a major improvement in the 
technique for recovering gases. Previ
ously chemists had collected gases by 
bubbling them into a water-filled bell 
jar that had been carefully inverted and 
set in a pan of water. As gas collected 
at the top of the inverted jar, water was 
displaced from the jar into the pan. If a 
gas was soluble in water, however, it 
could not be collected by this technique. 
By the simple device of substituting liq-

HENRY CAVENDISH (1731-1810) investigated the properties of both fixed air and another 
form of "factitious air" he called "inflammable air." The latter substance, which turned out to 
be 11 times lighter than atmospheric air, was later renamed hydrogen. This drawing by W. Al
exander is the only known contemporaneous portrait of Cavendish. It is in the British Museum. 
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uid mercury for water, Priestley could 
collect and analyze many new gases. 

Priestley's most important discovery 
came in 1774. With sunlight and a 12-
inch burning lens he heated the red pre
cipitate of mercury, a powdery sub
stance long known to alchemists. Just as 
Black had observed in the burning of 
charcoal, a gas was produced, but it was 
not fixed air. Indeed, this gas had re
markable properties all its own: it made 
a candle burn brighter, and a mouse 
could live in it for nearly twice as long as 
it could in the same amount of atmo
spheric air. 

Since Priestley adhered to the phlogis
ton theory of combustion, it was natural 
for him to interpret these properties 
in terms of phlogiston. Remember that 
phlogiston was supposed to leave a sub
stance when it burned. Since it had to 
go somewhere, Priestley reasoned that 
it was going into the new gas. Thus 
the gas must be deficient in .phlogiston, 
and Priestley called it "dephlogisticated 
air." This name was not destined to last 
for long. Soon, in the laboratory of La
voisier, the gas would be renamed oxy
gen and would figure as the cornerstone 
of modern chemical theory. 

It was at about this time that Lavoi
sier first began to seriously question the' 
phlogiston theory. In 1772 he had pre
pared a memoir on the burning of sul
fur and phosphorus in air. Again mak
ing use of the chemical balance, he de
termined that both substances gained 
weight in burning. He attributed the 

. gain to their combining with air. In his 
memoir Lavoisier went on to speculate 
that "what is observed in the combus
tion of sulphur and phosphorus may 
well take place in the case of all sub
stances ... and I am persuaded that the 
increase in weight of metallic calces is 
due to the same cause." In agreement 
with his conjecture Lavoisier found on 
heating the calx of lead (lead oxide) with 
charcoal that "just as the calx changed 
into the metal, a large quantity of gas 
was liberated." These observations and 
speculations were in complete contra
diction to the phlogiston theory, which 
taught that phlogiston escaped from a 
substance when it burned, with an ac
companying loss of weight. The young 
Lavoisier, recognizing the heresy in 
these ideas, submitted his memoir as a 
sealed note to the French Academy, 
thereby ensuring his prior claim if such 
revolutionary thoughts were sustained 
by future work. 

Lavoisier'S mature thoughts on burn
ing and the theory of combustion ap
peared in his famous memoir of 1783, 
Rejlexions sur Ie phlogistique (Reflec
tions on Phlogiston). There he summa
rized his many arguments against the 
validity of the phlogiston theory. The 
evidence was clear enough for him to 
write: "My only object in this memoir 
is to extend the theory of combustion 
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that I announced in 1777; to show that 
Stahl's phlogiston is imaginary and its 
existence in the metals, sulphur, phos
phorus and all combustible bodies is a 
baseless supposition, and that all the 
facts of combustion and calcination are 
explained in a much simpler and easier 
way without it." 

Lavoisier's explanation was indeed 
simple. It was not phlogiston that was 
lost during the combustion of a sub
stance; it was oxygen from the air that 
combined with it. Lavoisier's hypothesis 
could explain all the facts about com
bustion. This included the quantitative 
ones, such as the fact that the weight 
gained by a substance in combustion 
was precisely eq ual to the weight of the 
oxygen gas that had disappeared. 

By this time the results of the research 
in pneumatic chemistry were being 

widely disseminated. Great progress in 
the understanding of matter was being 
made, and gases with unusual new prop
erties were being discovered. Based on 
his familiarity with the properties of 
Black's fixed air, Priestley had dissolved 
it in water and found that the result
ing concoction was pleasant to drink. 
The new "soda water " became an im
mediate hit in European society. The 
Montgolfier brothers were also learning 
of the work with gases and translating it 
into their ideas about balloons. One 
more great stroke was req uired, leaving 
in its wake both the scientific revolution 
and the balloon. 

The final piece of the puzzle was dis
covered in England. Cavendish had tak
en up Priestley's use of the electric spark 
to examine the new gases. Cavendish 
was particularly interested in the light 
gas he had earlier called inflammable 
air, and he was sparking mixtures of it 
and common air. The spark caused a 
bluish flame accompanied by contrac
tion of the volume of the gas and the 
formation of a small amount of liq uid, 
which he called a dew. 

It was the dew that attracted Caven
dish's attention, and he set about design
ing a second experiment to collect larger 
quantities of it. The substance, he wrote, 
"had no taste or smell and ... left no sen
sible sediment when evaporated to dry
ness; neither did it yield any pungent 
smell during evaporation; in short, it 
seemed pure water." Indeed, further ex
amination proved it to be just that. 

