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from anti-pollution 

UOP has a piece 
We're all against pollution. We'd better be. 
The impact of polluted air and water on 
man and his environment is growing more 
severe all the time. We need more and 
better action. Now. 

Universal Oil Products Company offers 
some practical ways to cope with this 
acknowledged menace. UOP Air Correction 
Division is a leader in offering source 
testing service. This specialized survey 
studies problems in depth, analyzes the solid 
or gaseous pollutants and prescribes the 
exact equipment needed for control. 
Economically. With flexibility for the future. 

Meanwhile UOP Process Division is 
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to problem solution 

of the action in your life. 
solving the big problem of how to 
desulfurize fuels to eliminate noxious 
fumes from residential and 
industrial furnaces. 

At the same time work is far advanced 
against the overwhelming problems of 
cleaning up fumes from automotive and 
diesel exhaust systems. UOP has practical 
answers ready. Now. 

Water contamination is another target 
of UOP scientists who are commercializing 
unique chemical processes that help free 
rivers and streams of foaming detergents. 
And UOP Johnson Division is an innovator 
in the development of high efficiency 

screens for water purifying systems. 
What makes possible the solving of big 

problems like these? Well, at the center is a 
deep re.servoir of scientific knowledge, 
stretchmg back into history, reaching into 
the future. This practical kind of research-in
search-of-results is also being used by UOP 
"family members" working in fabricated 
metal products; air and ground transportation 
equipment; construction services; plastic 
laminates and chemicals. 

On the research and development horizon � 
there is no end in sight. Wherever you are, 

•• ® 
whoever you are, UOP has a piece of the 
action in your life. 
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((Max, how fast can 

a car reservation . 

Max, our computer, gets a little carried away 
sometimes. Just the same, he's a mechanical marvel. 
He's on duty 24 hours a day, keeping a constant 
inventory of all our cars. That's why only 
National can guarantee reservations. 

Wherever you are, when you call National toll-free 
at 800-328-4567, we just ask Max if there'll be 
a car waiting for you. 

Max knows, at the instant you call, what cars 
are available at every National location. 
When he says yes, he isn't guessing. 

National features all new Chevys, Pontiacs, Buicks, 
Oldsmobiles, and Cadillacs, and other fine cars, at 
2400 worldwide locations. * And in the U.S. you'll 
get a fist full of S&H Green Stamps, too. So 
please excuse Max's conceit. 
After all, Max knows he's 
the only computer that 
guarantees car 
reservations. And 
only National has Max. 
Let Max do it. 
*Tilden·Rent·A-Cor in Canodo. 

FASTER THAN A 
SPEEDING BULLET. 
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LOOKING FOR AN 

UNUSUAL TOOL? 

A superb collection of unusual tools, 
instruments, gadgets and materials for the 
creative craftsman or technician. Research, 
optics and photo lobs who build or customize 
things can' now find un ique tools not available 
anywhere else. 

If you don ' t know where to buy it, 
chances are it's a stock item at No t i o n a l  
Camero. 

Send now for your FREE, ill ustrated 
NC Flasher catalog to Dept. JSA 

NA..TIONA..L- CA..IV'IEt=o>A 
2000 'VVe::ST UNION AVENLJE 
ENGLEVVOOO COt......ORA.OO 80110 

FREE! 
WORLD'S LARGEST 

ELECTRONIC I<lT 

CATALOG! 

The latest edition ... with more kits and more 
color. Includes over 300 kits for unique creative 
fun at 500/0 savings. You can build your own 
color TV, stereo system, electronic organ, home 
protection system, portable and shortwave 
radios, ham and CB equipment, marine elec
tronics a),d many more. No special skills or 
knowledge needed. Millions of others have 
done it already - you can too! Mail the coupon 
today and see how easy it is. 

,. - - - - - - - - - - -[�"flS;"iSE;I·" 
I HEATH COMPANY, Dept. 36-4 aSchlumberger subsidiary I 
I Benton Harbor, Michigan 49022 CL-362 I 
I Please send FREE 1970 Heathkit Catalog I I Name I 

I Address I 
I City State Zip __ I L _________________ � 
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THE COVER 

The pattern on the cover shows the spatial distribution of the negative 
electric charge for the two electrons in an excited state of the hydrogen 
molecule (H2) in terms of contours of equal electron density. The darker the 
color, the higher the probability of finding the electrons in that region of 
space. (The two plus signs near the center indicate the location of the two 
positively charged atomic nuclei, which in the case of the H2 molecule are 
simply two protons.) The cover picture, which was adapted from an un
colored computer-generated contour-line diagram, is based on a mathe
matical model of molecular structure in which the molecule's electrons are 
assumed to occupy a set of distinct molecular "orbitals." (In the actual 
electron "cloud" the charge density changes continuously.) This particular 
diagram corresponds to an excited state of the hydrogen molecule called 
the singlet "fl state; typically when a molecule is excited into such a 
higher-energy state from its "ground," or lowest-energy, state by absorb
ing energy in discrete quanta from outside, its electron cloud becomes more 
diffuse and more complicated in shape. The use of large, high-speed com
puters to perform the vast amounts of algebra and arithmetic required to 
calculate such mathematical models of atomic and molecular structure is 
making it possible to obtain reliable and comprehensive chemical informa
tion independently of experiment (see "Chemistry by Computer," page 54). 
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We'll mix a META 4 
just for you! 
The senior computer scientist at your university or research lab may 

already have made the switch to META 4. Why? For speed, power 

and versatility at a price well within his budget. During the day, his 

META 4 may be a teaching aid for computer design and then emulate 

an 1130 that same afternoon by a simple switch of firmware. Or 

maybe it controls and preprocesses data from 128 low-speed lines
or emulates an 1800 with floating-point hardware. The possibility 

of a custom-tailored architecture, or a more conventional one, or 

some combination of both -operating at a 90-nanosecond machine 
cycle-may appeal to you, too. If so, call our local sales, support 

and service center for an immediate consultation. 

In California: San Diego (714) 453-6050, 

Palo Alto (415) 326-7433, EI Segundo (213) 322-7441. 
In Connecticut: Farmington (203) 677-7690. 

In Missouri: St. Louis (314) 965-2010. 

The META 4 we can mix for you is guaranteed to improve your price
performance ratio! For a brochure, write: 

Digital Scientific Corporation 

11455 Sorrento Valley Road, San Diego, California 92121 
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LETTERS 

. Sirs: 
To describe "The Assessment of Tech

nology" [SCIENTIFIC AMERICAN, Febru
ary] as a disappointing performance, 
coming from the National Academy of 
Sciences, would be praise indeed. One 
wonders not only how many panel mem
bers have any interest in the sociologi
cal and philosophical implications of 
technological laissez faire but also how 
many have ever read anything like Brave 

New W MZd and how many thought Hux
ley was advocating his own utopia. 

Nowhere in the article does there 
seem to be any recognition that techno
logical developments, even without pol
lution or other kinds of material cost, 
can-and often do-make life worse by 
increasing centralization and top-down 
direction and by making people less able 
to control, influence or even understand 
decisions that are vital in their lives, thus 
making people less human and increas
ing alienation and frustration. Not hav
ing recognized this, the panel could not 
suggest that this inhumanity, alienation 
and frustration may increase the de
mand for technological gadgetry, wheth
er in better and more sophisticated 
equipment for police, prisons, doctors, 
hospitals, etc., or in more frantic travel
ing about, more elaborate television sets 
(with the same miserable programs), and 
generally more of those possessions that, 
advertised on our improved television 
sets, increasingly seem to possess us. 

That technology is subject to laws of 
diminishing return, that it may increas
ingly be counterproductive, that it may 
encourage a bad attitude of regarding 
people as elements of a system and the 
system as an end in itself, that it has 
taken on the trappings of a superstition 
in that, although its workings may not 
be understood, it is widely regarded as 
holding the solution to all problems, that 
scientific research is valuable and inter
esting for its own sake, regardless of 
applications-all these possibilities seem 
worth some discussion but nothing like 
them seems to be mentioned. Instead 
the public is mildly rebuked for its op
position to highways, airports and larger 
and faster airplanes, as though the dis
ruption of neighborhoods, the noise and 
smoke and an increasingly frantic way 
of life are worth the millions spent. 
Did anybody on the panel ever ask if all 
this travel is desirable or necessary, or 
whether we might do better by doing 
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things differently, by paying more atten
tion to factors other than gross national 
product? 

Or does the panel just not want to 
rock the boat? Perhaps this is why, al
though rejecting "the concept of a highly 
centralized process of technology assess
ment," the panel finally recommends lit
tle but the addition of strings to the 
Federal Government's bow. Even as
suming that the recommended agencies 
can avoid both emasculation and cap
ture by special interests, the effect will 
be to weaken local initiative and control 
still further. . . •  

ALLAN OATEN 

Department of Statistics 
Stanford University 
Stanford, Calif. 

Sirs: 
Limitations of space prevent us from 

dealing with more than a few points 
raised in Mr. Oaten's letter. Most of the 
questions he raises are covered in the 
full National Academy of Sciences re
port Technology: Processes of Assess
ment and Choice. Condensation of the 
material for Scientific American may 
have led to an inadequate treatment of 
them in our article. 

In our opinion Mr. Oaten has seriously 
defective vision. He sees with great clar
ity the negative effects of technology 
that occur in all areas of life-human, 
social and environmental. He seems to
tally blind, hovvever, to the beneficial 
effects ot' technology. Surely technology 
has also been a liberating force, often 
freeing man for higher aspirations and 
providing a greater freedom of choice. 
Few of us would be willing to forgo 
many of its benefits. Our article is based 
on the view that both benefit and injury 
may flow from technology, and the 
Academy study attempted to devise 
means for guiding technology in more 
beneficial directions. This is not what 
most people mean by laissez faire. 

The technology versus society debate 
is an old one; some perspective can be 
gained by consulting the literature of the 
early 19th century dealing with the ef
fects of the Industrial Revolution on 
rural England. The poet laureate Robert 
Southey wrote: "The spirit which built 
and endowed monasteries is gone. Are 
you one of those persons who think it 
has been superseded for the better by 
that which erects steam engines and 
cotton mills?" The historian Thomas 
Babington Macaulay asks: "Does Mr. 
Southey think that the body of the En-

glish peasantry live, or ever lived, in sub
stantial or ornamented cottages, with 
box-hedges, flower gardens, beehives 
and orchards?" 

It is not clear what Mr. Oaten would 
propose for a technology-assessment 
mechanism that would, to use his words, 
"rock the boat." (It is relatively easy to 
rock a boat; sailing in a desired direction 
takes much more skill.) He seems to hint 
that he would consider an all-powerful 
centralized control mechanism for tech
nology, but this would lead us in the di
rection of a technocracy and would ag
gravate the very conditions he wishes to 
improve. In our study we have attempt
ed to design a system that will increase 
the effectiveness and representation of 
what Mr. Oaten calls "local power." Our 
proposals might well be inadequate, and 
we hope he will propose more effective 
ones. 

RAY}'IOND BOWEns 

Cornell UniverSity 
Ithaca, N.Y. 

HARVEY BROOKS 

Harvard University 
Cambridge, �lass. 
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We are not trying t 

He performs a valuable service even in this day and 

age. We are in the same business. Communications. 

Unlike the carrier pigeon, however, we have a num ber 

of ways to communicate. City to city. Or country to 

country. 

. The latest way is th rough the PCM 

microwave system. NEC was the first 

in the world to develop it under 

the guidance of Nippon Tele

graph and Telephone Public 

Corporation. The system carries 

240 coded voices over one radio 

channel without interfering with 

existing microwave systems. In 

the FM microwave category we 

have 42 systems with channel 

capacities of from 60 to 2700 and 

frequencies of from 2 to 18 GHz. 

round this bird 

Telephone exchanges on wheels are part of the com

munication spectrum too . Our NC 23 crossbar switch

ing system for instance. It can be trundled off direct to 

any desired location and 

come into operation with

in hours of its installation . 

For offices the flexible 

NA4-09 PABX; from a 50-line 

base, its capacity can be increased in 

50-line blocks to a maximum of 600 

lines. To grow as business grows. 

And internationally, our satellite 

communications systems or sub

systems are� operating in 22 earth 

stations worldwide, in cluding 6 

COMSAT stations in the U.s.A. and 

1 in Puerto Rico. NEC-dedicated to 

improving communications locally and internationally 

. .. Without assistance from carrier pigeons. 

P,oducts fo, today
Innovations fo, tomorrow 

NEe 
Nippon Elec/ric Co .. Lld 
P.o. Box 1.Takanawa,Tokyo.Japan 

Nippon Eleclric New York, Inc.: Room 3721, Pan American Bldg., 200 Park Avenue New York, N.Y. 10017, Tel: (212) 661-3420 Telex: NIPElCO 224936 NEWYORK 

Chicago Branch Office: 410,500, North Michigan Avenue, Chicago, III. Tel: (312) 828-9494 Telex: NIPElCO 910-2212101 
Los Angeles liaison Office: Tishman Airport Century Building (TAC-3) 9841 Airport Boulevard los Angeles, California 90045, Tel: 213-776-5923 Telex: NIPPON ElC LA 910-328-6574 
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50 AND 100 

YEARS AGO 

� ScmmcAmncAN ! 
APRIL, 1920: "Popular interest in Dr. 

Goddard's rocket for reaching high alti
tudes was excited by the claim that this 
projectile could actually be made to 
travel to the moon and there flash a sig
nal that would show that it had com
pleted its journey. There is something 
romantic in the thought of crossing the 
intervening hundreds of thousands of 
miles to the faithful satellite that is our 
closest companion in the infinite reaches 
of space. To be sure, there would be 
little, if any, astronomical value in such 
an accomplishment. It would serve mere
ly as a demonstration of the power of 
man to overcome seemingly insurmount
able handicaps." 

"The rapid developments that have 
recently taken place in the Throop Col
lege of Technology at Pasadena, Calif., 
have just been signalized by the act of 
changing the institution's name to the 
California Institute of Technology. The 
institution, while maintaining its regu
lar four-year undergraduate courses, has 
conspicuously developed its facilities for 
advanced study and research. The fac
ulty has also been greatly strengthened. 
Thus Dr. Arthur A. Noyes, late of the 
Massachusetts Institute of Technology, 
has become director of chemical research 
at the California institution; Dr. R. A. 
Millikan of the University of Chicago 
has arranged to spend one term of each 
year there in charge of instruction and 
research in phYSiCS, and Prof. A. A. 
Michelson of the UniverSity of Chicago 
will carry out researches at Pasadena on 
earth tides with equipment now being 
installed for this special purpose." 

"Alfred W. Lawson, a pioneer in 
American aviation and the deSigner of 
the splendid Lawson liner which has 
made an excellent showing in several ex
hibition flights, has set July 1st next as 
the date for starting the operation of a 
trans-continental New York to San Fran
cisco passenger airplane line. The first 
airplane is scheduled to leave New York 
at 1:00 A.M., Mr. Lawson states, with 
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accommodations, including sleeping 
berths, for 26 passengers. The schedule 
calls for a 36-hour trip with stops at Syr
acuse, Buffalb, Cleveland, Toledo, Chi
cago, Des Moines, Omaha, Cheyenne, 
Salt Lake City and Reno." 

"That manufacturers throughout the 
country are awakening to the realization 
of the thorough training along technical 
lines that the Army is now giving its men 
is evidenced by the following letter re
ceived by Lieut.-Col. D. D. Eisenhower 
from a motor manufacturer: 'Thank you 
for your favor of the 27th inst., which 
the writer has carefully read. Should any 
of the men, after graduating and receiv
ing their certificate, present themselves 
here and make application for employ
ment at any time, and presenting their 
discharge papers from the Tank Corps 
with the notation "Character excellent" 
and a certificate showing them to be 
qualified mechanics, we will be very 
glad to give them the best available po
sitions which may be open at that time. 
We can use a number of such men 
immediately. We very much appreciate 
your interest and trust we will soon have 
a number of your graduates in our em
ploy.' " 

APRIL, 1870: "After all the surveys 
and reconnaissances that have been 
made of the narrow strip which divides 
North and South America, extending be
tween and inclusive of Tehuantepec and 
Darien, general opinion seems to have 
settled upon the latter Isthmus as the 
point for an interoceanic canal. Admiral 
Davis in his report to Congress says: 'It 
is evident that to this point we must look 
for the solution of the great problem of 
a union of the two oceans. On this Isth
mus the two great waters are divided 
only by a distance of 27 miles, and 
waters flowing into the Pacific Ocean ac
tually come within three miles of the 
Atlantic Ocean; tradition says in days 
gone by that, in some of the great tidal 
waves which volcanic action heaves up 
from the quiet Pacific, they have been 
united. Certain it is that at this point is 
not only the narrowest part but also the 
lowest elevation between the two conti
nents.' " 

"In accordance with our general de
sire to give both sides of every question 
a candid hearing, we publish in another 

column a letter from Mr. Hutchings, 
who claims to have been a bona fide set
tler in the Yosemite valley prior to its 
cession to the State of California. If his 
claims are valid, he is entitled to com
pensation, but we maintain that it would 
be disastrous to allow such a natural 
wonder to pass from the control of re
sponsible and disinterested hands into 
the hands of private parties for purposes 
of speculation. We should as soon think 
of admitting a private claim to Niagara. 
If Mr. Hutchings is injured by the action 
of the government, by all means let him 
receive ample remuneration, but this 
great natural wonder should be, as Con
gress designed, held forever in trust for 
the people." 

"The New-York Historical Society is 
about to give the most gratifying proof 
of being alive to the interests of art and 
of the public improvement. According 
to the Evening Post it proposes to es
tablish in the Central Park a Museum 
of History, Antiquities and Art. By an act 
of the legislature of the state of New 
York, the Central Park Commissioners 
are authorized to set apart and appropri
ate to the Historical Society such por
tion of the grounds lying near the Fifth 
avenue between 81st and 84th streets 
as may be required for the erection of 
suitable buildings for this museum." 

"For a long time efforts have been 
made to get rid of the famous astronomer 
Leverrier as director of the Paris Ob
servatory, but he was so popular with 
the Emperor and Empress that the min
isters were afraid to move in the matter, 
and he was a man of such violent tem
per that everybody kept out of his way. 
They tried to keep him in check by 
appointing a board of advisers, without 
whose consent and recommendation 
nothing could be done. There was not a 

member of the board with whom Lever
rier was on speaking terms. He refused 
for six months to have anything to do 
with this body; finding that this would 
not do, finally in the seventh month he 
attended a meeting. It is said that this 
meeting ended by three of the advisers 
kicking M. Leverrier out of the room. 
All of the meetings he attended ended 
in a row; the scientific men began to be 
very tired of such a state of things, and 
all of the assistants employed in the 
observatory sent in their resignations, 
accompanied by the worst accusations 
and complaints that could be imagined. 

. There was nothing left after such an ex
posure but a summary dismissal. M. De
launay has been appointed in his place." 
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CalComp presents a brilliant new film producer. 
Up until now, you could buy your 

computer either a brilliant and ver

satile microfilm plotter. 

Or a brilliant and high speed 

microfilm printer. 

But you couldn't buy, for any 

reasonable amount of money, one 

film output system that was both. 

Now you can. 

CalComp presents the 1670 
COM system. It's a plotter. 

CalComp's new offl ine 1670 

COM system is the finest Computer 

Output Microfilm plotter you can 

buy. 

It draws at a rate of 500 ,000 

increments a second. 

Features a programmable raster 

of 16,384 by 16,384 positions. The 

finest resolution available. 

And cuts tape write time to a 

tenth or better over previous micro

film systems. 

With twenty usable line widths, 

the 1670 COM system is ready to 

draw practically anything. 

And with the support of Cal

Comp's extensive library of basic, 

functional and application soft

ware, it practically can. 

CalComp presents the 1670 
COM system. It's a printer. 

If your primary need is for a high 

speed printer, the CalComp 1670 

COM system is that, too. 
System throughput, using hard

ware character generation, is 7,000 

to 12,000 lines per minute. 

And with CalComp software you 

can put it in any type font, 

size, or language you like. 

With an optional forms 

projector, you have 16 

program selectable forms. 

And take your choice 

of cameras. 16 or 35mm. 

Sprocketed or unsprocketed. 

Even a 105mm micro-

fiche option. 

So if you haven't 

been able to decide between a 

microfilm system that plots or one 

that prints, call your nearest Cal

Comp man today. (CalComp has 

offices in 34 cities.) 

And tell him you want to discuss 

the brilliant new producer that pro

duces both. 

• ••• (f) •• 
TEACH YOUR COMPUTER TO DRAW. 
California Computer Products, Inc .. Dept. N-4 
305 No Muller Street, Anaheim, California 92803 
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What can computerized 
systems do to Improve 
your life . . . or extend it? 

How to make 
airports quieter. 

Jet aircraft are not designed to be 
noisy. The sound level depends more 
on how and where they 're flown. And 
whether anybody cares. Around air
ports, people usually do. At Stuttgart, 
Germany, for example, after 
Hewlett-Packard installed an airport 
noise monitoring system, the level of 
noise dropped immediately . The pilots 

themselves became more "noise con
scious" and exerted their own control s . 

Actually, a number of things can be 
done-if you know when and where 
the noise is building up . Airport 
officials can change flight patterns to 
avoid sleeping neighborhoods; they 
can require new engine settings and 
approach angles; or redesign the 
airport ! 

Besides statistical analysis of airport 
noise, another boon for the future is that 
an offending aircraft can be detected in 
flight and brought to heel immediately. 
Chronic complainers can be mollified 
with statistics showing that aircraft are 
within their proper limits. This is all 
made possible by the speed and versati lity 
of the HP S0500A Aircraft Noise 
Monitoring System, a combination of 
computer, real-time audio spectrum 
analyzer, and multiple remote monitors. 
This system can be programmed, with 
software provided, for any type 
of analysis the airport needs. The cost 
of a typical system would run 
about $70,000. 

Airports can be easier to live around. 
For more information on how an 
HP airport system could hel p your 
community, write for Bulletin Number 
S0500A. Also yours for the asking 
is our 116-page Acoustics Handbook. 

How to make 
the sound of music sweeter. 

While integrated and thick film 

circuitry has contributed much to the 
l istening pleasure you receive from 
ever smaller and more durable 
AMjFM radios, it's also introduced 
new problems with testing. 

But now there's a system that makes 
possible and economically feasible 
complete checks of allIes. One major 
manufacturer is using it to make the 
testing process 10 to 60 times faster 
than prev iously possible. 

Complete circuit tests, including RF, 

IF, audio, local oscillators and other 
stages, can be made in less than 10 
seconds. Individual steps can be 
checked in mill iseconds. And the 
beauty of this fast, extensive testing 
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is that it also improves the quality of 
the set. 

The automatic test system is the 
9500A, typical of those delivered by 
the special HP Systems Division. 
It consists of several standard Hewlett· 
Packard instruments, controlled by 
one of our computers. The computer 
controls stimuli and the IC connections 
to which they're applied, then accepts 
and records measurement data. 

This computer-controlled stimulus
response system can be applied to a 
wide range of production and quality 
control situations. It makes a previously 
complicated task a simple matter 
for any technician. 

A detailed report on the 9500A 
system, which costs from $50,000, 
is given in the August 1969 Hewlett
Packard Journal. Write us for a copy. 

How to keep track 
of unstable hearts. 

The chances of com plete recovery for 
patienrs who have suffered a common 
type of hean attack called myo
cardial infarction are generally good. 
""But complications after this trauma 
can great! y com plica te the ph ysician' s 

job, co say nothing of threatening 
his patient's life. Some 40(10 of all 
fatalities in the hospital due co 
myocardial infarction are caused by 
arrhythmias-electrical disrurbances 
within the hean causing irregulari
ties in the beat such as speed-ups, 
pauses or double-beats, 

Since monicoring for medicine is 
part of Hewlett-Packard's business, 
we've been searching for a means to 
help doctors detect smaller arrhyth
mias, to give them a head start on 
treating major ones. The new 7822A 
Arrhythmia Monitor is such a means, 
When inserted into a patient moni
toring system, it measures a pattern 
of heart signals that the physician 
establishes as "normal" for a par
ticular patient. Characteristics of this 
"normal" pattern are stored in the 
instrument's memory, and each 
subsequent beat is compared to it 
instantaneousl y. 

Beats which are abnormal as 
compared with this stored "normal" 
are classed as ectopic or out-of-place. 
Any excessive ectopic activity will 
trigger alarms to indicate a more 
serious condi tion, 

This "extra ounce" of preven
tion can make moni toring even 
more effective toward achieving 
a complete recovery from myocardial 
infarction. If you would like a 
defini ti ve description of this new 
instrument, drop us a note asking for 
publication No. 7822A. We'll also 
send you our pamphlet, .. How 
Patients are Helped by Intensive 
Care Monitoring." 

Why not call on Hewlett-Packard 
if a computerized system might 
help solve some of your problems. 
Hewlett-Packard, 1502 Page Mill Road, 

Palo Alto, California 94304; Europe: 
1217 Meyrin-Geneva, Switzerland. 

HEWLETT (hpj PACKARD 
_ Measurement, Analysis, Computation 

00006" 
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THE AUTHORS 
SIDNEY R. GARFIELD ("The Deliv

ery of Medical Care") is a director of the 
Kaiser Foundation Health Plan and Hos
pitals. He was the originator of the sys
tem and served as its medical director 
from 1952 to 1958 and vice-president 
in charge of facilities and design from 
1958 to 1969. Garfield did premedical 
and graduate work at the University 
of Southern California and obtained his 
M.D. at the University of Iowa in 1928. 
He is a diplomate of the American Board 
of Preventive Medicine and also is a fel
low of the American Public Health Asso
ciation. 

ROY J. BRITTEN and DAVID E. 
KOHNE ("Repeated Segments of 
DNA") are in the biophysics section of 
the Department of Terrestrial Magnet
ism of the Carnegie Institution of Wash
ington. Britten was graduated from the 
University of Virginia in 1940 and re
ceived his Ph.D. from Princeton Univer
sity in 1951. At Princeton, where he 
worked on nuclear physics, he discov
ered that a particle beam from a cyclo
tron could be focused with a spaced 
pair of astigmatic lenses-an arrange
ment that was a precursor of the quad
rupole lenses now extensively used, al
though he points out that no one then 
foresaw that this was the principle nec
essary for sh'ong-focusing accelerators, 
which were independently invented soon 
afterward. Britten has deSigned and is 
now building a 26-foot cruising catama
ran; he notes that it dissociates into two 
hulls ("like a DNA molecule"), so that he 
can transport it readily by trailer. Kohne 
writes: "After spending my high school 
years as a novice naturalist, largely be
cause my father was a wholesaler of. live 
fish bait who collected much of his own 
bait, I enrolled at Wabash College in 
1955. A year's vacation as a teller at the 
Bank of America in California convinced 
me that 'working' for a living was not for 

me. I reentered Wabash and was grad
uated in 1960. My Ph.D. in develop
mental biology was received from Pur
due University in 1965." 

EGON T. DEGENS and DAVID A. 
ROSS ("The Red Sea Hot Brines") are 
geologists at the Woods Hole Oceano
graphic Institution. They are both inter
ested in the application of geochemical 
and geophysical techniques to problems 
of the ocean. Degens, who was born in 
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Germany, received his Ph.D. from the 
University of Bonn in 1955 and did post
doctoral research at Pennsylvania State 
University and the California Institute 
of Technology. In 1958 he returned to 
Germany as a docent at the University 
of Wiirzburg in geology and paleontol
ogy. In 1960 he joined the faculty of 
Cal Tech, leaving there in 1964 to be
come a member of the staff at Woods 
Hole. Ross, who was graduated from the 
City College of New York, obtained his 
master's degree at the University of 
Kansas and his Ph.D. from the Scripps 
Institution of Oceanography. He joined 
the Woods Hole staff in 1965. 

ARNOLD C. WAHL ("Chemistry by 
Computer") is associate chemist at the 
Argonne National Laboratory. His main 
research interest is in the use of mathe
matical models and large, high-speed 
computers for calculating the physical 
properties of molecules and for deter
mining the nature of chemical processes 
and representing them pictorially. He is 
also interested in improving the ease of 
use of such large-scale computational 
systems. He has prepared a number of 
films and wall charts pictorially repre
senting atomic and molecular structure 
and is the author of a forthcoming book 
employing a pictorial approach to the 
teaching of chemistry on its atomic and 
molecular level. Wahl was graduated 
from Rensselaer Polytechnic Institute in 
1959 and received his Ph.D. from the 
University of Chicago in 1964. 

DAVID B. PEAKALL ("Pesticides 
and the Reproduction of Birds") is senior 
research associate in the section of ecol
ogy and systematics at Cornell Univer
sity. He was born in England and re
ceived his Ph.D. in phYSical chemistry 
from the University of London in 1956. 
He was assistant professor in the depart
ment of pharmacology at the Upstate 
Medical Center of the State University 
of New York in Syracuse for several 
years before he went to Cornell. Peakall 
writes: "I have had a lifelong interest in 
ornithology and now combine my inter
ests by studying the effects of pesticides 
on birds." 

GRAHAM HOYLE ("How Is Muscle 
Turned On and Off?") is professor of 
biology at the University of Oregon. 
Originally trained as a chemist at the 
University of London, he switched to 
experimental zoology after World War 
II, becoming interested in comparative 
nerve and muscle physiology after hear
ing a series of lectures by Bernhard 

Katz. Hoyle taught comparative phy,si
ology at the University of London and 
the University of Glasgow and then , 
spent a year at the California Institute of 
Technology and two years as a Royal 
SOciety Research Fellow before going to 
Oregon in 1961. In addition to his work 
on muscle contraction Hoyle is interest
ed in the ultrastructure of muscle and the 
neural basis of behavior at the cellular 
level in the locust and the giant sea slug 
Tritonia. 

MARK A. STEWART ("Hyperactive 
Children") is associate professor of psy
chiatry and pediatricS at the Washington 
University School of Medicine in St. 
Louis. Beginning in July he will be chair
man of the department of psychiatry at 
the Hershey Medical Center of Pennsyl
vania State University. Born in England, 
he obtained his bachelor's degree at the 
UniverSity of Cambridge in 1952 and 
was graduated from St. Thomas's Hospi
tal Medical School of the UniverSity of 
London in 1956. He jOined the staff of 
the medical school at Washington Uni
versity in 1957 and works primarily on 
neurochemistry. As avocations he enjoys 
reading contemporary American poetry 
and getting out into the countryside. 

GEORGE H. HEILMEIER ("Liquid
Crystal Display Devices") is head of re
search on solid- and liquid-state devices 
at the RCA Laboratories, which he 
joined in 1958 after his graduation from 
the UniverSity of Pennsylvania. While 
working at RCA he attended Princeton 
University and obtained three advanced 
degrees in electrical engineering: master 
of science in 1960, master of arts in 1961 
and Ph.D. in 1962. On three occasions 
he has received the RCA Laboratories 
award for outstanding research: in 1960 
for work on parametric and tunnel-diode 
amplifiers, mixers and harmonic genera
tors; in 1962 for work in organic semi
conduction, and in 1965 for work on 
liquid-crystal phenomena. Apart from 
his work Heilmeier engages in a number 
of community activities. Among them is 
athletics; he was playing captain of the 
softball team that won the Philadelphia 
amateur championship in 1958, 1959 
and 1960 and the Pennsylvania amateur 
championship in 1959, and he still plays 
in community leagues. 

S. GOPAL, who in this issue reviews 
Gandhi's Truth: On the Origins of Mili
tant Nonviolence, by Erik H. Erikson, is 

. director of the Historical Division of the 
Ministry of External Affairs of the Gov
ernment of India. 
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There are at least 
33 ways 

to rent an AVis car. 
1. Avis Charge Card 2. American Express 

3. Diners Club 4. Carte Blanche 5. Sheraton Hotels 
6. AirTravel Card 7. National Airlines 

8. United Airlines 9. Hilton Hotels 10. Pacific Southwest Airlines 
11. Gulf Oil 12. Shell Oil Company 

13. Union Oil Company 14. Canadian Pacific Air 
15. Western International Hotels 16. Canadian National/Air Canada 

17. Rail Travel 18. Balsa Hotels 19. Hertz 
20. Imperial Oil Limited 21. Gulf Oil of Canada, Ltd. 

22. Shell Canada, Ltd. 23. New Haven Railroad 
24. ITT World Communications 

25. National Car Rental 26. Barclay Card 
27. E uro Card 28. Carte Bleue 

29. Air France Club 2,000 30. Tilden Rent-a-Car 
31. Trans-Australia Airlines 32. Ansett Airlines 

33. Cash 

Ii you think Avis tries harder, 
you ain't seen nothingyet. 

Avis rents all cars, features shiny new Plymouths. 
©AVIS RENT A CAR SYSTEM, INC. A WORLDWIDE SERVICE OF I'I'T 

13 

© 1970 SCIENTIFIC AMERICAN, INC



This is where our biocides got their start. 

In a damp basement. On a bowling bag. 
Its owner is Mike Pfaff, one of our 

developmental chemists. His research 
group was experimenting with a group 
of chemical structures they suspected 
were capable of killing fungal infec
tions in humans. But with little success. 

This series of non-toxic experi
mental compounds or biocides was 
very effective in killing fungus cul
tured in synthetic systems. But it  had 
little or no effect when tested in ani
mals or humans. 

At this point Mike could have given 
up. But he was impressed with the lon
gevity and effectiveness of the com
pounds in non-living systems and 
realized that the real potential for the 
compounds might be in the treatment 
of non-living objects often plagued by 
mildew and fungus. 

While major research efforts con-
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tinued at Abbott, Mike started experi
menting on his own in his basement. 
He tried the biocides on his bowling 
bag which in previous summers had 
always mildewed. 

The result? For Mike, no mildew or 
fungus all summer long. For Abbott, 70 
of these biocides are successfully pro
tecting paints, vinyls and textiles in 
major exposure experiments being 
conducted in the most humid parts of 
Florida. 

As the chemical marketing arm of 
Abbott Laboratories, we've made it our 
job to find industrial applications for 
many of the 1000 new chemicals 
Abbott synthesizes each year. And our 
biocides are. only one example of the 
way Abbott Chemicals is supplying 
chemicals to help make existing prod
ucts better. 

We've also developed one of the first 

multi-functional acid inhibitors for the 
chemical treatment of metals. 

A better antioxidant/stabilizer for 
middle distillate fuels . 

A series of economical polymer cata
lysts used in manufacturing urethane 
foams. 

To do all this, we rely heavily on 
people. The Mike Pfaffs who find new 
uses for our existing chemicals. Who 
uncover new applications for never
before-used chemicals. Who help find 
solutions to your chemical problems. 

Helping solve your problems is 
what our product development is all 
about. 

Montreal, P. Q., Canada 
Zurich, Switzerland 
Cronulla, Australia 
Buenos Aires, Argentina 

Abbott Chemicals North Chicago 111.60064 
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The Delivery of Medical Care 

Medical care In the U.S. lS eXpenSlIJe and poorly distributed, and 

national health insurance willlnake things worse. TVhat is needed is 

an innolJatilJe s.ysteln in which the sick are separated from the well 

T
he u.s. system of high-quality but 
expensive and poorly distributed 
medical care is in trouble. Dra

matic advances in medical knowledge 
and new techniques, combined with 
soaring demands created by growing 
public awareness, by hospital and medi
cal insurance and by Medicare and Med
icaid, are swamping the system by which 
medical care is delivered. As the dispar
ity between the capabilities of medical 
care and its availability increases, and 
as costs rise beyond the ability of most 
Americans to pay them, pressures build 
up for action. High on the list of suggest
ed remedies are national health insur
ance and a new medical-care delivery 
system. 

National health insurance, an attract
ive idea to many Americans, can only 
make things worse. Medicare and Medi
caid-equivalents of national health in
surance for segments of our population
have largely failed because the surge of 
demand they created only dramatized 
and exacerbated the inadequacies of the 
existing delivery system and its painful 
shortages of manpower and facilities. It 
is folly to believe that compounding this 
demand by extending health insurance 
to the entire population will improve 
matters. On the contrary, it is certain 
that further overtaxing of our inadequate 
medical resources will result in serious 
deterioration in the quality and availa
bility of service for the sick. If this coun
try has learned anything from experience 
with Medicare and Medicaid, it is that 

by Sidney R. Garfield 

a rational delivery system should have 
been prepared for projects of such scope. 

The question then becomes: What are 
the necessary elements of a rational med
ical-care delivery system? Many have 
proposed that prepaid group practice 
patterned after the Kaiser-Permanente 
program, a private system centered on 
the West Coast, may be a solution. vVe 
at Kaiser-Permanente, who have had 
more than 30 years' experience working 
with health-care problems, believe that 
prepaid group practice is a step in the 
right direction but that it is far from 
being the entire answer. Lessons we 
have learned lead us to believe there is a 
broader solution that is applicable both 
to the Kaiser-Permanente system and to 
the system of private practice that pre
vails today. 

The heart of the traditional medical-
care delivery system is the physician. 

Whether he practices alone or in a 
group, he is still directly involved in the 
care of the patient at every important 
stage, from the initial interview to the 
final discharge. Any realistic solution to 
the medical-care problem must there
fore begin by facing up to the facts 
about the supply of physicians. 

Of the active doctors in the U.S. a 
great many are engaged in research, 
teaching and administration. Those ac
tually giving patient care, in practice 
and on hospital staffs, number about 
275,000 (approximately 135 per 100,000 
of population), and they are far from 

evenly distributed throughout the popu
lation. A preponderance are in urban 
areas, and within those areas they tend 
to be concentrated where people can 
best afford their services. Increasing spe
cialization accentuates the shortage of 
doctors. If we were to augment the out
put of our medical schools from the pres
ent level (fewer than 9,000 doctors a 
year) to twice that number (which is 
scarcely possible), we would barely af
fect this supply in 20 years, conSidering 
the natural attrition in our existing phy
sician complement. The necessity of liv
ing with a limited supply of physicians 
in the face of increasing demand forces 
us to focus on the need for a medical
care delivery system that utilizes scarce 
and costly medical manpower properly. 

The traditional medical-care delivery 
system has evolved over the years with 
little deliberate planning. At the end of 
the 19th century medical care was still 
relatively primitive: there was the doctor 
and his black bag and there were hos
pitals-places to die. People generally 
stayed away from the doctor unless they 
were very ill. In this century expanding 
medical knowledge soon became too 
much for any one man to master, and 
specialties began developing. Labora
tories, X-ray facilities and hospitals be
came important adjuncts to the individ
ual physician in his care of sick people. 
Since vVorld War II a chain reaction of 
accelerated research, expanding knowl
edge, important discoveries and new 
technology has brought medical care to 
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the level of a sophisticated discipline, 
offering much hope in the treatment of 
illness, yet requiring the precise and 
costly teamwork of specialists operating 
in expensively equipped and highly 
organized facilities [see illustrations on 
pages 20 and 21]. 

Throughout these years of remarkable 
medical achievement the delivery sys
tem has remained relatively unchanged, 
as though oblivious to the great need for 
new forms of organization equal to the 
task of applying new techniques and 
knowledge. Physicians have clung to in
dividualism and old traditions. Their 
individual hospitals have continued on 
their individual ways, striving to be all 
things to their doctors and patients, cre
ating their own private domains, largely 
ignoring the tremendous need to merge 

their highly specialized services and fa
cilities. It is only in comparatively recent 
years that group practice by doctors has 
been considered respectable (and as yet 
only some 12 percent of all physicians 
practice in groups) and that regional
facility planning boards have appeared 
to force some semblance of cooperation 
on hospital construction. 

It is amazing that the traditional de
livery system functioned as well as it did 
for so long, considering the stresses be
tween old methods and new technology. 
Much of its inefficiency was absorbed 
by dedicated phYSicians working long 
hours and donating additional hours; 
much was absorbed by office and hospi
tal personnel working for extremely low 
pay. Only recently, under the joint im
pact of soaring demands for service and 

demands for competitive wages, ha� the 
system begun to break down, but it has 
been faltering for some time. In 1967. 
the National Advisory Commission on 
Health Manpower reported that "medi
cal care in the U. S. is more a collection 
of bits and pieces (with overlapping, du
plication, great gaps, high costs and 
wasted effort) than an integrated system 
in which need and efforts are closely 
related." 

�t us look at another medical-care 
delivery system: the Kaiser-Perma

nente plan. This program had its origin 
in southern California in the depression 
years from 1933 to 1938. I was then in 
private practice, and I became involved 
in providing medical and hospital ser
vices and facilities for several thousand 

HEAI,TH TESTING is depicted at the Kaiser-Permanente Multi

test Laboratory in Oakland. After registering (1), the patient is as

signed to a dressing room (2), where he partially undresses and 

puts on a paper gown. An electrocardiogram is made and his pulse 

and blood pressure are measured (3). Height and weight are 

recorded (4), a skin-fold test measures body fat (5) and a tendon 

reflex is checked (6). The chest is X·ray'd (7). (Women have a 

breast X·ray examination.) After dressing, the patient drinks a 
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construction workers. Unable to make 
ends meet by depending for remunera
tion on the usual fee for service, I finally 
tried prepayment and thus happened on 
our basic concepts of health care. Pre
payment to a group of physicians in 
integrated clinic and hospital facilities 
proved to be a remarkably effective sys
tem for providing comprehensive care 
to workers on a completely self-sustain
ing basis. At the Grand Coulee Dam 
from 1938 to 1942, with the warm inter
est and counsel of Henry J. Kaiser and 
his son Edgar, these basic concepts were 
further developed, tested and broadened 
into a complete family plan for the en-' 
tire temporary community built around 
that construction job. 