This famous experiment was com
pleted in 1781 but not reported to the 
Royal Society until 1784. Formal publi
cation was delayed primarily because 
Cavendish wanted first to investigate his 
observation that when dephlogisticated 
air was substituted for common air in 
this experiment, the water produced was 
acidic. The cause of the acidity he found 
to be nitric acid, the composition of 
which he was able to establish for the 
first time. 

JOSEPH PRIESTLEY (1733-1804) succeeded in isolating eight more gases in the decade 
preceding the invention of the balloon. An adherent of the phlogiston theory of combustion, 
Priestley identified the most important of his discoveries-oxygen-as "dephlogisticated air." 

Cavendish had shown that water was 
produced from inflammable air and de
phlogisticated air when a mixture of the 
two gases was ignited. The finding did 
not mean to him that water is a com
pound of hydrogen and oxygen. Not to 
a confirmed phlogistonist! He wrote: 
"There seems the utmost reason to think 
that dephlogisticated air is only water 
deprived of phlogiston, and that inflam
mable air, as was before said, is ei
ther phlogisticated water, or else pure 
phlogiston, but in all probability the 
former." In other words, Cavendish be
lieved water existed as water in each of 
the two "airs " and that the reaction be
tween them released it. In the process 
the phlogiston was transferred from the 
phlogiston-rich inflammable air to the 
phlogiston-poor dephlogisticated air. 

On November 12, 1783, Lavoisier 
read at a public meeting of the academy 
a memoir with the long title Memoire 
dans lequel on a pour objet de prouver 
que l'eau n 'est point une substance sim
ple, un element proprement dit, mais 

qu 'elle est susceptible de decomposition 
et de recomposition (On the Nature 
of Water and on Experiments that ap
pear to prove that this Substance is not 
properly speaking an Element, but can 
be decomposed and recombined). Al
though the methods and results were in
ferior to those of Cavendish, Lavoisier 
was bold enough to take the leap and 
assert that water was a compound of 
oxygen and hydrogen. Lavoisier had 
also devised a clever experiment show
ing that water could be broken down 
into its constituent elements. His idea 
exploited the fact that when steam re
acts with red-hot iron (the iron was actu
ally a gun barrel), the water decomposes 
to form hydrogen and iron oxide. Only 
when he found, in a side experiment, 
that copper at red heat did not react with 
water was he actually able to carry out 
the experiment he was seeking. 

The successful experiment was set up 
in a copper tube containing small pieces 
of iron. A weighed sample of water 
was dropped into the red-hot tube. Any 
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steam that remained un decomposed 
was condensed and weighed; the gas
eous fraction (hydrogen) was then col
lected over water and measured; final
ly the iron in the copper tube was re
weighed to determine its gain in weight. 
From this experiment Lavoisier con
cluded that water was made up of 
one part of hydrogen and 6'/2 parts of 
oxygen by weight. (The correct value 
is 1 : 8.) These graphic demonstrations 
that water can be taken apart and put 
back together again fit so neatly into La
voisier's conception of nature that they 
dealt a final blow to the phlogiston the
ory. More than that, the experiment 
marked the end of the four Aristotelian 
elements. 

Buoyed by the success of his interpre
tation of this experiment, Lavoisier was 
in a position to construct a new, logical 
system of chemistry. He set it forth in 
his Traite elimentaire de chimie in 1789. 
In it both oxygen and hydrogen appear 
among Lavoisier's list of 33 elements, 
all but two of which can be found in the 
modern periodic table. The publication 
of the book signified the beginning of 
the scientific revolution and the birth 
of modern chemistry. 

Keeping in mind the story of the ini
tial balloon ascents, the effect of the 
parallel revolution in chemistry on bal
looning and particularly on the hydro
gen-filled balloons seems obvious. Yet 
the interconnection of the two endeav
ors is even deeper. Although the story 
of the hydrogen balloon began in Cav
endish's laboratory, where he first pre
pared his "inflammable air " and estab
lished that it is much lighter than at
mospheric air, it was Black who applied 
the discovery to demonstrate for the 
first time the possibility of producing a 
lighter-than-air object. The following 
story by Thomas Thomson, the distin
guished chemist who succeeded Black 
at Glasgow, sets forth Black's simple 
achievement: 

"Soon after the appearance of Mr. 
Cavendish's paper on hydrogen gas, in 
which he made an approximation to the 
specific gravity of that body, showing 
that it was at least ten times lighter than 
atmospheric air, Dr. Black invited a par
ty of his friends to supper, informing 
them that he had a curiosity to show 
them. Dr. Hutton, Mr. Clarke of Elden, 
and Sir George Clarke of Pennicuik 
were of that number. When the compa-

ANTOINE LAVOISIER (1743-94) is shown in this hand-colored 19th-century engraving 
conducting an experiment designed to determine the composition of water by igniting a mix
ture of hydrogen and oxygen with an electric spark. It was Lavoisier who finally disproved the 
phlogiston theory of combustion and established the true compound nature of water. He also 
played a leading role in planning and reporting on the early balloon experiments, serving on a 
special commission formed for that purpose in July, 1783, by the French Academy of Sciences. 
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ny invited had assembled, he took them 
into a room. He had the allantois [the 
thin fetal membrane] of a calf filled with 
hydrogen gas, and upon setting it at lib
erty, it immediately ascended and ad
hered to the ceiling. The phenomenon 
was easily accounted for: it was taken 
for granted that a small black thread 
had been attached to the allantois, that 
this thread passed through the ceiling, 
and that some one in the apartment 
above, by pulling the thread, elevated it 
to the ceiling, and kept it in position. 
This explanation was so probable that it 
was acceded to by the whole company; 
though, like many other plausible theo
ries, it turned out wholly unfounded; for 
when the allantois was brought down, 
no thread was found attached to it." 

Years later, in 1784, Black wrote a 
letter giving an account of his thinking. 
"As you speak of the 'birth' of aerostat
ic experiments, " he said, "I beg leave 
to communicate to you more fully my 
thoughts on that subject. In the first 
place, although what I have already in
formed you of is strictly true, I by no 
means set up my claim for merit in the 
invention of machines for general flight. 
and excursions. The experiment with the 
bladder, which I proposed as a striking 
example of Mr. Cavendish's discovery, 
was so very obvious that any person 
might have thought of it; but I certainly 
never thought of making large artificial 
bladders, and making these lift heavy 
weights, and carry men up into the air. I 
have not the least suspicion that this was 
thought of anywhere before we began to 
hear of its being attempted in France, 
and I do not doubt that what has been 
published in the newspapers is perfect
ly true, viz. that Mons. Mongolfier [sic] 
had sometimes before conceived the 
idea of flying up into the air by means of 
a very large bag or balloon of common 
air, simply rarefied by the application of 
Fire of Flame. 

"The idea being founded upon a prin
ciple which has long been known, and 
which has no connection with Mr. Cav
endish's discovery, it is only surprising 
that Mons. Mongolfier should not have 
put it sooner in practice. I suppose, 
therefore, that though he might have 
formed the Project a long time before, 
he never was roused into an operation 
for making the trial until others began to 
think of flying by means of inflammable 
air. Who first thought of the method I 
cannot tell, for I confess I did not read 
the history of the Experiments; they 
never interested me in the least." 

What speculations actually led the 
Montgolfier brothers to undertake 

their experiments with the hot-air bal
loon? This question is more difficult to 
answer, and what can be said is more in 
the way of speculation. James Glaisher, 
writing in the 1878 edition of the Ency
clopaedia Britannica, states: "The Mont-
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golfier brothers imagined that the bag 
rose because of the levity of the smoke 
or other vapour given forth by the burn
ing straw: and it was not till some time 
later that it was recognized that the as
cending power was due merely to the 
lightness of heated air compared to an 
equal volume of air at a lower tempera
ture." Evidently the Montgolfier broth
ers were under the impression that the 
vapor given off by the straw was inflam
mable air or something similar. Black, 
however, knew better. He made it clear 
in his letter that the hotter air was sim
ply "rarefied." 

There is other evidence that the Mont
golfier brothers at the time of their ex
periment were laboring under a misap
prehension regarding the nature of the 
smoke and vapors from fire. In the cor
respondence of Sir John Sinclair, a law
yer who was active in English politics at 
the time, one finds the following story. 
"Towards the conclusion of the year 
1785, some circumstances occurred, 
which induced me to take a short excur
sion from London to Paris, and acciden
tally I went in company with three dis
tinguished foreigners, namely, Argand, 
so well known for his improvements in 
the art of making lamps; Reveillon, the 
greatest manufacturer of paper hang
ings then known ... and [Joseph] Mont
golfier, so celebrated for his discovery 
of balloons. I was able to obtain much 
information from the conversation of 
these intelligent men; and I remember, 
in particular, that the latter gave an ac
count of the origin of his discovery, of 
which the following is the substance. 

" Montgolfier said that he and his 
brother were paper man ufacturers in 
Languedoc, but he had always felt a 
strong attachment to chemical inquiries. 
They were thence led to procure all the 
information they could regarding those 
subjects. It seems that Montgolfier and 
his brother had talked over the possibili
ty of being able to ascend themselves, or 
to send up large bodies from the earth, 
at a very early period, without, however, 
having made any experiments to prove 
whether the idea was practicable or not; 
but happening to read an account of 
some experiments made by Dr. Black, 
which explained the nature of the vari
ous kinds of airs or gases, and, in partic
ular, their differences in point of weight, 
he immediately said to his brother, The 
possibility of effecting what we talked 
about some time ago seems to be proved 
by a foreign chemist.' The point which 
should be generally known is this, that 
had it not been for Dr. Black's discover
ies, no experiment would probably have 
been tried by the two Montgolfiers. This 
I can assert upon the evidence of the 
older Montgolfier, who was one of the 
most candid and able men I have met 
with, and who always mentioned Dr. 
Black with the respect to which he was 
so peculiarly entitled." 
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THE AMATEUR 
SCIENTIST 

The spectra of streetlights illuminate 
basic principles of quantum mechanics 

by Jead Walker 

S
pectroscopy has been the physicists' 

Rosetta stone for understanding at
oms and molecules. It began as a 

puzzle of colors, deepened into a mys
tery of energies and wavelengths and fi
nally blossomed through three stages 
of progression into quantum mechanics. 
Now applied in almost every field of sci
ence and technology, it also affords the 
amateur scientist a glimpse into atom
ic structure. Several simple experiments 
can be done to explore transitions in at
oms giving rise to spectra in the visible 
Fange. For example, the spectra of sodi
um and mercury can be observed from 
laboratory lamps and from two com
mon types of streetlight, mercury vapor 
and sodium vapor. 