World War II expanded our health
. plan concept into care for 90,000 work-

ers of the Kaiser wartime shipyards in 
the San Francisco Bay area and a sim
ilar number of workers in the Portland 
and Vancouver area. At the end of the 
war these workers returned to their 
homes, leaving us with facilities and 
medical and hospital organizations. We 
decided to make our services available 
to the community at large. Since 1945 
the plan has grown of its own impetus, 
without advertising, to its present size: 
more than two million subscribers served 
by outpatient centers, 51 clinics and 22 
hospitals in California, Oregon, Wash
ington and Hawaii and in Cleveland and 
Denver. The plan provides comprehen
sive care at an annual cost of $100 
per capita, which is approximately two
thirds the cost of comparable care in 
most parts of the country. 

The plan is completely self-sustain
ing. Physical facilities and equipment 
"'orth $267 million have been financed 
by health-plan income and bank loans 
(except for gifts and loans to the extent 
of about 2 percent). The plan income 
provides funds for teaching, training and 
research and pays competitive incomes 
to 2,000 physicians and 13,000 non
physician employees. 

The health plan and the hospitals are 
organized as nonprofit operations and 
the medical groups in each area are au
tonomous partnerships. This organiza
tion gives our physicians essentially the 
same incentives as physicians in private 
practice have; they are motivated, in ad
dition, by their belief in the rightness of 
this way of practicing medicine. 

In addition to prepayment, group 

glucose solution (8) in preparation for a blood test an hour later. 

His visual acuity is tested (9) and his eyes are checked for glau· 

coma (10). Lung capacity is measured (11) and hearing is tested 

electronically (12). The patient is given punched cards (13) for a 

self·administered medical questionnaire. A blood sample is taken 

(14) for analysis, as is a urine specimen (15). After returning 

his question cards (16) the patient gets another set for a psy

chological test (17) and later finishes with a talk with a doctor (18). 
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practice and the integration of hospital 
and clinic facilities, we can identify 
three other principles that are essential 
to the plan's success. One is the institu- , 
tion of what is in effect a new medical 
economics, which flows simply from the 
fact that the total health-plan income is 
turned over to the physicians and hospi
tals not as a fee for specific services but 
as a total sum. This reverses the usual 
economics of medicine: our doctors are 
better off if our subscribers stay well and 
our hospitals better off if their beds are 
empty. Another principle is freedom of 
choice. vVe require any group that wants 
to enroll its members in our program to 
offer them at least one alternative choice 
of medical plan, be it Blue Cross or a 
medical-society plan or something else. 
Finally, we consider it a fundamental 
principle that the phYSicians must be in
volved in responsibility for administra
tive and operational decisions that affect 
the quality of the care they provide. 

We believe any group of phYSicians, 
or a foundation working with physicians, 
can easily duplicate the Kaiser-Perma
nente success. It only requires a dedi
cated group of physicians with reason
ably well-organized facilities, a member
ship desiring their services on a prepaid 
basis and strict adherence to all these 
principles. 

All of this is not to say that U.S. medi
cine should change over to the Kaiser
Permanente pattern. On the contrary, 
freedom of choice is important; we be
lieve the choice of alternate systems, in
cluding solo practice, is preferable for 
both the public and physicians. Any 
change to prepaid group practice should 
be evolutionary, not revolutionary. Phy
sicians in general have too much time 
and effort invested in their practice to 
discard them overnight. It will probably 
be the younger men, starting out in prac
tice, who will innovate. Medical school 
faculties should point out the advantages 
and disadvantages of all methods of 
practice to these young men so that they 
can choose wisely. 

Ist us examine the functioning of these 
two systems-the traditional system 

and the Kaiser-Permanente one. In the 

TEST RESULTS are compiled by a com· 

puter and are printed out as in this sample. 

The computer compares measurements with 

those from previous tests and with appropri. 

ate norms and calls attention to "possible ab·

normal" results. It also flags any other note· 

o worthy items, orders additional tests and 

appointments and advises on diagnoses to 

be considered-in this case one of diabetes. 
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HEALTH-CARE CENTER is a special building that houses edu

cational exhibits (above) as well as clinics, lecture -rooms and au-
dio-visual and other facilities. It would be the site of the health-care 

service to which well people would be referred after health testing_ 

language of systems analysis, the tradi
tional medical-care system has an input 
(the patient), a processing unit of dis
crete medical resources (individual doc
tors and individual hospitals) and an out
put (one hopes the cured or improved 
patient). Customarily the patient decides 
when he ne0ds care. This more or less 
educated decision by the patient creates 
a variable entry mix into medical care 
consisting of (1) the well, (2) the "wor
ried well," (3) the "early sick" and (4) the 
sick. This entry mix has markedly in
creased in quantity and changed in 
character over the years as medical
care resources have grown in complex
ity and specialization. One constant 
throughout this evolution has been the 
point of entry into the system, which is 
and always has been the appointment 
with the doctor. Moreover, in traditional 
practice the patient enters with a fee. 

The Kaiser-Permanente program al
ters the traditional medical-care delivery 
system in only two ways. It eliminates 
the fee for service, substituting prepay
ment, and it organizes the many units of 
medical-care resources into a coordinat
ed group practice in integrated clinic 
and hospital facilities. We have come to 
realize that ironically the elimination of 
the fee has created a new set of prob
lems. The lessons we have learned in 
seeking to solve these problems have a 
direct bearing on the difficulties beset
ting the country's faltering medical-care 
system. 

The obvious purpose of the fee is re-

muneration of the physician. It has a less 
obvious but very significant side effect: 
it is a potent regulator of Row into the 
delivery system. Since nobody wants to 
pay for unneeded medical care, one 
tends to put off seeing the doctor until 
one is really sick. This limits the number 
of people seeking entry, particularly the 
number of well and early-sick people. 
Conversely, the sicker a person is, the 
earlier he seeks help-regardless of fee. 
Thus the fee-for-service regulator tends 
to limit overall quantity, to decrease the 
number of the healthy and early sick and 
to increase the number of the really sick 
in the entry mix. 

Elimination of the fee has always been 
a must in our thinking, since it is a bar
rier to early entry into sick care. Early 
entry is essential for early treatment and 
for preventing serious illness and compli
cations. Only after years of costly experi
ence did we discover that the elimina
tion of the fee is practically as much of a 
barrier to early sick care as the fee itself. 
The reason is that when we removed the 
fee, we removed the regulator of Row 
into the system and put nothing in its 
place. The result is an uncontrolled Rood 
of well, worried-well, early-sick and sick 
people into our point of entry-the doc
tor's appointment-on a first-come, first
served basis that has little relation to pri
ority of need. The impact of this demand 
overloads the system and, since the well 
and worried-well people are a consider
able proportion of our entry mix, the 
usurping of available doctors' time by 

healthy people actually interferes with 
the care of the sick. 

The same thing has happened at the 
broad national level. The traditional 
medical-care delivery system, which has 
evolved rather loosely over the years 
subject to the checks and balances of 
the open market, is being overwhelmed 
because of the elimination of personally 
paid fees through the spread of health 
insurance, Medicare and Medicaid. This 
Roods the system not only with increased 
numbers of people but also with a 
changed entry mix characterized by an 
increasing proportion of relatively well 
people. For this considerable segment of 
patients the old methods of examining 
and diagnosing used by the doctor be
come very inefficient. He spends a large 
portion of his time trying to find some
thing wrong with healthy people by ap
plying the techniques he was taught for 
diagnosing illness. This reverse use of 
sick-care technology for healthy and 
comparatively symptomless people is 
wasteful of the doctor's time and boring 
and frustrating for him. 

The obvious solution is to find a new 
regulator to replace the eliminated fee 
at the point of entry, one that is more 
sensitive to real medical need than to 
ability to pay and that can help to sepa
rate the well from the sick and establish 
entry priorities for the sick. 'We believe 
we have developed just such a regulator. 
Our Medical Methods Research Depart
ment, headed by Morris F. Collen, who 
is an electrical engineer as well as a phy-

19 
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sician, has successfully developed and 
tested techniques for evaluating the 
health of our members. The system that 
has been developed, which is variously 
called multiphasic screening, health 
evaluation or simply health testing, 
promises to solve the problem of a new 
regulator of flow into our medical-care 
delivery system. 

O riginally designed to meet our ever 
increasing demand for periodic 

health checkups, health testing combines 
a detailed computerized medical history 
with a comprehensive panel of physio
logical tests administered by paramedi
cal personnel. Tests record the func
tion of the heart, thyroid, neuromuscular 
system, respiratory system, vision and 
hearing. Other tests record height and 
weight, blood pressure, a urine analysis 
and a series of 20 blood-chemistry mea
surements plus hematology. The chest 
and (in women) the breasts are X-ray'd. 
By the time the entire process is com
pleted the computerized results gener
ate "advice" rules that recommend fur
ther tests when needed or, depending on 
the urgency of any significant abnormali
ties, an immediate or routine appoint
ment with a physician. The entire record 
is stored by the computer as a health 
profile for future reference. 

This health-testing procedure is ideal
ly suited to be a regulator of entry into 
medical care. Certainly it is more sophis
ticated than the usual fee for service or 
our present first-come, first-served meth
od. As a new entry regulator, health 
testing serves to separate the well from 
the sick and to establish entry priorities. 
In addition it detects symptomless and 
early illness, provides a preliminary sur
vey for the doctors, aids in the diagnostic 
process, provides a basic health profile
for future reference, saves the doctor 
(and patient) time and visits, saves hos
pital days for diagnostic work and makes 
possible the maximum utilization of par
amedical personnel. Most important of 
all, it falls into place as the heart of a 
new and rational medical-care delivery 
system [see illustration on page 22]. 

As I have indicated, much of the trou
ble with the existing delivery system de
rives from the impact of an unstructured 
entry mix on scarce and valuable doctor 
time. Health testing can effectively sep
arate this entry mix into its basic com
ponents: the healthy, the symptomless 
early sick and the sick. This clear separa
tion is the key to the rational allocation 
of needed medical resources to each 
group. With health testing as the heart 
of the system, the entry mix is sorted 
into its components, which fan out to 

20 

each of three distinct divisions of service: 
a health-care service, a preventive-main
tenance service and a sick-care service. 
Compare this with the existing process, 
where the entire heterogeneous entry 
mix empties into the doctor's appoint
ment, a sick-care service. 

Health-care service is a new division 
of medicine that does not exist in this 
country or in any other country. Medical 
planners have long dreamed of the day 

1900 

CURED 
CUSTODIAL CARE 

DEATH 

\vhen resources and funds could be chan
neled into keeping people healthy, in 
contrast to our present overwhelming 
preoccupation with curing sickness. Yet 
health care has been an elusive concept, 
and understandably so: well people en
tering medical care have been hopelessly 
mixed into and submerged in sick care, 
the primary concern of doctors. Doctors 
trained and oriented to sick care have 
been much too busy to be involved in the 

1935 

CURED 
CUSTODIAL CARE 

DEATH 

MEDICAL CARE has become more complex in this century and as it has become more 

effective the entry mix of people has changed significantly. Yet the entry point is still the 

doctor's appointment. Before 1900 (left) medicine had little to offer and only sick people 
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care of well people. True health care 
never had a chance to develop in that 
environment. In fact, not even the high
ly socialized governments with socialized 
medicine have created any significant 
services for the healthy other than sani
tation and immunization. These govern
ments swamp the doctor with the entire 
entry mix of well and sick and thus are 
unable to provide adequate care for 
either. 

The clear definition of a health-care 
service, made possible by health testing, 
is a basic first step toward a positive pro
gram for keeping people well. It should 
be housed in a new type of health facility 
where in pleasant surroundings lectures, 
health exhibits, audio-visual tapes and 
films, counseling and other services 
would be available. Whether or not one 
believes in the possibility of actually 
keeping people well, however, is now 

1970 

EARLY 
SICK 

SICK 

HEALTHY 
CURED 

MAINTAINED 
CUSTODIAL CARE 

DEATH 

beside the point; this new health-care 
service is absolutely essential in order to 
meet the increasing demand for just this 
kind of service and to keep people from 
overloading sick-care resources. 

p reventive-maintenance service, like 
healtl}-care service, has been sub

merged in sick care. Essentially it is a 
service for high-incidence chronic illness 
that requires routine treatment, moni-

entered medical care. By 1935, as medicine began to have more to 

offer and as insurance plans appeared, some "early sick" people 

were entering the system (middle). Since World War II medical 

technology has proliferated, as indicated by the partial display of 

treatment components (right), and well people enter, largely 

because of prepayment, insurance plans, Medicare and Medicaid. 
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SICK-CARE CENTER 

MEDICAL STAFF 
(PARAMEDICAL ASSISTANCE) 

DOCTORS 

.GROUP PRACTICE 

INTEGRATED FACILITIES: 

CLINICS A ND HOSPITALS 

SPECIAL LABORATORIES 

RADIOTHERAPY 
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EXTENDED CARE 

NEW DELIVERY SYSTEM proposed by the author would sepa

rate the sick from the well. It would do this by establishing a new 

method of entry, the health-testing service, to perform the regu

lating function that was performed, more crudely, by the fee for 

service. After health testing the patient would be referred for sick 

care, health care or preventive maintenance as required and would 

be transferred amon.g the services as his condition changed. The 

computer center wotild regulate the flow of patients and informa

tion among the units, coordinating the entire system, which would 

depend heavily on paramedical personnel to save doctors' time. 
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toring and follow-up; its object is to im
prove the patient's condition or prevent 
progression of the illness, if possible, and 
to guard against complications. This 
type of care, performed by paramedical 
personnel reporting to the patient's doc
tor, can save a great deal of the doctor's 
time and (because it allows more fre
quent visits) provide closer and better 
surveillance. 

The use of paramedical personnel 
with limited knowledge and limited but 
precise skills to relieve the physician of 
minor routine and repetitious tasks re
quires that such tasks be clearly defined 
and well supervised. Procedures are au
tomatically defined and structured in the 
new system by the clear separation of 
services. Three of the four divisions of 
the proposed system-health-testing ser
vice, health-care service and preventive
maintenance service-are primarily areas 
for paramedical personnel. Supervising 
physicians will be involved in varying 
degrees: least in health testing and most 
in preventive maintenance. This leaves 
sick care, with its judgments on diag
nosis and treatment, clearly in the 
physician's realm. Even here, however, 
he will be aided by the three other ser
vices: in diagnosis, by health testing; in 
follow-up care, by preventive main
tenance; in repetitive explanations and 
instructions to patients and relatives, by 
the audio-visual library of the health
care service. We believe, incidentally, 
that the doctor-patient relationship, 
which is suffering from the pressure of 
crowded schedules today, would gain 
under this system. Giving the doctor 
more time for care of the sick can help 
to preserve the relationship at the stage 
where it counts most. 

Implementing the new delivery sys
tem should be relatively simple in the 
Kaiser-Permanente program, since there 
are no basic conflicts: The subscribers 
will benefit from better and prompter 
service to both the well and the sick; the 
doctors will have more time for their 
sick patients and their work will be more 
interesting and stimulating. Although 
the complete system remains to be tested 
and evaluated at each step, our hypothe
sis, on the basis of our research to date, 
is that we can save at least 50 percent of 
our general practitioners', internists' and 
pediatricians' time. This should greatly 
enhance our service for the sick and im
prove our services for the well. 

Implementing this new medical-care de-
livery system in the world of tradition

al medical practice will be more difficult, 
but it still makes sense. Many forward
looking phYSicians will see in these new 

methods an opportunity to improve their 
services to patients. Most doctors these 
days have more work than they can han
dle and begrudge the time they must 
spend on well people. The assistance 
they could get from health-testing and 
health-care services will be welcome to 
many of them if such services are care
fully designed and planned to help them. 
The sponsorship of health-testing and 
health-care services for private practice 
logically falls to the local medical so
cieties. Some have already moved in the 
direction of health evaluation. A few 
local medical societies in northern Cali
fornia have for several years been oper
ating a mobile unit evaluating the health 
of cannery workers. Some leaders of oth
er medical societies have expressed in
terest in health testing as an entry into 
medical care. They realize that improve
ment of the delivery system is essential 
for the preservation of the private enter
prise of medicine in this country. 

The proposed delivery system may 
offer a solution to the hitherto insolu
ble problem of poverty medical care in 
many areas. The need is to make health 
services accessible to poor people. To 
this end neighborhood clinics are estab
lished, but staffing these clinics with 
physicians has proved virtually impos
sible. Physicians in general want to be 
in a stimulating medical environment; 
they like to associate with well-trained 
colleagues in good medical centers and 
tend to avoid isolated clinics. 

In the system being proposed a cen
tral medical center, well staffed and 
equipped, would provide sick care. It 
could have four or five "outreach" neigh
borhood clinics, each providing the three 
primarily paramedical services : health 
testing, health care and preventive main
tenance. Staffing these services with par
amedical personnel should be much less 
difficult than staffing clinics with doc
tors; many of the workers could be re
cruited from the neighborhood itself. 
Such outreach clinics, coordinated with 
the sick-care center, could prOVide high
quality, personal service-better service, 
perhaps, than is available to the affluent 
today-at a cost probably lower than the 
cost of the inferior service poor people 
now receive. 

The concept of medical care as a right 
is an excellent principle that both the 
public and the medical world have now 
accepted. Yet the words mean very little, 
since we have no system capable of de
livering quality medical care as a right. 
This is hardly surprising. Picture what 
would happen to, say, transportation 
service if fares were suddenly eliminated 
and travel became a right. What would 

happen to our already overtaxed airports 
and what chance would anyone have of 
getting anywhere if he really needed to? 
National health insurance, if it were leg
islated today, ,vould have the same 
effect. It would create turmoil. Even if 
sick care were superbly organized today, 
with group practice in well-integrated 
facilities, the change from "fee" to "free" 
would stagger the system. 

Quality medical care as a right cannot 
be achieved unless we can establish 
need, separate the well from the sick and 
do that without wasting physicians' time. 
It follows that to make medical care a 
right, or national health insurance pos
sible, it is mandatory that we first make 
available health testing and health-care 
services throughout the country. It is our 
conviction that these services should be 
provided or arranged for by the physi
cians themselves in order to be respon
sive to their needs and not just a com
mercial operation. 

A basic cause-and-effect relationship 
is directly responsible for much 

of today's medical-care problems. The 
cause is the elimination of a personally 
paid fee for medical service. The effect 
is a changed, unstructured entry mix 
into the delivery system that wastes 
scarce medical manpower. The suggest
ed solution, a new method of entry 
through health testing, serves as the 
heart of a new medical-care delivery sys
tem for the future. 

The entry of healthy people into the 
medical-care system should not be con
sidered undesirable. It opens the door 
to a great opportunity for American 
medicine: If these well people are guid
ed away from sick care into a new, 
meaningful health-care service, there is 
hope that we can develop an effective 
preventive-care program for the future. 
The concomitant release of misused doc
tors' time can significantly slow the h'end 
toward the inflation of costs and the mal
distribution and unavailability of ser
vice. There should be little shortage of 
manpower if manpower is utilized prop
erly. 

Medical care stands at a critical point. 
One choice would be to adopt rash legiS
lation that can only depreciate the qual
ity of care for both the sick and the well. 
The better choice is to create a rational 
new medical-care delivery system that 
will make it genuinely possible to 
achieve the principle of quality medical 
care as a right. Matching the superb 
technology of present-day medicine with 
an effective delivery system can raise 
U.S.  medical care to a level unparalleled 
in the world. 
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REPEATED SEGMENTS OF DNA 

In cells of higher organIsms a significant fraction of the genetIc 

material appears in as many as a million identical or very similar 

copies. The origin and function of repetitive DNA remain unkno\vn 

D
NA was conclusively identified as 

the genetic material in 1944 and 
its structure was established in 

1953. In the next few years it became 
clear how that structure is critical to 
DNA's replication, its transcription into 
RNA and its subsequent translation into 
particular chains of amino acids to fOlm 
enzymes and other proteins. Everything 
that had been learned about DNA by 
the early 1960's emphasized the signifi
cance of the precise and unique se
quence of nitrogenous bases that con
stitutes a gene and suggested that DNA 
consisted of chains of different genes. It 
was therefore a major surprise when it 
was discovered in 1964 that much of the 
DNA in the cells of the mouse consists of 
multiple copies of the same or very sim
ilar base sequences. 

Repeated DNA has now been identi
fied in all higher species that have been 
examined. It constitutes as little as 20 
p�rcent of all the DNA in the cell nuclei 
of some species and as much as 80 per
cent in others. The precision of repetition 
is often imperfect, so that members of a 
"family" of repeated DNA are usually 
closely related rather than identical. The 
number of related base sequences in a 

by Roy 1. Britten and David E. Kohne 

family ranges from 50 to two million. 
The wide distribution of repeated DNA, 
its persistence through millions of years 
of evolution and the fact that at least 
some of it is "expressed," or transcribed 
into RNA, all suggest that it is important 
to cell function and the survival of the or
ganism. Yet it is still not known if the re
peated segments are genes or parts of 
genes or if they carry out some role other 
than the specification of gene products. 
At this stage it seems likely that the most 
Significant phenomenon may not be at 
the level of gene repetition; the repeated 
DNA may have an organizational or reg
ulatory function. More insight into the 
evolutionary history and the present role 
of repeated DNA will surely lead to a 
new understanding of evolution and of 
the regulation of genetic functions in the 
living cell. 

Before telling the story of the discov-
ery of repeated DNA by our group 

in the Department of Terrestrial Mag
netism of the Carnegie Institution of 
Washington, it will be well to briefly 
review the structure and behavior of 
DNA. Most DNA consists of sequences 
of only four nitrogenous bases: adenine 

DNA in its native state is a double helix composed of two single strands. Each strand has 

a backbone of sugar and phosphate groups and a series of nitrogenous bases: adenine (A), 

thymine (T), guanine (G) and cytosine (C). The bases project inward and are linked by 

hydrogen bonds, which hold the two strands together like the rungs of a ladder; A always 
bonds with T and G bonds with C. The sequence of bases encodes genetic information. 
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(A), thymine (T), guanine (G) and cyto
sine (C). Together these bases form the 
genetic alphabet, and long ordered se
quences of them contain in coded form 
much, if not all, of the information pres
ent in the genes. The DNA molecule in 
its native state (as it is found in the cell) 
is made up of two strands wound helical
ly around each other. The bases face in
ward and each is specifically bonded to 
a complementary base on the other 
strand; T is always linked with A and G 
is always linked with C. These comple
mentary bases have an affinity for each 
other such that, when they are paired, 
they contribute to the stability of the 
entire double-strand molecule. 

In native DNA every base is paired 
with its complement and the molecule 
is quite stable. In isolated DNA the 
bonds between the bases can be broken 
by heating, and the two strands of the 
DNA can be completely separated from 
each other. This dissociation is usually 
accomplished simply by boiling the 
DNA solution for a few minutes. Left in 
solution, the single strands collide with 
complementary partners and, if the con
ditions are right, double-strand helixes 
are formed again. The requirements for 
such reassociation of DNA are surpris
ingly simple: the salt concentration must 
be fairly high, the temperature should 
be about 25 degrees Celsius below the 
dissociation temperature and enough 
time must be allowed for effective colli
sions to occur between complementary 
strands. 

The extent of reassociation is the 
critical observation in most experiments 
with repeated DNA. Reassociation can 
be measured in a variety of ways, each 
depending on some easily detected dif
ference between single-strand and dou
ble-strand DNA. Some time ago it was 
discovered that single-strand DNA ab
sorbs more ultraviolet radiation than 
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double-strand DNA does; with a spec
trophotometer one can measure changes 
in ultraviolet absorption and thus in 
the amount of reassociation. In another 
method single-strand DNA labeled with 
radioactive atoms is incubated over oth
er strands fixed in agar, and the quantity 
of radioactive DNA that is reassociated, 
and thereby bound to the agar, is mea
sured. Our own preferred method for the 
study of repeated DNA utilizes hydroxy
apatite, a crystalline form of calcium 
phosphate that was originally used for 
the fractionation of proteins. A num
ber of years ago it was discovered that 
single-strand and double-strand DNA 
have different affinities for hydroxyapa
tite crystals. We have helped to bring 
this technique to the point where the so
lution of DNA used for reassociation can 
simply be passed through the hydroxy
apatite. The single-strand DNA passes 
through the column of crystals; the dou
ble-strand DNA is absorbed on the hy
droxyapatite and can be removed for 
assay. The solution and its temperature 
(about 60 degrees C.) are such that the 
amount of single-strand DNA that is ab
sorbed is low but the double-strand 
DNA is efficiently bound. The tempera
ture is only about 25 degrees C. below 
the dissociation temperature, which pre
vents the formation of strand pairs held 
together by very short or very imprecise 
complementary regions. 

When DNA strands derived from dif
ferent but related sources, such as two 
related animals, are reassociated, their 
bases will not be perfectly complemen
tary. The best means now known for rec
ognizing and measuring the extent of 
differences between similar DNA se
quences is to form hybrid-strand pairs 
between the two DNA's and measure 
the stability of the resulting helixes. The 
presence of a few mismatched bases re
duces the stability of an otherwise com
plementary ·strand pair and leads to its 
dissociation at a lower temperature. The 
best current estimate is that for every 1.5 
percent of the base pairs that are mis
matched the dissociation temperature is 
reduced one degree. In order to deter
mine the stability of reassociated DNA 
one need only absorb hybrid-strand pairs 
on hydroxyapatite and wash the column 
free of Single-strand DNA at 60 degrees. 
Then the temperature is raised in steps 
and the DNA that dissociates at each 
temperature is washed out and assayed. 

In 1962 Ellis T. Bolton and Brian J. 
McCarthy of our biophysics group at 

the Carnegie Institution had devised 
the DNA-agar method for measuring the 
relatedness between different DNA's 

a 

b 

c 

REASSOCIATION of strands of DNA is the experimental procedure that gives information 

about repeated DNA. The schematic drawings show the process of dissociation and reo 

association for a hypothetical genome, or gene complement, composed of six copies of a 

repeated DNA sequence (color) and four different (black) sequences (a). Heating the DNA 

above the dissociation temperature breaks the hydrogen bonds between complementary 

base pairs, thus separating the strands (b). After the temperature is lowered complemen· 

tary regions of DNA strands that collide may match up, forming reassociated double 

strands (c). Collision of complementary regions is more likely in the case of repeated DNA 

than for single·copy DNA. Speed of reassociation is proportional to degree of repetition. 
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EXTENT OF REASSOCIATION is mea· 

sured by separating double·strand DNA 

from single·strand DNA. A solution contain· 

ing the two (a) is passed through a column 

of hydroxyapatite crystals (b). The double 

strands bind to the hydroxyapatite, whereas 

the single strands pass through the column 

(c) . The double strands may then be col· 
lected by raising the column's temperature. 
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and RNA's and with it had measured the 
relations among various species of bac
teria. With Bill H. Hoyer they undertook 
to apply the same method to the relations 
among vertebrate species. The first ani
mal DNA they tried to reassociate was 
from mouse cells, and they succeeded. 
They went on to conduct a fascinating 
series of experiments on the relations be
tween the genes of higher species and 
the expression of those genes in various 
tissues. 

The trouble was that, according to 
what was then known about DNA, their 
experiments should not have worked. 
The cells of vertebrate animals contain 
much more DNA than bacteria do. As a 
result it had been expected that the con
centration of each particular DNA se
quence from vertebrate cells would be 
very small, and that after dissociation 
the complementary strands would rarely 
collide with each other. Yet the dissoci
ated strands found their partners faster 
in the vertebrate DNA than they did in 
the bacterial DNA. Why? The question 
was set aside for future explanation, but 
as time passed it increaSingly disturbed 
one of us (Britten). Had the reaction 
been accelerated by some unknown cata
lytic action of the agar or by the immo
bilization of the DNA? An experiment 
ruled out those possibilities: hybridiza
tion proceeded rapidly in free solution. 
By midsummer of 1964 only one expla
nation seemed possible and the basic 
hypothesis was proposed. Certain se
quences in the DNA were reiterated 
again and again. Reiteration, or repeti
tion, would make the concentration of 
some DNA base sequences much higher 
than had been expected and would thus 
account for the rapid reassociation. 

On the basis of evidence that these 
related sequences were llOt identical 
with one another, the early hypotheSis 
further suggested that some kind of mul
tiplication process had occurred for se
lected segments of the DNA, forming 
large families of related sequences that 
became integrated into the genetic ma
terial and were then passed on to de
scendants by the usual hereditary mech
anisms. It was further supposed that 
sequence changes, or mutations, altered 
various members of the families of re
peated sequences, so that precise rela
tionship was slowly lost among the mem
ber sequences. An essential part of the 
hypothesis was that new events of multi
plication must have occurred at intervals 
throughout the course of evolution, pro
ducing new populations of repeated 
DNA segments. The evidence obtained' 
since that time has supported this set of 
hypotheses. 

The first direct evidence for repetition 
came out of an improbable piece of good 
fortune, again involving the mouse. 
Michael Waring arrived from the Uni-' 
versity of Cambridge as a postdoctoral 
fellow and chose to join in the search for 
actual pieces of repeated DNA. One of 
us (Britten) and Waring decided to ex
tract DNA from mouse tissue because 
that tissue was convenient and available, 
We were quite unaware that mouse 
DNA has a singular family of repeated 
sequences, It is the most obvious one 
known even today; it makes up a tenth 
of the total mouse DNA and consists of 
about a million copies of a short se
quence of some 300 base pairs, We had 
not expected anything so outlandish, but 
we immediately recognized the highly 
repetitive component. Because of its spe
cial qualities (it is lighter than most 
mouse DNA and forms a distinct "satel
lite" band when it is centrifuged in a 
cesium chloride density gradient), it 
could be purified in a few weeks and was 
shown to be an example of repetitive 
DNA. Soon afterward Ann McClaren 
and P. M, B, Walker of the University of 
Edinburgh, who were also working with 
mouse DNA, observed that 10 percent of 
it was bound to hydroxyapatite when it 
was expected to be Single-strand and 
therefore not to bind, They did not imag
ine that reassociation could be as rapid 
as their results suggested and they identi
fied their DNA as a stable fraction whose 
strands either had not separated or had 
folded back on themselves instantly, 
Walker's group at Edinburgh continued 
to investigate rapidly reassociating DNA 
in rodents. And since 1965 the authors of 
this article have collaborated on an ex
tensive series of experiments to charac
terize the repeated sequences in the 
DNA of many different species. 

�t us examine in more detail the para-
dox of the mouse-DNA reassocia

tion, which led to the discovery of repeti
tive DNA, As we have noted, the reason 
animal DNA was expected to reassociate 
slowly is the large amount of DNA per 
animal cell [see illustration on opposite 
page]. If all the base sequences in the 
DNA of an animal were different from 
one another, then in a reassociation reac
tion each sequence would in effect be di
luted by all the others, The dilution 
would lead to a reduced rate of reasso
ciation, and so the rate of reassociation 
of the DNA from an animal with a large 
genome size, or DNA content per nu
cleus, should be less than the rate for 
DNA from one with a small genome, 

This is exactly what we observe if we 
put aside the effects of the DNA present 
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in multiple copies. In fact, the time re
quired for the reassociation of unrepeat
ed DNA to proceed halfway to comple
tion is proportional to the genome size 
[see illustration on next page]. The rea
son is that complementary single strands 
must collide with each other before they 
can reassociate. Although most collisions 
are ineffective, occasionally comple
mentary regions of the two strands 
are matched up in such a way that a 
short double-strand region results. If the 
neighboring regions are also complemen
tary, then the double-strand region will 
grow into a stable helix; if they are not, 
the short region is likely to be unstable 
and therefore to dissociate. Under most 
practical conditions the rate of collisions 
controls the rate at which reassocia
tion occurs. Reassociation between DNA 
strands therefore is normally, in the ter
minology of chemical kinetics, a second
order reaction. When its time course is 
plotted on a logarithmic scale, it takes 
the characteristic form of an S-shaped 
curve. 

Measurement of the rate of reassocia
tion is the best way to identify repetitive 
DNA. Because the rate of reassociation 
depends on a number of conditions, the 
DNA of a standard organism, the bac
terium Escherichia coli, is taken as a ref
erence. The length of the DNA of the 
E. coli chromosome has been well mea
sured and its genome size is known. Vir
tually all the nucleotide sequences of its 
DNA occur only once, that is, it has lit
tle repetition. The time course of the re
association of E. coli DNA [see illustra
tion on page 29] reveals the S-shaped 
curve expected for a Single-component 
reaction, and the precision of agreement 
with the predicted curve sets a low limit 
for the presence of repeated DNA. (The 
agreement also shows that such variables 
as fragment size have negligible effects 
and that the hydroxyapatite method ad
equately separates double-strand DNA 
from Single-strand. ) 

The time required for half-reassocia
tion is proportional to the DNA content 
per cell only if each sequence of bases 
occurs once in the cell's DNA. If a 
stretch of DNA sequence were to occur 
twice (if a gene were duplicated, for ex
ample), then the concentration of com
plementary fragments derived from the 
duplicate region would be twice as great 
as the concentration of the rest of the 
DNA. As a result these fragments would 
take only half as long to reassociate. If 
there were more copies, the period re
quired for reassociation would be pro
portionately reduced. This simple rule 
apparently continues to hold even when 
as many as a million copies are present, 
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as is the case for the most rapidly asso
ciating family in mouse DNA. With this 
rule we can evaluate the number of 
copies from measurements of the rate of 
reassocia tion. 

The DNA that has been most thor
oughly studied is the DNA of the calf 
(because calf thymus glands, which are 
rich in DNA, are readily available from 
meat-packers). When its reassociation 
curve is plotted in the same way as the 
E. coli curve, there are some obvious 
differences. The reaction starts much 
sooner and ends much later; it is evi
dently divided into two quite separate 
regions. The later region of the curve 
has been shown to be due to the reasso
ciation of DNA present in single copies. 
In the earlier part of the curve the DNA 
on the average reassociates 100,000 
times faster, indicating that for each of 
the segments reassociating in this early 
region there must be about 100,000 oth
er segments in the genome that are sim
ilar enough to form complementary pairs 
of strands. More detailed measurements 
show there are two major families of re
peated sequences whose reactions over
lap. One is present in about a million 
copies and amounts to only a few per
cent of the DNA. The other repeated 
component, accounting for nearly 40 
percent of the total DNA of the calf, is 
present in 66,000 copies, not all of them 
exactly alike. 

The total quantity of DNA in the form 
of repetitive sequences is quite large: 

about 45 percent for calf DNA, accord
ing to the hydroxyapatite measurements. 
Actually this is a somewhat arbitrary 
figure. It depends on the degree of se
quence relationship-the proportion of 
matching bases in each pair of strands
that is recognized in the particular mea
surement. We do not yet know how 
much of the DNA would have to be in
cluded if all degrees of sequence rela
tionship greater than chance expecta
tion were taken into account. In several 
species-Pacific salmon, wheat, onion 
and the salamander Amphiuma-more 
than 80 percent of the DNA shows repe
tition that is recognizable under the con
ditions in which calf shows only 45 per
cent repetition. Certainly the repeated 
sequences are not a minor part of the 
DNA. Why is there so much and what 
role does it play in the operations of the 
cell? Before considering the evidence 
bearing on these unsolved questions we 
will summarize what is known about tlle 
distribution of repeated DNA in various 
organisms, the frequency of repetition, 
the apparent evolutionary history of re
peated DNA and the distribution of the 
material in the cell. 

I n the past few years the DNA of more 
than 60 plant and animal species has 

been examined. Significant quantities of 
repeated sequences have been found in 
the following groups: primates, other 
mammals, birds, amphibians, bony and 
cartilaginous fishes, amphioxus, echino-
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derms, brachiopods, insects, other ar
thropods, mollusks, coelenterates, spong
es, protozoans and plants ranging from 
algae to wheat. Small quantities may be 
present in the nuclei of fungi, but here 
a clear separation from DNA outside the 
nucleus has not yet been made. Bacteria 
contain a number of copies of the genes 
that specify ribosomal RNA, but no oth
er nuclear repeated DNA has been ob
served in the few species tested. (All 
species appear to have a few copies of 
certain special genes such as the genes 
for ribosomal or transfer RNA, and so 
one can say that repeated DNA prob
ably occurs universally. The large quan
tities and high frequencies we are de
scribing, however, appear to occur in 
species higher on the scale of complexity 
than fungi.) 

The number of DNA segments from 
one cell that have similar base sequences 
is the repetition frequency for that set. 
One can regard the set of different repe
tition frequencies for each species as a 
spectrum [see illustration on page 30]. 
These spectra are somewhat tentative in 
detail, since measurements with ade
quate technique have just been under-

taken; the overall patterns are nonethe
less correct, and some of the spectra, 
such as the spectrum for calf DNA, have 
been fairly well measured. The repeti
tion spectra show few common features. 
Calf cells have little or no DNA with 
frequencies between 10 and 10,000. 
Toad and snail cells have no families 
with more than 10,000 members, and 
their dominant components are in the 
broad frequency range that is not pres
ent in calf DNA. It is too early in the ex
ploration to discern the regularities in 
frequency spectra that probably exist. 
For example, it appears that components 
in the range from 100,000 to a million 
copies may exist only in the DNA of 
mammals; each of the mammalian spe
cies examined so far has such highly 
repetitive components, which do not ap
pear even in other vertebrates. Many 
more measurements are required to es
tablish such generalizations. 

It seems likely that repeated DNA 
originated in past events of DNA repli
cation, each of which produced a family 
made up of identical copies of some pre
existing DNA sequence. Then in the pe
riod of time since the original produc-
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tion of the copies a number of things 
must have happened. Segments \vere 
translocated and scattered into various 
parts of the genome; subunits were sub
stituted and deleted. The traces of such 
events can be found in the present pop
ulations, and the result is that in most 
cases the members of a family of repeat
ed sequences differ somewhat from one 
another. 

Estimates of the degree of sequence 
difference can be made from the thermal 
stability of reassociated DNA, since the 
imperfectly complementary strand pairs 
have reduced stability compared with 
perfectly matched strands [see top illus
tration on page 31]. Typically when the 
entire population of repeated DNA in 
one organism is examined, a wide range 
of thermal stability is seen. Some se
quences are quite closely related to oth
ers, even to the extent of being perfect 
copies, whereas other sequences differ so 
much that the strand pairs barely hold 
together under mild conditions. In the 
most divergent examples changes appear 
to have taken place in as many as half of 
the nucleotides. vVe believe all degrees 
of divergence are present, as would be 
expected if the processes of production 
and divergence had been active through
out the evolution of higher species. 

vVhen did the events that produced 
these enormous families occur? Some of 
them happened a very long time ago, 
perhaps several hundred million years 
ago. It is possible to date reasonably 
well the time in evolutionary history 
when there lived the last common an
cestor of two related but now distinct 
modern species. This time may be con
sidered, if enough fossils have been dis
covered and examined, to be the time of 
divergence of the ancestral lines of spe
cies that led to the present-day orga
nisms. Any feature, molecular or mor
phological, that is now exhibited by both 
species probably originated before the 
time of divergence. vVe assume that any 
family of repetitive DNA held in com
mon by two species probably originated 
before their ancestral lines diverged. 
(There are risks in this assumption where 
gene flow between species is possible, as 
it is in plants.) The relation between the 
fraction of the repeated DNA held in 
common between species and the time 
since their species lines diverged can be 
established [see bottom illustration on 
page 31]. Assuming, as seems reason
able, that in each species line there is 
production of new families of repeated 
DNA as preexisting families are slowly 
lost, the curve can be considered a "de
cay-of-relatedness curve," by analogy 
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with radioactive decay. For the verte
brates shown in the illustration the me
dian age of the repeated families seems 
to be about 100 million years-the time 
in which half of the repeated DNA is re
placed. 

Some of the more abstract but never-
theless fascinating questions about 

repeated DNA sequences have to do 
with their organization in the cell. How 
long are the repeated elements? Do they 
occur together in the genome? Are they 
organized in special places in the DNA 
in keeping with some role in chromo
some structure, or are they scattered 
throughout the DNA? 

Several different classes of experi
ments yield information about the ar
rangement of the repeated DNA in the 
genome. One case-perhaps an atypical 
case-is the mouse satellite DNA, which 
has recently been studied in much detail 
by Walker and by William C. Flamm, 
now at the National Institute of Environ
mental Health Science, and by others. 
The sequences of this family are of fair
ly recent evolutionary origin, having ap
peared since the ancestral lines leading 
to the house (or laboratory) mouse and 
the rat diverged 10 or 20 million years 
ago. They have been shown to be ar
rayed in clusters containing as many as 
100 copies, and according to recent mea
surements the clusters appear on many 
of the chromosomes of the mouse. This 
family is somewhat exceptional, since it 
is a very short repeated element present 
in very many copies and is found in only 
the one species. 

Such detailed evidence is not yet 
available for any other family of repeat
ed sequences, but there is evidence from 
a number of species that the repeat� 

ed sequences are intimately scattered 
through the DNA. If DNA is prepared 
in fragments about 20,000 bases long, 
each fragment is almost certain to in
clude a repeated sequence, and it usual
ly includes more than one. The extent of 
scattering is known in a little more de
tail in calf DNA, where three-quarters 
of the fragments broken down to about 
4,000 bases contain segments of repeat
ed DNA. 

O ne approach to the difficult problem 
of the function of repeated DNA is to 

assay the extent to which it is expressed. 
All the genes of an organism's genome 
are present in all its cells, and yet many 
of the genes carry out no function in par
ticular tissues or at particular times. Such 
genes are said to be unexpressed, where
as those that are active are said to be ex-
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two stages (broken vertical lines) are separated by a factor of 100,000. The early stage 

represents the reassociation of repeated DNA and the later stage that of single·copy DNA. 

pressed. The function of many genes is to 
specify the synthesis of proteins, and the 
mechanism of these genes' expression is 
now quite well understood. The first step 
in the process is the transcription of the 
base sequence of the DNA into "mes
senger" RNA by the pairing of comple
mentary RNA bases with the DNA as 
template. When the messenger RNA 
reaches the site of protein synthesis, its 
base sequence supplies information that 
is translated according to the genetic 
code to determine the amino acid se
quence of the protein. Our interest here 
is only in the first stage, the synthesis of 
RNA on the DNA template, as an indica
tion of gene expression. Clearly one can 
say that a gene is expressed if RNA com
plementary to one of its DNA strands is 
synthesized. Therefore a good test for 
genetic activity is to search for an RNA 
complementary to the DNA of the gene. 
In most cases this would be difficult, 
since preparations of the DNA of partic
ular genes are not ordinarily available. In 
the case of repeated DNA taken as a 
whole, however, it is quite easy. The high 

frequency of repetition increases the rate 
of RNA-DNA hybridization just as it in
creases the rate of DNA reassociation. 
vVhen proper precautions are taken, 
RNA that hybridizes rapidly with DNA 
can be assumed to be RNA that was 
synthesized on a repeated DNA se
quence. 

Hybridization experiments have been 
conducted in a number of laboratories 
in attempts to learn the mechanism of 
gene expression and its control. vVe now 
know that the limitations of the avail
able techniques restricted the observa
tions to rapidly hybridizing sequences
the sequences involving repeated DNA. 
The observations therefore made avail
able a large body of measurements of the 
expression of repeated DNA sequences 
in a variety of cell types from a number 
of organisms. These measurements yield 
two principal results: first, repeated 
DNA sequences are expressed in every 
higher organism and cell type that has 
been examined; second, different fami
lies of repeated DNA are expressed in 
different tissues. 
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A particularly significant measure
ment of differences in patterns of expres
sion can be made with a technique called 
competition. For this purpose RNA from 
one tissue is mixed at a high concen
tration with radioactively labeled RNA 
from a second tissue in the presence of 
DNA. To the extent that there are sim
ilarities between the RNA populations, 
the unlabeled RNA "occupies" the DNA 
and prevents the labeled RNA from hy
bridizing. In this way RNA populations 
from different tissues and different 
stages of embryonic development have 
been compared. In a number of in
stances the populations of RNA mole
cules are entirely dissimilar, indicating 
that the DNA sequences expressed are 
also dissimilar, that is, they are mem
bers of different families of repeated se
quences. Why should a particular fam
ily of DNA sequences be expressed in 
an early embryo and not be expressed 
at a later stage of development? The 
answer to this question would probably 
go a long way toward revealing the role 
of repeated DNA in the molecular ma
chinery of the cell. 

The fact that repetitive DNA is ex
pressed (transcribed into RNA) leaves 
no doubt in our minds about the signifi-
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cance of some of the repeated sequences. 
That brings us up against the problem 
of the hundreds of thousands and mil
lions of copies present in the mammals. 
What role could such very large num
bers of copies have? If these frequen
cies were observed even throughout the 
vertebrates, one might consider a struc
tural or organizing role for the highly 
repetitive DNA, but it is unlikely that 
1,000 times more copies would be re
quired for such a purpose in the mouse 
than in, say, the toad. Mammalian chro
mosomes do not seem to be that much 
more complex. They have comparable 
amounts of DNA per cell; in fact, some 
amphibian cells contain a great deal 
more DNA than mammalian cells. 

Taking the evidence all in all, the 
large size of some families of repeated 
DNA is probably best explained if the 
production of a family of repeated se
quences is taken to be an analogue of a 
more familiar kind of mutation. Repeat
ed sequences could be produced in large 
numbers "by accident," that is, by an 
event not directly related to their ulti
mate function. In the long run, of course, 
their fate would presumably be deter
mined by natural selection, but for some 
time a large number of unexpressed 

100 1,000 
NUMBER OF COPIES 

copies might remain in the genome. In 
other words, we are led to the somewhat 
unorthodox view that a Significant part 
of the DNA in the cell may not have a ' 
current genetic function. 

We have called the appearance of a 
family of repeated sequences "saltatory 
replication" to imply a sudden event of 
multiplication. The evidence indicates 
that on an evolutionary time scale the 
appearance of a family is sudden, al
though we cannot tell whether the 
events occur within the lifetime of an 
organism or are spread over a few mil
lion years. Several steps are obviously 
required. First a segment of DNA must 
be multiplied; then the copies must be 
transmitted by heredity. The set of cop
ies must become intimately associated 
with the chromosomes and ultimately 
must be linked directly into the principal 
DNA strands. If that much is accom
plished in a small population within the 
species, this DNA must be transmitted 
throughout the species over a large num
ber of succeeding generations, presum
ably by natural selection. Such a process 
would be inexplicable in neo-Darwinian 
terms unless some genetic advantage 
were associated with the family of re
peated DNA sequences. We are unable 

10,000 100,000 1,000,000 

PATTERNS OF REPETITION of DNA sequences are shown in 

the form of spectra for a numher of organisms. Each spectral 

band represents a repetitive class of DNA that has been identified 

to date. The width of the band indicates what percent (given below 

the band) of the total DNA is represented by that class. The posi· 

tion of the band indicates the frequency, or number of copies. 

(Gray bands are those whose precise frequencies are not known.) 

For example, the mpst repetitive mouse component amounts to 

10 percent of its DNA and has about a million copies. Snail and 

toad data are from Eric H. Davidson of Rockefeller University. 
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to specify what the advantage might be 
unless an actual function were already 
being carried out by the repetitive DNA 
at the earliest stages of the process. 

The time period would be greatly 
compressed if the saltatory replication 
were due to a virus infection that swept 
through a large population. A model for 
such an event might be the behavior of 
bacteria that survive a viral infection be
cause they have previously accepted the 
virus genome into an integrated, or lyso
genic, state within their own chromo
some and by so doing have achieved im
munity to the virus. Cellular resistance 
to virus infection by this kind of mech
anism has not been clearly demonstrated 
in animals. The transformation of animal 
cells by viruses, however, is well known, 
and in many cases it may be due to the 
integration of the viral genome with the 
host chromosomes. Even so, there is no 
reason to expect that an enormous num
ber of copies would be involved. It is -
therefore merely possible-not likely
that an infection of some kind is re
sponsible for the transmission of a 
family of repeated sequences to all the 
surviving members of a species. 

Obviously we do not understand how 
a family of repeated DNA originates, but 
such families exist, and they must have 
originated somehow. What can be said 
of their subsequent history? We know 
that some of the sequences have become 
functional because RNA complementary 
to them is produced. We do not know 
when in their history the useful attri
butes were developed, how many of the 
members of a family of sequences are 
utilized or what function they carry out. 
It is clear, however, that the families of 
repeated sequences evolve and that the 
sequences change slowly. It is even pos
sible to estimate the rate of change. Es
timating the "decay of relatedness" is 
one approach, and more elegant meth
ods are now available. Fairly good esti
mates can be made of the actual rate of 
base substitution in DNA by measuring 
the stability of strand pairs hybridized 
between chosen species. Such measure
ments have only been started and no 
broad generalizations can yet be drawn, 
but we should soon know whether or 
not natural selection operates to con
serve the sequences of some of the mem
bers of a family while allowing others to 
change at a more rapid rate. We now 
know a little about the history of repeti
tive sequences and we possess tech
niques to learn a great deal more, but a 
comprehensive set of measurements is 
needed that will require much work at 
many laboratories. 
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STABILITY of reassociated DNA depends on how well the two strands are hydrogen· 

bonded, which depends in tnrn on the extent to which the two strands are composed of 

complementary base sequences. In native DNA or in two strands from identical copies of a 

repetitive DNA all the bases match and the strand pair is quite stable (a) . If some bases do 

not match, the stability is reduced (b), and if many are mismatched, the stability is poor 

(e). The stability of DNA can be determined by measuring its dissociation temperature. 
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RELATIONSHIP between the similarity of repeated·DNA sequences and evolutionary 

history is shown, based on measurements made by Bill H. Hoyer, Brian J. McCarthy and 

Ellis T. Bolton of the Carnegie Institution. Vertical scale shows the fraction of repeated 

sequences held in common by the DNA of the rhesus monkey and that of other animals. 

The time of divergence of species lines leading to the rhesus and to other modern species 

is plotted on the horizontal scale. ("Mammal" refers to nonprimates other than armadillo.) 
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The Red Sea Hot Brines 

Three pools of ()elY salty hot water ha()e accumulated 

at the bottOlTL of the Red Sea. The sedhnents in these 

pools are rich in lninerals deposited froln the brines 

A t the bottom of the Red Sea lies one 1-'-- of the world's most bizarre ma-
rine environments: three deep 

pockets filled with water that reaches a 
temperature of 133 degrees Fahrenheit 
and is nearly 10 times saltier than the 
sea above it. The existence of these hot 
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by Egon T. Degcns and David A. Ross 

40° 

brines had been suspected since the 
1880's, but they were not studied in de
tail until 1966. In that year the research 
vessel Chain of the Woods Hole Oceano-

eight nations: physicists, chemists, ge
ologists, hydrologists, biologists and ge
ophysicists (including the authors of this 
article). It almost goes without saying 
that we are indebted to our colleagues 
for many of the findings presented in this 
account of the investigation. 

graphic Institution was the spearhead 
of an investigation that before its com
pletion involved some 70 workers from 

45° 

BAGHDADo 

IRAQ 

SAUDI ARABIA 

50° 

A brine can be defined as anything 
saltier than ordinary seawater. In this 
sense the Red Sea itself is a gigantic pool 
of warm brine. Oceans on the average 
rarely contain more than 35 parts of dis
solved salts in each 1,000 parts of water. 
Even the surface water of the Red Sea 

300 is nearly 10 percent saltier than that: its 
salinity is 38 parts per 1,000. Moreover, 
its surface temperature approaches 75 
degrees F., compared with the ocean av
erage of 55 degrees F. These abnormally 
warm and salty conditions are due main
ly to two factors. First, the Red Sea is 

o MECCA 

25° a tropical body of water: two-thirds of 
its 1,000-mile length lies south of the 
Tropic of Cancer. Second, the Red Sea 
has only one outlet (into the Indian 
Ocean), and there is only a limited ex
change between the two bodies of wa
ter. The reason is that at its southern end 

20° the bottom of the Red Sea rises to a 
depth of only 400 feet below the surface. 
(The maximum depth of the sea is nearly 
10,000 feet.) As a result the entire Red 
Sea is an evaporation pool. In the geo
logic past, when a lowering of the sea 
level isolated it from the Indian Ocean, 

15° the Red Sea came to be even sal tier than 
it is today. 

The fact that water in an area around 

10° L-____ �--__ �L-__________ � ______ L_�L_�� __________ � 100 

21 degrees north latitude is hotter 
and saltier than the water elsewhere in 
the Red Sea seems to have been first 
noted in the early 1880's, when workers 
aboard the Russian survey vessel Vityaz 
took water samples in this area at a 
depth of about 2,000 feet. Some years 

30° 35° 40° 45° 50 

HOT BRINE POOLS lie close together near 21 degrees north latitude, on the crest of . 
the mid·ocean ridge that divides the Red Sea into almost equal eastern and western halves. 
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meters in this seismic profile across the brine zone. The differ
ence in density between seawater and brine produces the effect. 
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BRINE has accumulated below the 2,000·meter contour in three areas (colorl. The Chain 
Deep is the smallest of the three and the Discovery Deep is the deepest. Both evidently ac· 
quire new brine from the Atlantis II Deep when the brine there rises and overflows. Bot· 
tom contours bave been simplified in this chart, and no details appear above 1,800 meters. 
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later the Austrian ship Pola (1897) and 
the German vessel Valdivia (1898) took 
samples in the same general location but 
at the greater depth of 6,500 feet a;1d 
observed similar conditions. Subsequent
ly the Swedish Albatross expedition of 
1947 and 1948 and the Woods Hole In
stitution's Atlantis voyage of a decade 
later reported an increase above normal 
in water samples from the area of more 
than five degrees F. in temperature and 
of five parts per 1,000 in salinity. 

Before 1964 the usual explanation of 
these findings was that, since evapora
tion predominates over precipitation in 
the Red Sea, the saltier, denser surface 
water that forms by evaporation in coast
al shallows drains continuously into the 
sea's central deeps, increasing the salin
ity of the deeper water. In that year, 
however, the British research vessel Dis
covery collected water samples with a 
temperature of 44 degrees Celsius (lll 
degrees F.) and a salinity of 256 parts 
per 1,000 from an area that has since 
been known as the Discovery Deep. It 
was virtually impossible that evapora
tion was the cause of such extreme tem
perature and salinity. 

The Woods Hole vessel Atlantis II was 
four days behind schedule en route 

to the Indian Ocean when it passed 
through the Red Sea in the summer of 
1965. Although time was short, no one 
aboard could resist the temptation of 
taking at least one water sample from 
the Discovery Deep. Moreover, the ge
ologists aboard were eager to collect 
samples of the sediments at the bottom 
of the brine pool. The sampling proce
dure normally takes only two or three 
hours; what can be far more time-con
suming is making sure that one is over 
the right spot. 

'rVe finally positioned ourselves over 
the Discovery Deep, but to our dismay 
before we could complete the lowering 
of our sampling devices the Atlantis II 
began drifting to the north. Our motion 
fortunately carried us across a hither
to undiscovered brine pool, which was 
promptly named the Atlantis II Deep. It 
was slightly shallower than the Discov
ery Deep but conSiderably hotter. Its 
water temperature was 56 degrees C. 
(133 degrees F.) and the sediment sam
ple-a black ooze that had the physical 
appearance of tar-was too hot to touch. 
Later analysis showed that the setli
ment contained a mixture of metal com
pounds, principally oxides and sulfides 
of the metals iron, manganese, zinc and 
copper. After taking the samples we re
sumed our voyage, but we were deter
mined to return to the brine area in the 
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CHAIN DEEP. NOR,MAL SEAWATER 0 

SIX DISSOLVED SUBSTANCES are present in differing propor
tions in the Red Sea brines. When arrayed according to the chloride 
content of each brine, the differences assume linear relationships. 
As the quantity of chloride increases, the numher of sulfate and 
magnesium ions in solution decreases; both are less abundant in 

the brines than they are in normal seawater (the quantity shown at 

the extreme left in each graph). The opposite is true of bromine, 
calcium, potassium and sodium. The bottom brine layer in the At
lantis II Deep is the saltiest of the five, but the bottom layer iu 
the Discovery Deep is almost its equal in parts of salts per 1,000. 
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Chain the following year for a more de
tailed survey. 

Noard the Chain in 1966 we added � 
our knowledge of the brine pools. 

The Atlantis II Deep proved to be the 
largest of them, embracing about 30 
square miles of bottom that is centered 
on the mid-ocean ridge that divides the 
Red Sea into almost equal eastern and 
western parts. It contains three distinct 
layers of brine. The top layer, lying a 
little below 2,000 meters, is a well
mixed, homogeneous brine 28 meters 
thick; its temperature is 44 degrees C. 
(Ill degrees F.) and its salinity is 135 
parts per 1,000. Below it lies a five
meter transition zone, characterized by 
a quick rise in temperature. The bottom 
layer, which at its deepest extends for 
150 meters to the sea floor, is also ho
mogeneous. It is the hottest and saltiest 
of all the brines: its temperature is 56 
degrees C. (133 degrees F.) and its salin
ity 257 parts per 1,000 (only 13 parts per 
1,000 less than the saltiest water known 
in nature, at the bottom of the Dead 
Sea). It is possible that still a third thin 
layer of brine may exist undetected near 
the bottom of the Atlantis II Deep. 

The Discovery Deep is smaller but al
most as complex in structure. Its area 
is nine square miles and its maximum 
depth is a little more than 2,200 meters. 
Its brines form two homogeneous layers. 
The top layer, which begins a little be
low 2,000 meters and extends to 2,027 
meters, has a temperature of 36 degrees 
C. (97 degrees F.) and a salinity of 127 
parts per 1,000. The bottom layer is the 
same temperature as the top layer of the 
Atlantis II Deep (44 degrees C.), but the 
bottom layer is much saltier. With a sa
linity of 256 parts per 1,000, it is only 
one part per 1,000 less saline than the 
bottom layer of the Atlantis II Deep. 
From the fact that two brines of the 
same temperature have different salin
ities we conclude that there is currently 

ABUNDANCE of eight substances in three 
different waters is seen in the illustration at 
left. The three are the bottom brine in the 
Atlantis II Deep (top bar), the bottom 
brine in the Dead Sea (middle bar) and nor
mal seawater (bottom bar). Evaporation, a 
process at work in the Dead Sea, sharply in
creases the concentration of calcium, bro
mine, potassium and magnesium in a brine 
but has a lesser effect on sodium. The Red 
Sea hot brine is far richer in sodium than 

·36 brine from the Dead Sea but is compara
tively depleted of the other four salts. Thus 
it is evidently not a product of evaporation. 
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no exchange of brines between the two 
deeps. 

The hot brine area has a third deep 
that was discovered during our 1966 
voyage and was accordingly named the 
Chain Deep. It is the smallest of the 
three deeps; its area is less than two 
square miles and like the Atlantis II 
Deep it is a little deeper than 2,000 me
ters. The smallness of the Chain Deep 
made it difficult to study, but we record
ed a maximum temperature of 34 de
grees C. (93 degrees F.) and a maximum 
salinity of 74 parts per 1,000. As with 
the Discovery Deep, this suggests to us 
that the Chain and the Atlantis II deeps 
are not now connected. 

It is possible that the Red Sea harbors 
hot brine areas other than these three, 
although we explored the immediate vi
cinity without finding any others. Sam
ples of bottom sediment that we col
lected about 150 miles north of the three 
deeps were much enriched in iron, how
ever, suggesting that hot brine condi
tions may have existed there 100,000 
years ago. In 1967 the research vessel 
Oceanographer, cruising some 400 miles 
to the north of the three deeps, recorded 
the presence of a sound-reHecting layer 
of water near the sea Hooi·. Similar sound 
reHections are characteristic of the pools 
we studied, so that the Oceanographer 
observation may indicate another one. 

The term "salinity" is normally taken 
to mean that the proportion of the 

various elements in seawater remains the 
same regardless of the total salt content. 
This is not at all true of the hot brines. 
Compared with typical seawater the 
brines contain nine times the normal 
amount of sodium but somewhat less 
than the normal amount of magnesium. 
The concentration of elements in solu
tion in each of the three deeps also varies 
considerably. When these values for the 
various brine layers are plotted against 
the increase in chloride concentration, 
some linear relationships become appar
ent [see illustration on page 35]. The 
best explanation of these relationships 
is that the less concentrated brines are 
the result of the mixing of normal Red 
Sea deep water (which has a salinity of 
about 40 parts per 1,000) in various pro
portions with the concentrated bottom 
brine in the Atlantis II Deep. 

The most striking chemical feature of 
the brines is that they contain concen
trations of various trace metals that are 
roughly 1,000 times greater than the 
concentrations found in normal seawa
ter. At the same time the chlorine con
tent of the brines shows only an eight-

ZINC 

IRON 

MANGANESE 

LEAD 

1,000 5,000 10,000 50,000 

ENRICHMENT (NORMAL SEAWATER = 1) 

METAL ENRICHMENT of the oxygen.depleted bottom brine in the Atlantis II Deep 
ranges from 1,500 times the amount of zinc in seawater to 30,000 times the amount of lead. 

fold increase. These concentrations are 
not uniform among the brines. The bot
tom Atlantis II brine, for example, con
tains no oxygen, so that the metals 
dissolved in it are not subject to oxida
tion but remain in a reduced state. As a 
result the metals stay in solution and the 
brine contains 5,000 times more iron, 
25,000 times more manganese and 30,-
000 times more lead than normal sea
water [see illustration above]. Oxygen 
is present, however, in the top brine 
of the Atlantis II Deep and the top and 
bottom brines of the Discovery Deep, 

with the result that they contain less 
metal in solution. Part of their iron and 
manganese has been oxidized, forming 
colloids that have settled to the sea Hoor. 
As these colloids sink they scavenge 
some of the other trace metals-copper, 
lead and zinc-from the brine, lowering 
their concentration too. Other reactions 
(which are also the result of oxidation
reduction processes) have led to the for
mation of iron silicates, of iron and 
manganese carbonates and of various 
sulfides of iron, zinc and copper. 

The chemical composition of the hot 

2o,-----------------------------------------------� 2 

5' 
0 C> 
0:: 
w Q. 
(f) I-0:: 
<t Q. 
2: 
=:J 
0:: 
w I-=:J 
w 
0 

10 -

O�--------�-------J---------J--------�--------� O 
� TI � � � � 

SALINITY (PARTS PER 1,000) 

0:: 
w Q. 
(f) I-0:: 
<t Q. 

z 
w 
C.') >>< 
o 

SOURCE of the Red Sea hot brines is suggested by the heavy isotope content of seawater 
that in general increases as salinity increases. Deuterium (black dots) and oxygen 18 (col. 

ored dots) in the brines equal the amounts in Red Sea water with a salinity of 3 8.2 parts per 
1,000. Water with this avecage salinity is found only in the southern part of the Red Sea. 
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SALINITY CHANGES in the Red Sea over the past 70,000 years 
are reflected in changes in the amount of the isotope oxygen 18 in· 
corporated in the fossils of foraminifera found at different depths 
in bottom sediments. Four slow rises to peak salinity are evident, 

followed by four abrupt declines. Stony layers of microfossils coin· 
cide with periods of high salin ity. The cycles appear to be con· 
trolled by a glacial mechanism. The isotope valnes shown represent 
deviation with respect to ocean·water standard in parts per 1,000. 

brines destroys once and for all the 
theory that they owe their origin to evap
oration. Evaporation is a process that 
increases the concentration of highly 
soluble elements such as potassium, cal
cium, magnesium and bromine. The de
gree to which evaporation will increase 
the sodium content of a brine, however, 
remains comparatively small. One of the 
world's finest examples of a brine formed 
by evaporation is the water of the Dead 
Sea. 'vVhen one compares the proportion 
of these and other elements in normal 
seawater, in the hot brines and in Dead 
Sea water, the differences are striking 
[see illustration on page 36]. Magnesium 
is seven times more plentiful in the Dead 
Sea than it is in normal seawater or the 
hot brines; bromine is eight times more 
plentiful. Dead Sea water contains more 
than twice the amount of calcium and 
potassium found in the hot brines. With 
respect to sodium, however, the hot 
brines outweigh Dead Sea water three 
to one. The brines simply cannot be 
evaporation products. 

This chemical analysis is no help in 
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the search for an alternative ongm of 
the brines. For this we must turn to the 
brines' content of two heavy isotopes 
of oxygen and hydrogen: oxygen 18 
and deuterium (hydrogen 2). As a rule 
evaporation systematically increases the 
amount of these isotopes in a body of 
water because the water vapor tends to 
carry off the lighter isotopes and leave 
the heavier ones behind. Water vapor, 
however, is the source of all the earth's 
precipitation. The result is that fresh 
water is poor in oxygen 18 and deu
terium, whereas seawater is relatively 
rich in them. Moreover, the saltier the 
water is, the richer it usually is in these 
heavy isotopes. 

When the isotope content of the brines 
is compared with the isotope content of 
other Red Sea waters with various sa
linities, the result is surprising. Although 
the brines are almost 10 times saltier 
than the saltiest nOlmal Red Sea water, 
their isotope enrichment is not as great 
as that of many parts of the Red Sea. IT)
deed, it is equal to the enrichment of 
water with a salinity of 38.2 parts per 

1,000, a level that is relatively low for 
the Red Sea [see bottom illustration on 

preceding lJage]. This fact is informa
tive. For one thing, it rules out fresh 
water as a possible source of the brines. 
There is no need to speculate that water
bearing rock strata are leading rainfall 
from the African or the Arabian main
land out to the middle of the Red Sea. 
Nor can the brines come from "juvenile 
water": the previously uncirculated wa
ter that is brought to the surface by vol
canic magmas. Juvenile waters exhibit 
different isotope relations. Only one oth
er possibility exists: the brines must be 
derived from the Red Sea itself. The 
source cannot, however, simply be the 
seawater that overlies the deeps, What, 
then, is it? Fortunately the isotope con
tent of the brines offers a clue to their 
point of origin, and their phenomenal 
content of salts and metals suggests what 
route they have traveled. 

The only part of the Red Sea that 
matches the brines in isotope content is 
an area near its southern end, several 
hundred miles distant from the brine 
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pools. If seawater from this area is the 
source of the brines, it must travel down
ward and northward through the rocks 
below the sea floor for as much as 600 
miles before reaching its destination [see 
illustration on page 41]. In doing so it 
could easily acquire its content of salts 
and metals by leaching them out of the 
rock formations through which it perco
lates. What evidence do we have that 
the water actually travels this long route? 
The isotopes of the brine enable us to 
define the conditions of its journey, but 
in a somewhat negative way. 

The original isotope content of water 
that passes through a rock formation 

can be altered by two circumstances. 
One is exposure to extreme temperature; 
the other is storage in the rock for pro
longed periods. In either case atoms and 
molecules are exchanged between the 
water and the rock, causing shifts in the 
water's content of oxygen 18 and deu
terium. If we are correct in assuming 
that distant Red Sea water is the source 
of the brines, the unaltered isotope con
tent of the water tells us two things 
about its journey. First, in its percola
tion through the basement rock the wa
ter has remained below the temperature 
that encourages atomic and molecular 
exchange. Second, the time required for 
the journey has been at most a few 
thousand years. 

A more positive kind of evidence is 
found in the record of past history that 
is written in the sediments of the Red 
Sea floor. Marine deposits more colorful 
than the spectrum of blacks, blues, reds, 
yellows and whites in the cores taken 
from the Atlantis II Deep would be hard 
to find. The color, texture and miner
al composition of these sediments and 
their alternating layers of two contrast
ing classes of materials illuminate the 
origin and evolution of the brines. One 
class consists of materials that have en
tered the deep from the outside: quartz, 
feldspar and clay, for example, that are 
brought to the sea in runoff from the 
land, and the calcareous debris of dead 
marine organisms. The other class is gen
erated entirely within the brines them
selves. It consists of various metal com
pounds: sulfides, sulfates, carbonates, 
silicates and oxides, principally of iron, 
manganese, zinc and copper. 

Cores from the sea floor outside the 
brine deeps also reflect the past. The re
mains of marine life contained in the 
cores, such as the tiny skeletons of fo
raminifera and the shells of pteropods, 
are of particular importance. The oxy
gen-I8 content of the calcium carbonate 
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that forms these fossils reflects the tem
perature and salinity of the water the 
animals lived in, so that the fossils pre
serve a record of changes in the Red 
Sea's temperature and salinity over the 
past 100,000 years. 

Combining all these sources of infor-

mation, it appears that during the past 
70,000 years there have been four pe
riods when the Red Sea has been saltier 
than usual [see illustration on page 38]. 
These cycles of salinity seem to have 
been controlled by the advance and re
treat of the great continental glaciers. 

BOTTOM CORES from the Atlantis II Deep show the interbedding of different materials 
that is characteristic of the brine·pool sediments. The pale band at the middle of the left 
core is composed of detritus from sources outside the pool. The darker areas above and 
below are sulfides of iron that have precipitated from the brine. The core at right shows 
a thick layer of detritus above a series of fine bands. These are layers of iron oxides and 
iron carbonates precipitated from the brine, alternating with additional layers of detritus. 
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A little more than 70,000 years ago, ap
proximately at the end of the Wiirm-Riss 
interglacial period, there was a minor 
increase in salinity. Thereafter two peaks 
of extreme salinity occurred, followed 
by a lesser increase. Each period was 
characterized by a long interval of grad
ually rising salinity followed by an ab
rupt decline. Stony layers of pteropod 
shells filled and encrusted with the min
eral aragonite are found in the sea-bot
tom cores; these layers were formed each 
time the Red Sea began to approach 
peak salinity. The subsequent quick de
clines in salinity, we believe, mark the 
times when the connection between the 
Red Sea and the Indian Ocean, which 
had been partly or completely cut off 
during periods of rising salinity, was re
established and a free exchange of wa
ters between the two could resume. 

What seems to have happened on 
these four occasions was that so much 
water was stored in the glaciers that the 
level of the oceans was depressed below 
the shallows at the southern end of the 
Red Sea. Cut off from the Indian Ocean, 
the sea began to dry up. If it did so at to
day's rate of evaporation, it would have 
been some 500 feet lower before a cen
tury had passed. At this rate the part of 
the sea floor that is presumably the feed
er zone for the brines would soon have 
been high and dry, and the flow of sea
water to the brine area would have 
stopped. When the glacial control mech
anism next allowed the ocean level to 
rise, water would again have covered the 
sea floor near the shallows, and the flow 
to the brine zone would have resumed. 
A few thousand years would have been 
required to empty or refill the "pipe
line" between the feeder zone and the 
brine area. 

Evidence that the water supply to the 
brines has been turned off and on in 

the past strengthens the argument that 
the source of the brines lies in this part 
of the Red Sea. The evidence is con
tained in two sea-bottom cores. One is 
from a small depression some three miles 
south of the Chain Deep; the other is 
from the summit of an elevation within 
the Atlantis II Deep that reaches up 
some 200 feet into water of normal salin
ity. Each of the cores shows two layers of 
iron oxide, deposited about 8,000 and 
19,000 years ago respectively. To judge 
from the small amount of material from 
external sources associated with them, 
the layers formed quickly. They could 
not have formed at all, of course, unless 
the areas where they were deposited had 
been submerged in brine at the time. 

© 1970 SCIENTIFIC AMERICAN, INC



Their existence means that at least twice 
in the past 25,000 years the brine in the 
Atlantis II Deep has overflowed, raising 
the boundary between it and the normal 
Red Sea water some 200 to 250 feet. 

Each of the overflows of brine took 
place approximately 5,000 years after a 
period of high Red Sea salinity had end
ed abruptly and water exchange with the 
Indian Ocean had resumed. We suggest 
that each overflow reflects the arrival of 
a renewed supply of water from the 
feeder zone near the southern end of 
the Red Sea. 

Some of the history of the brine zone 
following the last overflow 8,000 years 
ago is evident in the alternation of exter
nal material and brine-derived material 
in the cores from the Atlantis II Deep. 
As we read the evidence, the level of 
the brine has continued to rise periodi
cally. The rises have only been high 

enough, however, to surmount certain 
obstacles on the sea floor and overflow 
into the Chain and Discovery deeps, re
charging the brines in them. Variations 
in core layers reflect the timing and the 
magnitude of the overflows. 

In the perspective of geophysics the 
existence today of a zone of hot brines 
on top of a mid-ocean ridge is only the 
last link in a long chain of events. Molten 
crustal material has been welling up 
along the Red Sea ridge for at least the 
past 20 million years, as the land masses 
of Africa and Arabia have been spread
ing apart and creating rifts in the crust. 
In the earliest stage of the rifting deep 
subterranean fissures were opened to 
the passage of water. The rifting and the 
rise of molten magma provided not only 
the heat but also the gases, such as car
bon dioxide, needed to transform the 
former Red Sea water into chemically 

1.000 KILOMETERS 

active solutions. As the solutions mi
grated they dissolved salts from sedi
mentary rock formations and leached 
heavy metals out of crustal basalts. 
These acquisitions transformed the solu
tions into metalliferous brines. Once the 
brines had begun to ascend and cool, 
they probably released most of their 
metals (in the form of sulfides and car
bonates), forming veins in the basement 
rock of such ores as galena (a sulfide of 
lead), sphalerite (a sulfide of zinc) and 
siderite (a carbonate of iron). 

The hot brine that emerges to feed 
the Atlantis II Deep is only one of many 
metalliferous brines that may be as
sumed to be percolating through the 
basement rock under the Red Sea today. 
It is probably discharged through vents 
in the sea floor that resemble the fuma
roles and hot springs common in vol
canic areas ashore. \Vhat minerals the 
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SLOW PERCOLATION of Red Sea water downward and north
ward through the rocks below the sea floor is shown schematically. 
The flow probably begins in the area where the sea floor rises to 
within a few hundred feet of the surface at the southern end of the 
Red Sea. As the water percolates underground it leaches salts out 

of the sedimentary rocks it passes through and also picks up metals 
from basaltic rock of the mid-ocean ridge. The temperature of the 
brine rises because at a depth of two kilometers the basement rock 
is hot enough to boil water. Eventually (left, upward arrow) some 
of the brine rises into the pocket that forms the Atlantis II Deep. 
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brine stream delivers to the Atlantis II 
Deep are at least partly determined by 
the velocity of the discharge. At high 
velocities, for example, the brine would 
have little time to cool off, and the ele
ments giving rise to such minerals as 
sphalerite and siderite, instead of being 
deposited as veins of ore in the base
ment rock, would remain in solution and 
would only be precipitated later in the 
brine pools. The velocity of discharge 
has apparently never been sufficiently 
high to carry enough dissolved lead into 
the Atlantis II Deep for the deposition 
of galena. This mineral precipitates at 
quite a high temperature, and no trace 
of it has been found in any of the deeps. 
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What is the age of the hot brine zone? 
An estimate is possible. The rate of sedi
mentation in the Atlantis II Deep ap
pears to be about two inches per cen
tury. Only the upper 30 feet or so of the 
sediments has been studied in detail. 
There is an indication, however, that the 
sediments may be more than 300 feet 
thick in places, which would suggest a 
history of nearly 200,000 years of sedi
mentation. One can only speculate on 
the value of the metals that have accu
mulated in the hot brine deeps. The 
gold, silver, copper and zinc in the upper 
30 feet of sediments alone should be 
worth something more than $2 billion 
where they lie. The value of the ore 
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veins that may exist farther below the 
deeps cannot even be guessed. 

Who owns the hot brine zone? The 
question is a difficult one. If it is decided 
according to the "law of median lines," 
the area belongs to the nearest coastal 
state, which is the Sudan Republic. At 
least one group of would-be exploiters 
has applied to the Sudanese government 
for mining rights in the zone, Other 
groups, however, just as rightly point to 
the fact that the zone is in international 
w'aters. \Vhere the legal maneuvering 
will conclude no one knows, but it is 
distinctly possible that in the end law
yers will profit more from the hot brines 
than oceanographers will. 

i 
16 

SEA·BOTTOM TOPOGRAPHY in the area of the three deeps is 
seen near the top of this exploded cross section of the basement 
underlying the mid·ocean ridge. The view is from the west; north is 
at left. The long axis of the block measures 16 kilometers but depth 
indications below 2,300 meters are arbitrary. Top arrows show how 

overflow of the Atlantis II Deep can periodically replenish the two 
other pools. The winding "canyon" visible in the lower block repre· 
sents zones in the basement rock where the percolating brine, cool· 
ing as it rises toward the floor of the Atlantis II Deep, has prob. 
ably deposited rich veins of various metallic ores in the rock below. 
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We want to be useful 
. . .  and even interesting 

�ak 

Contrast enhancement at bargain prices 
A mycologist has complained to us about the high price in 
resolution that is exacted by the familiar optical methods for 
contrast enhancement in the microscope. To watch living 
cultures of conidia by time-lapse movies, he needs every 
morsel of resolution and contrast he can scrounge. His options 
thin out. He hesitates to blast his faintly stirring conidia with 
electrons or with light kept on long enough for a good look. 
He is not the only biologist who can do his looking better by 
means of a contrast-enhancing black-and-white film respon
sive to short, moderate bursts of photons repeated at intervals 
appropriate to the nature of the live material .  

Where, then, is the 1 6mm motion-picture counterpart of 
the 3 5mm cassettes of KODAK High Contrast Copy Film 
recommended to still photomicrographers who want to con
trol contrast photographically? 

Why we bother with scientists 
Not always does it turn out (as above) that the right sensi
tized product sits awaiting call to service. 

As the laboratory and the observatory escape confinement 
to earth's atmosphere, many and varied are the calls we get 
for photographic receptors hitherto neither needed nor dreamt 
of. Challenge has long made a fine subject for commence
ment orations, but some of the challenges in the day's mail 
must simply fatten the file l abeled "Something to Think 
About." The rest provide something to think about sooner. 

Scattered among the challenges we encounter compliments 
from satisfied space scientists, happy with results from new 
films and plates we have devised for them without aid and 

And so (as above) ,  we relentlessly charm the world into ever 
stronger embrace of photography. The consequences of suc
cess in this endeavor require careful consideration. 

Embracing photography just for fun has led l egions into 
serious livelihoods. Though photography for fun keeps its 
popularity, neither the fun in this day of color photography 
nor the serious work typically concludes with dumping two 
little trays down the drain. No great need for concern there. 
The concern, business and personal,  of one segment of our 
intramural technical community gravitates to the drains from 
places where sizable volumes of our films and papers meet 
our processing chemicals to produce the images we have in
duced the customers to want. 

More than imagery is produced. The drains lead some
where that is everybody's business, and properly so. A little 
black box is not ready to receive spent developer and fixer 
and regenerate them for return to the processing machines. 
A computer program is ready for activation through the 
Kodak Technical Representative. For any process we rec
ommend, it tells the customer's engineers the concentration 
of effluent compounds and ions that will have to be broken 
down or precipitated out to meet standards that fish and in
formed public opinion can tolerate. 

In formula improvement, high biodegradabil ity is  the 
short-range goal. The long thrust aims at low oxygen demand 
and low toxicity of ingredients and reaction products. 

Need for rapid access to photographic results has brought 
harder emulsion than formerly. This yields a bonus. With 
less sensitivity to emulsion abrasion, squeegees now retain 
fixer formerly lost to the sewer. Not only is fixer compara-

A nswer: It is masquerading under the name "RECORDAK AH 
Microfilm 7460, Spec 564." The phone directory in many cities 
gives a number for Eastman Kodak Company, Business Systems 
Markets Division. That number can accept your order. 

It can even arrange to include the price of processing by 
Kodak, if you can accept the contrast to which microfilm is 
normally developed. This is higher contrast than desirable 
for general photography, but it proved just right for our 
friend's conidia. 

Thus the business world's need for microphotography* 
saves the scientific world from paying for the cost of bringing 
out a high-contrast movie film for photomicrography. ':' The 
$ 1 00 minimum order buys enough film for an ambitious re
search program. 

' See the distinction between these two oft·confused nouns? 

comfort from R&D contracts. 
Typical recent cause for happiness : doubling the best previous 

resolution of solar images in the 30-nm spectral region. 

Innate nobi lity of character is only one reason we mount 
a continuing program in the Kodak Research Laboratories 
to serve the cutting edge of science with new photographic 
needs. Another reason discovered l ong ago still holds. Work 
for science sharpens the wits, the better to deal with less 
stringent technical demands . 

Don't ever h esitate to make stringent demands for photographic 
materials to Eastman Kodak Company,  Scientific 'photography 
Markets, Roch ester, N. Y. 1 4650. We can always reply that your 
demands are outrageous, if they are. 

tively high in biological oxygen demand, but it costs money. 
Another simple way to make concern for the environment 

pay a cash dividend is to bubble C02 into the Kodachrome 
film developer. This precipitates valuable dye coupler com
pounds for reuse . 

Far less film-of whatever kind-needs to be processed to 
make it pay to remove a component of the effluent that is 1 )  
the miraculous foundation of photography, 2 )  a pollutant of 
ground water, 3 )  a scarce resource getting scarcer, 4 )  a 
Scriptural ly recognized motivator of men for good and evi l ,  
and 5)  the  subject of a careful ly assayed and constantly up
dated credit al lowance when a replaceable unit is  returned 
to us from an attachment to the l aboratory plumbing that 
you can find out about from D epartment 9 1 9 ,  Eastman 
Kodak Company, Rochester,  N .Y.  1 4650-

Si lver! 
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THE WAY THE WORLD 
IS GOING 

The ways of the world and its people 
are being dramatically changed by the 
accelerating progress of electronics. 
The Eighth International Instruments, 
Electronicsand Automation Exhibition 
-the world -known lEA-presents 
the whole international picture of 
what Britain's Minister of Technology 
describes as "the most important 
technology in the world today". 
lEA '70, again expanded in area, is 
one of the world's greatest tech
nological events. It not only up-dates 
progress but hints broadly at an even 
more exciting future. 
The 1970 exhibition will follow the 
show-after-show record-breaking 
trend, bringing exhibitors and visitors 
from all over the world. The last show 
attracted 120,000 people, 9,000 of 
them from 80 foreign countries. 
I EA is really international. America, 
Canada, Japan, East Germany, Po
land, France, Czechoslovakia are 
among the countries who help to 
present the up-to-the-minute tech
nological picture. 

lEA SHOWS THE WAY 
THE WORLD IS GOING 

For further information and free 
Official Invitation Card contact; 

INDUSTRIAL EXHIBITIONS LIMITED 
9 Argyll Street London W1 V 2HA England 
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Keeper of the Conscience 

I
n his recent message to Congress on 

the environment President Nixon 
listed 37 steps "we can take now and 

that can move us dramatically forward 
toward what has become an urgent com
mon goal of all Americans: the rescue 
of our natural habitat as a place both 
habitable [by] and hospitable to man." 
The 37 steps consist of 23 major legisla
tive proposals and 14 new administrative 
actions or executive orders designed to 
achieve progress in four major areas: 
control of water pollution, control of air 
pollution, management of solid wastes 
and provision of more recreational areas 
and open space. One of the adminish'a
tive actions was to create a three-man 
Council on Environmental Quality to 
"be the keeper of our environmental con
science, and a goal to our ingenuity." 

vVater pollution, Nixon observed, has 
three principal sources: municipal, in
dustrial and agricultural. Control of the 
first, he said, will cost about $10 billion 
over the next five years, half of which 
will be provided by the Federal Govern
ment. (Senator Edmund S, Muskie esti
mates, however, that $25 billion is need
ed to do the job.) To curb industrial 
pollution, Nixon promised stricter stan
dards, federally enforced, including fines 
of up to $10,000 a day. He also proposed 
that the Federal Government extend its 
control to include "all navigable waters, 
both inter- and intrastate [and] all inter
state ground waters." Nixon descriqed 
the third source of water pollution, agri
cultural wastes, as "the most trouble
some to control",and said he was asking 

SCIENCE ANI 
the Council on Environmental Quality 
to give it special attention. 