A spectrometer has long been a stan
dard but expensive apparatus in intro
ductory physics and chemistry classes. 
Usually it consists of three elements. A 
slit and a lens form a plane wave of the 
light from a source. The light is then 
dispersed into its component colors by a 
prism or a diffraction grating. Finally a 
small telescope enables the observer to 
view the dispersion in detail. The spec
trum can be photographed by attaching 
a camera to the telescope by means of 
an adapter. 

Simpler and cheaper ways of do
ing amateur spectroscopy have recently 
been devised. Leonard H. Greenberg 
and Thomas Balez of the University of 
Saskatchewan have described experi
ments in which an inexpensive diffrac
tion grating was attached to the front of 
the lens of an instant-copy camera. It 
was a replica transmission grating with 
15,000 lines per inch. The light sources 
were laboratory lamps filled with mer
cury, neon, helium and krypton. 

Richard L. Bowman of Kent State 
University suggested that this simple 
spectrometer be directed at streetlights 
in order to study the emission spectra of 
their gases. He also .recommended re
cording the spectra on black-and-white 
film so that the negative of a photograph 
can be mounted in a standard projec
tor. The projection expands the details 
of the spectrum, allowing a group of 
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students to calibrate the features of the 
spectra with a meter stick. 

Richard Breslow of the University of 
Connecticut pointed out that the spec
trum of a sodium streetlight has a curi
ous feature. A dark band appears in the 
yellow part of the spectrum where the 
spectrum of a laboratory sodium lamp 
is brightest. The dark band is easily seen 
with an inexpensive diffraction grating 
and the unaided eye. 

Recently David A. Katz of the Com
munity College of Philadelphia sent me 
his plans for analyzing several sources 
of light with a 3 5-millimeter camera or a 
video camera (which is useful for large 
classes). He employs two types of light 
source. One is a standard laboratory 
lamp with a gas-discharge tube. The 
other is an apparatus that he builds out 
of easily obtainable laboratory supplies. 
Compressed air is blown across a solu
tion of a metal salt and water and into a 
tilted flask. This proced ure fills the flask 
with airborne metal ions. A hose run
ning from a side arm on the flask to a 
Meker burner leads the ions into the 
flame of the burner, where they are ex
cited by collisions with other molecules 
in the hot environment. As they deexcite 
they emit their characteristic spectra. 

The device that sprays ions into the 
flask can be made easily by anyone who 
has had a little experience with glass
blowing. It consists of two glass tubes, 
the inner one between six and eight mil
limeters in diameter and the outer one 
between 12 and 14 millimeters. Extend
ing downward from the nested tubes is a 
capillary tube with a bore of one milli
meter. The idea is for the compressed air 
(from a bottle or a laboratory outlet) to 
blow through the nested tubes. The nar
rowing of the escape route exerts a suc
tion on the capillary tube. If the capil
lary tube is immersed in a solution of a 
metal salt, the suction draws some of the 
metal ions up into the stream of air. 

Katz suggests making the inner tube 
first. Flare one end outward uniformly 
and draw the other end down to a small 
diameter. Join the capillary tube to the 
side of the larger of the nested tubes. 

Insert the inner tube and join its out
wardly flared end to one end of the larg
er tube. The joint must be airtight. 

Draw the opposite end of the larger 
tube down to a small diameter. Make its 
tip slightly larger and more extended 
than the tip on the inner tube. With an
other glass tube form a hose connection 
that is to be joined to the sprayer. This 
tube should have a hose nipple to ensure 
that the rubber hose from the air sup
ply fits snugly. Anneal the glass. Open 
the bottom end of the capillary tube and 
grind it flat. 

The flask should be between 500 and 
1,000 milliliters in volume. Attach to its 
side arm a rubber hose about 15 centi
meters long and one centimeter in diam
eter. Fasten the rubber hose with tape to 
one of the air vents in the burner. Seal 
the other vents with tape so that the only 
supply of air comes from the hose. Nat
ural gas is supplied to the burner in the 
normal way. The apparatus thus sup
plies to the flame in the burner air mixed 
with a metal ion. 

Katz buys 81/2-by-11-inch sheets of 
diffraction grating of the transmission 
type from the Edmund Scientific Com
pany (101 East Gloucester Pike, Bar
rington, N.J. 08007). Similar sheets are 
available from Jerryco, Inc. (60 I Linden 
Place, Evanston, Ill. 60202). Katz glues 
the sheet to the hood of a camera lens. 
The hood is either an inexpensive plastic 
or rubber one or one that he forms out 
of cardboard. Its outer end is coated 
with glue and then put on a grating. Af
ter the glue dries Katz snips the excess 
grating from the edge of the hood. 

The camera is mounted on a tripod or 
some other stable stand and positioned 
one or two feet from a light source. A 
black background will eliminate reflec
tions from other objects in the room. 
The camera does not face the source di
rectly but is off-center by about 30 de
grees. (If it faced the source, the grating 
would transmit light to the film without 
dispersion.) The film is exposed with the 
first-order diffraction pattern prod uced 
by the grating: the light is spread across 
the film as a function of its wavelength. 