As for air pollution ("our most serious 
environmental problem") the President 
said he would ask for Federal regula
tions to "provide a minimum standard 
of air quality for all areas of the nation," 
Noting that motor vehicles account for 
half of the pollution, he also announced 
new Federal standards to reduce vehicle 
emissions, including limits on nitrogen 
oxides in 1973 and on particulate emis
sions two years later. Nixon urged legis
lation to correct "two key deficiencies in 
the present law." One new law would 
require testing the emissions of produc
tion vehicles throughout the model year 
in place of testing (now on a voluntary 
basis) special prototype vehicles. A sec
ond new step would be the setting of 
standards for motor fuels (presumably 
involving a limitation on the use of tetra
ethyl lead). Beyond that, Nixon declared 
that "prudence dictates . . .  the goal of 
producing an unconventionally powered, 
virtually pollution-free automobile with
in five years." 

To control solid wastes that "litter the 
landscape," Nixon said the Government 
would help to devise "techniques for re
cycling materials and [encourage the] 
use of packaging and other materials 
which will degrade after use." He pro
posed also that the price of an automo
bile "should include not only the cost of 
producing it but also the cost of dis
posing of it." 

Finally, the President spoke of creat
ing more public parks, recreation areas 
and open space. Toward this end he 
listed many specific measures, from re
leasing federally owned real estate for 
public use to conversion of agricultural 
lands not needed for crops into parks. 
In conclusion Nixon paid his respects to 
"the often embattled but always deter
mined 'conservation' movement" of the 
turn of the century, adding that today 
"we have to go beyond conservation to 
embrace restoration." 

No More Toxins 

To correct "a slipup" in staff work, 
President Nixon has now included 

bacterial toxins under the unilateral ban 
he placed on biological weapons last 
November. Toxins are poisonous sub
stances made by microorganisms. Their 
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THE CITIZEN 
exclusion from the November ban had 
been widely criticized by biologists and 
others. Department of Defense spokes
men had argued that toxins had been 
exempted because their effects were not 
communicable from one individual to 
another and therefore could not trigger 
uncontrollable epidemics. This argument 
has now been officially rejected. 

The November renunciation of bio
logical warfare was unilateral and un
equivocal. The President announced 
that the U.S. stockpile of biological 
weapons would be destroyed and that 
only research on defensive measures 
would be continued. The ban still does 
not apply, however, to incapacitating 
gases and chemical defoliants, which 
many experts regard as being covered by 
the 1925 Geneva Protocol outlawing the 
use of chemical weapons. The British 
government has recently sided with the 
U.S. in concluding that such gases and 
defoliants are exempt. 

Long Slide 

Federal appropriations for research 
and development have been declining 

for some years, and it is evident from 
President Nixon's budget proposals for 
fiscal 197 1 that the trend will continue. 
The President proposed obligations of 
$ 15.8 billion in 197 1 compared with 
$ 16.4 billion in 1970. Even though the 
budget provides increases for the con
duct of research and for the support of 
research and development in colleges 
and universities (the former up from 
$5.5 billion to $5.8 billion and the latter 
rising $ 1 14 million to a total of $ 1.5 bil
lion), a number of factors appear likely 
to combine to make investigators relying 
on Federal funds feel a pinch. 

First, even assuming that Congress 
approves all the increases, which would 
be unusual, their effect is likely to be 
overtaken by the effect of inflation. An
other consideration is that Significant 
cutbacks will be made by three agencies 
that have been heavily involved in the 
support of the phYSical sciences: the 
Department of Defense, the National 
Aeronautics and Space Administration 
and the Atomic Energy Commission. 
The cutbacks reflect in part the comple
tion or phaSing -down of certain weapons 
systems and the Apollo lunar-landing 
program and in part the Administration's 

THE QUESTAR SEVEN MAKES THE SCENE 
Would you believe a telescope with seven 

inches of aperture could be completely por
table? - could be set up wherever you want 
it in just the length of time it takes to lift 
barrel and mounting out of two matching 
cases and join them together with a knurled 
screw? - could be used on a table top in 
alt-azimuth form or in polar equatorial posi
tion by pushing three legs into place, or 
attached to a sturdy standard tripod. 

Here it is, the Questar Seven, over
shadowing companion of its world-famous 
predecessor - twice as large and double 
the performance. A portable observatory 
with every refinement of the observatory 

telescope at your fingertips - continuous 
3600 smooth, slow motions, built-in syn
chronous electric drive, Circles, worm-driven 
sidereal clock, and power changes, and the 
Questar safe, patented solar filter. 

It is photo-visual, of course, with four 
times the light grasp of the 3Y2-inch, and 
with still the same easy way of adding a 
35-mm. camera to photograph all you see. 
Think of focal length that can vary from 9 to 
100 feet! What a blast! 

BOX 120, NEW HOPE. PA. 18938 

QUESTAR, THE WORLD'S FINEST, MOST VERSATILE SMALL TELESCOPE. PRICED FROM $795. IS 
DESCRIBED IN OUR NEWEST BOOKLET WHICH CONTAINS t-.AORE THAN 100 PHOTOGRAPHS BY 
QUESTAR OWNERS. SEND $1 FOR MAILING ANYWHERE IN NORTH AMERICA. BY AIR TO 
REST OF WESTERN HEMISPHERE, $2.50; EUROPE AND NORTH AFRICA, $3.00; ELSEWHERE, $3.50. 
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decision to increase emphasis on re
search and development relating to 
problems of the environment, education, 
housing, transportation and crime. 

Not clear in its effect is the "Mansfield 
amendment," sponsored by Senator 
Mike Mansfield of Montana and applied 
by Congress to the Defense Depart
ment's appropriation for the current fis
cal year. The amendment specifies that 
the department should spend money 
only on research that can be shown to 
be directly relevant to defense. The Ad
ministration also appears to be cutting 
back on the support of students in fields 
of science and technology. 

Advances in Segregation 

In the past few years much attention 
- has been given to the fact that the 

central cities of the U.S. are coming to 
have a racial composition strikingly un
like that of their surrounding suburbs. 
The 1968 report of the President's Na
tional Advisory Commission on Civil 
Disorders, for example, stated that if 
present trends continue, there will be "a 
white society principally located in sub
urbs, in smaller central cities and in the 
peripheral parts of large cities and a Ne
gro society largely concentrated within 
large cities." A detailed examination of 
this hypotheSiS by a sociologist at the 
University of Michigan reveals that in 
spite of an accelerating growth of the 
Negro suburban population in recent 
years, urban-suburban differences in the 
proportion of blacks in the population 
are still increasing. Moreover, patterns 
of residential segregation by race within 
suburbs are emerging that are similar to 
those found within central cities. 

In a review of the Census Bureau's 
monthly Current Population Survey that 
appeared recently in American Journal 
of SOCiology, the Michigan investigator, 
Reynolds Farley, finds that in general 
the growth of the black population in 
the nation's central cities, a trend that 
developed in the World War II era, has 
continued, although the growth rate in 
the 1960's is somewhat lower than it was 
in the 1950's. In addition, during the 
1960's the white population of the cen
tral cities, with the exception of a few 
Western cities, has continued to de
crease. 

In the suburban rings of the northern 
and western U.S., however, the black 
population has increased quite rapidly 
since 1960-not only more rapidly than 
it did during the 1950's but also more 
rapidly than the white population did 
during the later period. This has pro
duced a slight change in the racial com-
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position of these suburban rings. vVithin 
southern suburban rings the white popu
lation has increased at a higher rate than 
the black, but the black population has 
grown more rapidly during the 1960's 
than it did during the 1950's. 

In spite of this evidence of the subur
banization of blacks, Farley concludes 
that the data generally support the view 
of the Commission on Civil Disorders, in 
the sense that the proportion of the pop
ulation that is black is rising more rapid
ly in the central cities than in their sub
urban rings. Nonetheless, he cautions, 
"two facts should not be overlooked." 

First, blacks are at present a minority 
in most central cities, and with a few ex
ceptions will continue to be so for the 
foreseeable future. According to Farley, 
"the black population is simply not grow
ing rapidly enough, nor are there suffi
cient numbers of rural Negroes to radi
cally change the racial composition of 
most central cities even if whites con
tinue to move away." 

Second, some suburban black com
munities, in both the North and the 
South, have grown much more rapidly 
between 1966 and 1968 than they did 
between 1960 and 1966. This growth is 
not evenly distributed throughout the 
suburbs but appears rather to be con
centrated in three types of area: older 
suburbs that are experiencing popula
tion succession, new developments de
signed for Negro occupancy and some 
impoverished suburban enclaves. 

An interesting aspect of this recent 
migration to the suburbs is that it is ap
parently selective of younger, more affiu
ent black families. According to Farley, 
"it is likely that the census of 1970 will 
reveal that the socioeconomic status of 
suburban blacks exceeds that of central 
city blacks." This finding would repre
sent a reversal of the past situation, in 
which blacks who lived in the suburbs 
",,-ere, unlike whites, typically lower in 
socioeconomic status than their counter
parts who lived in central cities. 

In general, Farley finds, "the subur
banization of blacks does not herald a 
basic change in the patterns of racial 
segregation within metropolitan areas. 
Cities and their suburban rings are be
coming more dissimilar in racial compo
sition, and the out-migration of some 
blacks from the city will not alter this 
process." What the data do indicate, he 
concludes, is that "Negroes, similar to 
European ethnic groups, are becoming 
more decentralized throughout the met
ropolitan area after they have been in the 
city for some time and improved their 
economic status." Unlike the European 
immigrant groups, however, the residen-

tial decentralization of blacks is appar
ently not being accompanied by a l:educ
tion in residential segregation. Instead 
"the residential segregation patterns of 
central cities are reappearing within the 
suburbs." 

Three Masks Make a Circuit 

The Bell Telephone Laboratories, 
which pioneered the technology for 

making integrated circuits containing 
scores or hundreds of transistors on a 
single chip of silicon, has announced a 
much simplified process capable of pro
ducing integrated circuits with a density 
exceeding 500,000 transistors per square 
inch. Thus a typical chip a tenth of an 
inch square can contain more than 5,000 
transistors. Using the conventional inte
grated circuit technology, which pro
duces bipolar transistors, the upper limit 
of density is about 100,000 transistors 
Eel' square inch. A more recent metal
oxide-semiconductor (MOS) technology 
can produce upward of 500,000 transis
tors per square inch, but it is more com
plex and costly than the new Bell Labo
ratories process. 

The new technique resembles the oth
ers in that it uses precise photographic 
masks to define the microscopic areas 
that are exposed by etching and then 
modified in various ways to create the 
finished transistor. In the bipolar tech
nology from five to seven masking and 
etching steps are needed. The MOS 
technology requires at least four such 
steps. Because it uses only three mask
ing steps the new process has been given 
the name Tri-Mask. The first mask de
fines areas where the transistor's emitter 
and collector regions are to be formed 
by diffusing an n-type dopant into a 
p-type base. (The letters nand p stand 
for "negative" and "positive.") The sec
ond mask defines the location of tiny 
holes for making contact with the emit
ter, collector and base of each transistor. 
Finally, metal is evaporated over the en
tire surface of the chip and a third mask 
defines the areas where it is etched 
away, leaving a network of conducting 
pathways. The resulting Tri-Mask tran
sistors are comparable to conventional 
bipolar transistors in that they have 
switching thresholds that are low, sharp 
and stable. 

Sweet Smells 

The search for more specific insecti-
cides than the ones now in general 

use has focused on the pheromones, or 
sex attractants, secreted by the females 
of many species. If the attractant of a 
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The onlv thing standing 
between you and a Renault16 

is a little infonnation. 

It has been written that the ride 
you experience in the Renault 16 
ttcan be compared only to that 
of the Mercedes, Rolls, or Citroen:' * 

Colin Chapman chose the 
engine of the Renault 16 for his 
Lotus Europa. 

And the quietness of the Renault 
16 (which goes for a mere $2,395t) 
comes only in' cars costing thou� 
sands more.* 

Someone is sleeping in Detroit. 

Road Test is an impartial maga� 
zine. At the time of this writing, it 
did not even take advertising. After 
exhaustive tests on the Renault 16, 
Road Test wound up suggesting 
that ttall the automotive designers 
in Detroit be ordered to spend two 
weeks behind the wheel of this car 
in the hopes that their dormant 
imaginations might be sparked to 
life." Thank you, Road Test. 

A textbook for Britain. 

Stirling Moss has written: "There 
is no doubt that the Renault 16 is 
the most intelligently engineered 
automobile I have ever encountered 
and I think that each British motor
car manufacturer would do well to 

purchase one just to see how it is 
put together." 

The Renault 16 happily consents 
to offering a course in Renault 16. 

Where we made our points. 
Needless to say, our car has 

impressed a lot of people. We'd like 
to tell you why. 

Before our car was a car, it was 
a project. It was designed and built 
from scratch. Like the factory that 
makes it. So we didn't build a new 
car around old parts. 

For better traction and superior 
road handling, the Renault 16 has 
front wheel drive with engine weight 
over the drive wheels. 

Its engine gets a miserly 30 miles 
per gallon. But it does an honorable 

. 93 mph, top speed. 
Its unique 4-wheel independent 

suspension system has already put 
the 16's ride in a league with the 
Rolls Royce's. 

The seats in the 16 were designed 
by a doctor and will challenge the 
comfort of any easy chair. T hey 
too have been compared with the 
Rolls'. 

Even more points. 
Disc brakes resist fade. Our front 

wheel disc brakes will stop you in a 
straight line instead of the next lane. 

Seven different seating arrange� 
ments give the Renault 16 perhaps 
the most versatile interior you can 
drive. It can be a plush sedan, a 
roomy wagon, or anything in 
between. 

It's got a sealed cooling system 
that doesn't overheat and virtually 
eliminates adding antifreeze. 

And finally, the sound of a 
Renault 16 running is very close to 
silence. 

Extracurricular reading. 
If any information still stands be� 

tween you and a Renault 16, you can 
have Road Test's full report on it 
by sending in the coupon below. 

But if you've read this far, we 
suspect you're at least ready for 
a test drive. 
r------------------� 

Renault. Inc.,Box 1970, PonWashington, N.Y. 11050 
Gentlemen: Please send me my free copy of 

Road Test magazine. (OFFER EXPIRES AUGUST. 1.1970) 

IRENAULT'. 
�----------------::;.:.::.. 

AVAILABLE FOR TEST DRIVING AT ANY RENAULT DEALER • 

• ROAD TEST MAGAZINE. t SUGGESTED RETAIL PRICE, P.O.E. TAXES, FREIGHT. OPTIONS (SUCH AS AUTOMATIC TRANSMISSION, ELECTRIC SUN ROOF, WHITEWALLS, RADIO. ETC.) AND DEALER DELIVERY CHARGES ADDITIONAL. 
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AMATEUR 

TELESCOPE 

��([AI(ING 
Edited by Albert G. Ingalls 

This set of books is the au
thoritative reference library 
of the enthralling hobby of 
amateur telescope making. 
Through these books thou
sands have discovered a fas
cinating mechanical art com
bined with a great science. 

Book One 
It begins at the beginning, 
teaches the basics of glass 
grinding and how to com
plete the first telescope. 
(497 pages, 300 illustra
tions.) Postpaid: $5.00 do
mestic, $5.35 foreign. 

Book Two 
This book leads on into ad
vanced methods of amateur 
optical work and describes 
new projects for the tele
scope maker. (650 pages, 
361 illustrations.) Postpaid: 
$6.00 domestic, $6.35 for
eign. 

Book Three 
Book Three opens up fur
ther fields of enterprise; 
e. g., binoculars, camera 
le n s e s, s p e c tro g r a phs, 
Schmidt optics, eyepiece de
sign, ray tracing (made 
easy). (644 pages, 320 illus
trations.) Postpaid: $7.00 
domestic, $7.35 foreign. 

Send postcard 
for descriptive circular 

SCIENTIFIC 
AMERICAN 

415 Madison Avenue, New York, N.Y. 10017 
(Residents of New York Cttv please add 6% sales laX) 

(Other NY S residents please add 3% state sales 
tax plus local tax) 
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species can be identified and synthe
sized, the males can be lured to traps 
and the reproductive effectiveness of the 
species can be impaired. During the past 
decade about 200 species of insects have 
been found to have sex attractants. The 
number for which the attractant or an 
analogue has been identified and synthe
sized is far smaller but recently has been 
increased by four: the fall armywOlw, 
which attacks corn; the pink bollworm, a 
cotton pest; the cabbage looper, and the 
European corn borer. 

The work on the fall armyworm was 
done by A. A. Sekul and Alton Sparks of 
the U.S. Department of Agriculture; on 
the pink bollworm, by William A. Jones 
and Martin Jacobson of the department, 
and on the cabbage looper by Robert S. 
Berger of Auburn University. These at
tractants were tested in the field by the 
Department of Agriculture and are now 
being marketed commercially. Whether 
or not they wiII control pests over a large 
geographical area is uncertain. The De
partment of Agriculture has found that 
the attractants are valuable in ascertain
ing where a particular pest is and in 
providing an indication of the pest's 
numbers, but that control of the insects 
usually requires the application of a pes
ticide. Since the application is localized, 
the use of the pesticide is minimized. 

The sex attractant of the European 
corn borer has been identified and syn
thesized by Jerome A. Klun and Tom A. 
Brindley of the Department of Agricul
ture. The attractant turned out to be 
identical in structure with the sex at
tractant of two apple -pests, the red
banded leaf roller and the oblique-band
ed leaf roller. The department plans to 
make large-scale field tests of the syn
thetic attractant as an inhibitor of mat
ing by male borer moths. 

Java Man' s Jeopardy 

The thighbone of Java man, the fa-
mous human fossil discovered by Eu

gene Dubois in 1892, has an abnormal 
bony growth near its upper end. The 
bone is at least 700,000 years old, so that 
i ts abnormality represents the oldest
known disease of man. Thanks to a re
cent discovery in Spain, the disease can 
now be diagnosed as a form of fluorine 
poisoning. 

Writing in American Journal of Physi
cal Anthropology, M. Soriano of the Uni
versity of Barcelona reports that an au
topsy he performed on a patient more 
than a decade ago revealed the presence 
of a bony growth on the femur that w.as 
strikingly like the growth on the Java 
femur; the patient, an alcoholic, had 

died of cirrhosis of the liver. At the 
time Soriano could not find out why the 
growth had formed, but he did notice 
tha t similar growths were developing�in 
other patients under his care. He was 
finally able to show that the abnormali
ties were caused by the ingestion of large 
amounts of sodium fluoride, which had 
been fraudulently added ( to control fer
mentation) to the bulk wine the patients 
had been drinking. Searching for o ther 
instances of fluorine-caused bone dis
ease, Soriano found that sheep grazing in 
areas of Iceland contaminated with fluo
rine because of volcanic activity also de
ve�op abnormal bone growths. 

Java man's remains were found in as
sociation with thick beds of volcanic ash. 
Soriano suggests that the fruits and other 
plant materials eaten by Java man would 
have contained enough volcanic fluorine 
to produce the disease. 

Contradiction in Terms 

One might suppose that few people 
with color blindness would knowing

ly choose a career in painting. A recent 
survey of students at the Glasgow School 
of Art indicates that, on the contrary, the 
proportion of color-blindness to normal 
color vision among student painters was 
the same as that among the Scottish pop
ulation in general. Six men and one 
woman out of 223 students proved to 
have defective color vision. All but one 
knew of the handicap; all were certain it 
had no significant effect on their work. 

R. W. Pickford of the University of 
Glasgow and his colleague Donald I. A. 
MacLeod screened first- and second-year 
students at the School of Art, using the 
1964 edition of the Ishihara numeral
discrimination test. An anomaloscope 
was then us�d to assess the type and the 
extent of the deficiency; the six men 
were unable to make the normal distinc
tion between red and green and the 
woman was abnormally insensitive to 
red. All the students brought Pickford 
examples of their work; all had used 
green pigments in their paintings but it 
was not uncommon for their greens to 
be criticized by others as "raw." One 
man thought that the gray shadows in 
one of his paintings were actually green. 
Another thought that the green sky in a 
painting of his was gray. Reporting the 
results of his survey in Journal of the 
Biosocial Sciences, Pickford notes that 
the seven color-blind painters showed 
surprising powers of adaptation. Partly 
as a result of consciously realizing their 
deficiency, he concludes, they had 
learned to avoid colors that could give 
rise to difficulties. 
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GOEDFISH & BRLHIMS 

beneath the 

€iREtmZ WP2mzE 

WfW 

Back in 1870 New Yorkers woke one morning to the whoosh of 

America's first subway. Built in secret to spite a corrupt political 

machine, it ran for 312 feet under the very center of Broadway. 

The station was a model of Victorianism-frescoed walls, fountain, 

goldfish tank, even a grand piano. About the only thing the Alfred E. 
Beach Pneumatic Subw�v didn't have was a chance to succeed. 

Advanced though it was, the giant fan which propelled it also had the 

disconcerting habit of sucking in people's hats and parcels through 

the sidewalk air intake, then spewing them out mangled when the 
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The Dow Chemical Company, Engineering and Metal Products Department, Midland, Michigan 48640. 

car reversed direction. 

Today, 100 years after Beach's blowout interest 

has been rekindled in rapid-transit systems. Trains ca

pable of speeds beyond 250 mph are on the drawing 

boards, and we've been asked to lend a hand in their 

fabrication just as our 14,000-ton extrusion press came 

in handy making the 1 05-foot aluminum wing spars 

for the Boeing 747 jumbo jet. 

As we move into a new, more populous decade. 

mobility becomes ever more critical. The ability to 

work magnesium, aluminum and other light metals 

into custom shapes for tomorrow's transportation will 

play an ever-increasing role. 
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Solid-state makes these dc motors 
run six times longer without maintenance. 

We bring QualiUitsware to America. 

Solid-state technology is turning up in During the rotation of the permanent magnet 
some surprising places. cylindrical rotor, they generate sinusoidal 

Siemens developed a line of direct- currents that permit precise stator winding 
current motors without brushes or switching by utilizing a separate control circuit. 
commutators. Instead of these electro- (Shown on top of each motor at left.) 
mechanical devices, the new "brushless" dc A special feedback circuit is also used to 
motors use solid control circuits. precisely control the speed of the motor. 

By eliminating brush-commutator Siemens solid-state dc motors make dc 
switching, the operating life of ,-------------, motors practical for some 
a Siemens brushless dc motor previously impractical 
is increased to a predicted applications. For example, 
10,000 hours without leased equipment, such as in 
maintenance. (Even the most devices for data processing 
perfectly balanced conventional systems, are ideal applications 
dc motor usually requires brush for this versatile motor. Such 
replacement within 1,500 equipment can now benefit from 
hours.) The Siemens solid-state accuracy of dc motors without 
dc motor is the first brushless the need for frequent costly 
type to be accepted in mass brush replacement. Available in 
quantity by industry. More than a range of sizes up to 70z.lin, 
200,000 units have been sold Siemens solid-state dc motors 
around the world for hundreds and gear motors are being 
of applications. This widely used in tape recorders, 
overwhelming acceptance is medical instruments, missile 
due not only to the greater guidance systems and other 
reliability of the Siemens dc Arrows indicate Hall generalors. precision applications that 
motor but also to its improved require direct-current motors 
performance. For the first time, the speed of a with long life, reliability and accuracy. 
dc motor is not dependent on or affected by Siemens Corporation, 186 Wood Avenue S., 
variations in voltage input. Iselin, New Jersey 08830. 

The secret of the Siemens dc motor's Or contact your Siemens representative 
success is an ingeniously simple device anywhere in the world. 
called the Hall generator. Only one tenth of Siemens, a worldwide company that sold 
an inch square, two of these generators are 2.84 billion dollars worth of quality products 
located 90 degrees apart on the stator winding. last year. 
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CHEMISTRY BY COMPUTER 

Computed quantuln-nlechanical models of the electronic structure 

of atoms and nlo1ecules can provide a reliable and comprehensive 

alternative to the traditional experimental approach to chemistry 

T raditionally chemistry has been a 
predominantly experimental dis
cipline, consisting for the most 

part of direct measurements of the prop
erties of matter and laboratory analyses 
of the reactions by which chemical sub
stances are transformed into other chem
ical substances. The great contribution 
of modern quantum theory to chemistry 
has been to enrich the language of the 
chemist and to emphasize and explain 
the atomic and molecular basis of chemi
cal phenomena. Assuming that one starts 
with a fundamentally sound theoretical 
model of the structure of the individual 
atoms or molecules, and of the nature 
of the forces between them, the laws 
of basic electrostatics, classical physics, 
quantum mechanics and statistical me
chanics in principle provide a means for 
computing the macroscopic outcome of 
a chemical experiment-without ever 
performing the experiment! This possi
bility is particularly intriguing when the 
answers one could theoretically obtain in 
this way might not be accessible experi
mentally, as for example with highly cor
rosive substances or substances that exist 
either for a very short time or only at 
very high temperatures. 

Since the introduction of the funda
mental wave equation of quantum me
chanics by Erwin Schrodinger in 1926, 
much of the work of quantum chemists 
has been focused on its solution for spe
cific chemical systems; in other words, 
on the problem of constructing adequate 
mathematical models of atomic and mo
lecular structure in order to obtain reli
able nonexperimental information about 
chemical processes and to unify existing 
information. The major difficulty en
countered in this effort arises from the 
intractable multidimensional differential 
equations that the Schrodinger equation 
demands as the only proper way of de-

by Arnold C. Wahl 

scribing such a complex system of sub
atomic particles. 

One of the most useful approaches to 
this problem has been the "electron or
bital" picture of atoms and molecules. 
The orbital picture for atoms was a di
rect outgrowth of Schrodinger's solution 
of his wave equation for the hydrogen 
atom; during the period from 1927 to 
1932 this picture was extended to many
electron atoms by William and Doug
las R. Hartree, Vladimir Alexandrovitch 
Fock and James C. Slater and to mole
cules by Robert S. Mulliken, Felix Hund 
and J. E. Leonard-Jones. The essence of 
this theory is that the electrons of a given 
atom or molecule occupy a set of distinct 
orbitals. Each orbital is characterized by 
a set of "quantum numbers," denoting 

various properties of the electrons in that 
orbital (for instance their spin, angu
lar momentum and the probability of 
finding the electrons in various regions 
of space). One can build up an orbital 
picture that represents the approximate 
structure of the entire atom or molecule 
as a product of these individual orbitals. 

Until recently the quantitative accura
cy of this orbital model for molecules was 
rather poor, and it found its greatest use 
as a conceptual and interpretive tool. 
The advent of large electronic comput
ers, however, has made it possible to per
form the vast amount of algebra and 
arithmetic required to determine molec
ular orbitals and to make some necessary 
improvements beyond the orbital pic
ture, providing in many cases reliable 

FIRST 10 ATOMS in the periodic table of the elements are depicted on the opposite page 

in the form of sets of computer-generated diagrams showing the spatial distribution of the 

atoms' electrons in terms of contour lines of equal charge density. Each atom is repre

sented by one diagram showing its total electron density and one or more diagrams show

ing the electron density of its constituent "orbitals." Under the name and symbol of each 

atom at left is the orbital configuration of that atom's complement of electrons; for example, 

in the orbital picture the configuration of the eight electrons in the oxygen atom is desig

nated Is22s22p4, which means that two electrons occupy the oxygen atom's Is, or lowest

energy, orbital, two electrons occupy the 2s, or next-higher, orbital, and four electrons oc

cupy the 2p orbitals (for which three different orientations, corresponding to alignment 

of the orbital's long axis along the x, y or z directions respectively, are possible). The elec

tron densities of the orbitals were computed directly from each atom's orbital "wave func

tion," a complex mathematical expression that is obtained by approximately solving the 

Schrodinger wave equation for the atom. This orbital picture yields a good approximation 

of the electronic structure of atoms and molecules. (The 2p orbitals must be spherically 

averaged when added to the total electron density, since the electrons can occupy different 

combinations of the 2p orbitals with equal probability.) The total and orbital energies 

are given below the respective diagrams in hartrees (an atomic unit of energy equal to . 

27.7 electron volts). The unit of charge density is one electron per cubic bohr, where 

one bohr (the atomic unit of distance) equals 5.29 X 10-9 centimeter; thus all diagrams are 

at a scale that represents a magnification of about a half-billion diameters. The highest 

contour value plotted corresponds to a density of one electron per cubic bohr and 

the value of the succeeding contours decreases by a factor of two down to 4.9 X 10-4 
electron per cubic bohr. All plots are in a plane passing through the nucleus of the 

atom. This illustration and the ones on pages 58, 60 and 62 are based on a series of 

wall charts prepared by the autbor and his c
'
olleagues and published by McGraw.Hill, Inc. 
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ATOMS ATOMIC ORBITALS 
2p 

TOTAL ls 2s A 
( 2px 2py 2pz\ 

HYDROGEN (H) 8 8 ls 
.. -.5 -.5 

HELIUM (He) 

1 S2 
-2.861680 -.91795 

a 
0 5 10 , I I 

DISTANCE (BOHRS) 

LITHIUM (U) 
ls22s 

-7.236414 -2.47774 -.19632 

BERYLLIUM (Be) e e 1 s22s2 

-14.57302 -4.73266 -.30927 

BORON (B) • e III 1 s22s22p 

-24.52906 -7.69533 -.49470 -.30983 

CARBON (C) 0 G • I 1 s22s22p2 

-37.63133 -11.32550 -.70562 -.43333 -.43333 

NITROGEN(N) 0 G • I I 1 s22s22p3 

-54.40093 -15.62898 -.94528 -.56754 -.56754 -.56754 

OXYGEN (0) 0 • I I 1 s22s22p4 

-74.80939 -20.66860- -1.24427 -.63186 -.63186 -.63186 

FLUORINE (F) 
0 • I I 1 s22s22p5 

-99.40933 -26.38265 -1.57245 -.72994 -.72994 -.72994 

NEON (Ne) 
0 • I I 1 s22s22p6 

-128.5471 -32.77233 -1.93031 -.85034 -.85034 -.85034 
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and comprehensive chemical information 
independently of experiment. To give 
some idea of the computational power 
modern computers have made available 
to quantum chemists, a calculation of the 
orbital picture of a simple diatomic, or 
two-atom, molecule that 20 years ago 
would have required about 15 man-years 
of labor consumes only about 20 seconds 
on the most capable computer available 
today. 

So far the chemistry amenable to such 
computer modeling is concerned only 
with small systems, but they are by no 
means chemically uninteresting systems. 
What is more, the success achieved in 
these limited cases portends an increas
ingly important role for "computational 
chemistry" in the future. Potentially this 
new approach presents the chemist with 
an opportunity to view in unprecedented 
detail and with arbitrary magnification 
or time scale the various stages of such 
chemical processes as the formation, ex
citation, ionization, vibration or collision 

re"H' 

HYDROGEN 
N U C L E US -..-:c..--,---

(H') 

of molecules. What is perhaps most ex
citing about this new tool is that it is 
not merely an information-retrieval or in
formation-extrapolation system but rath
er a true information-creation system; 
through an inductive mathematical proc
ess beginning with the Schrodinger 
equation it creates information in usable 
form where there was none before. Thus 
its greatest value will be as an indepen
dent check on the answers provided 
by experimental chemistry, as an inde
pendent means of predicting answers 
currently inaccessible to experimental 
chemistry and as a conceptual frame
work for empirical information. 

The Theoretical Approach 

In formulating his wave equation 
Schrodinger cast in rigorous mathemati
cal form the earlier body of quantum
mechanical knowledge. His equation, 
which can be written in a variety of 
forms, in general gives the total energy 

HYDROGEN 

_-_.... NUCLEUS 

(H") 

MAGNITUDE OF THE PROBLEM involved in performing the computations necessary to 

extend the orbital model to molecules is suggested by this schematic illustration of a water 

molecule. In order to solve the Schrodinger equation for such a quantum.mechanical system 

one must take into account (among other things) the potential energy represented by the 

interactions between all the particles in the system; in the water molecule these interac· 

tions include three nucleus·nucleus repulsions, 30 electron·nucleus attractions and 45 elec· 

tron·electron repulsions. Typical interparticle distances over which such interactions rpust 

be calculated and averaged within the electron clouds are indicated for five of the fotal 

of 13 particles in the system (all three nuclei but only two of the 10 electrons are shown). 
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of any system of particles in terms of 
that system's characteristic "wave func
tion." When the Schrodinger equation is 
solved for a particular system, it turns 
out that the wave function obtained must 
satisfy a set of distinct conditions. These 
imply that the energy of the system is 
itself "quantized"; in other words, the 
system can exist only in certain definite 
energy states. Another implication of the 
Schrodinger equation is that the posi
tions of the individual particles that con
stitute the system cannot be located 
exactly in space; all that can be obtained 
is a mathematical expression giving the 
probability of finding any particle in var
ious regions of space. Thus one way 
of looking at the structure of a quantum
mechanical system such as an atom or a 
molecule is as though it were an electron 
"cloud" of varying density surrounding a 
central nucleus (or group of nuclei). The 
exact shape and value of the charge den
sity of the cloud are the quantities that 
are specified directly by the character
istic wave function of the system. 

For example, in the case of the sim
plest atom, namely the hydrogen atom, 
which is made up of one nucleus (a sin
gle proton) and one electron, the solution 
of the Schrodinger equation yields a se
ries of exact wave functions correspond
ing to the various allowed energy states 
of the atom. These are known as hydro
genic orbitals. As soon, however, as one 
goes to the slightly more complicated 
system of the helium atom, which has 
two electrons instead of one, an exact 
solution of the Schrodinger equation is 
impossible. Instead one must resort to 
special approximation procedures that 
approach the exact result very closely. 

Beyond three- or four-electron sys
tems, even these approximate solutions 
of the Schrodinger equation call for awe
some amounts of computation, since the 
exact total wave function of such systems 
is a function of all 3N dimensions of the 
N electrons. Hence some more general
ized simplifying approximation must be 
made in order to solve the Schrodinger 
equation for the larger systems. The 
most successful approximation of this 
type is the orbital model, in which the 
3N-dimensional wave function is ex
pressed in a similar-looking but actually 
much simpler form: as the product of N 
three-dimensional wave functions, each 
of which describes the orbital for a sin
gle electron. This method of computing 
approximate atomic structures by means 
of their atomic orbitals was perfected 
largely through the efforts of Hartree 
and Fock; the resulting total wave func
tions are sometimes called Hartree-Fock 
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atomic orbitals. Hartree-Fock atomic Of
bital pictures of the first 10 atoms of the 
periodic table are shown in the illustra
tion on page 55 in terms of contour lines 
of equal electron density. 

The Hartree-Fock atomic orbital mod
el provides a comprehensive framework 
for discussing the internal structure of 
individual atoms and in fact can be 
viewed as the quantum-mechanical basis 
and analogue of the periodic table. In 
particular this model has been concep
tually invaluable in sorting out the in
credible intricacies of atomic spectra, in 
effect answering the question of what is 
really happening when the energy states 
of an atom change. In addition the or
bital model yields many useful chemical 
properties of atoms, such as their size 
and their approximate ionization poten
tial (the amount of energy required to 
strip an atom of its electrons). Nonethe
less, inherent defects in the orbital model 
for atoms prevent the accurate predic
tion of such properties as the affinity of 
an atom for an extra electron, the energy 
differences between atomic states and 
the total atomic energies. 

The Molecular Orbital Model 

The extension of the orbital model 
to molecules was a formidable com
putational task, primarily because the 
mathematics involved in the evaluation 
of the interactions among electrons in 
the molecule is much more difficult than 
in the case of the atom. (The spherical 
symmetry of the atom is a great advan
tage here.) The first step in simplifying 
the Schrodinger equation for molecules 
was in effect to separate out the motion 
of the nuclei, that is, to consider the nu
clei to be at rest and to solve the Schro
dinger equation for each electron mov
ing with respect to this fixed framework. 
The motion of the nuclei can then be 
studied as if it were taking place on a 
potential-energy surface determined by 
the total electronic energy of the system. 
Max Born and J. Robert Oppenheimer 
were able to show quite early that this is 
usually a valid approximation, owing to 
the fact that the comparatively massive 
nuclei move much more slowly than the 
lighter electrons; as a result the electron
ic wave function can adjust itself instan
taneously to the position of the nuclei at 
any given time. 

How does one actually go about de
veloping a mathematical model of a sim
ple diatomic molecule, say the hydrogen 
molecule (H2)? It is helpful to visualize 
the job in stages [see illustration at 
right]. First we may compute precisely 
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TYPICAL PROCEDURE followed in developing a mathematical model of a simple dia
tomic molecule can be visualized in stages. First the charge density for two isolated hydro
gen atoms is computed (I). Then the two hydrogen atoms are brought together as if they 
were classical (non-quantum.mechanical) spherical clouds of electronic charge (2). Next 
quantum mechanics is invoked and electron exchange is allowed to take place between the 
two atoms (3). This now produces a valid molecular orbital wave function, but it is not yet 
the best possible one. The shape of the molecular orbital is therefore changed in a variety 
of ways (4,5,6) until the energy associated with it reaches a minimum, ultimately giving 
one of the best approximate solutions of the Schrodinger equation for the molecule (6). 
Further adjustments must be added to the best molecular orbital picture in order to allow 
the electrons to avoid each other more effectively in an in· out, left-right and angular sense 
(lower right); the resulting "electron·correlated" picture (7) is not visibly altered, but the 
predicted binding energy and the description of the bonding process are greatly improved. 
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the charge density for two isolated hy
drogen atoms, displaying the result in 
the form of an atomic orbital picture 
composed of contour lines of equal elec
tron density. vVe then bring the two 
hydrogen atoms together as if they 
were classical (non-quantum-mechani
cal) spherical clouds of electronic charge. 
This would be a valid picture if it were 
not for the fact that according to the laws 
of quantum mechanics electrons are in
distinguishable and therefore cannot be 
rigidly assigned to one hydrogen atom or 
the other; rather they must be allowed 

MOLECULES 

HYDROGEN (H2) 
lag' 

LITHIUM (Li2) 
1 og21 O'u22 Og2 

TOTAL 

-1.133629 

BORON (B2) .� � 

10921 Ou22 O'g22 ou2_ 

1 TTu2 

CARBON (C2) 
1 oy21 ou22 0'/2 ou2_ 

1 TIu· 

NITROGEN (N2) 
1 og21 ou22og22ou2_ 

1 TTU430g2 

OXYGEN (02) 
10921 au22ag22cru2-

1 TTu43 O'g'21 TTy2 

FLUORIN E (F2) 
1 og21 ou22o{/2ou2_ 

1 TTu'3 og21 TTg" 

-49.090875 

-75.406197 

-108.9922 

-149.66586 

-198.76825 

log 

-7.70395 

--, 

-11.35980 

-15.68307 

-20.72957 

-26.42268 

to "exchange," or mix freely, between the 
two atoms. 

Next we invoke quantum mechanics 
and allow electron exchange to take 
place. This now produces a valid molec
ular orbital wave function, but it is not 
yet the best possible one. In order to ob
tain the best possible molecular orbital 
wave function (the Hartree-Fock func
tion) we must vary the form of the mo
lecular orbital picture until the energy 
associated with it reaches a minimum. A 
convenient way of doing this in forming 
the molecular orbital is to include in ad-

MOLECULAR ORBITALS 

lou 20g 20u 

-.18163 

-7.70315 -.70569 -.36369 

• 

-11.35749 -1.06126 -.51723 

--I 

-15.67952 -1.47119 -.77898 

-20.72860 -1.64884 -1.09868 

-26.42243 -1.75653 -1.49498 

dition to the simple Is, or lowest-energy, 
hydro genic function higher fUl)ctions 
such as the 2s, 2]), 3d and 4f functions. 
vVhen allowed to combine with the Is 
wave function, these additions can 
change the shape of the molecular or
bital in a variety of ways and ultimately 
give the best solution of the Schrodinger 
equation for the molecule. We have dis
played such best molecular orbitals in 
terms of contour diagrams of electronic 
charge density for a variety of diatomic 
molecules [see illustmtions below and 
on page 60]. 

1nu 

o 5 10  , , , 
DISTANCE (BOHRS) 

-
., 
-.35943 

-.45787 

-.61404 

8 
-.70520 

-.80522 

30g lng 

-.63461 

-.73575 -.53188 

• 
-.74603 -.66289 

SEVEN COVALENT DIATOMIC MOLECULES (that is, mole
cules that share their outermost pairs of electrons) are represented 
here by contour diagrams of their total and orbital electron den· 
sities; the molecules shown are those that result from combining in 
homonuclear pairs seven of the first 10 atoms in the periodic table. 
The electronic configurations of the molecules (that is, the number 
of electrons in each of a given molecule's set of orbitals) are given 
at left under the names and symbols of the respective molecules. 
The subscript letters g and IL indicate whether a molecule's "inver-

sion symmetry" (its symmetry across a central plane) is either 
even (in German gerade) or odd (ILngerade). As in the case of the 
atomic orbitals on page 55, orbital energy is given below each dia· 
gram in hartrees, and charge density is plotted in electrons per 
cubic bohr. The diatomic molecules of helium (He9) ' beryllium 
(Be�) and neon (Ne2) , which are members of this 

-
homonuclear 

series, are not bound in their ground, or lowest·energy, state and 
hence are not displayed here. In this illustration and the one on 
page 60 three additional, low·value contour lines have been plotted. 
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In 
finance 

Long-range growth programs require 
new capital. Unfortunately, corpora
tions cannot always predict what inter
est rates will be at the time they need 
the money. For the Burroughs Cor
poration, it was a matter of raising 
capital for growth and expansion plans 
in a tight money market. 