The aperture on the camera should 
be wide. Only experience can determine 
the proper exposure time, but it proba
bly will be from 1/4 second to 10 sec
onds depending on the brightness of the 
source and the speed of the film. Katz 
suggests Ektachrome or high-speed Ek
tachrome. Instead one might replace the 
35-mm. camera with a video camera, so 
that the spectrum can be transmitted to 
a television screen or a video projector. 

I studied several atomic spectra by 
taping an inexpensive diffraction grating 
(13,400 lines per inch) in front of a lens 
mounted on a 35-mm. single-lens reflex 
camera. My color film had an ASA rat
ing of 400, but you might try the newer 
ASA 1000 color film. When I stood near 
a source, the spectral lines in the first-
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A street scene with several spectra 

David A. Katz's spectrum of mercury A hydrogen spectrum by Katz 

The spectrum of a mercury streetlight The spectra of several sodium streetlights 
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order diffraction tended to overlap be
cause the source was fairly large in my 
field of view. I backed away to narrow 
the lines. The lines were then dimmer. I 
set the camera at its widest aperture and 
made photographs at many exposure 
times between 1/ 4 second and 25 sec
onds, hoping to hit on the proper ex
posure. (An instant-copy camera would 

gmting 

Direct illumination (no disper.slon) 

have greatly decreased my guesswork.) 
I first photographed laboratory lamps 

of hydrogen, sodium and mercury. Next 
I photographed a mercury-vapor street
light. The lamp emitted light across the 
full visible spectrum, but against that 
background I was able to see several 
bright lines. I saw deep blue (violet), 
faint green, bright green, bright yellow, 

Ho w the spectrum from a streetlight is dispersed 

Metal-ion=:/'" 
:)olution 
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500- to 1,000 - ml. flask 

Katz's setup for melal-ioll spectroscopy 

.suction tube.-

Me-ker burre, 

faint yellow (or dull red) and bright red. 
(The photographs reproduced on the 
preceding page do not show the detail 
in the originals or visible when one 
looks directly at the light source through 
the grating.) Most of these emissions 
are from deexciting mercury atoms. The 
red emission is from a phosphor in the 
lamp that enhances its power at the red 
end of the spectrum. 

A different set of colors was visible in 
the spectrum from sodium. The bright
est emission from the laboratory lamp 
was in the yellow at a wavelength of 
about 589 nanometers. The emission 
from a sodium streetlight was different 
partly because the lamp of that light 
contains a small amount of xenon and 
mercury, which contribute to the spec
trum. Another striking difference is the 
dark band noticed by Breslow in the 
midst of the yellow. 

The difference in the yellow light 
from the two types of lamp comes from 
their gas pressure. The pressure in the 
laboratory lamp is about .02 atmos
phere, that in the streetlight about 1.5 
atmospheres. In both cases sodium at
oms are excited by collisions and emit· 
photons of bright yellow light with a 
wavelength of 589 nanometers. At the 
lower pressure the chances are good that 
a photon can escape from the lamp 
without being absorbed by another sodi
um atom in its way. At the higher pres
sure the photon is likely to be absorbed 
by another atom and so prevented from 
escaping. The phenomenon is known as 
self -absorption. 

Yellow light is nonetheless visible in 
the part of the spectrum surrounding the 
dark band because of the frequent and 
violent collisions among the atoms. A 
collision can briefly alter the energy of 
the electrons in an atom. If during that 
period the atom deexcites, the light has 
a wavelength slightly longer or shorter 
than the normal yellow light. Such light 
cannot be absorbed by another sodi� 
um atom. Thus this yellow light escapes 
from the lamp without self-absorption. 

When the sodium spectrum from a 
laboratory lamp is studied in a good 
spectrometer, the yellow emission is dis
covered to be at two wavelengths: 589 
nanometers and 589.6 nanometers. This 
doublet is curious because it is evidence 
of a subtle play of quantum numbers for 
an electron in the sodium atom. 

Collecting spectra without under
standing their origins is like collecting 
butterflies without studying their biolo
gy. The origins of atomic spectra occu
pied the thoughts of some of the best 
physicists for two centuries. Under
standing came slowly, often flying in the 
face of common sense. By the middle of 
the 19th century students of spectra had 
noticed a peculiarity of the light emit
ted when pure elements were burned. 
Whereas light from a burning coal in 
a fireplace shows the full visible spec-
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trum, a pure element produces only cer
tain colors. For example, burning sodi
um yields a distinct yellow light. All the 
elements investigated had their own 
unique set of spectral lines, a phenome
non that puzzled the early investigators. 

In 1885 Johann Jakob Balmer stum
bled on a concise formula that fitted the 
lines in the visible spectrum of hydro
gen. The formula related the frequency 
(or the wavelength) of the li"nes to cer
tain sets of integers. One integer was 
the number 2. The other was an inte
ger larger than 2. Neither Balmer nor 
anyone else had the slightest idea why 
the formula worked. 