That's why, after discussing various 
financing alternatives, the Burroughs 
Corporation asked Kidder, Peabody 
to manage a public financing. 

Through our domestic and interna
tional operations, we were able to ex

is raising &lOO�OOO�OOO at 11111It1l1ll11 
II 11111111 1IIIIUll II 111111

11' 
1111111,11111 1III 
III11 '1111111 II' 01111 II 01111 I 111111111111 II 

wilen tile prinlC rIll e is '; �29� 

offer. The playback between the world
wide Kidder, Peabody sales force and 
the underwriters was vitally important. 
It continued for 17 days. 

On May 14, to the surprise of many 
investors, Kidder, Peabody decided 
on "a 4% % coupon, and convertible 

at 20% over the market for Burroughs 

common." This was the lowest interest 
coupon and one of the highest premi
ums to date in 1969. The DJll was in a 
downtrend and the prime interest rate 
was at a 30-year high of 7Y2 %. Would 
the financing sell? The issue sold. 

plore what type of financing would satisfy both buyer and seller. 
We examined-jointly with the financial officers of the company 

-various financing alternatives: equity, preferred stock plus 

equity, straight debt, convertible debt, Euro-dollar financings and 
domestic financings. Plus combinations thereof. We examined cur

Naturally, Burrough's reputation and prospects had a strong 
bearing on what could be done. But certainly the know-how and 
expertise of the underwriter was a major factor. After all, in 1969 
alone, Kidder, Peabody managed over 150 different public and 
private corporate financings which raised over $2 billion, in addition 

rent money markets, current securities markets, 
and made judgments of what future markets 
might be. A domestic convertible bond financ
ing was chosen as offering the best end result. 

A specially selected investment banking 

I!!IIII!! Kidder, Peabody 

I I B Co. INC 0 R P 0 RAT ED 
Fo"ndtd 1865 

Mtmbtrs Ntw York lind AmtTl(�11I 510rk EHlifln.�H 

group was created to underwrite the proposed 20 EXCHANGE PLACE' NEW YORK, N.Y. 10005 

to being a major underwriter of another 325 
corporate financings. 

To creatively raise capital in today's tight 
money market, contact Raymond J. Raff, Vice 
President, Corporate Finance Department. All 
you have to do is show a little interest. 

BOSTON, PHILADElPHIA, CHICAGO, SAN �RANCISCO, LOS ANGELES, ATLANTA, DAllAS, 
Albany, Altoona, Amarillo, Baltimore, Detroit, Harrisburg. Houston, Lowell, Milwaukee. Minneapolis, New Bedford, 

Newark, Portland, Providence, Reading, SeatUe, Spokane, Springfield, White Plains, Wilkes-Barre, Worcester. 
Affiliated companies in: London, Paris, Geneva, Hong Kong. Madrid, Mexico City, Beirut. 

59 

© 1970 SCIENTIFIC AMERICAN, INC



The molecular orbital model has 
proved to be a great aid to the chemist 
in talking and thinking about chemical 
bonding and molecular energy states. 
It also yields by computation many mo
lecular properties. Among these are mo
lecular charge density, bond lengths and 
angles (which determine the size and 
shape of the molecule), ionization po
tentials, magnetic moments and vibra
tional frequencies. 

One of the main inadequacies of the 

orbital model is its inability to quanti
tatively predict chemical-bond strengths 
and energy differences between various 
states of a molecule and its ions. This de
fect results from the fact that the error 
in the orbital approximation is a sensi
tive function of both the number of elec
trons in a given chemical system and the 
way they are distributed in space. Thus 
when a molecule forms from two atoms, 
the error in the orbital approximation 
of the molecule is larger than the error 

in the orbital approximation of the two 
separated atoms. Moreover, when a mol
ecule or an atom gains or loses an elec
tron, or changes its electronic state, the 
error of the orbital approximation also 
changes. This error, which arises from 
the fact that in the orbital picture elec
trons can only avoid one another on the 
average and are not able to correlate 
these motions instantaneously (as the 
Schrodinger equation demands), is ac
cordingly called the correlation error. 

MOLECULAR ORBITALS 

CATION PARENTAGE ANION PARENTAGE 
MOLECULES TOTAL 1 s 2s 2pn 2pa 3s 3pn 3pa 1s 2s 2pn 2pa 3s 3pn 3pa 

LITHIUM FLUORIDE (Li F) 

1 a' 2a' 3a' 4a' 1 TT' 
-106.978832 

-2.45539 
(2 a) 

SODIUM FLUORIDE (NaF) 

1 a' 2 a' 3 a' 4 a' 5 a' 6 a' 1 TT' 2TT' 0 

POTASSIUM FLUORIDE (KF) 

1 a' 2a' 3a' 4a' 5a' 6a' 7a'-
8 a'1 TT' 2TT' 3TT' 

-261.372233 -2.81091 -1.53279 
(3a) (4a) 

-40.99253 -1.53560 
(1 a) (1 TT) 

o 0 I ct 

o 

-26.12023 ..:....48384 
(1 a) (1 TT) 

o 

-1 .38967 -.50556 
(3 a) (4a) 

-26.06527 -.42032 
(2 a) (2TT) 

-1.31697 -.43015 
(5a) (6 a) 

o 5 1 0 1 , I 
DISTANCE (BOHRS) 

-698.664548 -14.50644 -11.53588 -.97356 -26.01738 -.37249 
(3a) (4a) (2TT) (2 a) (3TT) 

-133.54887 -11.53652 -1.76483 -.96494 -1.26973 -.37767 
(1 a) (1 TT) (5a) (7a) (6a) (8 a) 

LITHIUM CHLORIDE (LiCI) 

1 a' 2 a' 3 a' 4 a' 5 a' 6 a'1 TT' 2TT' • 0 0 • • 

-467.011591 -104.70159 -7.89396 -.94055 -.36528 

-2.58036 (1 a) (1 TT) (5a) (6a) 
(4 a) -10.42823 -7.89499 -.34798 

(2a) (3 a) (2TT) 

SODIUM CHLORIDE (NaCI) 

1 a' 2 a' 3 a' 4 a' 5 a' 6 a' 7 a'-
0 0 0 • • 

8 a' 1 TT' 2TT' 3TT' 
-621 .436935 -2.86591 -1.58904 -104.69210 -7.88635 -.93555 -.35835 

(5a) (6a) (1a) (1 TT) (7 a) (8a) 
-40.54773 -1.58855 -10.42057 -7.88735 -.34378 

(2a) (2TT) (3a) (4 a) (3TT) 

POTASSIUM CHLORIDE (KCI) 

1�2�3�4�5�6�7�8�- 0 I ct 0 0 • • 
9 a' 10 a' 1 TT' 2TT' 3TT' 4TT' 

-1058.7525 -14.5186 -11.5481 -.9866 -104.6711 -7.8645 -.9078 -.3326 
(3a) (4 a) 

-133.5603 -11.5484 -1.7789 
(1 a) (1 TT) (7a) 

SIX IONIC DIATOMIC MOLECULES (that is, molecules formed 
by the attraction between positively charged ions, called cations, 
and negatively charged ions, called anions) are shown in these 
contour diagrams of electron density. The ionic systems displayed 
are known as alkali halides. The molecular orbital structures are ar· 
ranged according to their separated ion parentage; the set arising 

60 

(3TT) (2a) (2TT) (9a) (10a) 
-.9901 -10.3986 -7.8653 -.3245 

(8a) (5a) (6a) (4 TT) 

from the cation is at left and the set arising from the anion is at 
right. Again total and orbital energies are given in hartrees, and 
charge densities are plotted in electrons per cubic bohr. The names, 
symbols and eleqronic configurations of the molecules are indicated 
at left; in this case, however, the corresponding molecular orbitals 
are identified in parentheses directly under each orbital energy. 
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SCIENCE/SCOPE 

14 soldiers hit the bullseye on their first TOW missile shot during a brief 
training course at Redstone Arsenal, Ala., recently. Only one man in the class 
of 15 needed a second shot to score a hit with the wire-guided anti-tank missile, 
which is automatically steered to the spot at which a gunner aims. The TOW sys
tem, a lightweight, portable, heavy-assault weapon for use by the infantry, can 
be fired from a ground tripod or a variety of vehicles and helicopters. 

Two high-resolution scanning radiometers built by Santa Barbara Research Center, 
a Hughes subsidiary, are being used aboard the new ITOS I weather satellite to 
provide cloud cover maps on a global basis. As the satellite circles �arth on 
its 909-mile-high, near-polar orbit, the radiometers will also measure cloud al
titudes. They produce high-quality daytime pictures and -- unlike TV cameras -
are equally effective at night. 

The first AWG-9 Phoenix weapon control system, reconfigured for the new F-14A 
fighter, was delivered to the U.S. Navy recently by Hughes. Its weight has been 
pared from 2,000 lbs. to less than 1,400. It is the only air-to-air system with 
a track-while-scan radar mode that enables it to launch up to six Phoenix missiles 
and keep them on course while searching the skies for other possible targets. It 
also launches the F-14A's Sparrow and Sidewinder missiles and directs the firing 
of its 2Omm. Vulcan cannon, giving the F-14A the world's best "dogfight" capability. 

The world's most powerful ultraviolet laser was delivered to the U.S. Army Elec
tronics Command recently by Hughes research laboratories. The continuous-wave 
laser uses doubly-ionized argon as the lasing material. It produced a maximum 
output of 2.3 watts during a one-year program of research, development, and 
fabrication. UV lasers are expected to find use in data recording and display, 
spectroscopy, and photochemical research. 

Opportunities for microwave engineers at Hughes' Electron Dynamics Division in 
an active program to design and develop advanced microwave sources and amplifi
ers utilizing silicon and gallium arsenide IMPATT, TRAPATT, and Varactor diodes. 
Must have experience in microwave circuit design involving tunable cavities, fil
ters, and related solid-state devices. Please write: Mr. R.E. Wolfe, Hughes EDD, 
P.O. Box 2999, Torrance, CA 90509. Hughes is an equal opportunity employer. 

The management-control system which Hughes developed for the U.S. Air Force's 
new TV-guided Maverick missile was accepted without modification -- the first 
time the Air Force has validated a cost schedule planning and control system 

.on the initial submission by a contractor. The 8-foot, 500-lb., air-to-ground 
missile successfully completed its first guided test flight recently. 

New products introduced at the NEPCON show included: a new line of XY position
ing tables designed for use with numerical controls or stepping motors; they are 
adaptable to laser drilling, trimming, cutting, welding, and soldering, artwork 
generation, and circuit board drilling • • • •  several new configurations of Hughes' 
numerically-controlled wiring machine, including a harness-laying head and dual 
work tables with a combination of heads. 

Creating a new world with electronics r------------------, 
I I :·HUGHES: I I L __________________ J 
HUGHES AIRCRAFT COMPANY 
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Significant progress has been made by 
quantum chemists in modifying the or
bital picture to allow electron correla
tion. This is customarily done either by 
abandoning the orbital picture com
pletely (a great conceptual sacrifice) and 
allowing the wave function to depend 
on the distances between all electrons 
or by extending the orbital picture so 
that it enables the electrons to spend a 
fraction of their time in a variety of 
different orbital configurations instead 
of just one; this enables the electrons 
to avoid one another more effectively. 
When these correlation terms are added 
to the best molecular orbital picture so 
as to allow the electrons to avoid one 
another in an in-out, left-right and angu
lar sense, the charge density is not sig
nificantly affected, but the binding en
ergy and the description of the bonding 
process are greatly improved. Some ef
fective correlating orbitals are displayed 
in the illustration on page 57. 

Computing Molecular Properties 

The orbital picture enables us to look 
at a chemical process such as molecular 
excitation (the promotion of electrons 
into higher energy states) or ionization 
(the removal of electrons from a mole
cule) in terms of changes in the electron
ic charge distribution [see illustration on 
next page]. In order to have the energy
level spacing or the ionization potentials 
correct, however, one must go beyond 
the molecular orbital model and include 
electron correlation. The correlated or
bital model generally gives an error of 
several electron volts in both ionization 
and excitation energies. This error is 

sometimes tolerable, but often a much 
higher precision is needed to be of genu
ine aid to the experimentalist in inter
preting atomic or molecular spectra. 

Molecular properties associated with 
the vibration of molecules are custom
arily studied mathematically by solving 
the Schrodinger equation to obtain the 
value of the molecular energy for various 
fixed positions of the nuclei in the mole
cule. This procedure determines a "po
tential well," or energy curve, in which 
the nuclei are considered to vibrate [see 
illustration on page 68]. This approach 
is quite good in most cases when the 
change of molecular energy can be com
puted accurately. Since the molecular 
orbital model gives the change in molec
ular energy with nuclear position fairly 
well near the equilibrium nuclear posi
tions of the molecules, the vibrational 
frequency can be determined within 
about 10 percent; for higher precision 
one must go beyond the orbital picture. 
(A molecule can absorb or emit even 
smaller quanta of energy through 
changes in its rotation.) 

An important class of molecular prop
eities that can be studied by means of 
the orbital approach involves only the 
individual coordinates of each electron; 
accordingly such properties are known 
as "one electron" properties. These prop
erties are evaluated by summing over all 
space the contribution of all electrons to 
the total electronic charge distribution. 
A typical example is the electric-dipole 
moment of a diatomic molecule, which 
is a measure of the imbalance between 
the electronic and the nuclear charge 
distribution. Other one-electron proper
ties are evaluated in a similar manner 

FORMATION OF DIATOMIC MOLECULES can be visualized by arranging sequences of 
computer-generated electron-density diagrams depicting pairs of atoms at successively 
closer internuclear distances. The three examples on the opposite page show two isolated 
hydrogen atoms coming together to form the covalent-bonded H2 system (left), a neutral 
lithium atom and a neutral fluorine atom joining to form the ionic-bonded LiF system 
(center) and two helium atoms being forced together to form the unstable He2 system 
(right). Below each sequence of diagrams is a corresponding graph giving the changes 
that take place in the total energy of the system during the successive stages of molecular 
formation. In the H2 sequence the initial delocalization of the electrons is evidenced by 
the disappearance of the innermost contour (stage d). This is followed by an overall con
traction of the electron·density cloud as the formation process continues with a gradual 
buildup of charge density between and around the two nuclei. The equilibrium, or mini· 
mum.potential·energy, configuration of the molecule is reached at stage g, which corre· 
sponds to the bottom of a "potential well" in the energy graph below. In the LiF sequence 
a drastic change in charge density takes place at an internuclear distance of 13.9 bohrs 
(stage b) when the system changes from a neutral one to a more stable ionic one. The com
paratively undistorted Li + ion and F- ion then come together to the equilibrium LiF 
separation (stage g). In the He? sequence the two helium atoms repel each otber, in con· 
trast to the stable H2 system i� which the two atoms attract each other. The electronic 
charge density in the He2 system is pushed out from between the two nuclei because as 
noble·gas atoms their outermost electron shells are filled and the type of electron-sharing 
that was possible between the unfilled shells of the hydrogen atoms cannot take place. 

and are obtainable from the orbital pic
ture, usually to within a precision better 
than 20 percent. For molecular proper
ties that depend on the simultaneous po
sition of two electrons or on a fine detail 
of the wave function, such as its behavior 
at the nucleus, correlation effects are im
pOltant and must be included. 

The concept of the chemical bond has 
been indispensable in discussing the 
mechanism by which elements and com
pounds are held together. Theoretically 
this concept states simply that a given 
chemical compound is stable if its energy 
is lower than that of the competing re
actions; thus a chemical bond is said to 
exist between two atoms if there exists 
an equilibrium internuclear separation 
such that any deviation from it leads to 
a higher energy for the system. Quantum 
chemists, however, have sought for many 
years to produce a more tangible char
acterization of the chemical bond, pref
erably in terms of the electronic charge 
distribution in the molecule itself. One 
way to analyze the chemical bond is to 
study the difference in electronic charge 
density and its associated energy be
tween a molecule and its constituent 
atoms. Most workers agree that the 
chemical bond can be associated with 
an overall contraction of the charge 
cloud, leading to an increase in charge 
density between the nuclei [see top 
illustration on page 69]. Nonetheless, 
there is still some ambiguity as to how 
exactly this change in charge density is 
associated with the various energy varia
tions. Another way of looking at the 
chemical bond is in terms of the force 
exerted on the nuclei by the charge 
cloud. This approach has been applied 
recently to a variety of molecules. Accu
rate computer chemistry provides an un
precedented opportunity to probe the 
details of chemical bonding. 

As our theoretical models are further 
refined and as our mathematical apparat
us and computers increase in efficiency 
over the next few years we expect to be 
able to observe an entire simple chemi
cal reaction on the computer. Thus when 
we write 2H2 + O2 :;:= 2H20, we should 
like to see a continuous process in terms 
of accurate electronic charge densities 
[see bottom illustration on page 69]. We 
would then be able to explore fully the 
changes in the energy and electron dis
tribution as the hydrogen and oxygen 
molecules approach each other from dif
ferent angles and pass through a series 
of intermediate steps to yield the stable 
water molecule. It is perhaps in this re
spect of being able to explore slowly and 
visually a complicated chemical process 
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in terms of both its quantitative features 
and its conceptual features that such 
computer "experiments" offer their most 
informative potential. Such computer 
studies of chemical reactions, which are 
now in their early stages, also promise 
by extensive interplay with parallel ex
perimental results to characterize and 
define such often vague concepts as the 
transition state of a molecule. In addition 
fine details of the nature of the chemical
reaction surface (that is, the energy 
changes associated with the approach of 
reacting atoms from all possible direc
tions) are accessible to the computer ex
periment, whereas the conventional 
physical experiment often sees these ef
fects only as the average over time or 
space of a continuous chemical process, 
a result that cannot usually be translated 
unambiguously into a detailed reaction 
surface. 

On to Bulk Properties 

As I have mentioned, one of the most 
compelling reasons for being able to 
evaluate the properties and interactions 
between individual atoms and molecules 
is that highly sophisticated statistical 
theories have been developed that allow 
the calculation of the equation of state 
and transport properties of a macro
scopic system from the characteristic 
atomic and molecular wave functions. 
Such theories are now quite accurate for 
dilute gases and are becoming increas
ingly precise for dense gases, liquids and 
solids. vVe know, for example, that for a 

EXCITA TION AND IONIZATION of a 
hydrogen molecule are viewed according to 
the orbital model as changes in the density 
and shape of the molecule's electron cloud. 
When such a molecule is excited to a higher 
energy state by absorbing energy from out
side in discrete quanta ( corresponding to 

the vertical distance between the colored 

energy curves ) ,  its charge cloud typically be
comes more extended and more compli
cated. (When the molecule emits energy, the 
reverse changes occur.) When enough en
ergy is absorbed, the molecule's outer elec
tron is ejected, creating a positive molecular 
ion of hydrogen ( top left ) .  The curves indi
cate how the total energy of the system 
changes as the two hydrogen atoms ( right ) 

come together in various ways. The elec
tronic configurations next to the diagrams 
indicate the atomic or molecular orbital 
that is in each case the dominant contributor 
to the total wave function. At higher excited 
states of the molecule the area enclosed by 
the highest-value, innermost contour fi rst 
becomes smaller and then disappears as 
charge density is removed from this region. 
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Al though the cathode ray tube term inal has 
become commonplace in computer systems, the 
problem of getting hard copies of  the readouts 
has persisted . 

U ntil now, available devices have been too 
costly. Or too bulky. Or immovable .  Or too slow, 
tying up equipmen t for too long. 

But that ' s  all over. Polaroid's  new CU -5 Hard 
Copy Land Camera has arrived.  

The trouble-shooter: 

You don ' t  h ave to be a photographer to use it .  
The hood positions the camera for sharp focus, 
frames the image, and blocks out ambient light .  
All you do is hold the camera against the ,dis
play, pull the trigger, and you have a shot in a 
split  second.  

And with Polaroid instant photography, in just 
seconds more you have the copy in your hand. 

I t ' s l igh t in weight and hand held,  so using it  

Now Polaroid solves problems for computers. 

Po l a ro id® 
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for a number of screens is no problem.  
For detailed informa tion , or a demonstration, 

write to : Polaroid Corporation, Dept.  5 7 - 1 8 3 ,  
Cambridge, Mass.  02 1 3 9 .  In  Canada, write to : 
3 5 0  Carl ingview Drive, Rexdale, Ont.  

What's  most remarkable about the C U -5 is the 
price . I t ' s  u nder $ 3 0 0 ,  a fraction of  what other 
equipment costs. So you won' t  have to shoot the 
works to own it .  

Polaroid's new CU-S 
Hard Copy Camera for CRTterminals. Under $300. 
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"perfect" gas, namely one made up of 
particles with no volume and with no 
forces between particles, the equation of 
state is PV = RT, where P is the gas 
pressure, V the gas volume, R a constant 
and T the temperature. This equation is 
quite accurate for real gases provided 
that they are quite dilute; however, even 
then the deviations from the ideal case 
are important, and one must modify the 
perfect-gas equation of state to take into 
account the fact that the atoms or mole
cules of the gas occupy volume and 
have forces operating between them. 
One of the most successful modifications 
of this type is called the virial equation 
of state, which is written PV /RT = 1 + 
B(T)/V + C(T)/V2 + D(T)/V3 . . . . The 
coefficients B(T),  C(T) and D(T), which 
depend on temperature, are respectively 
called the second, third and fourth virial 
coefficients. Statistical mechanics can be 
used to evaluate these virial coefficients 
directly in terms of the forces between 
atoms or molecules. Thus computer cal
culations of interatomic and intermolecu
lar forces, when coupled with statistical 
mechanics, can lead directly to an im
proved equation of state. 

Another important class of bulk chem
ical properties, called the transport prop-

erties, includes viscosity (transport of 
momentum through a fluid), diffusion 
(transport of mass) and thermal conduc
tivity (transport of thermal energy). 
These properties are directly related to 
the size and shape of individual atoms 
and molecules and to the forces between 
them. They are hence susceptible to in
vestigation by theoretical computations . 

A New Chemical Ins trument 

What I have been describing are typ
ical mathematical models of molecular 
structure and simple chemical proc
esses . These concepts and models have 
been developed and refined by chemists 
over the past 50 years. It is only in the 
past 20 years, however, that such models 
have been computationally developed, 
and it is only in even more recent years 
that they have been comprehensively 
programmed on large-memory, high
speed digital computers to be operative 
for many different molecules . When ap
plied cautiously, they are now capable 
of yielding useful chemical information, 
and thus they provide an independent 
and competitive investigative technique, 
particularly when an experiment is very 
difficult or even dangerous. Accordingly, 
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MOLECULAR VIBRATION, another way in which a molecule can absorb or emit energy 
in discrete quanta, is responsible for certain chemical properties that can be studied mathe
matically by solving the Schrodinger equation to obtain the value of the molecular energy 
for various fixed positions of the nuclei. This procedure results in a potential-energy curve 
in which the nuclei are considered to vibrate. The shape of this potential well determines 
the frequency of the molecular vibrations. The molecule can emit or absorb vibrational 
energy in multiples of this fundamental vibrational frequency. ( The changes in energy that 
occur during molecular vibration are usually much smaller than those associated with 
electronic excitation.) As these contour diagrams of a diatomic lithium molecule ( Li.) l 
show, the electron density changes quite smoothly as the nuclei vibrate in the potential weil. 
If the molecule absorbs enough vibrational energy through radiation or collisions with 
other molecules, atoms or surfaces, it "dissociates," or breaks up into its constituent ato�s. 
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if the experimental worker faced with a 
chemical problem is to be encou�'aged to 
ask the question "Should I measure the 
answer or should I compute t�e .an
swer?" some attention must be given to 
making it possible for the nonspecialized 
worker to utilize sophisticated computer 
technology. 

Here I should like to discuss BISON, a 
computing tool we have developed in 
our laboratory that addresses itself to 
this problem. BISON is most properly 
viewed as a new chemical instrument to 
which the chemist can eaSily turn for 
certain types of chemical information . 
BISON has been designed with four basic 
principles in mind: (1) responsiveness 
to questions posed in the chemist's nat
ural language; (2) ability to estimate 
the reliability of the computed answers; 
(3) foolproof operation with a great deal 
of procedural experience programmed 
into the system; (4) heavy use of com
puter graphics. 

In BISON the first two requirements 
are accomplished by means of an INTER
VIEW module, which converses by tele
typewriter with the investigator in a 
conversational FORTRAN language to de
fine his request clearly and to inform 
him of the time involved and the preci
sion in the computed answer. An essen
tial feature of INTERVIEW is that it con
verses in the chemist's natural language 
and not in a highly complex or special
ized input code. Since INTERVIEW is 
based on a key-word vocabulary, the 
chemist's questions and answers can be 
stated in any way as long as a few key 
words natural to the chemical problem 
are included. A typical conversation be
tween the chemist and BISON'S INTER
VIEW module might go like this : 

Chemist: I should like the dipole mo
ment of the lowest-lying doublet 7T state 
of the calcium oxide (CaO) molecule. 

BISON : At which internuclear dis
tance? 

Chemist: The equilibrium separation. 
BISON : I shall require four hours of ma

chine time. The probable error in the com
puted dipole moment will be approxi
mately 20 percent. Should I proceed? 

The third requirement-foolproof op
eration-is fulfilled by a PROCEDURE EX
ECUTIVE module. Once the chemist has 
conversed with BISON through the INTER
VIEW module and placed his "order," 
the system "takes off" on its own with
out further inconvenience to the chem
ist. The PROCEDURE EXECUTIVE module 
supervises a sequence of calculations 
necessary in order to answer the chem
ist's question. 

Currently BISON is based on the Har-
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CONCEPT OF CHEMICAL BOND can be studied by observing 
the changes that take place in the computed electronic charge 
density as the molecule forms. For example, these diagrams show 
the electron density of a stable sodium·lithium molecule ( lelt), 

the electron density of its separated constituent atoms ( center ) 

and the "difference density" ( right), that is, the difference be-

+ 

• 
C + 

(I 
+ 

THREE CHEMICAL REACTIONS are portrayed here in terms 
of changes in computed electron-density diagrams. The reaction 
at top shows two hydrogen molecules ( H2) combining with an oxy
gen molecule ( 02) to form two water molecules ( H20). The reac
tion at middle shows a carbon atom ( C) and a water molecule 
( H20) combining to form a carbon monoxide molecule ( CO) and a 

L I T H I U M  AT O M  

( L i )  

tween the density o f  the stable molecule and the density o f  the 
undistorted atoms brought together to the equilibrium molecu
lar position. The solid contour lines at right denote regions of posi
tive difference density ( regions where the charge density has 
increased); the broken lines denote regions of negative differ
ence density ( regions where the charge density has decreased). 

CO + 

• 
2 L i F  

o 5 1 0  
I I 

D I STA N C E  ( B O H R S) 

hydrogen molecule ( H2). The reaction at bottom shows a lithium 
molecule ( Li2) and a fluorine molecule ( F2) combining to form 
two lithium fluoride molecules ( LiF). At present even such rela
tively simple reactions present a considerable challenge to com
puter chemistry, but it appears reasonable to expect that this gener
al approach will be extended to much more complicated reactions. 
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tree-Fock molecular orbital model of dia
tomic molecules, and PROCEDURE EXECU
TIVE, by supervising the "workhorse," 
or unit-operation, program, can yield re
liable charge densities, molecular sizes 
and shapes, ionization potentials, dipole 
moments and other related molecular 
properties . For certain classes of diatom
ic molecules it also yields useful potential 
curves, vibrational frequencies, binding 
energies and transition probabilities. 

BISON will generate and plot on film, 
paper or a cathode ray screen contour 
diagrams of the orbital and total density 
of a molecule or a chemical process. All 
the diagrams used in this article were 
drawn by BISON. This display feature 
is particularly fascinating when it is 
used to watch a molecule form, or pass 
through a series of energy states, or en
counter another molecule or an atom, or 
ultimately engage in a chemical reaction. 

t 
L I B R A R Y  O F 

The display feature will soon be opera
tive, using precomputed and stored 
charge densities interpolated between 
computed points so that they can be 
quickly manipulated in "real time." Cur
rently the calculation required for this 
purpose is too time-consuming except 
for the .most trivial molecules . 

It is important to stress that BISON is 
at present an information-creation sys
tem. Starting from first principles, BISON 
obtains by computation the answer to 
the chemist's questions. Thus it is an 
independent source of information, not 
a system that simply retrieves informa
tion or interpolates or extrapolates it 
from large tables of stored data. The 
plan is to include in BISON such a retriev
al capacity and to have BISON upgrade 
its own store of information as it an
swers new questions . 

Future plans for BISON include the ex-

� 

tension of the system to simple poly
atomic molecules for the detailed study 
of chemical reactions,  the inclusion of 
other molecular properties and the d�e
velopment of a transport-property mod
ule that will evaluate bulk physical 
properties from computed atomic and 
molecular properties. The incorporation 
of sophisticated computing technology 
into systems that fulfill "instrument" re
quirements is certainly becoming an im
pOl·tant new development in the physical 
sciences. As theoretical techniques in all 
disciplines become more comprehensive 
and powerful, and as anticipated im
provements in computer speed, sophisti
cation, organization and accessibility 
through widely distributed terminals 
become a reality, more and more experi
mental ,Yorkers will undoubtedly turn 
to the computer experiment as an al
ternative to the traditional one. 
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BISON, a new computing instrument developed by the author and 
his colleagues at the Argonne National Laboratory, is designed to 
make it possible for a chemist who is not a computer specialist 
to obtain certain types of chemical information with the aid of 
rigorous mathematical models and sophisticated computer tech
nology. At present the investigator converses with BISON by tele
typewriter through an INTERVIEW module in the chemist's natural 
language. Relying on a library of previous experience, INTERVIEW 
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C A L C U LA T I O N  

O F  

M O L E C U L A R  

P R O P E R T I E S  

CA L C U L A T I O N  

O F  
S P E C T R O S C O P I C  

C O N S TA N T S  

A N A L Y S I S  

O F  
POT E N T I A L  

C U RV E S  

informs him of the time required t o  fill his request and the pre· 
cision of the computed answer. If the chemist decides to place his 
"order," a PROCEDURE EXECUTIVE module then "takes off" on its own, 
supervising a sequence of calculations necessary to answer the 
chemist's question. The electronic charge densities of the atoms or 
molecules involved in a chemical process can be produced and 
displayed on film, paper or the screen of a cathode ray tube. All the 
diagrams used to illustrate this article were produced by BISON. 
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The Hearl's Pacemaker 
A ""It I' o/'I'"io/iud �,1l1 "'8"'a", .h'/ltntiamMtal ,/tJ'tA", 

"f on animal', A." .... 7'/1. p"«mak., 01,0 lim", th. h."",', 

'''lIP of r"JXillu, 10 tho i"1lu",u, of M'''''' ,mil hormon., 

H • • •  Certainly, the reading 
of this number of good 
articles in science mllst be 
making some impact 
on the educational process 
in this country . . .  " 

, Philip E. Hartman,  in THE QUARTE R LY 
REVIEW OF BIO LOGY , 41 (2),  1 9 66 
[ commenting on the fact that some 9 ,000,000 
SCIENTIFIC AMERICAN Offprints had 
been sold up to that time. The number has 
nearly tripled since then.]  

SCIENTIFIC AMERICAN Offprints are self-bound 

articles reproduced from the magazine for educational u se. 

There are more than 600 of these articles now 

available , reprinted in the original format with full text, 

full illustration, and full color. They cover a broad range of 

topics in the life sciences, the behavioral sciences, 

the phy sical sciences ,  technology , and the earth sciences. 

Offprints are available in any assortment or quantity at 

20¢ each ; thus teachers can conveniently provide 

their students with inexpensive supplementary readings 

closely coordinated with the design of their courses. 

Most teachers who use Offprints do so on an adoption basis, 

that is, they assign them to their students and 

order them through the bookstore just as they do text

books. The publisher collates each student's set 

of Offprints and ships it to the bookstore 

with its own envelope. 

F or a free descriptive catalogue, write to Dept. 2 1 w. H. Freeman and Company 
Ii I 660 Market Street,  San Francisco,  California 94104 
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CRUSHED EGG in the nest of a brown pelican off the California 

coast had such a thin shell that the weight of the nesting parent's 
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body destroyed it. The concentration of DDE in the eggs of this 

300·pair colony reached 2,500 parts per million; no eggs hatched. 
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Pesticides and the Reproduction of Birds 

High concentrations of chlorinated hydrocarbon residues accumulate 

in such flesh-eaters as hawks and pelicans. Among the results are 

upsets in normal breeding behavior and eggs too fragile to survive 

T
he birds of prey have had an un
easy coexistence with man. Apart 
from the training of certain hawks 

for falconry and the veneration of the 
eagle as a symbol of fortitude, the pred
atory birds have been preyed on by the 
human species. In many parts of the 
world farmers, hunters and bird-lovers 
have waged unceasing warfare on the 
rapacious birds as pests, and egg collec
tors have further threatened their sur
vival by raiding their nests for the beau
tifully pigmented eggs. Nevertheless, 
over the centuries the birds of prey on 
the whole survived well. The peregrine 
falcon, for example, is known to have 
maintained a remarkably stable popula
tion; records of aeries that have been 
occupied more or less continuously by 
peregrines go back in some cases to the 
Middle Ages. 

About two decades ago, however, the 
peregrines in Europe and in North 
America suddenly suffered a crash in 
population. The peregrine is now rapid
ly vanishing in settled areas of the world, 
and in some places, particularly the east
ern U.S., it is already extinct [see illus
tration on page 74]. The abrupt popula
tion fall of the peregrine (known in the 
U.S. as the duck hawk) has been paral
leled by sharp declines of the bald eagle, 
the osprey and Cooper's hawk in the 
U.S. and of the golden eagle and the 
kestrel, or sparrow hawk, in Europe. 
The osprey, or fish hawk, has nearly dis
appeared from its haunts in southern 
New England and on Long Island; along 
the Connecticut River, where 150 pairs 
nested in 1952, only five pairs nested in 
1969. 

The population declines of all these 
raptorial birds are traceable not to the 
killing of adults but to a drastic drop in 
reproduction. It has been found that the 
reproduction failures follow much the 
same pattern among the various species: 

by David B. Peakall 

delayed breeding or failure to lay eggs 
altogether, a remarkable thinning of the 
shells and much breakage of the eggs 
that are laid, eating of broken eggs by 
the parents, failure to produce more 
eggs after earlier clutches were lost, 
and high mortality of the embryos and 
among fledglings. 

Examination of the geographic pat
terns suggests a cause for the birds' re
productive failure. The regions of popu
lation decline coincide with areas where 
persistent pesticides-the chlorinated hy
drocarbons such as DDT and dieldrin
are widely applied. Attrition of the pred
atory birds has been most severe in the 
eastern U.S. and in western Europe, 
where these pesticides first came into 
heavy use two decades ago. Analysis 
confirmed the suspicions about the pesti
cides: the birds were found to contain 
high levels of the chlorinated hydrocar
bons. In areas such as northern Canada, 
Alaska and Spain, where the use of these 
chemicals has been comparatively light, 
the peregrine populations have re
mained normal or nearly normal. Recent 
studies show, however, that even in the 
relatively isolated North American arctic 
region the peregrines now have fairly 
high levels of chlorinated hydrocarbons 
and their populations apparently are be
ginning to decline. 

The birds of prey are particularly vul
nerable to the effects of a persistent 
pesticide such as DDT because they are 
the top of a food chain. As George M. 
Woodwell of the Brookhaven National 
Laboratory has shown, DDT accumu
lates to an increasingly high concentra
tion in passing up a chain from predator 
to predator, and at the top of the chain 
it may be concentrated a thousandfold 
or more over the content in the original 
source [see "Toxic Substances and Eco
logical Cycles," by George M. Wood
well; SCIENTIFIC AMERICAN, March, 

1967]. The predatory birds, as carni
vores, feed on birds that have fed in turn 
on insects and plants. Hence the birds 
of prey accumulate a higher dose of the 
persistent pesticides and are more likely 
to suffer the toxic effects than other 
birds. 

The idea that the predatory birds' de-
cline is due to an internal toxic effect, 

rather than to a change in their behavior 
or their habitat, has been verified by 
many experiments. One of the most in
teresting was a field test made by Paul 
Spitzer, now at Cornell University, 
working in cooperation with the Pa
tuxent Wildlife Research Center in 
Maryland. He transferred eggs from 
nests of the failing osprey population in 
New England to nests of a successful 
population in the Chesapeake Bay area 
and placed the Chesapeake eggs in the 
New England nests. The Chesapeake 
eggs hatched as successfully in the New 
England nests as they would have at 
home with their own parents, whereas 
the New England eggs transferred to 
Chesapeake nests produced as few vi
able young as would have been expected 
if they had been incubated in their origi
nal nests in New England. The experi
ment thus indicated that the fate of the 
eggs was determined by an intrinsic 
factor in the egg itself. 

The first clue to what was happening 
to the predatory birds' reproduction 
system came in the early 1960's when 
Derek Ratcliffe of the British Nature 
Conservancy, puzzled by the extraordi
nary number of broken eggs he found 
in peregrine nests, examined the shells 
of peregrine eggs that had been col
lected over a period of many years. He 
found that the eggs collected since the 
late 1940's show a sharp drop in thick
ness of the shell, averaging 19 percent. 
Similar findings were subsequently made 
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011 peregrine eggs in Korth America and 
on the eggs of other species of predatory 
birds whose populations were decreas
ing. It became apparent that something 
must be wrong with the birds' calcium 
metabolism and that the effects of the 
suspected pesticides would bear looking 
into. 

Experiments were started in several 
laboratories. At the Patuxent Wildlife 
Research Center, Richard D. Porter and 
Stanley N. Wiemeyer, working with kes
trels, found that a mixture of DDT and 
dieldrin in doses measured in a few parts 
per million brought about a significant 
decrease in the shell thickness of the 
birds' eggs. Robert G. Heath of the 
Patuxent center tested the effects of 

� LARGELY STABLE 

� SEVERE DECLINE 

m NO LONGER PRESENT 

DDE, the principal metabolic product of 
DDT, 011 mallard ducks. DDE is now a 
ubiquitous feature of the earth's environ
ment; it is estimated that there are a 
billion pounds of the substance in the 
world ecosystem, and traces of it have 
been found in animals everywhere, from 
polar bears in the Arctic to seals in 
the Antarctic. Heath found that DDE 
caused the failure of mallard eggs in two 
ways: by increasing the fragility of the 
eggs, leading to increased breakage soon 
after laying, and by the death of the 
embryos in intact eggs toward the end of 
the period of incubation. James H. En
derson of Colorado College and his asso
ciate Daniel D. Berger, studying the 
eggs of prairie falcons in the Southwest 

desert, established that the amount of 
thinning of the shells and the mortality 
rate for the embryos were related to the 
quantity of DDE in the egg. Enderson 
and Berger also found that when they 
fed starlings loaded with dieldrin to fal
cons, the falcons' eggs showed similar 
thinning. 

The ultimate in thinness of birds' egg
shells was discovered recently in colonies 
of the brown pelican off the California 
coast. The DDE content in the eggs of 
this wild population (as measured by 
Robert Risebrough of the University of 
California at Berkeley) ranged as high 
as 2,500 parts per million, and the egg
shells were so thin that the eggs could 
not be picked up without denting the 

NESTING AREAS of the peregrine falcon, or duck hawk, in the 

Northern Hemisphere of the New World are shown on this map. 

Shades of color show the extent of interference with normal reo 

production resulting from ingestion of pesticides by the birds. 
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shells [see illustration on page 72]. In a 
colony on the Anacapa Islands off the 
coast it was found that the 300 pairs 
of nesting pelicans had not produced a 
single viable egg. Their nests, visited 
shortly after the eggs were laid, con
tained many broken eggs. 

Field studies and laboratory experi
ments suggest that the thinning of egg
shells does not increase in direct propor
tion to the DDE dose. In fact, small 
doses can produce dramatic effects. A 
content of only 75 parts per million in 
the egg reduces the shell thickness by 
more than 20 percent; beyond that, as 
the dose increases the decrease in shell 
thickness is more gradual [see illustra
tion at right]. In the case of the brown 
pelican very heavy doses may thin the 
shell to a mere film. 

Studies of white pelicans and cormo
rants have implicated the polychlori
nated biphenyls (PCB's), now widely 
used as plasticizers, as another threat to 
birds of prey. These compounds cause 
thinning of the eggshells, although not as 
effectively as DDT and its metabolites 
do. Preliminary laboratory studies show 
that PCB's are particularly effective, 
however, in delaying the onset of breed
ing. The PCB's are given off when plastic 
materials are burned, and they are wide
ly distributed over the earth. They re
semble DDT in molecular structure and 
produce similar physiological actions in 
animals. 

Much interest has focused on the 
question of how the chlorinated pesti
cides produce their destructive effects in 
the predatory birds-a question that is 
of- no small concern to man, who also is 
the top of a food chain. Oddly enough, 
the beginning of light on this question 
came about through an accidental dis
covery involving an animal totally unre
lated to the birds: the laboratory rat. 
Larry C. Hart and James R. Fouts of the 
University of Iowa College of Medicine 
were investigating the effects of food 
deprivation on the metabolism of drugs 
in rats. The drug they were using was 
hexobarbital, and in one experiment they 
were startled to find that the rats' sleep
ing time after receiving a standard dose 
of the barbiturate was much shorter than 
it had been in previous tests. Reexam
ining the conditions of the experiment, 
they found that the only unusual factor 
was that the cages had been sprayed 
with chlordane to control bedbugs. Pur
suit of this clue led to the finding tha t 
chlordane induced rat liver cells to syn
thesize enzymes that speeded up the me
tabolism of hexobarbital. The enzymes 
brought about hydroxylation of the bar
biturate, thereby making it more soluble 
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CONCENTRATION OF DDE IN EGG (PARTS PER MILLION) 

SEVERE EFFECT of the concentration of relatively small amounts of the persistent chlo

rinated hydrocarbon pesticides is evident in this graph. When the parent's concentration is 

enough to add as few as 25 parts per million of pesticide to the egg, the shell becomes 15 

percent thinner than normal. Soon after the shells become more than 20 percent thinner 

than normal (area of light color) eggs are usually not found in nests because of breakage. 

in water and hastening its excretion. 
Further experiments showed that these 
enzymes could hydroxylate a wide varie
ty of substances, including the sex hor
mones: estrogen, testosterone and pro
gesterone. 