In 19 1 1  Ernest Rutherford demon
strated that an atom consists of a high
ly dense, positively charged core sur
rounded at some distance by negative
ly charged particles. It is now known 
that the core-the atomic nucleus-con
sists of protons and neutrons and that 
the surrounding particles are electrons. 
Light is emitted when an electron loses 
energy by orbiting closer to the nucleus, 
but why are only certain spectral lines 
seen? According to the understanding of 
electromagnetism in Rutherford's time, 
an electron losing energy would have to 
fall into the nucleus almost immediate
ly. If that were the case, all atoms would 
collapse and the world as we know it 
could not exist. 

The first break in solving the puzzle 
came in 19 13, when Niels Bohr was con
sidering how to apply the new idea of 
the "quantum of action" to the hydro
gen atom. Max Planck had earlier set 
the stage with the introduction of what 
is now called Planck's constant; the pur
pose of the constant was to model the 
atomic emitters of light on the surface 
of a hot object such as a burning coal. 
The application of his model to the 
Rutherford atom was challenging but 
possible. An explanation of the spectra 
of the atoms, however, was still thought 
to be out of reach. 

One day a friend suggested that Bohr 
examine Balmer's formula. Bohr said 
later, "As soon as I saw Balmer's for
mula the whole thing was immediate
ly clear to me." The formula employed 
integers, suggesting that some feature 
of the electron in. the hydrogen atom 
was restricted to certain values involv
ing those integers. The electron could 
not merely fall into the nucleus, because 
that would violate the restriction. Bohr 
found that if he quantized the angu
lar momentum of an electron in orbit 
around the nucleus, its energy was then 
limited to certain values set by an in
teger he called the quantum number, n. 
If the electron is in orbit close to the 
nucleus, it has one of the low energy 
values in the allowed set. A larger orbit 
demands a greater value of n. The elec
tron can jump between the allowed en
ergy values, thereby changing the size 
of its orbit, but apparently it cannot 

be at an intermediate value of energy 
or radius of orbit. Moreover, a down
ward jump into the nucleus itself is not 
allowed. Since there is a definite low
er limit to the energy the electron has, 
there is also a limit to how small the 
orbit can be. 

The electron can jump from a lower 
energy value to a greater one only by 
absorbing energy from outside the atom. 
That energy can be supplied by a colli
sion with another particle or atom. It 
can also be supplied by the absorption 
of light. After being excited the electron 
soon deexcites by releasing energy. Ei
ther the atom has to run into something 
to rid itself of its energy or it has to emit 
light. When a hydrogen atom loses ener
gy by emitting light, the emission forms 
the spectrum seen in the light produced 
by a hydrogen lamp. 

The top illustration at the right gives 
the allowed energies for the hydrogen 
atom according to the Bohr model. The 
lowest level, which is termed the ground 
state, has a quantum number II of 1. 
The other levels are labeled with larger 
values of n. The Balmer formula (in its 
original form) covered the second level 
and higher ones. For example, if a hy
drogen atom is excited to the third level 
by a collision, it soon deexcites to either 
of the two lower levels. Suppose it deex
cites to the second level. Then it must rid 
itself of just the right amount of energy 
to make the jump. 

Prior to Bohr's work Albert Einstein 
expressed the fundamental relation be
tween the energy and the frequency of 
light: the energy is equal to the product 
of the frequency and Planck's constant. 
For example, when the hydrogen deex
cites from the third level to the second, it 
must emit light of a certain frequency in 
order to lose the right amount of energy. 
Since the frequency of light is inverse
ly proportional to its wavelength, the 
wavelength is also fixed. The result of 
such a deexcitation appears as a red 
line in the spectrum at a wavelength of 
656 nanometers. 

In a lamp the atoms are constantly 
being excited by collisions to all the lev
els shown in the chart. The many down
ward transitions mean that different 
amounts of energy are released as light. 
Once the hydrogen atoms are somehow 
excited several different wavelengths 
of light emerge. The interesting point is 
that only certain values can be expected. 
In the visible part of the spectrum there 
are three emissions besides the red one, 
each associated with a jump downward 
to the second level. A green wavelength 
comes from the fourth level. A blue 
one comes from the fifth. A blue one 
of shorter wavelength comes from the 
sixth. All four emissions fall in the visi
ble spectrum. Other downward jumps 
result in invisible emissions in the ultra
violet or infrared parts of the spectrum. 

Bohr's model of the hydrogen atom 

was revolutionary in that it introduced 
the quantizing of motion and energy to 
the atom, but it was wrong. Indeed, the 
correspondence between its predictions 
for the spectrum of hydrogen and the 
observed spectrum was almost acciden
tal. Bohr's model is based on the as-
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sumption that the electron goes around 
the nucleus in a circle, but there is no 
reason other types of orbit cannot exist. 

Further work by Arnold Sommerfeld 
dealt with three-dimensional orbits. 
Although the model for the hydrogen 
atom then appeared to be fairly com
plete, extensions of the model to other 
types of atom failed. The model could 
not explain even the simple spectra aris
ing from laboratory lamps and street-

lights. Something was obviously wrong. 
A true quantum-mechanical model of 

the hydrogen atom emerged in 1926 
when Erwin Schrodinger wrote the 
wave equation that now bears his name. 
The eq uation was essentially a repeti
tion of the formula pre-quantum-me
chanical physicists had employed for 
waves of all kinds. Schrodinger's equa
tion seemed strange because instead of a 
wave in water or some other medium it 
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described a wave in what is called a sca
lar field. The equation was marvelously 
successful in fitting the spectra of atoms, 
but the physical meaning of the scalar 
field was so elusive that many physicists 
thought the theory was unnatural. 