Because the investigators were inter
ested primarily in drug research and 
their reports were published mainly in 
pharmacological journals, these discov
eries did not come to the attention of 
workers studying the effects of pesticides 
on wildlife until several years later. I 
myself came on the published findings 
only incidentally in the course of pre
paring lectures for medical students. The 
fact that chlordane could change the 
balance of sex hormones in animals im
mediately suggested a possible expla
nation of the mechanism whereby the 
chlorinated pesticides inhibit reproduc
tion in birds. It was capable of explain
ing their reproductive failure in general 
and the alteration of the calcium balance 
in the egg in particular. 

My colleagues and I at Cornell Uni
versity launched on a program of 

experiments designed to explore the 
interesting questions suggested by this 

new aspect of the problem. To explain 
them I must briefly outline the complex 
chain of phYSiological events that char
acterizes breeding by birds. The cycle is 
initiated by a seasonal or climatic stimu
lus: the lengthening of daylight in spring 
in the northern Temperate Zone or rain
fall in the arid and tropical regions. 
These signals cause an increase in the 
production of hormones in the nerve 
cells of the medial eminence of the bird's 
brain. The bloodstream carries these hor
mones to the anterior pituitary gland, 
which in turn dispatches to the gonads 
(the testes or ovaries) hormones that 
stimulate these organs to produce the 
sex hormones. The sex hormones not 
only generate physical changes in the 
reproductive organs and evoke breeding 
behavior but also promote the storage of 
a supply of calcium for the eggs. 

Let us look first into the question of 
how a pesticide may affect the calcium 
supply. We carried out our experiments 
on the rather small Asian pigeon known 
as the ringdove, so that I shall describe 
the situation in this bird. The female 
forms the shell of the egg in the uterus 
within a period of 20 hours, and she 
needs 240 milligrams of calcium to pro-
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CALCIUM FOR EGGSHELL, which is formed around each egg in 

the last 20 hours before laying, is drawn in part from the bird's 

food supply and in part from calcium reserves in the bird's bones. 

The key to shell formation, however, is the enzyme carbonic an· 

hydrase, which makes the supply of calcium carried in the ring. 

dove's bloodstream available to the bird's oviduct at a rate of 12 

milligrams per hour. When laying ringdoves are injected with DDE, 

the action of the enzyme is severely inhibited, causing thin shells. 

duce a shell of normal thickness. Since 
the calcium content of the circulating 
blood, even at the time of ovulation, is 
only two milligrams (barely a la-minute 
supply), the bird must draw on other 
sources to meet the demand. About 60 
percent of the demand is supplied by the 
bird's food intake; the rest is provided 
by a store of calcium in the marrow of 
the bones [see "How an Eggshell Is 
Made," by T. C. Taylor; SCIENTIFIC 
AMERICAN, March]. This calcium re
serve is laid down in the bone cavities 
early in the breeding cycle, and the 
amount of the deposit is controlled by 
the levels of estrogen in the blood and 
tissues. Obviously, therefore, a defi
ciency of estrogen will reduce the bird's 
calcium reserve. It seemed unlikely, 
however, that the reduction of this re
serve alone could account for the drastic 
shell-thinning observed in eggs loaded 
with pesticides. If the supply of calcium 
were the sole problem, the birds could 
augment the supply by drawing on the 
calcium embodied in the skeleton; fur
thermore, birds on a very low calcium 
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diet have been found to cease egg-laying 
rather than laying eggs with abnormally 
thin shells. Was it possible, then, that 
the thinness of the eggshells was due 
less to the deficiency in supply than to a 
failure in delivery of calcium to the shell? 

I n our experiments we bred pairs of 
ringdoves in cages and delayed feed

ing the birds a pesticide until after they 
had completed at least one successful 
breeding cycle, thereby demonstrating 
their natural capability. For the experi
ment we separated the members of each 
pair, isolated them in individual cages 
where they had an eight-hour day in
stead of their normal l6-hour day and 
fed them a standard dose of DDT in 
their food. After three weeks we gave 
each bird an oral dose of radioactive cal
cium and returned the birds to cages 
with their original partners for pairing 
under long-day conditions. A number of 
days later we examined the birds, some 
before they laid eggs, others immediate- . 
ly after they finished laying their clutch. 
In both cases the birds showed a consid-

erable rise of enzyme activity in the 
liver. A substantially lower level of es
trogen was found in the bloodstream of 
the birds that had not yet laid eggs. After 
the eggs had been laid, low estrogen 
levels were found in both experimental 
and control birds; this was to be ex
pected because the level of estrogen falls 
at the time of egg-laying. We found that 
less labeled calcium was stored in the 
bone marrow of the experimental birds 
than in the marrow of control birds that 
had not been fed the pesticide. 

Eggs laid by the pesticide-treated 
birds were notably thin-shelled, as was 
to be expected. We proceeded to experi
ments designed to determine whether 
this was due simply to the shortage of 
stored calcium or to something that pre
vented calcium from reaching the shell. 
In order to resolve this question we re
sorted to the tactic of injecting pesticides 
into females within a period of hours 
before they laid their eggs. In that short 
interval there would not be time for any 
Significant change in the supply of cal
cium by way of an alteration of the 
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estrogen levels through the activity of 
liver enzymes; consequently if the pesti
cide produced an effect, it would be not 
on the stored supply but on the delivery 
of calcium to the eggshell, which as we 
have noted is laid down within 20 hours 
of the laying of the egg. And with regard 
to delivery it was known that an enzyme, 
carbonic anhydrase, plays an important 
role in making calcium available to the 
eggshell in the oviduct. One could there
fore look for a possible effect on the 
activity of this enzyme. 

We tried two chlorinated hydrocar
bons: dieldrin and DDE. Dieldrin, when 
injected into a ringdove shortly before 
it laid its egg, did not produce any 
significant thinning of the eggshell or 
inhibit the activity of carbonic anhy
drase in the oviduct. DDE, on the other 
hand, severely depressed the activity of 
the enzyme and brought about a marked 
decrease in the thickness of the eggshell. 

Our experiments with ringdoves also 
showed that the chlorinated hydrocar
bons cause a significant delay in breed
ing by birds. Females that were fed 
pesticides did not lay eggs until 21.5 
days (on the average) and sometimes as 
long as 25 days after pairing, whereas 
the normal interval, as indicated by the 
control birds, is 16.5 days on the aver
age. The delay evidently was caused by 
the depression of the estrogen level re
sulting from the induction of liver en
zymes by the pesticide. It turned out 
that dieldrin and the polychlorinated 
biphenyls were more powerful inducers 
of these enzymes than DDT was. 

Delayed breeding is another factor in 
the predatory birds' population decline. 
Most birds do their breeding in the sea
son when food is most plentiful, thus 
giving their young an optimal chance 
for survival. An artificial delay in their 
breeding consequently reduces the 
chances for reproductive success, and 
it is most serious for large birds, with 
their long egg-incubation period and 
the slower growth of the fledglings to 
maturity. It was found that the now 
extinct peregrine colonies along the 
Hudson River, the declining cormorant 
rookery at Lake DuBay in Wisconsin 
and the failing pelican colonies in Cali
fornia were all notably late in breeding. 

From this point of view it appears 
that dieldrin and the PCB's are greater 
threats to the predatory birds than DDT. 
Certain field and laboratory studies tend 
to bear out that deduction. Derek Rat
cliffe and J. D. Lockie, in long-term ob
servation of the nests of golden eagles in 
Scotland, found that although abnormal 
eggshell breakage began in 1952, about 
the time that DDT was introduced, 

marked decline in the breeding success 
of these birds did not begin until 1960, 
after the introduction of dieldrin. In 
laboratory experiments on the bobwhite 
quail James B. DeWitt and John L. 
George of the U.S. Fish and Wildlife 
Service found that one part per million 
of dieldrin was effective in reducing the 
success in hatching and survival of 
chicks, whereas it took 200 parts per mil
lion of DDT to produce the same effect. 
Robert Heath found in his studies of 
mallard ducks, however, that DDE se
verely impaired reproductive success at 
doses as low as 10 parts per million. 
Thus there appears to be a considerable 
difference in the effect of DDT and its 
metabolites on different species of birds. 

We come to the following conclu-
sions concerning the physiological 

mechanisms responsible for the various 
harmful effects on bird breeding that are 
brought about by the persistent insecti
cides. Abnormally late breeding and the 
failure of birds to lay eggs after their 
early clutches have been lost can be ex
plained in telms of the induction of liver 
enzymes that lower the estrogen levels 
in the birds. The failure, or apparent 
failure, of birds to lay any eggs at all may 
be due either to depression of the es
trogen level or to the circumstance that 
the eggs were broken and eaten by the 
parents shortly after they were laid, so 
that observers found no eggs in the nest 
on visiting them. The reduction in clutch 
size may also be accounted for by early 
breakage and eating of some of the eggs, 
as this has been noted mainly in cases 
where the nests were not checked fre
quently. The thinning of eggshells and 
breakage of the eggs evidently is due 
largely to the inhibition of carbonic an
hydrase by DDT and its metabolites. We 
are left with some phenomena that are 
still unexplained. Why does a low dose 
of pesticide produce relatively more 
thinning of the eggshell than larger 
doses do? What is the mechanism that 
kills embryos in the shell? These ques
tions need further investigation. 

The effect of the pesticides in disturb-

BREEDING SUCCESS in birds involves the 

five sequential responses to external stirn· 

uli shown in the illustration at right. Breed· 

ing failures, due to late breeding or an in· 

ability to lay more eggs after earlier clutch· • 

es are destroyed, result from the action of 

pesticides on the fifth response. They stirn· 

ulate the activity of enzymes in the breed· 

ing bird's liver; the enzymes cut the amount 

of estrogen in the system below the level 

that is needed for normal sexual behavior. 
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"LASER LIGHT'" 
A 

SCIENTIFIC FILM 
AMERICAN 

Fabry-Perot interferometer pattern 
in krypton-ion laser beam 

Almost everyone has heard of lasers, but relatively few people have seen them 
in action. The Editors of SCIENTIFIC AMERICAN now present "LASER LIGHT," a 
16-millimeter sound film about lasers: what they are, how they work, the mar
velously pure and curiously scintillating light they produce, how they are being 
used and how they may be used in the near future. The film is in color and lasts 
37V2 minutes. It is now available for sale or rent. 

A few highlights of the film are: 

• Computer-generated animation explaining stimulated emission 

and resonant optical cavities. 

• Ripple-tank and oscilloscope demonstrations explaining the 

wave principles underlying laser action and holography. 

• Holograms, their three-dimensionality dramatically evoked by 

the moving camera. 

• A 600-foot, S.S-kilowatt laser in action. 

• Tunable lasers. 

• A television picture transmitted by laser beam. 

• The laser chalkline for the San Francisco Bay tunnel. 

• Laser interferometry. 

• Gas, solid and organic-liquid lasers. 

• An experiment on the use of holography in a computer memory. 

• Original musical score. 

"LASER LIGHT" is recommended for general audiences with an interest in 
science and technology, and for use in conjunction with the teaching of physics 
and optics. The film is accompanied by a selection of five SCIENTIFIC AMERICAN 
articles OJ) lasers and holography, writt�n by leading authorities in these fields. 

The sale price per print is $375, the rental price $37.50 for a booking of three days. Shipping cost 

outside of U.S. is extra. If the film is purchased after rental, the rental price will be deducted. If rental" 

booking is desired, kindly specify date. Write Motion Picture Department SP, SCIENTIFIC AMERICAN, 
415 Madison Avenue, New York, New York 10017. Telephone (212) 585-5319. Cable SCIAMER 
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ing ·the calcium balance of birds prob
ably is not of direct concern to man, be
cause birds are a special case in their 
high calcium requirement at breeding 
time. It seems, however, that we should 
be concerned about the pesticides' ef
fects on the hormone balance and on 
other physiological systems. The induc
tion by pesticides of liver enzymes that 
lower the estrogen levels has been found 
in a wide variety of vertebrates, in
cluding a primate, the squirrel monkey. 
There is little doubt that this effect ap
plies to man as well. Moreover, the chlo
rinated hydrocarbons are known to alter 
the glucose metabolism and inhibit an 
enzyme (adenosine triphosphatase, or 
ATPase) that plays a vital role in the 
energy economy of the human body. 

The recent finding by investigators at 
the National Cancer Institute that a dose 
of 46 milligrams of DDT per kilogram 
of body weight can produce a fourfold 
increase in tumors of the liver, lungs 
and lymphoid organs of animals indi
cates that DDT should be banned for 
that reason alone. Human cancer vic
tims have been found to have two to 
two and a half times more DDT in their 
fat than occurs in the normal population. 
Investigators in the U.S.S.R. recently re
ported that DOD, another metabolite of 
DDT, reduces the islets of Langerhans, 
the site of insulin synthesis. 

The peregrine population crash has 
prompted two international conferences 
of concerned investigators, in 1965 and 
again in 1969. It is encouraging to note 
that in Britain, where severe restrictions 
were imposed in 1964 on the use of 
chlorinated hydrocarbon pesticides, the 
peregrine population has increased in 
the past two years. The Canadian gov
ernment recently announced licensing 
restrictions that are expected to reduce 
the use of these pesticides by 90 percent, 
and many states in the U.S. are also in
stituting or considering such restrictions. 
Environmental problems do not respect 
political boundaries, and in the long run 
it will do little good if restrictions on the 
use of these hazardous toxins are applied 
only to certain regions or parts of the 
globe. 

The long-term effects of the chlori
nated hydrocarbons in the environment 
on human beings are admittedly much 
more difficult to detect or assess than 
the spectacular effects that have been 
seen in the predatory birds. Still, the 
story told by the birds is alarming 
enough. It seems obvious that agents 
capable of causing profound metabolic 
changes in such small doses should not 

. be broadcast through the ecosystem on 
a billion-pound scale. 
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A new frame of reference. 
A microscopic glass ball that floats in a balanced electric field could lead to a new concept in 
guidance and space navigation. When the device with the floating ball is moved, forces acting 
on the ball itself can be measured with great accuracy. This is particle reference. Several years 
ago, Martin Marietta people began studying ways to make particle reference more than a 
laboratory phenomenon. They've solved a lot of physics and electronics problems along the 
way. Now they're testing actual devices. It could be the start of a whole new ball game. 
Martin Marietta Aerospace Group. Headquarters: Friendship International Airport, Maryland. 

MARTIN MARIETTA 
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"In addition to on-the-job training, 
IBM off�s supplementary education. This is 

a class I taught in basic electronics." 

He helped a new plant employ the unemployed. 
Turn an old warehouse into a plant and man it with untrained 
workers? Bill Collins helped prove it could be done. His story 
is another example of how IBM, its people or products often 
play a part in tackling today's problems. "-
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Bill Collins, Employment and Placement Manager, seen through the wires of a computer cable made in IBM's Brooklyn. plant. 

"Some people thought this part of Brooklyn, Bedford
Stuyvesant, was just about finished a few years ago. It 
wasn't. A lot of people wouldn't let it die." 

The speaker is IBM's Bill Collins, who transferred 
here to be a part of his old neighborhood's rebuilding 
efforts. 

"About three years ago, a number of local people 
joined with a group of concerned businessmen and civ
ic leaders to form the Bedford-Stuyvesant Restoration 
Corporation. One of the first things they did was in
vite IBM, and other companies, to look at the area's 
potential. 

"In April 1968, IBM leased and renovated an old 
warehouse. Ninety days later, the new plant was in 

operation. Now there are over 400 people here, produc
ing subassemblies for computers. Some 300 live right 
in this area. 

"The idea was to create jobs and income for this 
community. The great majority of the people we've 
hired were unemployed at the time. We had to help 
most of them develop new skills on the job. 

"We started out making computer cable. After 
about six months, they asked us to produce computer 
power units, too. 

"What's more, some seventy people have already 
been upgraded in their jobs. 

IBM "And all of us here feel pretty 
good about it." Ii!> 
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Outstanding 
First-Year 
College Texts 

BIOLOGY: ITS PRINCIPLES 
AND IMPLICATIONS 
Garrett Hardin, 

University of California, Santa Barbara 

"Hardin's widely known text, through this sec

ond edition, continues its reputation as one of 

the most interestingly written and lucid exposes 

of modern biology ... " -Science Books, A 

Quarterly Review, September 1966 
"The author again displays his splendid gift for 

producing a text which has literary merit and 

interest for the reader .... Would that all text 

authors had this one's skill in writing." 

-American Biology Teacher, September 1967 
Second Edition, 1966,771 pages, 

375 illustrations, illustrated in two colors, $10.00 

Just published 
CHEMICAL SYSTEMS 
Energetics, Dynamics, Structure 
J. Arthur Campbell, Harvey Mudd College 

Written by a former director of one of the most 

influential high school chemistry curriculum proj

ects, C H E M  Study, this college textbook in gen

eral chemistry is designed for students of varying 

preparation who have a strong interest in science, 

and it is specifically intended for those who plan 

to major in science or engineering. It provides a 

thorough introduction to general chemistry to

gether with enough physical chemistry to serve as 

background for all further undergraduate science 

courses these students may take. 

1970, 1050 pages, 452 illustrations, $12.50 

Just published 
GENERAL CHEMISTRY 

Linus Pauling, Stanford University 

Extensively revised and updated, this is the third 

edition of the textbook that-when first pub

lished-revolutionized the teaching of chemistry 

by presenting it as a subject to be understood in 

terms of unifying principles instead of as a body 

of unrelated facts. General Chemistry prov ides a 

sound and logical development of the theories of 

greatest importance in modern chemistry-along 

with enough descriptive chemistry to introduce 

the student to the multitude of chemical sub

stances and their properties. 

1970,959 pages, 272 illustrations, $12.50 

PRINCIPLES OF GEOLOGY 
James Gilluly, 

formerly of the U. S. Geological Survey, 

Aaron C. Waters, 

University of California, Santa Cruz, 

and A. O. Woodford, Pomona College 

" Our decision to adopt this text was made after a 

thorough examination of all the available intro

ductory geology texts. There is no question that 

it is head and shou Iders above all the rest." 

-Alexander R. McBirney, University of Oregon 

"It is undoubtedly the finest textbook on geol

ogy ever printed, one of which the authors and 

the publishers can be justly proud." 

-So W. Lohman, U. S. Geological Survey 

Third Edition, 1968,687 pages, 520 illustrations, 

illustrated in two colors, $10.25 

GEOLOGY ILLUSTRATED 

John S. Shelton, formerly at Pomona College 

Drawings by Hal Shelton 

'The proud title of this eye-filling book is justi

fied. Four hundred photographs, mostly stunning 

aerial views taken by the author himself in the 

West, with accompanying drawings by his cartog

rapher brother, present the basis of physical geog

raphy in the field ... A triumph of direct observa

tion and clear thought ... An outstanding book 

for self-study or for a college text." 

-Scientific American, December 1966 
1966,434 pages, 382 illustrations, $10.50 
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PLANT SCIENCE 
An Introduction to World Crops 

Jules Janick, Purdue University, 

Robert W. Schery, The Lawn Institute, 

Frank W. Woods, Duke University, and 

Vernon W. Ruttan, University of Minnesota 

"There have been a number of textbooks in eco

nomic botany and very close allied fields during 

the past several years. Th is book is one of the 

best, one of the most inclusive, one of the most 

novel approaches ... It is thorough and well bal

anced-including everything from history to 

botany and phytochemistry to simple eco

nomics." -Richard Evans Schultes, Botanical 

Museum of Harvard University 

1969, 629 pages, 288 illustrations, 

53 tables, $12.00 

INTRODUCTION TO 
LIVESTOCK PRODUCTION 
Including Dairy and Poultry 

Edited by H. H. Cole, 

University of California, Davis 

"A very comprehensive and thorough view of ani

mal agriculture .... Of all introductory texts in 

the field, it is in a class by itself in presenting a 

wealth of basic information with a minimum of 

data that will quickly become out of date." 

-Bios, December 1966 
Second Edition, 1966,827 pages, 

292 illustrations, 120 tables, $10.00 

MATHEMATICS: 
THE MAN-MADE UNIVERSE 
An I ntroduction to the 

Spirit of Mathematics 

Sherman K. Stein, University of California, Davis 

"Professor Stein's book remains remarkable in its 

second edition, first for the collection of topics 

that it treats, second for its attempt to cultivate 

the reader's mathematical intuition, and finally 

for its uncompromising development of mathe

matical ideas and procedure in full abstraction 

and elegance ... I ts content is calcu lated to impel 

the imaginative, art-minded student toward math

ematics and its intent is carried out with skill." 

-American Mathematical Monthly, March 1970 
"Widely praised and often used ..... The first 

edition was very good; the second edition is even 

better." -Science Books, A Quarterly Review, 

December 1969 
Second Edition, 1969,415 pages, 

280 illustrations, $8.50 

THE NEW COLLEGE PHYSICS 
A Spiral Approach 
Albert V. Baez 

"A very creditable new approach to the matter of 

presenting a year course in general physics that is 

both introductory and terminal has been em

bodied in this text for liberal arts and education 

students. The major innovations are in the order 

subjects are presented, and in the well-considered 

mode of presentation .... A valuable addition to 

the literature of general physics texts." -Science 

Books, A Quarterly Review, September 1967 
1967, 739 pages, 743 illustrations, 

illustrated in two colors, $12.25 

From your bookseller or from Dept. A, 

W_ H. FREEMAN AND COMPANY 
660 Market Street, San Francisco,. California 94104 
Warner House, Folkestone, Kent, England 
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MUSCLE FIBER of a giant barnacle was prepared for experiments 

at the University of Oregon by Christopher C. Ashley and Ellis B. 
Ridgway. The fiber is the pale blue strand mounted in the center 

of the chamber. It is bathed in a liquid medium that keeps it func· 

tional. The fiber has been injected with aequorin, a protein ob· 

tained from a specie� of jellyfish; aequorin emits blue.green light 

in the presence of calcium ions. By electrical stimulation fiber can 

be made to function. Red material around chamber is sealing wax. 
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HOW IS MUSCLE TURNED ON AND OFF? 

\V ork with muscle fiber of a giant barnacle supports the hypothesis 

that a flo\v of calcium ions in response to a nerve signal gives rise 

to contraction, and that withdrawal of the ions results in relaxation 

T
wenty years ago the Royal Society 
of London organized an interna
tional meeting of physiologists in

terested in muscle, and one of the speak
ers was A. V. Hill, who in 1922 had 
shared the Nobel prize in medicine and 
physiology for his work on muscle . He 
cited a number of major unsolved prob
lems. Was the source of energy for mus
cle contraction adenosine triphosphate 
(ATP), as had recently been proposed? 
What kind of molecular machinery is 
operative in the shortening of muscle 
and the development of force by muscle? 
How is muscle contraction turned on so 
quickly? 

Progress in understanding these and 
other aspects of the physiology of stri
ated, or voluntary, muscle (as distinct 
from smooth, or involuntary, muscle) has 
been dramatic since that time . The ATP 
question was resolved affirmatively in 
the laboratory of R. E. Davies of the 
University of Pennsylvania in the early 
1960's. Plausible ideas regarding the op
eration of the ultimate molecular ma
chinery of muscle are now emerging. 
This article is concerned with the ques
tion of how muscle contraction is turned 
on and off. The techniques of biochem
istry, microscopy, biophysics, pharma
cology and comparative physiology have 
all been brought to bear on the problem, 
and each of them has made Significant 
contributions . Although many details re
main to be elucidated, the chief outlines 
of the relevant events have been firmly 
established. 

A typical voluntary muscle consists 
of a number of slender fibers. Each 

fiber is a long cell enclosed in a sheath 
called the sarcolemma. On close micro
scopic examination a fiber is seen to be 
made up of a large number of ribbon
like filaments, called myofibrils, that are 

by Graham Hoyle 

packed closely together in the cell. A se
ries of broad crosswise bands marks each 
fibril [see illustration on page 87]. The 
bands are alternately dark and light. The 
dark band is called the A band (for aniso
tropic). It is interrupted in its midsection 
by a narrow, less dense stripe called the 
H band. The light band, called the I 
band (for isotropic), is Similarly divided 
across its middle by a dark stripe called 
the Z line. 

On still closer examination the stripes 
of the fibril are seen to arise from an or
derly arrangement of thick and thin fila
ments within the fibril. In contraction 
the filaments in each sarcomere (the re
gion between two Z lines) slide past one 
another. Hence the fibril is the function
al unit of muscle action. 

Hill had shown in his work that even 
in a cold-blooded vertebrate (the frog) 
the transformation of muscle from a state 
of rest to a state of full activity takes no 
more than a few thousandths of a sec
ond. How this transfOlmation could take 
place so quickly was completely mysteri
ous. An agent of excitation could not 
pOSSibly diffuse into the muscle machin
ery in so short a time. 

The first step in the excitation of a 
striated muscle fiber is the arrival of a 
Signal along the nerve fiber that is con
nected to the muscle fiber at a junction 
called the end plate. In its resting state 
the outer membrane of the muscle fiber 
is electrically polarized, that is, its outer 
surface is positively charged with respect 
to the inner one. The nerve signal brings 
about the release of a substance that de
polarizes the muscle membrane by in
creasing its permeability to ions. This 
depolarization in turn excites an "action 
potential" that propagates along the 
muscle fiber. 

Two independent electric currents are 
set off in the fiber by the action poten-

tial. One is a weak longitudinal current. 
The Scandinavian physiologist Ove Sten
Knudsen sh6wed in 1954 that this cur
rent does not induce contraction. The 
other current is a transverse wave that 
moves inward along a system of invagi
nated tubules. The recognition of this 
system is a noteworthy episode in the 
development of muscle phYSiology. 

In 1955 Stanley Bennett at the Univer-
sity of Washington and Keith R. Por

ter at the Rockefeller Institute discov
ered by electron microscopy that striated 
muscle fibers are pelmeated by an order
ly network of internal membranes. Some 
of the membranes were extremely fine, 
but others were substantial enough to 
have been detectable with the ordinary 
light microscope. Looking through ear
lier publications for evidence that the 
network had been observed, Bennett 
found papers that severely embarrassed 
the reigning princes of muscle phYSiol
ogy. The internal membranes had been 
well known to histologists and muscle 
phYSiologists up to about the time of 
World War I. The phYSiologists, how
ever, had become suspicious of the evi
dence because of the possibility of arti
facts arising from fixation and staining. 
Theories of contraction arose that did 
not require such systems, so that the 
physiologists first ignored and then for
got the earlier evidence. As a result the 
entire succeeding generation of muscle 
physiologists was unaware of one of the 
most important structural elements in 
the tissue. 

The rediscovered system at last 
showed the existence of a physical path
way into muscle fibers. If the pathway 
could be shown to have a connection to 
the exterior of the fiber, plaUSible expla
nations of how an electrical signal moved 
inward could be advanced. Electron mi-
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RECORDING SYSTEM employed with the apparatus shown in the photograph on page 84 
has internal and external electrodes to stimulate the fiber so that it will contract. The release 

and withdrawal of calcium ions within the fiber following an electrical stimulus cause the 

aequorin in the fiber to emit light, which is then recorded by the photomultiplier at right. 

croscopists were able to prove about five 
years ago that there are indeed such 
exits to the outside of the fiber. 

The work also showed that there are 
two tubular systems rather than one. 
The main system-the sarcoplasmic re
ticulum-does not open to the exterior. A 
secondary system, consisting of flattened 
tubules, is invaginated from the exterior. 
This system makes intimate contacts 
with the sarcoplasmic reticulum at regu
larly arranged sites [see "The Sarcoplas
mic Reticulum," by Keith R. Porter and 
Clara Franzini-Armstrong; SCIENTIFIC 
AMERICAN, March, 1965]. The units of 
the secondary system are commonly 
called T (for transverse) tubules, al
though in some kinds of muscle the tu
bules also run spirally and longitudinally. 
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Experiments carried out in 1949 by 
Robert E. Taylor of the National Insti
tutes of Health and A. F. Huxley of Uni
versity College London (then working 
at the University of Cambridge) showed 
that there are sensitive spots, arranged 
at regular intervals along the length and 
around the circumference of each mus
cle fiber, where depolarizing pulses of 
current applied to the surface through a 
tiny pipette cause a local contraction. 
These spots might well correspond to the 
points of contact of the external and in
ternal tubular systems and be the points 
where the electrical signal could enter 
the interior. But what might the signal 
do next to initiate contraction? , 

A large number of substances had' 
been injected into muscle fibers in 1949 

by L. V. Heilbrunn and Floyd J. Wier
cinski at the University of Pennsylvania, 
and the only one that caused contraction 
under physiological conditions was the' 
calcium ion. Muscle fibers quickly cease 
to contract if they are deprived of cal
cium ions in the bathing medium. Al
though this inactivity might be caused 
indirectly, since calcium is highly im
portant for the integrity of membranes 
and membrane phenomena, the possi
bility that calcium is itself an agent in 
initiating contraction soon became fa
vored. 

When adequate methods of fraction
ating cells became available, it was pos
sible to isolate the sarcoplasmiC reticu
lum of muscle fiber as a set of fragments 
called microsomes. They turned out to 
have an extremely strong affinity for cal
cium ions. When microsomes were add
ed to muscle fibers in a contracted state, 
the fibers relaxed. 

These findings led to the firm estab
lishment of a calcium theory by Alex
ander Sandow, Wilhelm Hasselbach, 
Annemarie Weber, Abraham M. Shanes 
and others. The theory holds that con
traction is initiated by calcium ions re
leased from a binding site within the 
muscle by the action of electrical excita
tion, and that relaxation is the result of 
the subsequent uptake of this released 
calcium by the sarcoplasmic reticulum. 
The calcium is considered to activate the 
contractile machinery. These ideas, es
sentially Heilbrunn's, had been around 
for a long time; they were first formal
ized by Sandow in 1952, but they did 
not acquire weight until the work with 
the elech'on microscope in the early 
1960's and the rediscovery of the in
vaginated tubular system. 

� this stage it began to seem particu-
larly desirable to find muscle fibers 

large enough so that investigators could 
both inject substances and record the re
sults in order to test the theory. Muscle 
fibers of both cold-blooded and warm
blooded vertebrates have a diameter of 
100 microns at most. Crab muscle fibers 
are much larger. The strands into which 
the leg muscles of a crab fall apart after 
cooking are single muscle fibers; in the 
Alaska king crab these fibers are as much 
as three millimeters in diameter. Peter 
Caldwell of the University of Bristol was 
the first to take advantage of such giant 
fibers, using leg muscle fibers of the 
spider crab Maia squinaclo to measure 
internal changes in the concentration of 
hydrogen ions (pH). These fibers are un
fortunately quite fragile and have not 
proved suitable for combined studies in 
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which the development of contractile 
force is also measured. 

A previously unsuspected source of 
tougher giant fibers came to my atten
tion in 1959 when I visited the Univer
sity of Washington's marine laboratory 
near Friday Harbor in Puget Sound. At 
a dinner party given by Joseph H. Con
nell of the University of California at 
Santa Barbara the hors d'oeuvres had 
the appearance of miniature volcanoes, 
although the "lava" was merely tomato 
ketchup. These objects, some five inches 
high, were giant barnacles. Each one 
contained six delicious chunks of meat 
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that were about the length and thickness 
of a finger. Each chunk comprised some 
50 strands, several of which were two 
millimeters or more thick. 

Close inspection of the living muscle 
by Tom Smyth, Jr., of Pennsylvania 
State University and me revealed that 
each strand is a single muscle fiber. 
There is very little connective tissue, so 
that the fibers are easily separated. The 
task of preparing them for experiments 
is further aided by the fact that each 
fiber is a ttached to a tough, inelastic 
tendon about eight millimeters long, 
which is useful as a point of attachment 

when one wants to test the fiber me
chanically. 

Charles Darwin had named the bar
nacle in a monograph published in 1854; 
as published, the name was Balanus nu
bilus. In the Smithsonian Institution's 
collection and in certain textbooks it 
is labeled B. nubilis. Nubilus means 
cloudy, which seems inappropriate, and 
nubilis means marriageable, which is 
even less appropriate for a hermaphro
ditic animal. I venture to suggest that 
Darwin intended to do justice to this 
magnificent invertebrate by naming it 
B. nobilis, and that the typesetter, work-

i;:;;;:;;;;;;-;;-:;--';-=-;--;-c:;;;-,-;-:;--- CLEFT 

I ����� ____ ��+.-__ GLYCOGEN 
COLUMN 

STRUCTURE OF MUSCLE FIBER consists of a number of fibrils, 

which in turn are made up of orderly arrays of thick and thin 

filaments of protein. A system of transverse tubules opens to the 

exterior of the fiber. The sarcoplasmic reticulum is a system of 

tubules that does not open to the exterior. The two systems, which 

are evidently involved in the flow of calcium ions, meet at a num· 

bel' of junctions called dyads or triads. Mitochondria convert food 

to energy. The sarcolemma is a membrane surrounding the fiber. 
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BARNACLE FIBER appears in cross section in this electron m i

crograph made by Patricia McNeill of the University of Oregon; 

enlargement is 11,200 diameters. Channel at bottom left is a major 

cleft; narrow channel below center, a minor cleft. Slender, dark 

channels that run into fiber from clefts are parts of the tubular sys
tem. At various points they make contact w ith the longitudinal sar

coplasmic reticulum, forming dyads; 17 are visible. Elliptical spots 

are mitochondria and the many small dark spots are the filaments. 

ing from Darwin's scrawled handwrit
ing, misread the name. 

The apparatus we use to inject sub
stances into a barnacle fiber and to re
cord the results is depicted in two ac
companying illustrations [pages 86 and 
90]. When a fiber thus prepared is ex
cited by a depolarizing current, it gives 
rise to only an abortive, nonpropagated 
action potential unless it has been spe
cially treated. In a nerve fiber the inflow 
of sodium ions aids the stimulus causing 
the depolarizing phase and the outflow 
of potassium ions restores the original 
potential; in the barnacle muscle fiber 
the outflow of potassium ions also re
stores the original poten tial but the de
polarizing phase is initiated by calcium 
ions. The inflow of calcium ions makes 
sense if they are to cause contraction. 
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How much calcium is required for 
muscle contraction? This measurement 
had been undertaken (with spider crab 
fibers) by Caldwell and his collaborators 
and was continued in our laboratory by 
Christopher C. Ashley, who used bar
nacle fibers. Ashley injected into the fi
ber the agent EGTA, which strongly 
binds calcium and so can be used to mop 
up free calcium or to serve, in company 
with an appropriate excess of calcium, 
as an effective buffer for the calcium ion. 

Wet-weight determination showed 
that the muscle fibers contain the equiv
alent of about 10·� mole of calcium per 
kilogram. Yet when a calcium-EGTA 
mixture with a free-calcium level of only 
10.8 mole per liter was injected, detect
able contraction ensued. The conclusion 
from this experiment is that most of the 

calcium normally in the cell must be 
tightly bound to cellular constituents 
and is not available to the contractile 
machinery. 

Increasing the amount of free calcium 
ion injected enhances contraction pro
portionately, reaching a maximum at 
about 5 X 10.6 mole per kilogram. Thus 
the internal release of calcium, or inter
nal release combined with the entry 
from outside of enough calcium to raise 
the level from less than 10.8 mole per 
liter to about 5 X 10.6 mole, will produce 
excitation equivalent to full normal ex
citation of the fiber. These results lend 
strong support to the calcium-release 
theory of muscle contraction. 

Assuming the fiber to be a uniform 
cylinder four centimeters long and two 
millimeters wide, which is a typical size 
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L ONGITUDINAL VIEW of a barnacle fiber, in an electron mi· 

crograph made by Mrs. McNeill at an enlargement of 11,200 diam· 

eters, shows fine striation of filaments. Broader and lighter areas 

<,ontain glycogen particles and elements of sarcoplasmic reticulum. 

Material in lower third is a protective sheath lying outside the 
excitable membrane. Left of center is a large dyad. Dark zigzag 

patterns at right and left are Z lines; distance between them is 

one sarcomere. The channels separating Z bands are minor clefts. 

for giant barnacle fibers, about 8 X 10-12 
mole of calcium would have to be 
released to complete contraction. The 
electric current required to translocate 
that amount of calcium is about 10-G 
coulomb. This is close to the amount 
required to give rise to a brief full con
traction. Susumu Hagiwara of the Uni
versity of California at Los Angeles has 
calculated that about 6 X 10-12 mole of 
calcium enters for every square centi
meter of perimeter during a single 
twitch if the membrane gives an all-or
none action potential. The area of the 
perimeter of the fiber we are considering 
is 2.5 square centimeters, so that about 
15 X 10-12 mole of calcium ions enter. 
This amount is sufficient by itself to al
low for the tension developed by the 
muscle fiber. 

Several factors, however, argue 
against the likelihood that calcium en
tering from the outside is the only cal
cium that combines with the contractile 
machinery. Most of the entering calcium 
comes from the clefts of the fibers, and 
the entire amount of calcium in the 
clefts is barely sufficient in principle for 
a single contraction. The barnacle fiber 
does not usually evince an all-or-none 
action potential, and the amount of en
tering calcium is therefore only a frac
tion of the requirement fQr producing 
the ensuing contraction. 

Moreover, not all the calcium that 
does enter can make its way to the con
tractile elements, since the sarcoplasmic 
reticulum (and possibly other binding 
elements) will remove it before it gets to 
them. Hence entering calcium will need 

to be supplemented, or even completely 
supplanted, by the internal release of 
calcium. I shall return to this question, 
but first it is desirable to consider some 
new direct evidence supporting the cal
cium theory. 

� about the time Ashley was doing his 
work in 1966, Frans F. Jobsis and 

Michael O'Connor of Duke University 
published a preliminary report of ex
periments on toad muscles that lent con
siderable weight to the notion that re
lease of internally bound calcium causes 
contraction. Jobsis and O'Connor were 
able, with the aid of the agent dimethyl 
sulfoxide, which renders membranes 
highly permeable, to make at least some 
of the muscles take up significant quanti
ties of Tyrian purple, the regal dye of 
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INJECTION OF AEQUORIN and other substances into muscle fiber is done in the author's 
laboratory at the University of Oregon with an apparatus that makes it possible by turning 

the upper knob (1) to insert in the fiber a capillary containing the material to be injected. 
With the lower knob the capillary is then raised (2) while the upper section is held in 

place. As capillary is withdrawn its contents are injected and diffuse through the fiber (3). 

OSCILLOSCO PE TRACES show changes in membrane potential (top), output of light 

from injected aequorin (middle) and tension (bottom) of a fiber after an electrical stimulus. 
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the Roman emperors. This dye, which 
is obtained from the shellfish Murex, 
changes color in the presence of calcium 
ions. 

By means of a difficult spectrophoto
metric comparison on a fast time scale, 
Jobsis and his associate found that the 
incorporated dye changed color very 
quickly following excitation of a fiber 
and then reversed almost at once, even 
before the tension had reached its peak. 
The group working in my laboratory at 
the University of Oregon was intrigued 
by these results, and we wanted to re
peat them with barnacle fibers. It was 
easy to get murexide into the fibers, but 
other pl:oblems arose, and it became ap
parent that some other calcium indicator 
would be desirable. In searching for one 
Ashley and Ellis B. Ridgway hit on an 
extraordinary idea. 

In 1962 Frank H. Johnson and Osamu 
Shimomura of Princeton University had 
completed preliminary studies on the 
nature of the luminescence produced by 
the jellyfish Aequorea aequorea. They 
had found that the luminescence results 
from the interaction of seawater and a 
protein secreted by the jellyfish when it 
is disturbed. The protein, which they 
named aequorin, emits a beautiful blu
ish light, and the agent that causes it to 
do so is the calcium ion. The reaction is 
quite speCific and extremely sensitive: 
light is emitted at a calcium concentra
tion as low as 10-8 mole per kilogram. It 
is produced over a range of calcium con
centration similar to the amounts of cal
cium thought to be freed in a muscle 
fiber following excitation. Ashley and 
Ridgway proposed injecting aequorin 
into the barnacle fiber to test the calci
um-release hypotheSiS. If released cal
cium is the initiator of contraction, it 
might react just as readily with aequorin 
as with muscle protein. Therefore a 
fiber injected with aequorin should emit 
light following electrical stimulation. 

The jellyfish are available at the Fri
day Harbor Laboratories, where we col
lect the giant barnacles, and obtaining 
aequorin presents no special problems 
beyond the fact that the tissue contain
ing the photic organs must be removed 
from several thousand specimens to pro
vide enough pure protein for injection 
experiments. The first samples were test
ed in December, 1966, but no light was 
detected by our photomultiplier tube. 
Ashley and Ridgway stuck with it and 
eventmilly produced a much purer sam
ple of aequorin . \iVhen this aequorin was 
injected (in August, 1967) and the fiber 
was stimulated, light emission was de
tected. This result provided clear proof 
of a rise in the level of free calcium with-
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ROLE OF CALCIUM in muscle action is depicted as it is indicated 
in experiments by Saul Winegrad of the University of Pennsylvania 

using radioactive calcium. A fiber at rest (1) is electrically polar. 
ized, with the outside positive with respect to the inside, and the 

calcium (color) is stored in sacs of the sarcoplasmic reticulum. 
Tubules of the transverse tubular system are shown near each sac. 