New numbers popped out of the 
equation in orderly fashion. An electron 
in an atom has a principal quantum 
number n (somewhat similar to the 11 in 
the Bohr theory), a second one I that 
restricts the size of the angular momen
tum of the electron's orbit around the 
nucleus and a third one that restricts 
the orientation of that angular momen
tum. The first two help to make sense 
of the spectra from laboratory lamps 
and streetlights. 

Once the value for 11 is determined, 
the value for I can be 0 or any integer up 
to 11 - 1. Now it is necessary to turn 
to another parameter that restricts an 
intrinsic angular momentum of elec
trons. Every electron behaves as though 
it were a miniature top spinning on an 
axis. This type of angular momentum, 
which is called spin, is given by the 
quantum number s. 

I want to caution that these quantum 
numbers, pictures, energy charts and so 

. 

on are all merely models associated with 
an atom. They are not reality of the nor
mal kind. You will never directly ob
serve an electron or sense the quantizing 
of its orbits and energies in an atom. 
Indeed, an atom is not simply a minia
ture solar system and spin is not simply 
the angular momentum of a tiny top. In 
the current view the electron is an infini
tesimal point to which certain character
istics, among them charge and spin, are 
attributed. 

The spectrum of sodium can serve to 
demonstrate how the quantum numbers 
figure in atomic spectra. A neutral sodi
um atom has 11 electrons. Ten of them 
play no immeoiate role in an under
standing of the spectrum because they 
form what are called closed shells. The 
concept of a closed shell is based on the 
quantum-mechanical argument that no 
two electrons in an atom can have pre
cisely the same set of quantum num bers. 

The 11 th electron is called a valence 
electron because it lies outside the 
closed shells. When a sodium atom is 
unexcited, the valence electron has an 11 
of 3 and an I of O. There are two more 
possible values for 1(1 and 2), but for the 
electron to have them it must be given 
some energy. Instead it might be given 
enough energy to jump to a state with II 
of 4 or more. These possibilities for 
sodium are charted according to energy 
in the bottom illustration on the pre
ceding page. 

The ground state (shown at the lower 
left in the chart) can be labeled as 32Sj/2. 
S is the traditional way of representing 
an I value of 0 for the valence electron. 
The 3 is the value of 11. The superscript 2 
comes from an equation "involving the 
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spin. The subscript brings in a new quan
tum number j, a combination of 1 and s. 
This new number is important because 
it restricts the total angular momentum 
of the electron, that is, the combination 
of its orbital angular momentum and its 
spin angular momentum. The val ues of j 
are computed by adding and subtracting 
the val ues of I and s. The largest j val ue 
equals the sum of 1 and s. The lowest 
value is the subtraction of I and s (ignor
ing any negative sign that might result). 
The intermediate values of j are found 
by subtracting 1 from the largest value 
until the smallest value is reached. For 
the ground state the calculation is sim
ple. There 1 is 0 and s is 1/2. Hence j 
can only be 1/2, which appears as the 
subscript on the column label. 

A sodium atom is more interesting if 
the valence electron is given some ener
gy, so that (while it is still in the state 
with n of 3) it has an lof 1, leaving two 
possible values for j. If I and s are added, 
j is 3/2. If they are subtracted, j is 1/2. 
Physically the two situations involve the 
orientations of the two components of 
the electron's angular momentum. If the 
orbital and spin components are in the 
same direction, j is 3/2. If they are in 
opposite directions, j is 1/2. 

The only reason for introducing the 
quantum number j is that the electron's 
energy (and thus the atom's) depends on 
it. The two orientations of the angular 
momentum (the orbital and spin com
ponents) require different energies for 
the electron. Less energy is required 
when they are in opposite directions. 
Slightly more is needed if they are in the 
same direction. The way to keep track of 
the situation is to consider the j values. 

The two states appear in the energy 
chart as the lowest levels under the la
bels P3/2 and P1/2. As before, the sub
script gives the value of j. The P is the 
traditional way of representing a val
ue of 1 for I. These two states differ so 
slightly in energy that they appear to be 
at the same level in the energy chart. 
Still, the difference in energy is responsi
ble for a closely spaced doublet of yel
low lines in the sodium spectrum. 

Suppose a sodium atom in a lamp 
is excited to the P3/2 state. It quickly 
drops back to the ground state, emit
ting light to get rid of the appropriate 
amount of energy. The wavelength of 
that light is 589 nanometers, which is in 
the yellow part of the spectrum. If in
stead the atom is excited to the Plf2 
state, it deexcites to the ground state 
by emitting a slightly smaller amount 
of energy, because Plf2 is a bit lower 
in energy. This time the wavelength of 
the light is 589.6 nanometers, which 
is the second line of the sodium doublet 
in the yellow. Thus the presence of the 

. yellow doublet in the sodium spectrum 
demands the invention of the quantum 
number j. Otherwise the slightly differ
ent yellow wavelengths make no sense. 
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Several other excited states attained 
by atoms in the lamp are shown in the 
chart. Soon after excitation the atoms 
drop back in various ways to reach the 
ground state. As long as the lamp is 
lighted the atoms are reexcited. The re
sult is a steady emission of light at the 
wavelengths arising from all the pos
sible deexcitations. I have noted only 
a few of the possibilities in the ener
gy chart and the drawing of the sodi
um spectrum. 

For example, a red emission line re
sults when the valence electron is first 
excited to the level with n of 5 arid 1 
of O. For a reason I shall not go into the 
electron cannot merely drop back di
rectly to the ground state. In the chart 
the deexcitation route must be both 
downward and to another column of 
levels. Hence the electron can deexcite 
by dropping to either the P312 level or 
the Pl/2. In one case the electron emits 
a wavelength of 6 16. 1 nanometers, in 
the other case one of 6 15.4 nanometers. 
The difference in these two wavelengths 
of red light is due entirely to the differ
ence in energies of the two P states. 
Thus the two possible values of j for 
the P states end up creating another 
closely spaced doublet of spectral lines. 

An analysis of the spectrum of mercu
ry is similar to that of the spectrum of 
sodium. An electrically neutral mercury 
atom has five' complete shells and two 
valence electrons. Although figuring out 
the quantum numbers for two electrons 
is more work than it is for one electron, 
the procedures are about the same. The 
energy levels for mercury are shown in 
the bottom illustration on page 142. As 
before, the state for an unexcited atom 
is shown at the bottom left. Some of 
the possible excited states are shown 
higher in the chart. Mercury atoms in 
a lamp are constantly being excited to 
those upper levels and then finding 
their way back to ground state by emit
ting light. 

The major difference in analyzing the 
energy levels for mercury is that it is 
necessary to focus on the totall and the 
total s for the valence electrons. The to
tals are combined to find the total j, 
which determines the energy. To aid in 
such calculations the energy chart is di
vided into two sections labeled singlets 
and triplets. Under the singlet label are 

the energy levels for cases where the two 
electrons have their spins in opposite di
rections and so have a total s of O. The 
total j for any of these levels is simply 
the value of the total!. For example, the 
lowest level under the label P in this 
section is for the case where one electron 
has an 1 of 0 and the other has an lof 1. 
The totall is 1. Since the total s is 0, the 
total j is also 1. In the triplet section the 
left side under the label S is also easy. 
Here the total 1 is 0 and the electrons 
have their spins in the same direction to 
give a total s of 1. Hence the total j can 
only be 1. 

The fun begins in the other part of the 
triplet section. I shall concentrate on the 
lowest levels under the label P in that 
section. There the totall is 1 but the total 
j can have three possible values, each 
associated with a different energy. The 
sum of total 1 and total s gives a value 
for total j of 2. A subtraction gives a to
tal j of O. An intermediate value for 
total j is 1. The energies associated with 
those three values are shown in the en
ergy chart. 

Three of the wavelengths in the mer
cury spectrum depend on these three en
ergy levels. Consider a mercury atom 
excited by a collision to the lowest SI 
level. It can deexcite by dropping to a P 
level in the same section of the chart. 
(As with the sodium chart the deexcita
tion route must be downward and into 
another column.) Since there are three 
choices of P levels, the atom can emit 
light at either 546. 1, 435.8 or 404.7 na
nometers. With a great many atoms be
ing excited in the lamp some are always 
dropping out of the SI along the three 
routes, giving continuous emissions at 
the three wavelengths. Thus the pres
ence of this triplet of wavelengths in the 
mercury spectrum can be understood 
only with the quantum number j. 

This is only a start on exploring the 
spectra of ordinary lamps. You might 
enjoy working out other features of the 
sodium and mercury spectrum. Then 
you might try to analyze the spectrum of 
a fluorescent lamp, which has a thin 
coating of phosphor on its inner surface. 
There are also lamps in which the light is 
emitted by molecules rather than atoms. 
It is only fair to state, however, that un
raveling molecular spectra can keep you 
occupied for quite a long time. 
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Today's Chevrolet 

Welcome aboard 
camaro Berlinetta. Above, the night sky is 
black , punctuated by the flickering of stars and 
planets. Below, the white lines of the roadway 
snake deep into the unknown. Ahead, the blue
green glow of your instrument cluster advises you 
all systems are go on board Starship Camaro. This 
is not science fiction. This is Berlinetta. 

Starship control central. Climb in. Buckle up. 
Adjust the retractable push-button instrument 
pods so your hands never have to leave the wheel 
in controlling vital functions. Turn the key and 
watch the system monitor perform seven preflight 
tests as the engine sparks to life. Blip the throttle 
and watch the vacuum-fluorescent tach dance to 
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Starship Camaro. 
le rhyth m of you r  r ight foot . cru is ing speed . You r  jou rney has beg u n .  tTO orchestrate you r  voyage, d ia l  up  a sym phony Enter a new realm. Camaro Berl i netta is  a 

the pivoti ng Delco stereo and optiona l  h ig her form of terrestria l  tra nsportatio n .  So cl i m b  
a p h i c  eq ua l izer. (Rad io may b e  de leted for cred it . )  on board and g ra b  ho ld of the future. 
Now, put it i n  gear, g ive it some gas and watch Today's C h evrolet. B r ing ing you the cars and 

d ig ita l speedometer n u m bers m u lti p ly. Set the trucks you wa nt a n d  need . That's what Ta king 
i lab le e lectron ic  speed control at you r  des i red Charge is  a l l  a bout .  
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