On excitation (2) the polarization is reversed; the calcium leaves 

the sacs and activates the filaments constituting the basic contrac· 

tile machinery. The filaments, which are shown below the dia· 

grammatic fibers, slide past one another. In relaxation (3) the fi· 

ber's original polarization is restored, and the calcium is picked up 
by the sarcoplasmic reticulum and rcturned to the storage sacs. 

in the muscle fiber following stimulation. 
The course of light output over a period 
of time closely resembled the curve rep
resenting the change of color of murex
ide observed in Jobsis' laboratory. 

The emission of light rises rapidly to 
a peak intensity and then falls almost 
immediately after the electrical stimulus 
has been switched off. J\'[eanwhile ten
sion in the muscle fiber has reached its 
maximum. If the calcium had remained 
free within the fiber, light would have 
continued to be emitted. That there was 
plenty of aequorin left in the free space 
within the fiber was shown by the fact 
that many repetitions of the light pulse 

could be obtained following only a sin
gle injection. 

The rapid waning of light as fiber ten
sion rises means that the released calci
um is taken up during contraction by 
elements that must bind it more tightly 
than aequorin does. On the other hand, 
there is no output of light during relaxa
tion, which means that the calcium is 
transferred back to the binding el�ments 
a little at a time and does not rise to a 
high concentration until the next excita
tion. It is to be expected that the con
tractile machinery itself will momen
tarily take up a major fraction of the 
calcium, inasmuch as calcium is taken 
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up strongly by these proteins before they 
go into the contracted state. The recent
ly discovered protein troponin, which is 
associated with the thin filaments, seems 
to play a major role in calcium-binding. 

It is already apparent that calcium 
acts indirectly by removing a continuing 
suppression of contraction that is present 
in the relaxed state. At rest, when the 
concentration of free calcium is below 
10-S mole, the molecules of troponin in
hibit interaction between myosin mole
cules of the thick filaments and actin 
molecules of the thin ones. When cal
cium is released and its concentration 
rises, it combines with the troponin. This 
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EFFECT OF ELASTICITY on muscle action is portrayed schemat· 

ically. A muscle fiber (1) contains elastic elements in series and 
parallel to the contractile elements, and there are also viscous 

damping factors. When the fiber is stimulated (2), the contractile 

elements must first stretch the elastic elements. Their influence 

and the damping effect of the viscous elements are so large that the 
externally measured peak tension in a contraction is considerably 
less than the force actually developed in the fiber. If at the time 

of stimulation the fiber is given a stretch that pulls out the elastic 

elements (3), the fiber's full contractile force can be measured. 
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FIBER TENSION is charted (a) for a whole fiber during a twitch and a tetanus and (b) for 

a twitch by the contractile elements after a quick stretch of the elastic elements. At c the 

active state, which is the full force thus registered, is compared with a twitch. The time 

ranges from .005 second for rat toe muscle to .05 second for a giant barnacle fiber. 

releases the restraint that troponin 
places on the interaction of actin and 
myosin, and the contractile mechanism 
then goes into operation. Removal of the 
calcium during relaxation reverses the 
process. InfOlmation on the importance 
of troponin has been derived largely 
from the work of Setsuro Ebashi of the 
University of Tokyo. The way calcium is 
given up after contraction and recap
tured by the sarcoplasmic reticulum re
mains to be resolved. 

Returning now to the earlier stages in 
the coupling of nerve Signal with 

contraction, we must consider two ques
tions. vVhat is the source of the internal 
calcium that supplements the external 
calcium entering the fiber during excita-
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tion? What causes the internal calcium 
to be released? 

The possible sources include the 
membranes of the fiber surface, the 
clefts, the invaginated tubules, the sar
coplasmic reticulum and the mitochon
dria, as well as the lumen of the sarco
plasmic reticulum. At the outer margins 
of the sarcoplasmic reticulum in each 
sarcomere the reticulum terminates in 
non perforated sacs. The sacs adjoin the 
invaginated tubular system and are also 
the regions where calcium deposits ap
pear after a fiber has been treated with 
agents that precipitate calcium. Hence 
the sacs may well be the major source 
of supplementary internal calcium, al
though all possible sources may make a 
contribution. 

For vertebrate fibers confirmation of 
the calcium theory has been obtained in 
painstaking experiments by Saul Wine
grad of the University of Pennsylvania. 
He has shown by the use of radioactive 
calcium that the ion is concentrated in 
the outer regions of a sarcomere-the I 
band-when the fiber is at rest but that 
during tension the ion becomes concen
b'ated in the central region, namely the 
A band. During relaxation the ion moves 
back toward the outer region again. The 
outer regions are the sites of the sacs of 
the sarcoplasmic reticulum. Wine grad's 
work therefore reinforces the hypothesis 
that the sacs are the storage place for 
internal calcium. 

As for the question of what causes the 
release of internal calcium, there is no 
doubt that the initial stimulus to con
traction is an outside negative depolariz
ing charge applied at the membrane and 
conducted down the invaginated tu
bular system. Hugo Gonzalez-Serratos, 
working at University College London, 
determined that the rate of inward con
duction along the tubules of a frog fiber 
is about eight centimeters per second. 
Ions pass down the tubules and across 
the junction between the tubules and the 
reticulum. The most important ion ap
pears to be the ubiquitous calcium ion. 
Bernhard Katz and Ricardo Miledi of 
University College London have recent
ly shown that the movement of calcium 
ions from the external medium into 
nerve terminals is instrumental in initiat
ing the release of the chemical substance 
that transmits the nerve impulse. There 
may be a parallel in muscle. 

The final act-the process of relaxa
tion-is dependent first on the return of 
the charge on the surface membrane to 
its original value, although relaxation 
will eventually ensue even if the mem
brane polarization is maintained. In nor
mal activation the excitatory depolariza
tion is followed immediately by a rapid 
repolarization. Since the stimulus to the 
release of calcium is so quickly turned 
off, there is an equally rapid termination 
of calcium release. 

This is surely the gross mechanism of 
relaxation, but there is evidently more 
to it. It had been thought possible that 
relaxation simply reflects the diminish
ing amount of free calcium as calcium 
is rebound to the reticulum, but it is now 
known from the transient light output of 
fibers injected with aequorin and then 
stimulated that the free calcium has al
ready fallen to a low level by the time 
contraction, recorded externally, has 
reached its peak. 

The problem is that what one records 
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externally from a whole fiber is only a 
distorted reflection of the true rise and 
fall of tension in the con tractile ele
ments, which are affected by internal 
conditions such as elasticity and viscosi
ty. vVhen the contractile machinery goes 
into operation, it must stretch elastic 
elements (in series and parallel with 
itself) that are in the muscle and the 
tendons. Moreover, both the contractile 
machinery and the elastic elements are 
subject to damping by internal viscosity. 

The influence of these factors is so 
large that the externally measured peak 
force in a muscle twitch is much less 
than the force actually developed by the 
contractile machinery. In a barnacle fiber 
the ratio is about one to five. An even 
greater distortion is encountered when 
one measures externally the time course 
of a twitch. Both rise and decay times 
are much prolonged in the whole fiber 
compared with the contractile elements. 

The effects of viscoelasticity on inter
nally developed tension at a given mo
ment during its rise can be counteracted 
by the experimental trick of giving the 
muscle fiber a short, quick stretch just 
greater than the effective excursion of 
the elastic elements. The stretch pulls 
out those elements, thus relieving the 
contractile element of this activity, and 
so the full force of the contractile ele
ment can be registered. This force is 
called the active state. 

The onset, rise time and duration of 
maximum intensity of the active state 
are determined with the aid of the quick 
stretch, but the decline of the active state 
is determined by a different method that 
was devised by Douglas Wilkie of Uni
versity College London. The fiber is 
stimulated but not allowed to shorten 
until after its full active state has been 
developed. It is then released suddenly 
to a slightly shorter length and the re
development of tension is observed. The 
tension rises more rapidly than in a nor
mal twitch because the elastic elements 
are already largely stretched out, but less 
force is developed because the active 
state is now declining. By conducting 
a series of such releases and plotting a 
curve of the peak tensions against time 
one obtains a curve reflecting the decay 
of the active state. 

.N1 entire curve obtained by these pro-
cedures gives the true time course 

of the development and decay of the 
contractile machinery's response to the 
rise and fall of free calcium. The active 
state rises rapidly following the onset of 
depolarization; the rate of rise is about 
five times as fast in the leg muscle of a 

frog as it is in a giant fiber from a barna
cle. In the frog it reaches a plateau in 
response to a single action potential with 
a depolarizing duration of only .00 1 sec
ond. In the barnacle fiber brief depolari
zations must be repeated many times or 
a single depolarization must be contin
ued for about . 1  second before a plateau 
is reached. Even then a plateau has not 
been reached in the curve reflecting the 
output of light by a fiber injected with 
aequorin. This means that the fiber is 
capable of releasing still more calcium 
in response to continued stimulation. 

What the active-state plateau signifies 
in those fibers where it appears is that 
the contractile machinery has become 
saturated with calcium and is operating 
at peak capacity. These fibers may be 
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presumed to operate with a comfortable 
margin of safety, the amount of calcium 
released in excitation being larger than 
the amount needed to achieve full ac
tivation. The end point of the active
state plateau should follow by a few 
thousandths of a second the drop in the 
output of light (indicating a drop in the 
concentration of free calcium) to below 
the saturation level. vVhen allowance is 
made for the lag in the rise or fall of light 
intensity following a change in the con
centration of calcium, our experiments 
show good agreement with this expecta
tion. The experiments therefore provide 
strong support for the theory that con
traction is turned on by the release of 
calcium and turned off by its with
drawal. 

a 

b 

.-

c 

> 
TIME 

FACTORS IN CONTRACTION resulting from a stimulus include changes in the mem

brane potential (a) and in the concentration of free calcium (b). At bottom (c) are curves 

comparing the active state (color), which is the true force developed by the contractile ele

ments, with the isometric force (black) recorded externally for the entire muscle fiber. 
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HYPERACTIVE CHILDREN 

Certain children are n10re than usually restless, noisy, 

destructive and distractible. Their behavior appears to 

be a distinct disease syndrome that may well be innate 

P
arents and teachers have long been 
aware of a youthful syndrome that 
is succinctly described in a short 

story in verse for children written a cen
tury ago (and here translated) by a Ger
man physician, Heinrich Hoffmann: 

Fidgety Phil, 
He won't sit still; 
He wriggles, 
And giggles . . .  

at the dinner table, and when his father 
admonishes him, it only results in 

The naughty restless child 
Growing stillmore rude and wild. 

Fidgeting in itself is hardly an un
usual or alarming behavior in children, 
but it is a matter for concern when it is 
accompanied by a cluster of other symp
toms that characterize what is known 
as the "hyperactive-child syndrome." 
Typically a child with this syndrome is 
continually in motion, cannot concen
trate for more than a moment, acts and 
speaks on impulse, is impatient and eas
ily upset. At home he is constantly in 
trouble because of his restlessness, nois
iness and disobedience. In school he 
is readily distracted, rarely finishes his 
work, tends to clown and talk out of turn 
in class and becomes labeled a diScipline 
problem. 

Clinicians developed an active inter
est in the syndrome during the 1918 

epidemic of encephalitis in the U.S. 
Among the children who were stricken 
and recovered from the acute phase of 
the attack, many later showed a cata
strophic change in personality: they be
came hyperactive, distractible, irritable, 
unruly, destructive and antisocial. It 
then began to be noted that the same 
cluster of behavior problems commonly 
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occurred in children who had suffered 
brain damage from other causes, pm·ticu
larly from head injury or oxygen lack 
during or shortly after delivery. Hyper
activity therefore came to be called the 
"brain damage" syndrome. It has been 
found, however, that most children diag
nosed as hyperactive do not have a his
tory suggesting brain injury. An early 
history, for instance, of prenatal or birth 
complications that might have caused 
brain damage is no more common 
among hyperactive children than among 
normal children. Some clinicians still 
hold to the brain-damage theory, noting 
that many hyperactive children show 
suggestive signs such as clumsiness, 
squinting and speech difficulties, but 
these symptoms might well arise from 
functional disorders of the brain rather 
than from structural damage. 

The hyperactivity syndrome is not 
confined to children. Many adults exhib
it the same cluster of symptoms. In adult 
life, however, certain of the basic char
acteristics-high energy, aggressiveness, 
lack of inhibitions-may be helpful in 
one's work, whereas in childhood, when 
one is required to sit still at a desk and 
concentrate on studies for long periods, 
the restlessness associated with the syn
drome may be a great handicap and give 
rise to severe problems. 

Many years ago Charles Bradley of 
the Emma Pendleton Bradley Home 
made the paradoxical discovery that 
stimulating drugs, such as amphetamine 
(benzedrine), tend to calm hyperactive 
children and improve their behavior. 
The drug enables such children to sit 
still, concentrate and get their work 
done. On the other hand, barbiturate 
sedatives, it has been found, tend to in

crease the restlessness of a hyperactive . 
child. 

My own interest in the syndrome de-

veloped from a more general interest 
in the chemical basis of psychiatric dis
orders. In the psychiatry clinic of the 
St. Louis Children's Hospital we had 
seen many hyperactive patients, and we 
estimated that about 4 percent of subur
ban grade school children were afflicted 
with this disorder. The syndrome sug
gested intriguing questions in basic bi
ology. Is the hyperactive temperament 
hereditary? Does it have a basis in dis
ordered metabolism? How early does it 
show itself in a child? Do children out
grow the troublesome behavior or do the 
problems persist through adolescence 
and into adulthood? As an approach to 
clarification of these questions I decided 
to study the natural history of the syn
drome in children. With the help of as
sociates at the vVashington University 
School of Medicine and with support 
from the National Institute of Mental 
Health we undertook a program of in
vestigations. 

Our first project was to establish a sys-
tematic description of the nature and 

incidence of the symptoms as a base for 
follow-up studies of patients. For this 
purpose we selected a sample of hyper
active children and compared them with 
a control group of normal children. The 
patients were 37 schoolchildren (32 boys 
and five girls) aged five through 11 who 
were being treated in the psychiatry 
clinic of Children's Hospital; all showed 
pronounced symptoms of overactivity 
and inability to maintain concentration 
but had no chronic disease or special 
sensory defect. The controls were first
grade children who generally matched 
the patient group except for their young
er average age. This age difference could 
be disregarded in comparing the two 
groups for symptoms of hyperactivity, 
because the hyperactive children had 
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developed most of their symptoms be
fore they entered the first grade. 

Using a questionnaire that covered 
the child's present and past symptoms, 
his medical and developmental history, 
his school record and the family history, 
we interviewed the mother of each child 
in the patient group and the control 
group. The interview took between one 
hour and two hours, and as far as pos
sible the replies to the questions were 
recorded verbatim. The answer for each 
symptom was later scored positive or 
negative according to predetermined 
criteria. For example, the answer to the 
question "Has he worn out fur;liture 
and toys?" was scored positive if the 
child had worn out a new bicycle in 
less than a year or if he had used his 
baby crib so badly that it could not be 
handed on to the next child. On ques
tions that did not provide such objective 
criteria we looked for other forms of COll
finnatory evidence. For instance, to the 
question "Does he rock, jiggle, fidget?" 
the answer was scored positive only if 
the mother thought the child's behavior 
in these respects was very different from 
that of her other children and if other 
observers had remarked on the behavior. 
In most cases a symptom was scored 
positive only if the behavior had persist
ed over a period of years. 

The results showed that the hyperac-
tive patients were strikingly different 

from the controls. The differences were 
most marked on symptoms that have 
been accepted as particularly character
istic of the syndrome [see illustration on 
next page]. For example, 81 percent of 
the patients were described as unable to 
sit still at meals, as against only 8 per
cent of the controls; 84 percent of the 
patients were said by their mothers to 
be unable to finish projects, whereas 
among the controls none was found to 
be lacking in this ability. Substantial per-

"THE STORY OF FIDGETY PHILIPP" is 

one of the cautionary tales in Strltwwelpeter 
(Shock·headed Peter), a children's book in 

verse written a century ago by Heinrich 

Hoffmann. The tale of a "hyperactive" child 

named Philipp is told in three drawings and 

36 lines of doggerel. In the first picture (top 
at right) Philipp begins rocking back and 

forth on his chair after his father asks "I 

wonder if Philipp is able to sit still today at 

the table?" In the second picture Philipp 

loses his balance and grabs frantically at the 

tablecloth. In the third picture Philipp has 

crashed to the floor, where he lies covered 

by the tablecloth, food and broken dishes. 
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OVERACTIVE ••••••••••••••••• 100 centages of the children in the control 
'--____ ..... 133 group were reported to be overactive, 

DOESN'T FINISH PROJECTS 1.0 •••••••••••• 84 fidgety, overtalkative or given to teasing, 
but even in these necessarily subjective, 
answers the control children had a much 
lower positive score as a group than the 
patients did. All in all the catalogue of 
symptoms indicated clearly that the pa
tients were distinctly different in tem
perament from normal children . 

FIDGETS 

CAN'T SIT STILL AT MEALS 

DOESN'T STAY WITH GA MES 

WEARS OUT TOYS. FURNITURE, ETC. 

TALKS TOO MUCH 

DOESN T FOLLOW DIRECTIONS 

CLUMSY 

FIGHTS WITH OTHER CHILDREN 

UNPREOICT A BLE 

TEASES 

DOESNT RESPOND TO DISCIPLINE 

GETS INTO THINGS 

SPEECH PROBLEM 

TEMPER T.L\NmUMS 

DOESNT LISTEN 10 WHOLE STORY 

DEFIANT 

HARD TO GET TO GEO 

IRRITABLE 

RECKLESS 

UNrOrULAR WITH PEERS 

IMPATIENT 

LIES 

ACCIDENT PRONE 

ENURETIC 

DESTRUCTIVE 
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Along with their fidgetiness and in
ability to concentrate the hyperactive 
children showed many forms of antiso
cial behavior. They were given to fight
ing with other children, irritability, de
fiance, lying and destructiveness, and 
nearly half were said to be unpopular 
with other children. About one in four 
of the patients had been caught stealing 
(usually money from members of their 
family), and about one in 10 had been 
guilty of vandalism, setting fires, cruel
ty to animals and truancy. Consulting 
their teachers, we found that half of 
the patients had had to be disciplined in 
school, more than a third had had to 
repeat grades and the same propor
tion had histories of repeated fighting in 
school. 

The hyperactive children's troubles 
had generally started at a very early 

age. About half of the mothers had be
gun to notice that their child was un
usual before he was two years old. We 
found no indication that the behavior
al disorder was significantly related to 
complications in the mother's pregnancy 
or delivery, to a family history of mental 
disease or to absence of the child's par
ents from home; there was no statistical 
difference between the patients' family 
backgrounds and the control children's 
in these respects. The patients did tend, 
however, to have a history of feeding 
problems, disturbed sleep and generally 
poor health in the first year of life, and 
many had been handicapped by delayed 
developmen t of speech and poor coor-

COMMON SYMPTOMS of hyperactivity 

were scored (at left) in a study that com

pared 37 young patients (32 boys and five 

girls) from the psychiatric clinic of the St. 

Louis Children's Hospital with a control 

group of children attending first grade in 

two suburban schools. The symptoms were 

scored by interviewing the mothers of the 

two groups. The black bars indicate the 

percentage of young patients with each 

symptom; the gray bars show percentages 

for the control group. There are obviously 

many more "fidgety Philipps" among the 

37 patients than among the non patients. 
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dination. All of this suggested the possi
bility of inborn difficulties. 

We followed up this study of young 
children with a similar survey of teen
agel's who had previously been seen in 
our clinic for the same disorder. This 
sample consisted of 45 youngsters (41 
boys and four girls) between the ages 
of 12 and 16. On the average they had 
Rrst come to the clinic about Rve years 
previously, and all had deRnitely been 
diagnosed at that time as hyperactive 
on the basis of several symptoms. For 
the follow-up study we used a ques
tionnaire for interviewing the mothers 
that was much like the one we had em
ployed in the survey of the sample of 
younger children. In this case we added 
interviews with the teen-agel's them
selves, asking them about their symp
toms, their general behavior at home 
and in school, their attitudes toward 
school and their self-evaluation. 

Our interviews with the mothers indi
cated that these children had not 

changed much since we Rrst saw them. 
Of the 45 teen-agel's 14 had deteriorated 
or at least not improved in behavior, 26 
had improved somewhat and only Rve 
were said to be more or less free of their 
original symptoms. Most of the young
sters were still notably restless, unable to 
concentrate or Rnish jobs, over talkative 
and poor in school performance. A large 
majority were described by their moth
ers as being low in self-esteem and tend
ing to feel picked on (questions that we 
had unfortunately neglected to include 
in the earlier study of young children). It 
turned out that the teen-agel's showed a 
distinct increase (over the younger sam
ple) in impatience, resistance to disci
pline, irritability and lying. Substantial 
proportions of them engaged in Rghting 
and stealing, and deviant behavior such 
as running away from home, going with 
a "bad crowd" and playing hooky; drink
ing was not uncommon. In our inter
views with the teen-agel's themselves, 
many said they found it hard to study 
and were not interested in school. A 
third of the mothers said their child was 
so hard to handle that they had seriously 
considered sending him away to a board
ing school or an institution. Four out of 
10 of the mothers could think of no ca
reer for which their child would be 
suited. 

These youngsters were clearly abnor
mal, but not seriously so in the usual psy
chiatric terms. Three of the 45 have a 
record of antisocial behavior so exten
sive that they might be called "socio
paths." The others are best described as 

individuals with personality problems. 
We have not yet compared these teen

agers with a control group. That their 
problems are not typical of teen-agel's' 
problems in general has already been in
dicated, however, by the results of a 
study by Jean W. Macfarlane and her as
sociates at the UniverSity of California 
at Berkeley. They found that in a large 
sample of normal teen-age boys from 
roughly the same socioeconomic back
ground as our group the frequency of 
overactivity was only 17 percent; of ir
ritability, 12 percent; of quarrelsome
ness, 4 percent; of lying, 8 percent; of 
stealing, zero. 

\Ve have found evidence of another 
kind that hyperactive children start 

life with a temperament that is distinctly 
abnormal. In clinical practice I have 
been impressed by the frequency with 
which hyperactive children turn out to 
have had a history of an accidental poi
soning early in life-usually before the 
age of three. This might be expected, 
because the medicine cabinet is a prime 
target for children's curiosity, and a hy
peractive child is more likely than a nor
mal one to get into such things as soon 
as he can toddle and climb. The ques
tion has considerable practical impor
tance; if active children do indeed run 
a higher than normal danger of ac
cidental poisoning, extra precautions 
to prevent access to drugs and toxins 
should be taken in such households. We 
decided to look into the facts concern
ing the extent of this hazard for hyper
active children. 

Two medical students at Washington 
University followed up 90 young chil
dren who had been treated at Chil
dren's Hospital for accidental poisoning 
six years earlier. They interviewed the 
mothers and teachers of the children 
with our standard questionnaire for 
eliciting symptoms of the hyperactivity 
syndrome. At the time of the interviews 
these children were eight or nine years 
old. It turned out that a third of the 58 

boys could be diagnosed as hyperactive, 
using fairly rigorous criteria, an inci
dence conSiderably higher than the 7 

percent Rgure we have found in a con
trol population of boys. We also sent 
questionnaires to the mothers of 80 hy
peractive children visiting our clinic 
and to the mothers of an equal number 
of normal second-grade children. Again 
the returns showed that 22 percent of 
the hyperactive children, as against only 
8 percent of the controls, had had an ac
cidental poisoning. 

This Rnding, it seems to me, strongly 

supports the thesis that the syndrome 
manifests itself at an early age and that 
hyperactive' children may be innately 
different from other children. It is con
sistent with the fact that 80 percent of 
the responding parents in our Rrst study 
of young children in the early grades 
and 60 percent of those in our study of 
teen-agers reported they knew their chil
dren were unusual before they reached 
school age. Alexander Thomas, Stella 
Chess and Herbert C. Birch of the New 
York University School of Medicine, who 
have made an extensive study of the be
havioral development of children from 
birth, have found that certain patterns 
observable at a very early age foreshad
ow later disorders of behavior. The in
vestigators conclude that many disorders 
may be traceable to inborn tempera
ment. 

In our own experience with hyperac
tive children in the clinic we have com
monly found that the child's father had 
been troublesome as a youngster, that 
he may have dropped out of school and 
that as an adult he is characteristically 
restless and short-tempered. Our inter
views with the mothers in our Rrst study 
did not disclose any signiRcant differ
ence between the patient group and the 
control group in this aspect of the family 
history, but the interviews did not actu
ally yield much information on the sub
ject. We plan to explore the question 
directly and in detail in further studies. 
An investigation at the genetic level is 
already in progress: a medical geneticist 
at Washington UniverSity is analyzing 
the chromosomes of a group of children 
from our clinic. This inquiry was prompt
ed by the recent discovery of an associa
tion of aggressive antisocial behavior 
with a peculiarity of the XYY karyotype. 
This is a chromosomal abnormality in 
which a male is born with two Y chromo
somes instead of one. 

It seems highly signiRcant that the 
hyperactivity syndrome is much more 
common in boys than in girls (the ratio 
in the various groups studied is six to 
one or more) and that boys are also 
afflicted more frequently with other 
behavioral problems such as infantile 
autism, reading disability and delayed 
speech development. There is every rea
son to believe these are inborn differ
ences and not the result of biased treat
ment of boys by parents and teachers. 
Moreover, difficulties in reading and 
speech are often familial. It appears that 
some inherited eccentricities of behavior 
or learning may be sex-linked or that the 
male nervous system may be peculiarly 
prone to certain failures in early devel-
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opment; conceivably both of these hy
potheses are true. 

The idea that hyperactivity has a bio
logical basis is further strengthened by 
the dramatic change in behavior pro
duced in many of these children by a 
stimulating drug (such as amphetamine 
or methylphenidate). Under the influ
ence of the drug the hyperactive child 
(in at least half of all cases) becomes 
quieter, exhibits a longer attention span 
and greater perseverance with assigned 
work, performs better in school and is 
generally easier to get along with. It has 
been found that amphetamine has a 
somewhat similar effect on the perform
ance of normal adults who are assigned 
a boring or complex task. Russell Davis 
of the University of Cambridge reported, 
for example, that in an experiment along 
these lines men who were given the drug 
became absorbed in the task, apparently 
as a result of the fOCUSing of all their 
attention on it. The stimulating drug, in 
short, seems to bring about a more acute 
and better-organized responsiveness to 
the environmen t. 

It is known that the amphetamines act 
on the reticular formation in the brain 
stem, a key area controlling conscious
ness and attention. vVhen amphetamine 
is administered to a subject, one can usu
ally tell he is aroused simply by observ
ing his behavior: he becomes more atten
tive, alert and frequently more talkative. 
Objective evidence of "arousal" can also 
be seen in changes that occur in his brain 
waves as shown by an electroencephalo
gram. It is also known that amphetamine 
produces specific effects on the metabo
lism of norepinephrine, or noradrenalin, 
in the brain cells. Norepinephrine prob
ably controls the transmission of nerve 
ini.pulses by some key nerve cells; il is 
highly concentrated in areas such as the 
hypothalamus and brain stem, which 
have much to do with mood and aware
ness. In recent experiments Sebastian P. 

Grossman of the University of Chicago 
found that the injection of a minute 
amount of norepinephrine in the reticu
lar formation of a rat lowers the animal's 
activity level and responsiveness; injec
tion of acetylcholine has the opposite 
effect. Since amphetamine is known to 
stimulate the release of norepinephrine 
from nerve endings, it seems entirely 
possible that the drug's effect on the be
havior of hyperactive children may be 
due to its action at this critical juncture. 
It may repair a deficit in the activity of 
norepinephrine or in some other way 
restore the normal balance of activity 
between norepinephrine and acetylcho
line. 

This idea gains credence from the 
fact that hyperactive children often be
have very differently from their usual 
selves when they are under tension. A 

child who has been described by his 
mother as a demon may be an angel 
when' he comes to the psychiatrist's 
office. Most hyperactive children tend to 
be subdued in a strange situation and to 
display their bad behavior only when 
they feel at home. The explanation 
may lie in a stress-induced release of 
norepinephrine in the brain cells. Thus 
a state of anxiety may produce the 
same effect as a dose of amphetamine
through exactly the same mechanism. 

I t has been known for many years that 
removal of the frontal lobes of the 

brain produces hyperactivity in mon
keys. Harry F. Harlow and his associates 
at the University of vVisconsin narrowed 
down the critical area: hyperactivity 
and apparent distractibility could be pro
duced in monkeys by removing a section 
of granular cortex toward the rear of the 
frontal lobe. In a related series of experi
ments George D. Davis of the Louisiana 
State University School of Medicine has 
found that the effects of lobectomy in 
monkeys can. be reversed with a stimu
lating drug; it reduces the animals' over
activity and improves their concentra
tion. 

As a practicing child psychiatrist I am 
of course concerned primarily with treat
ment of the hyperactivity syndrome. 
Amphetamine and other stimulants pro
duce such good results that it is tempting 
to base treatment on use of a drug. Its 
effect is only temporary, however; when 
the drug wears off, the child reverts to 
his usual behavior. Furthermore, con
tinuance of the drug into the teens runs 
the danger that the child may overuse 
it or become a habitual drug user. vVe 
therefore employ the drugs only to en
able a hyperactive child to make a good 
start in school and prevent him from 
becoming resentful and insecure. My 
colleagues and I devote ourselves prin
cipally to adjusting the environment to 
the needs of the handicapped child. 

This approach entails giving practical 
advice to the parents and helping them 
to apply techniques of behavioral ther
apy. We also assist the child's teachers 
in planning ways to work around his dif
ficulties in learning. Educating the par
ents and teachers in what the problems 
of hyperactive children are and how to 
handle them appears to offer the best 
hope for enabling the patients to grow 
up to be confident and happy in spite 
of the limitations of their temperament. 
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LIQUID-CRYSTAL DISPLAY DEVICES 

Liquid crystals (fluids that have certain crystalline properties) 

respond to an electric field by becolning cloudy or changing color. 

Effects of this kind can be used for the presentation of in1ages 

T iquid-crystal substances have been 

L a scientific curiosity since the 
1890's, when their peculiar prop

erties first began to be recognized. A 
substance of this type Rows, pours and 
assumes the shape of its container as if it 
were a liquid. At the same time its mole
cules, unlike the molecules of a liquid, 
tend to form loosely ordered arrays rath
er like the regular lattice of a crystal. In 
recent years liquid crystals have stim
ulated the imagination of engineers. 
These substances are currently being 
used to create a new family of devices 
for the display of symbols such as num
bers and letters. They may also make it 
possible to devise a window that can be 

by George II. Heilmeier 

made cloudy or transparent at the Rick 
of a switch, and a television set no thick
er than a picture frame. 

A liquid-crystal device differs funda
mentally from an electronic display de
vice such as a cathode ray tube. These 
devices create images by generating vis
ible light. A liquid-crystal device gener
ates no light of its own; it scatters am
bient light much as a printed page does. 
The basic medium by which numbers, 
letters and other images are presented 
in such a device is certain kinds of liquid 
crystal sandwiched between two sheets 
of glass. Normally the liquid crystal is 
clear, but when an electric field is ap
plied to it, some regions in it become 

turbulent and scatter light. By control
ling the size and shape of the turbulent 
regions, images can be formed. 

Such a device offers two advantages. 
First, since it reRects light instead of 
generating light, it can be viewed under 
a wide range of lighting conditions (in
cluding direct sunlight or a Roodlight, 
either of which would "wash out" the 
image on a light-generating device). Sec
ond, since a liqUid-crystal device does 
not emit light, it should require relative
ly little power. 

The general operating principles of 
these devices can be adapted to achieve 
a number of different visual effects, and 
my colleagues and I at the RCA Labo-

NUMERICAL INDICATOR conSIstIng of a mixture of liquid 

crystal and dye molecules between glass plates can display any nu

meral from 0 through 9. At left an 8 is formed by activating all the 

transparent· electrodes (geometric shapes) coated on the plates. 

Electric field between electrodes creates a molecular arrangement 

that prevents the dye molecules from absorbing any of the plane

polarized light shining through the panel. All light is transmitted 

and a whitish 8 appears. 
'
Other numerals can be formed by activat

ing various patterns of electrodes. At right no electrodes are turned 

on, the dye molecules can absorb light and indicator is blue. 
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ratories have developed several proto
types. Both the promise and the limita
tions of this approach to information dis
play are established by the nature of the 
basic phenomenon that makes such de
vic�s possible: the behavi�r of the loose
ly ordered liquid-crystal molecules in an 
electric field. 

rl'here are three types of liquid crystal, 
termed nematic, smectic and choles

teric [see "Liquid Crystals," by James L. 
Fergason; SCIENTIFIC AMERICAN, Au
gust, 1964]. Nematic liquid crystals con
sist of rodlike organic molecules. With 
respect to their long axes these molecules 
can move from side to side and up and 
down, but their many other possible mo
tions are constrained by the forces be
tlVeen them. They maintain a parallel 
or nearly parallel arrangement, although 
each molecule can rotate around an axis 
pointing in its direction of alignment. 
This arrangement has been compared to 
wooden matches in a box; the matches 
can move to some extent, but they tend 
to remain parallel within the box [see 
to p left in illustration on next page]. The 
term nematic, which is derived from the 
Greek word for thread, refers to the fact 
that when one examines a nematic sub
stance with a microscope, one sees tiny 
threadlike structures representing the 
boundaries between regions of different 
molecular orientation. Until recently ne
matic behavior was observed over a 
rather narrow temperature range near 
llO degrees Celsius (230 degrees Fahr
enheit). Below that range the substances 
are fatty solids; above it they are liquids. 
Substances that behave as nematic liq
uid crystals over an SO-degree range 
that includes room temperature have 
been developed at the RCA Laboratories 
by Joel E. Goldmacher, Joseph A. Cas
tellano and Michael T. McCaffrey. 

Smectic liquid crystals are named for 
the Greek word for soap, which is the 
most familiar member of this class. The 
molecules of certain soaps and other 
smectic materials array themselves in 
layers. Any two layers can slide over 
each other because the molecules cannot 
move up and down but only forward and 
backlVard or side to side. Like nematic 
molecules, smectic molecules can rotate 
freely around their direction of align
ment [see middle and bottom left in il
lustmtion on next page]. 

Cholesteric liquid crystals bear some 
resemblance to both smectic and nemat
ic ones. Cholesteric molecules are smec
tic in that they are arranged in layers. 
Within each layer, however, the molecu
lar pattern is nematic. Because of the 
size and shape of the cholesteric mole-

LIQUID·CRYSTAL WINDOW can be made opaque at the flick of a switch. The window 

consists of two glass plates enclosing a layer of liquid crystal. Transparent electrodes of tin 

oxide coat the inside surfaces of both plates. At top the pane is clear, and the man's face 

can be seen clearly because the device has not been turned on. At bottom a voltage has 

been established across the electrodes and the e-Iectric field creates turbulence in the liquid 

crystal. The turbulent areas make the pane opaque; accordingly the man's face is obscured. 
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cules, those in neighboring layers dis
place one another so that their long axes 
are shifted. This displacement forms the 
entire structure into a helical pattern 
[see right in illustmtion below J. 

The pitch and period of the helical 
structure (the angle of each turn and the 
distance between turn.s) give rise to in
teresting interference colors when light 
falls on cholesteric substances. Changes 
in temperature or pressure alter the pitch 
and period so that new colors are pro
duced. In some undetermined way the 
color can also be changed by chemi
cal vapors. Cholesteric substances can 
therefore serve as the active elements in 
devices that map the distribution of tem
peratures and in devices that detect 
vapors. 

An electric field affects a liquid
crystal material in two conflicting ways. 

First, it enhances the natural tendency 
of liquid crystals to assume orderly 
patterns. An example is provided by 
the nematic liquid crystal p-ethoxyben
zylidene-p' -aminobenzoni trile (PEBAB). 
The molecules of this substance are nor
mally arranged so that all of them in 
any one region are pointing in the same 
direction, although the prevailing orien
tation is different from region to region. 
When the molecules of a thin film of this 
material are sandwiched between two 
plates of glass and are subjected to an 
electric field, they will behave as if they 
were little magnets in a magnetic field; 
they all align themselves so that their 
electric-dipole moments lie in the field 
direction. 

A molecule has an electric-dipole mo
ment simply because it is an electric 
dipole, that is, it can be described as an 

object having two electric charges sepa
rated by a distance. In the case of a 
molecule one end tends to be positive
ly charged and the other negatively' 
charged because of the asymmetrical 
distribution �f the electrons that bind 
the atoms in the molecule. In ordinary 
liquids the electric forces are not strong 
enough to keep the molecules aligned 
because of the molecules' natural tend
ency to move randomly and indepen
dently. As a result perhaps only one in 
1,000 molecules would be aligned by an 
electric field. 

k an electric field is imposing order 
on a liquid crystal it can also set in 

motion a chain of events that disrupts 
the molecular pattern forming under 
its influence. Nematic solutions contain 
ionic impurities (positively or negative-

THREE KINDS OF LIQUID CRYSTAL are distinguished from 

one another by the arrangement of their molecules. Nematic liquid 

crystals (drawing at top left) consist of molecules that are paral. 

leI, resembling matches in a box. Each molecule can, however, 1'0' 

tate around its axis and move from side to side or up and down. 

Smectic materials (drawings at middle and bottom left) have a 

layered arrangement. The layers can slide over one another because 

the molecules in each move from side to side or forward and back· 

ward but not up and down. Within each layer molecules may be 

ordered in ranks or randomly distributed. Cholesteric molecules 

(right) consist of layers, as smectic crystals do. Within each layer, 

however, molecules are parallel, as nematic molecules are. Mole· 

cules in one layer displace those above, so that a helical pattern 

(vertical line and broken helical line) forms from layer to layer. 
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ly charged molecular fragments that are a 
not from the nematic compound) and 

b 
other ions that are probably produced by LIGHT LIGHT 
dissociation of the nematic compound 
itself. The electric field pulls the ions 
toward one or the other of its poles. In 
a nematic substance such as PEBAB the 
dipole moment of a molecule lies along 
its structural axis, and in an electric field 
the axes of the molecules of the sub
stance line up parallel to one another. 
Ions can pass through such an array 
without creating large disturbances. 

Suppose, however, that the permanent 
dipole moment does not lie along the 
structural axis of the molecule. Such a 
molecule is by no means rare, because 
many molecules have side chains of 
atoms attached to their main chain. The 
electric-dipole moment is along these 
branches rather than along the "back
bone" of the molecule. 

One substance of this kind is the 
nematic liquid crystal anisylidene-p
aminophenylacetate (APAPA). When 
this substance is subjected to an electric 
field, its molecules line up not along their 
main chain but perpendicularly to it be
cause of the strong influence of the side 
chains. The main chains are therefore 
oriented in various directions with re
spect to the electric field. Aligned in this 
way, the molecules present a barrier to 
the moving ions. The ions push through 
the log jam and disrupt the array, creat
ing comparatively large regions of tur
bulence (from one micron to five microns 
across). The turbulence causes the thin 
layer of nematic material, which was 
originally transparent, to become milky 
white because the turbulent fluid scat
ters light. 

This effect is called dynamic scatter-' 
ing. Dynamic scattering can be halt

ed and the clarity of the liquid crys
tal restored simply by turning off the 
voltage. Once the electric field is no 
longer present, there are no more disrup
tive ions in motion and the molecules re
establish their ordered local patterns. 
Dynamic-scattering effects can be con
trolled to make indicator displays and 
small windows that can be transparent 
or cloudy. 

Another scattering effect caused by 
moving ions is called the storage mode. 
When a nematic liquid crystal of the 
type that exhibits dynamic scattering is 
mixed with a cholesteric liquid crystal 
such as cholesteryl chloride at a weight 
ratio of nine to one, the resulting mate
rial is relatively clear. It too becomes 
milky white when it is subjected to a 
direct current or a low-frequency alter
nating current with a potential greater 

c V V- c::::7c::::7 d 
",,-a� LIGHT LIGHT �-"OOO� 
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STORAGE MODE of liquid·crystal device is achieved with mixtures of cholesteric mole· 

cules (gray) and nematic ones. In a molecules are ordered, so that there are few scatter· 

ing centers {interfaces between the two materials that scatter light}. Tberefore light enter· 

ing glass plate at left is reflected by aluminized electrode at right. Viewed from front, 

mixture would be clear. In b a direct current is applied (closed circuit), and many scatter· 

ing centers develop because order is disrupted by ions moving under the influence of the 

field (colored area). Since each material has a different index of refraction, light is scattered 

and material becomes opaque. In c field is off (open circuit) but disorder persists for weeks. 

In d a high.frequency alternating field reorders the molecules. Since field reverses rapidly, 

ions are unable to move and create disorder. Instead each ion oscillates around an equi· 

librium position, the molecules become ordered and material becomes transparent again. 

than 20 volts. When the field is turned 
off, however, the mixture remains white; 
it regains its transparency only after sev
eral weeks. The material can be made 
transparent quickly by applying an al
ternating current of more than 50 volts 
and a frequency of 4,000 cycles per sec
ond. Thus an image can be "written" by 
means of a direct-current Signal and 
erased by means of an alternating-cur
rent one. No power is required to retain 
the image once it is written. 

In such a mixture the ions can be re
garded as creating turbulence by emulsi
fying the two components of the mix
ture, although the actual phYSics of the 

process is much subtler. In the trans
parent state the two kinds of liquid-crys
tal molecule have lined up with their 
axes pointing in the same direction. In 
this state there are relatively few light
scattering centers, which consist of inter
faces between the two kinds of material. 
The moving ions disrupt this arrange
ment, so that the order is upset, many 
new interfaces develop and light is scat
tered as it passes through the turbulent 
material because each component has a 

different index of refraction. 
When the mixed liquid-crystal sys

tem is subjected to the alternating field, 
the molecules line up once again and the 
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DYNAMIC SCATTERING of light is an effect produced in ne· 

matic crystals by electric fields that can be controlled in order to 

form images. In a, a side view of nematic material between glass 

plates, there is no field (open circuit). Nematic molecules in any 

local area point in one direction, although the orientation differs 

from area to area. Ions (pluses and minuses) stand still. In b a field 

exists (shading) between plates, causing molecules to line up with 

their long axes at an angle to the field direction. In c the ions move 

toward electrodes pulled by field. As they do so they disrupt the 

molecules' order, so that the light is scattered. Viewed from the 

front, screen would appear to be opaque. When field is turned off, 

the molecules are locally reordered and the material becomes clear. 

scattering centers disappear. The mole
cules are no longer disturbed by the ions 
because the ions cannot travel any great 
distance in a rapidly alternating field; 
they are pulled and pushed as the field 
reverses. At high frequency the distance 
they cover on each half-cycle is only a 
fraction of the thickness of the liquid 
crystal, and the ions simply oscillate 
around an equilibrium position. 

As I have noted, when the dipole 

moment of a nematic liquid-crystal 
molecule lies along the structural axis of 
the molecule, ions pass through the ma
terial without creating much turbulence. 
Accordingly little light is scattered. Such 
materials can, however, be used to pro
duce color effects. Under the sponsor
ship of the National Aeronautics and 
Space Administration we have been ex
perimenting with the "host-guest" re
lationships that nematic liquid crystals 
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and dichroic dyes establish with each 
other. A dichroic dye is a compound 
whose molecules absorb plane-polarized 
light only when they are oriented in a 
certain way with respect to the plane of 
polarization. 

When one of these dyes, indophenol 
blue, is mixed with a PEBAB host, the 
combination is a vivid blue. If polarized 
light is shined through the mixture while 
there is a voltage across it, the blue color 

GUEST·HOST RELATIONSHIP between nematic molecules (el. 

lipses) and dye molecules allows both to be manipulated in order 

to change the color of plane·polarized light. At left an electric 

field (shading) lines up nematic molecules, whose long axes point 

in field direction. The "host" nematic molecules then force the 

"guest" dichroic·dye molecules to line up in the same direction. A 

dichroic·dye molecule is one that can absorb plane·polarized light 

only when it is oriented in a certain way with respect to the plane 

of polarization. In the orientation represented dye molecules can. 

not absorb polarized light and all light is transmitted. At right, 

when the circuit is .open and there is no field, the dye molecules 

assume various positions with respect to the beam's polarization. 

Therefore some light is absorbed, and only one color of plane· 

polarized light is transmitted as it travels through the sample. 
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disappears and the material becomes 
transparent. vVhen the voltage is re
moved, the blue color reappears. I 
should emphaSize that the sample does 
not change chemically; the voltage sim
ply' causes the host molecules of the 
liquid crystal to line up. As they do 
so they force the guest molecules 
of dye to line up as well. If the orien
tation of the dye molecules is such 
that they do not absorb polarized light, 
the light passes through the material 
without being scattered. Care must be 
taken to use nonionic dyes, that is, dyes 
that do not respond to the electric field; 
otherwise the dye molecules will mo\"e 
through the system and introduce un
wanted light-scattering effects. 

In cholesteric materials the strong 
tendency of liquid-crystal molecules to 
align themselves in an electric field can 
be used to produce color effects. In a 
strong field each additional increase in 
field strength changes the pitch of the 
helical structure of the material. Each 
change in pitch gives rise to a corre
sponding change in color. In still strong
er fields the helical structure is com
pletely unraveled and thus the material 
becomes transparent. vVhen the electric 
field is removed, the material regains its 
color. 

Liquid-crystal display devices are 
easily made: the thin film of liquid crys
tal is placed between two pieces of glass, 
each of which has been coated on one 
side with a conductive material. At least 
one of the coatings must be transparent 
for viewing, and in many devices a trans
parent film of tin oxide serves this pur
pose. If the device is intended to control 
light transmission, both electrodes must 
consist of such a material. If it is meant 
to display an image in reflected ambient 
light, the rear electrode can be a highly 
reflecting film of aluminum. In any de
vice the electrodes can be patterned so 
that different segments or elements of 
the device can be energized in order to 
present a number, a letter or some other 
kind of image. Since the liquid-crystal 
byer is only about a thousandth of an 
inch thick and is held between the plates 
by capillary action, the problems usually 
associated with the handling of liquids 
do not arise. 

D ynamic-scattering devices operate on 
less than 50 volts and require a 

power density of less than one milliwatt 
per square inch of display area. The im
age looks like printed lettering. Such 
liquid-crystal indicators might be partic
ularly useful in an airplane cockpit or on 
an automobile dashboard, where low 
voltage and low power are desirable and 
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LIQUID·CRYSTAL PHASE is affected by temperature. Some materials, such as anisyli. 

dene·p·aminophenylacetate (AP APA), have a broad range in which they exist as liquid 

crystals. Below 82 degrees Celsius this material is a solid (gray). At that temperature it 

becomes a liquid crystal (color), and at 105 degrees the material becomes a liquid (shading). 
The most temperature.sensitive is cholesteryl chloride. It exists in a one·degree range. 

legibility under high ambient light is 
important. The storage-mode materials 
-the combinations of nematic and cho
lesteric liquid crystals-may find applica
tion in devices that display information 
that changes infrequently, for example 
highway signs, arrival-and-departure 

ISOLATION AND STORAGE CIRCUITS 

boards in airports and certain cockpit 
and dashboard instruments. 

The lifetime of these devices, Ijarticu
larly those based on pure nematic sub
stances, would seem to be determined 
by the lifetime of the liqUid crystal. If 
the molecules of nematic liquid crystals 

TRANSPARENT COLUMN ELECTRODES 

FRONT GLASS PLATE 

REFLECTING REAR ELECTRODES 

THIN TELEVISION RECEIVER no deeper than a picture frame might be made from a 

film of nematic liquid crystal held between the front and the rear glass plate. The electrodes 

coating the plates would form images by causing the nematic material to scatter ambient 

light. The electrodes on the rear plate would reflect light so that the moving images would 

be projected out to the viewer. The electrodes on the front plate would be transparent. 
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NBC·TV Friday, April 3 
(Consult your local listings.) 

Arthur C. Clarke, author of "2001," com
ments. Startling probes include the mys
teries of space, hypnosis, ESP, the human 
brain, animal communications, plant 
behavior and other unexplained phe
nomena. 

An Encyclopaedia Britannica Special, 
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tend to break down (and there is little 
doubt that they do), the process must be 
carefully controlled in order to prolong 
the lifetime of nematic devices. The pre
vention of such breakdown, however, 
would critically reduce the number of 
ions available in the liquid-crystal sys
tem. It may therefore be necessary to 
find some other method of introducing 
ions into the system. The injection of 
electrons from the negative electrode 
seems promising. The presence of an 
applied voltage would help some elec
trons to escape from the electrode into 
the liquid crystal, where they would be 
captured by neutral molecules. This 
combination of a molecule and an associ
ated electron represents a negative ion 
that would be attracted to the positive 
electrode. On reaching the anode the 
molecule would give up the electron and 
resume its neutrality. This process would 
supply ions without substantially de
grading the liquid crystal. 

Someday liquid crystals may become 
the picture-producing element in the 

most ubiquitous display device of all: 
the television receiver. Engineers have 
long sought a display concept that would 
enable them to build a television receiver 

that would operate on very little power 
and would do away with the bulky 
equipment behind the picture screen. 
These ground rules suggest that the 
operation of the picture screen would be 
based not on the electron beam of a 
cathode ray tube but on solid-state de
vices such as transistors and semicon
ductor diodes. The dynamic-scattering 
mode in nematic liquid crystals could 
easily be made to produce images by 
impulses from such circuitry. 

Test patterns of such images have in 
fact been broadcast and received. The 
turbulence-controlling electrodes, how
ever, were activated by a scanning elec
tron beam. The organization and opera
tion of the hundreds of thousands of 
light-reRecting elements and the asso
ciated solid-state components required 
for a Rat display unit remain a difficult 
technical problem. The cost of a techni
cally satisfactory solution is also a diffi
cult problem. Thes� and other difficul
ties must be overcome if liquid-crystal 
display devices are to perform all the di
verse services of which they appear ca
pable. One point is clear: a new kind of 
device is ready to join light-generating 
electron tubes and other devices as a 
part of display technology. 

TELEVISION TEST PATTERN etched on the electrodes of a nematic liquid·crystal screen 

demonstrates both the high resolution and the variable contrast of this kind of display, 
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"Spaceship Earth is now filled to 

capacity or beyond and is running out 

of food. And yet the people traveling 

first class are, without thinking, de

molishing the ship's already over

strained life-support systems. The 

food-producing mechanism is being 

sabotaged. The devices that maintain 

the atmosphere are being turned off. 

The temperature-control system is 

being altered at random. Thermonu

clear bombs, poison gases, and super

germs have been manufactured and 

stockpiled by people in the few first

class compartments for possible future 

use against other first-class passengers 

in their competitive struggles for 

dwindling supplies-or perhaps even 

against the expectant but weaker 

masses of humanity in steerage. But, 

unaware that there is no one at the 

controls of their ship, many of the 

passengers ignore the chaos or view it 

with cheerful optimism, convinced 

that everything will turn out all 

right." From chapter 1, The Crisis 

Here is the first comprehensive, detailed 

analysis of the worldwide crisis of overpopu

lation and the resulting demands on food, 

resources, and the environment. Taking a 

broad ecological approach, the Ehrlichs dem

onstrate that problems of modern society 

such as environmental deterioration, hunger, 

resource depletion, and war are closely inter

connected and that together they constitute 

a challenge without precedent in human 

history. The authors draw upon a wide diver

sity of sources in documenting the reasons 

for growing alarm over mankind's pros

pects-and they offer many constructive 

proposals and suggestions that might help 

brighten those prospects. An indispensable 

sourcebook for all concerned citizens; an in

novative textbook for timely and relevant 

courses in environmental science. 
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MATHEMATICAL GAMES 
Some mathematical curiosities 

embedded in the solar system 

by Martin Gardner 

A stronomy, like every other science, .f"'- has curious bypaths where one 
may stumble over mathematical 

problems with recreational aspects. This 
month we take a quick look at the solar 
system, about which so many startling 
new discoveries are being made, and 

consider some amusing mathematical 
questions that have arisen in the history 
of speculation about the structure of the 
sun's family of orbiting bodies. 

First a bit of historical background. 
It is a common error to suppose all the 
ancients believed the earth to be Rat and 
the center of the universe. The Greek 
Pythagoreans, for instance, taught that 
the earth was both round and rotating. 
The system's center was not the sun but 
a central fire that the sun reRected. The 

TAIIVLAIII.oR.BlvM'PL.ANETAII..VMt)JME.NSION£S,J:T DJSTANTIAS PElLqvtNClVE' 
a.£GYLI\ItlA. CORPORA OEOMETUCA OOilBENS. 

ILLvsn.lss� PR.INCIPI,AC ONo. DNO.fuDf:.UCo, DVCIWIR.:. . 
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Kepler's model of the solar system 
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earth, sun, moon and the five other 
known planets circled the central fite. 
Since the earth always kept its unin
habited side toward the fire during its 
24-hour revolution, the fire could never 
be seen. Aristotle suggested that it was 
the Pythagorean cult's obsession with 
the triangular number 10 (the sum of 1, 
2, 3, 4) that led its members to add a 
10th body called antichthon (counter
earth). It too was always invisible be
cause its orbit lay between the earth and 
the central fire. Aristarchus of Samos, a 
third-centurY-B.c. Greek astronomer, ac
tually proposed a heliocentric model, 
with all planets circling the sun, al
though his treatise on this was lost and 
is known only through comments by 
Archimedes . 

The model that dominated Greek 
astronomy, however, as well as medieval 
science was the geocentric model of 
Aristotle: an unmoving spherical earth 
at the core of the universe with all other 
heavenly bodies, including the stars, 
going around it. Aristotle defended an 
earlier and excellent argument for the 
earth's roundness. During a lunar eclipse 
the earth's shadow on the moon has a 
rounded edge that can best be explained 
if the earth is a ball. The Ptolemaic 
model of the second century A.D., a re
finement of Aristotle's, was designed to 
account for the erratic paths of the five 
visible planets as they cross our sky. The 
trick was done by having the planets 
move in smaller circles, called epicycles, 
as they travel larger circular orbits 
around the earth. The model was quite 
adequate to explain the apparent mo
tions of heavenly bodies, including irreg
ular movements of planets and moons 
caused by elliptical orbits, provided that 
enough epicycles were posited and 
bodies were allowed to move along them 
at nonuniform speeds. 

We all know how, after a long con
troversy culminating in Galileo's perse
cution, the heliocentric model of the 
16th-century Polish astronomer Nico
laus Copernicus finally won out. It was 
not so much because it had more ex
planatory and predictive power as be
cause it was simpler and more elegant. 
Centuries later it did provide explana
tions of previously unexplained phe
nomena such as the bulging of the 
earth's equator by the centrifugal force 
of the earth's spin. 

The final twist to this vacillating his
tory came with Einstein's general theory 
of relativity. If this theory is correct, 
there are no absolute motions with re
spect to a fixed space and therefore no 
"preferred frame of reference." One can 
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assume that the earth is fixed-not even 
rotating-and the tensor equations of rel
ativity will account for everything. The 
earth is fat around its waist not because 
of ,inertial forces but because the rotat
ing cosmos produces a gravitational field 
that causes the bulge. Since all motion is 
relative, the choice of a sun-centered 
model over an earth-centered one for 
the solar system is one of convenience. 
\Ve say the earth rotates because it is 
enormously simpler to make the cosmos 
a fixed inertial frame of reference than 
to say it is rotating and shifting around 
in peculiar ways. It is not that the helio
centric theory is "truer." Indeed, the sun 
itself is moving and is in no sense the 
center of the cosmos, if indeed the cos
mos has a center. The only "true" mo
tion is the relative motion of the earth 
and the cosmos. 

This arbitrariness about the frame of 
reference is involved in a funny argu
ment that still pops up in parlor con
versations. The moon circles the earth, 
as the earth circled the cen tral fire in 
the Pythagorean model, so that it al
ways keeps the same face toward the 
earth. This has intrigued poets, major 
and minor, as well as astronomers. Rob
ert Browning's "One "Vord More" likens 
the moon's two sides to the two "soul
sides" of every man: "one to face the 
world with, one to show a woman when 
he loves her!" Edmund Gosse claimed 
that his housekeeper penned the follow
ing immortal quatrain: 

o moon, when I gaze on thy beau tiful 

face, 
Careering along through the boundaries 

of space, 
The thought has often come into my 

mind 
If I ever shall see thy glorious behind. 

The moon's habit of concealing its 
backside raises the following trivial ques
tion. Does the moon "rotate" as it goes 
around the earth? An astronomer would 
say yes, once for each revolution. It is 
hard to believe, but intelligent men have 
been so incensed by this assertion that 
they have published (usually at their 
own expense) lengthy pamphlets argu
ing that the moon does not rotate at all. 
(Several such treatises are discussed in 
Augustus De Morgan's Budget of Para
doxes.) The problem is basically the 
same as a penny paradox given in this 
department in February, 1966: If you 
roll one penny around a fixed penny, 
keeping the rims together to prevent 
sliding, the rolling penny rotates twice 
during one round trip. 

PLANET BODE'S SERIES ACTUAL MEAN DISTANCE 

MERCURY ,4 ,39 

VENUS ,7 ,72 

EARTH 1 1 

MARS 1.6 1,52 

(CERES) 2,8 2,77 

JUPITER 5 2  5,2 

SATURN 10 9,55 

URANUS 19,6 19,2 

NEPTUNE 38,8 30,1 

PLUTO 77.2 395 

Bode's law of the spacing of the planetary orbits 

Or does it? Joseph Wisnovsky, an 
editor of Scientific American, has called 
my attention to a furious controversy 
over this question that raged in the let
ters department of this magazine for al
most three years. In Volume 16 (1867), 
page 347, a reader asked: "How many 
revolutions on its own axis will a wheel 
make in rolling once around a fixed 
wheel of the same size?" "One," the 
editors replied. A torren t of correspon
dence followed from readers who dis
agreed. In Volume 18 (1868), pages 
105-106, Scientific American printed a 
selection from "half a bushel" of letters 
supporting the double-rotation view: For 
the next three months the magazine pub
lished correspondence from both "one
ists" and "dualists," including engrav
ings of elaborate mechanical devices 
they had made and had sent to establish 
their case. 

"If you swing a cat around your 
head," wrote oneist H. Bluffer (March 
21, 1868), attacking the moon's rotation, 
"would his head, eyes and vertebrae 
each revolve on its own axis .. . ? Would 
he die at the ninth turn?" 

The volume of mail reached such pro
portions that in April, 1868, the editors 
announced they were dropping the topic 
but would continue it in a new monthly 
magazine, The Wheel, devoted to the 
"great question." At least one issue of 
this periodical appeared, because Sci
entific American readers were told in the 
May 23 issue (page 326) that they could 
obtain The Wheel at newsstands or by 
mail for 25 cents. Perhaps the contro-

versy was a put-on by the editors. Ob
viously it is no more than a debate over 
how one chooses to define the phrase 
"rotates on its own axis." To an observer 
on the fixed penny the moving coin ro
tates once. To an observer looking down 
from above it rotates twice. The moon 
does not rotate relative to the earth; it 
does rotate relative to the stars. Can the 
reader decide, without making a model, 
how many times the outside coin will ro
tate per one revolution (relative to you as 
the observer) if its diameter is half that 
of the fixed coin? 

The same ridiculous question about 
lunar rotation could have been asked 
from 1890 to 1965 about Mercury. The 
Italian astronomer Giovanni Schiaparelli 
(the man who started all the nonsense 
about Martian irrigation canals by draw
ing maps of straight lines he imagined 
he saw crisscrossing the planet) an
nounced in the late 1880's that his ob
servations proved that Mercury always 
kept the same face toward the sun. In 
other words, it rotated once for every 
revolution of 88 days. For the next 75 
years hundreds of observations by other 
eminent astronomers confirmed this. Be
cause Mercury lacks an atmosphere to 
transfer heat it was assumed that its 
illuminated side was perpetually sizzling 
at 700 to 800 degrees Fahrenheit and 
that its dark side was perpetually close 
to absolute zero. "Mercury has the dis
tinction," wrote Fred Hoyle as late as 
1962, "of possessing not only the hottest 
place but also the coldest place in the 
whole planetary system." 
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Between Mercury's hot and cold sides 
there would of course be a girdle of 
everlasting gloaming, presumably with a 
climate mild enough to support life. The 
notion long intrigued writers of science 
fiction. "Twilight. Always twilight," says 
a visitor to Mercury in Arthur Jean Cox's 
1951 story "The Twilight Planet." "The 
days pass, or so the clocks, the calendars 
tell you. But time, subjective time, is 
frozen delicately in midflight. The valley 
is an ocean of shadows; shade-tides lap 
upon the shores of mountains." In Rob
ert Silverberg's "Sunrise on Mercury" 
(1957) astronauts land on Mercury's 
"Twilight Belt" between "the cold, ice
bound kingdom of Dante's deepest pit" 
and "the brimstone empire." The belt is 
a region where fire and frost meet, 
"each hemisphere its own kind of hell." 
When the story appeared in the 1969 
Dell paperback anthology First Step 
Outward, editor Robert Hoskins had to 
append a note saying that it had now 
passed from science fiction into the 
realm of fantasy. 

The first hint that something was 
wrong came in 1964 when radio-tele
scope observations by Australian as-

tronomers indicated that the supposed 
frozen side of Mercury has a tempera
ture of about 60 degrees F.! Could the 
planet, they wondered, have an atmo
sphere after all? In 1965 Gordon H. 

. Pettengill and Rolf B. Dyce, using radar 
reflections from opposite edges of the 
planet, discovered the real reason. Schia
parelli had been as wrong about Mer
cury's spin as he had been about Mars's 
canals. Mercury rotates once every 59 
days, exactly two-thirds of its orbital 
period. Apparently the little planet has 
a lopsided mass, like our moon, or a 
tidal bulge that allowed its capture by 
the sun in a stable 3/2 "resonance lock." 
For every two orbits it spins three times. 
One reason astronomers had been wrong 
for 75 years was that they usually looked 
at Mercury at a favorable time that 
occurs once a year. Because they always 
saw the same dusky markings, they 
assumed that, since Mercury had made 
four orbits, it had rotated four times 
when actually it had rotated six. Al
though such rationalizations can be 
made, wrote Irwin 1. Shapiro [see 
"Radio Observations of the Planets," by 
Irwin 1. Shapiro; SCIENTIFIC AMERICAN, 

Pre·Copernican universe in Peter Apian's Cosmographia (1539) 
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July, 1968], it is still "unsettling to con
template this persistence of self-decep
tion." How Charles Fort, that eccen
tric iconoclast of science, would have 
gloated over such a gigantic goof! 

Still more astonishing was the dis
covery made in 1962 about the spin of 
Venus. Its slow spin was believed to 
be so close to its orbital period of about 
225 earth days that many astronomers 
(Schiaparelli for one) were convinced 
that, like Mercury and our moon, Venus 
had identical rotational and orbital peri
ods. In 1962 astronomers using the Gold
stone radar of California's Jet Propul
sion Laboratory established two incredi
ble facts. Venus spins slowly backward 
with respect to all other planets. (Ura
nus' direction of spin is ambiguous. Its 
axis is so close to being parallel to the 
plane of the ecliptic that either pole can 
be called north.) Venus is the only planet 
on which the sun rises (very slowly) in 
the west. MOl:eover, its spin period of 
'243.16 days-making its day longer than 
its year-is just such that, whenever 
Venus is closest to the earth, it always 
presents the same face toward us! In 
Don Juan Lord Byron speaks of "a rosy 
sky, with one star [Venus] sparkling 
through it like an eye." Why Venus 
should keep her eye on the earth in such 
a curious fashion is still a mystery. Pre
sumably, like Mercury, it either is asym
metric in mass or has a large enough 
tidal bulge to have allowed capture by 
the earth in this unexpected resonance 
lock. 

The story of Venus' nonmoon is an
other Keystone Cops episode in astro
nomical history. In 1645 an Italian as
tronomer, Francesco Fontana, asserted 
he had seen a moon of Venus. His ob
servation was substantiated in 1672 by 
Jean Dominique Cassini, who had dis
covered two satellites of Saturn and was 
later to find two more. Venus' moon was 
also seen by many leading astronomers 
of the 18th century. The famous German 
mathematician, physicist and astrono
mer Johann Heinrich Lambert published 
in 1773 a treatise on Venus' moon in 
which he even calculated its orbit. 
Frederick the Great honored Jean Le 
Rond d'Alembert by naming the moon 
after him, although the great French 
mathematician politely refused the 
honor. Of course there never was such a 
moon '01' it would have been visible as 
a black speck when Venus crossed the 
sun's disk. The astronomers had either 
seen nearby stars or ghost images pro-

. duced by lens refraction. 
How did the solar system evolve? No 

one is sure. The most popular view at 
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present is the one first advanced by 
Immanuel Kant. Somehow the planets 
condensed from gases and dust particles 
in a whirling disklike cloud that once 
surrounded the sun. The counterclock
wise spin of this cloud, when viewed 
from above north poles, would explain 
why all the planets and most of their 
moons revolve in the same direction. 
Why, though, are the ancient tracks 
spaced the way they are? Is it mere hap
penstance or are their distance ratios 
governed by a mathematical law? 

It was Johannes Kepler who dreamed 
up the most fantastic explanation. He 
first tried inscribing and circumscrib
ing regular polygons, then spheres and 
cubes, but he failed to hit on a pattern 
that gave the right ratios. Suddenly an 
inspiration struck him. There are six 
planets, therefore five spaces between 
them. Are there not five and only five 
regular convex solids? By nesting the 
five Platonic solids inside one another 
in a certain order, with shells between 
them to take care of eccentricities in 
the planets' elliptical paths, he arrived 
at a structure that corresponded roughly 
with what were then believed to be the 
maximum and minimum distances of 
each planet from the sun [see illustra
tion on page 108]. It was a crazy theory, 
even in Kepler's time, but Kepler was a 
remarkable blend of stupendous scientif
ic intuition and occult beliefs (including 
astrology) that led him to expect such 
geometric harmonies. "The intense plea
sure I have received from this discov
ery," he wrote, "can never be told in 
words." Ironically, his correct convic
tions that the planets move in ellipses, 
not circles, and that tides are caused by 
the moon seemed so equally prepos
terous that even Galileo dismissed both 
views as more Keplerian fantasy. 

In 1772 Johann Daniel Titius of Wit
tenberg announced a simple number se
quence that seemed to fit the planetary 
orbits. It soon became known as "Bode's 
law" because four years later another 
German astronomer, Johann Elert Bode, 
published a celebrated paper on the 
series. To obtain the numbers start with 
0, 3, 6, 12, 24, 48, 96, 192, .... Every 
number is half the next one except for 
0, which really should be 11f. To each 
number add 4. The resulting sequence-
4, 7, 10, 16, 28, 52, 100, 196, . . .  -gives 
the ratios of the mean distances of the 
planets from the sun. If we take the 
earth's distance as our "astronomical 
unit," the third number, 10, becomes 1. 
Dividing the other numbers by 10 then 
gives the mean distances of the planets 
in astronomical units. The chart on page 
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Copernican universe was depicted by Thomas Digges in 1576 

109 shows these distances alongside the 
actual ones. Note that the mean dis
tances of the first six planets, still the 
only planets known when Bode pub
lished his paper, are in remarkably close 
agreement with values given by the 
Bode series. Not only that but Bode's 
law succeeded in making two excellent 
predictions. 

The first prediction was that a planet 
should be at a distance of 19.6 astro
nomical units. When Uranus was dis
covered in 1781, it was found to have a 
distance of 19.2, a fact that convinced 
most astronomers of the soundness of 
Bode's law. The second prediction was 
that there ought to be a planet in the 
enormous gap between the orbits of 
Mars and Jupiter, at about 2.8 units from 
the sun. In 180 1, on the first day of the 
new century, Ceres, the largest of the 
asteroids, was discovered at 2.77 units 
from the sun! Thousands of smaller 
planetOids were later observed in this 
region. Defenders of Bode's law argued 
plausibly that the planetoids were rem
nants of an exploded planet that had 
once orbited the sun at a spot close to 

where Bode's law said it should be. 
Alas, the law failed for Neptune and 

Pluto, persuading many astronomers that 
the law's earlier successes had been ac
cidental. Other astronomers have recent
ly suggested that Pluto may be an es
caped moon of Neptune and that before 
the two bodies separated Neptune could 
have been near the spot predicted by 
Bode's law. It has also been argued that 
Bode's law may apply to all planets ex
cept those at the inner and outer fringes 
of the solar system, where irregularities 
would be more likely. Since Mercury 
and Pluto have orbits much more eccen
tric and more inclined to the plane of the 
ecliptic than those of the other planets, 
it is not unreasonable to suppose fringe 
conditions would make them exceptions 
to a general rule. 

Is Bode's law a numerological curiosi
ty, as irrelevant as Kepler's nested poly
hedrons, or does it say something of 
value that eventually will be explained 
by a theory of the solar system's origin? 
The question is still undecided. Defend
ers of the law usually cite the number 
sequence, announced in 1885 by the 
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An astronaut-turned-
'" 

aquanaut explores 
the world beneath .� 
the sea 

' �  
Commander M. Scott Carpenter, 
already famous for having orbited 
the earth three times in Aurora 7, 
now investigates another world of 
danger and mystery, the vast un
charted depths below the ocean's 
surface. A richly illustrated re
port, Inner Space describes the 
history of oceanic exploration, 
the current state of research, and 
what discoveries the future may 
hold. 

INNER SPACE 
21st Century Monografics #5 
Paperback, $1.95 
at bookstores 
Little, Brown 

THE 
STEAM 

POWERED 
AUTOMOBILE 

An Answer to Air Pollution 
by Andrew Jamison 

A convincing argument to aban
don the internal combustion gas

oline engine with its poisonous 
emissions, in favor of the steam 

engine which emits neither 
chemical nor auditory garbage. 

$4.95 
"In twenty years the internal 

combustion engine'as we now know it 
will be an oddity." 

-WILLIAM P. LEAR 

see your bookseller or 

INDIANA UNIVERSITY PRESS 
Tenth & Morton Streets 
Bloomington. Indiana 47401 

Swiss mathematician Johann Jakob Bal
mer, that fitted the frequencies of the 
spectrum lines of hydrogen. This series 
was pure numerology until decades later, 
when Niels Bohr found the explanation 
for "Balmer's series" in quantum me
chanics. 

"The question is," writes Irving John 
Good, a mathematician now at Virginia 
Polytechnic Institute, in a recent paper 
on Bode's law that is listed in the bibli
ography at the back of this issue [page 
130], "whether a piece of scientific nu
merology unsupported by a model is suf
ficiently striking to make us say that peo
ple ought to look for a scientific model in 
order to explain it." From my layman's 
seat I hesitate even to guess how Bode's 
law will fare in future years. 

I conclude with a second tricky prob
lem, both to be answered next month. As 
the earth goes around the sun its moon 
h'aces a wavy path with respect to the 
sun. How many sections of that wavy 
path, during 12 lunar orbits around the 
earth, are concave in the sense that their 
convex sides are toward the sun? 

Readers were asked last month to in-
vestigate the cyclic properties of the 

period of the repeating decimal for 1/13. 
This period, 076,923, is not a true cycliC 
in the sense defined last month. It is cy
clic, however, in the following double 
sense. If multiplied by any number from 
1 through 12, half of the products are the 
six cycliC permutations of 076,923 and 
the other half are the six cyclic permuta
tions of 153,846. Note that each of these 
two numbers (like the smallest order-l 
cyclic, 142,857) can be split in half and 
added to get 999. Moreover, each can be 
trisected and added to get 99 (07 + 69 
+ 23 = 99; 15 + 38 + 46 = 99; 14 + 
28 + 57 = 99). 

When a number with n digits, multi
plied by 1 through 2n, yields products 
that are all the cyclic permutations of 
two n-digit numbers, we call it an order-
2 cyclic. Disregarding the trivial case 
generated by 1/3, the lowest prime gen
erating an order-2 cyclic is 13. Other 
primes under 100 that generate order-2 
cyclics are 31, 43, 67, 71, 83 and 89. 

Cyclic numbers can be of any order. 
The smallest prime generating an order-
3 cyclic is 103. The repeating period of 
1/103, multiplied by any integer from 
1 through 102, gives products that fall 
into three sets, each containing 34 cyclic 
permutations of a 34-digit number. The 
smallest prime generating an order-4 
cyclic is 53. In general, as H. J. A. 
Dartnall, a London correspondent, has ' 
pointed out, if the reciprocal of a prime 
p has a repeating decimal period with 

a length (number of digits) equal to 
(p - 1)/n, the period is an n-order cy
clic. For example, 1/37 generates the 
three-digit period 027. Since 36/3 = 12, 
the period is a 12-0l·der cyclic. Eric 
Evans of Petts Wood, Kent, England, 
has supplied me with the lowest primes 
generating cyclics of orders 5 through 
10. They are respectively 11, 79, 211, 
41, 73 and 281. Note that the 10 prod
ucts of the order-5 cyclic, 09 (the period 
of 1/11), are the first 10 multiples of 9. 

A. three-weighing solution of Ben 
.L Braude's problem of the six weights, 
three equally heavy and three equally 
light, follows. Call the weights A, B, C, 
D,E, F. 

Weigh A against B. Assume one side, 
say B, goes down. Substitute C for B. If 
the scales balance, you know A and C 
are light, B is he&vy. Therefore D, E, F 
must include two heavy, one light. For 
the third weighing pick any two of 
D, E, F and weigh them against each 
other. If they balance, you know both 
are heavy and the remaining one is light. 
Otherwise you know which is heavy, 
which light, and can infer the nature of 
the third. 

Suppose the scales balance on the first 
weighing of A against B. Again substi
tute C for B. A balance of the scales tells 
you A, B, C are alike and D, E, F are 
alike; therefore a third weighing (say A 
against D) will identify all six. If one side 
goes down on the second weighing, you 
can label the first three weights (two 
light and one heavy, or two heavy and 
one light). As before, you know the com
bination of heavy and light for D, E, F, 
so that by weighing any two against each 
other you can identify all three. 

M any experts on Chinese writing 
painted out that in January's col

umn on the abacus I reversed the posi
tions of "hands" and "bamboo" in de
scribing the Chinese character for "cal
culate." The hands are below, bamboo is 
above. Readers interested in the famous 
four-color map theorem of topology may 
wish to check an article by Joel Stemple 
and the late Oystein Ore, in the Journal 
of Combinatorial Theory (Academic 
Press), January, 1970, in which it is 
proved that a map requiring five colors 
must have at least 40 regions. This raises 
the figure of 36, previously established 
in 1940. There have been recent false 
rumors of higher bounds, and even ru
mors that the four-color theorem has 
been solved. As things now stand, if 
there is a counterexample to the still un
proved four-color theorem, it must be a 
map with at least 40 regions. 
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Honeywell Radiation Center 
Lexington, Mass. 

Pointing and Tracking by Eye Control 

A new device which measures the direction of vision 
should make eye control of systems feasible in enVI
ronments ranging from aviation to production. 

For centuries man's ability to point tools, 
weapons and machinery has been limited 
by his manual dexterity. The hand is both 
slower and less accurate than the eye; in 
the stressful conditions of a space capsule, 
an air traffic control center, or a reconnais
sance plane, this disparity increases signif
icantly. In an attempt to free the operator's 
hands and to harness the remarkable track
ing ability of the human visual apparatus, 
Honeywell is developing a new method of 
measuring eye direction. 

Eye control is possible because of the 
concentration of the sensory capacity of the 
retina on an extremely small central por
tion, the fovea. For maximum resolution, 
the eye must be physically pointed at the 
target with an accuracy of .25 inch at 5 
feet in order to center the object on the 
fovea. By measuring the direction of the 
operator's eye as he looks at a target, pre
cise target bearing coordinates can be ob
tained without manual action. 

One laboratory method of measuring eye 
direction uses electrodes implanted in the 
skin around the eye to measure the basic 
potential between the front and back of the 
eye. However, this eye direction measure
ment is made relative to the head and does 
not provide an absolute indication of the 
bearing of the target detail. A 
more accurate method was pro-
vided by optical tracking. In 

pilots or astronauts; they are also unsatis
factory in many psychological experiments 
because of the unnatural restraint of head 
movement. 

Believing that an eye control system 
which would not confine the subject could 
make a whole new field of automation pos
sible, Honeywell scientists began work over 
five years ago on a device to track and 
record eye movements. The instrument de
veloped, the Oculometer, shines a beam 
of infrared radiation on the eye, and from 
the reflections off the re tina and cornea, 
an electro-optic sensor records the actual 
movements of the eye. 

The Oculometer works in the following 
manner: If an infrared beam is directed on 
the eye, a reflection of that light off the 
cornea is produced approximately in the 
plane of the pupil. The direction of the illu
minating radiation, which is along the opti
cal axis of the Oculometer, is the reference 
direction. The direction of the eye relative 
to this reference is proportional to the dis
placement of the corneal reflection from 
the center of the pupil. Because the Ocu
lometer determines the location of the re
flection within the pupil itself, head move
ments do not affect the measurement. 

The Oculometer images the pupil and 

corneal reflection on an electro-optical sen
sor. Using a raster scan, the Oculometer 
quickly locates the pupil and tracks its 
perimeter. It then scans the corneal reflec
tion. The amount of additional electrical 
input needed to move from the pupillary 
center to the corneal scan gives the co
ordinates of the corneal reflection. Mathe
matically the displacement of the corneal 
reflection from the center is K sin (3, where 
(3 is the angle between the geometric axis 
of the eye and the direction of the illumi
nating radiation. K is a dimensional con
stant of the eye. After completing the 
corneal scan, the image dissector repeats 
the pupillary scan, continually changing its 
diameter with changes in the pupil's diam
eter. The period of the repetitive scan is 
2ms, fast enough to follow the fastest eye 
motion. 

If the Oculometer output is connected to 
servo driven equipment, it could be used 
for many control applications normally 
done by hand. For example, the student s 
response in a teaching machine could be 
determined instantly by analyzing his eye 
movements. 

The Oculometer could be used as part 
of an automated vision tester system mea
suring not only central but peripheral 
vision, speed and acceleration of the eye, 
and astigmatism and accommodation. Data 
on the changing diameters of the pupillary 
scan yield valuable information for both 
physiologists and psychologists, since pu
pil size may be correlated to the subject's 
interest in what he is looking at. 

If you are working in the 
area of optical tracking of the 

these systems, electro-optical 
equipment tracks the displace
ment of some visible portion of 
the eye (such as the iris-white 
boundary) and from this mea
surement, the direction of 
vision can be determined. Al
though optical tracking itself is 
not difficult, most systems in 
use require an absolutely im
mobile subject, since they ex
trapolate vision direction from 
measurements of the position 
of eye detail within the skull. 
The tracking device is usually 
clamped to the skull by a den
tal "bite plate" to limit head 

RAYS TO AND FROM OCUlOMETER. 

eye, and want to know more 
about Honeywell's investiga
tions, please contact John Mer
chant, Honeywell Radiation 
Center, 2 Forbes Rd., Lexing
ton, Mass. 02173. If you are in
terested in applications for the 
Honeywell Oculometer, contact 
Peter Albertini, at this same 
address. If you have an ad
vanced degree and are inter-

movements to a thousandth of 
an inch. Obviously these are 
prohibitively restrictive for 

Apparent Displacement of Corneal Reflection C From Pupil 
Center P is Proportion a: to Eye Direction f3 

ested in a career in research 
at Honeywell, contact Dr. 
John Dempsey, Vice President 
Science and Engineering, Hon
eywell Inc., 2701 Fourth Ave. 
So., Minneapolis, Minn. 55408. 

Honeywell 
A U TO M ATIO N 
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THE AMATEUR SCIENTIST 

Conducted by C. L. Stong 

�few weeks ago one of the largest 
and most carefully made ama
teur astronomical observatories 

went into operation several miles north 
of Amherst, Va. The event happened to 
coincide with the 50th anniversary of 
telescope making as a popular avoca
tion. The observatory and its telescope 
are the handiwork of John Wikswo, a 
chemist, and his son John, Jr., a senior 
at the University of Virginia who is ma
joring in physics. 

The installation is remarkable in many 
respects. For example, the instrument 
embodies more scaled-down fcatures of 
the 200-inch Hale telescope on Palomar 
Mountain than I have encountered here
tofore. The two-story observatory build
ing, made of masonry, has a motor-driv
en dome of reinforced fiber glass. The 
building includes a photographic dark
room, a machine shop and a study. All 
the functional elements are controlled 
electrically, including a system of remote 
dials that continuously monitor the tele
scope's position as it tracks an object 
across the sky. 

The installation is the more remark
able because the older of the builders 
had no burning enthusiasm for either 
astronomy or telescope making \\'hen he 
began work on his first telescope. He 
was tricked into taking up telescope 
making by a friend, the late James H. 
vVyld, who was a pioneer in the design 
and construction of rocket engines. 
vVyld had become a telescope buff after 
reading in this department a report by 
the late Albert C. Ingalls on a group 
of amateurs in Springfield, Vt., who in 
1920 had made a number of small re
Recting telescopes. 

vVikswo tended to look down his nose 
at telescope making. The deceptively 
simple appearance of a reRecting tele-
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An ambitious obser(Jatol�y 
is built by father an d son 

scope rarely challenges the inexperi
enced eye. After much urging by Wyld, 
however, vVikswo reluctantly agreed to 
try his hand at a six-inch instrument. He 
spent almost a year on the project. Most 
amateurs would have finished it in 60 
days. The difference was that vVikswo's 
telescope rivaled the excellence of a 
finely made watch. Wyld took one look 
through it and contrived a scheme for 
binding \Vikswo forever to his avoca
tion. Although Wyld was young and in 
perfcct health at the time, he provided 
in his will for the purchase of two spe
cially cast 16-inch disks of Pyrex as a 
bequest to Wikswo. In 1952 the disks 
were delivered. vVyld knew his man. 
The astonished vVikswo has been work
ing on the telescope ever since. Recently 
he invited me to inspect the results. 

To reach the observatory you turn left 
orr Route 29 about 10 miles north of Am
herst and follow the narrow road that 
\\'inds northwest through the Blue Ridge 
mountains. Somewhere between thc vil
lages of Piney River and the Forks of 
Buffalo the road enters' an oval valley. 
Atop a large knoll that rises in the valley 
you spot the dome of the observatory 
under a sky that is usually crystal clear. 
A breath of the fresh air almost justified 
the trip. "We were against pollution in 
these parts," Wikswo explained, "long 
before the idea caught on elsewhere. r-.ly 
neighbors on the crests of these moun
tains learned from skilled ancestors the 
art of firing a whiskey still without creat
ing a telltale plume of smoke. That's one 
reason I'm here." vVikswo explained an
other of his reasons as we made our way 
along a footpath to the observatory. A 
vein of titanium are runs for seven miles 
through a neighboring mountain. He 
heads a group of chemists that develops 
methods for processing the mineral. 

The door of the observatory opens 
onto a landing from which a spiral stair
case leads to the observing Roor above 
and the darkroom below [see illustration 
on opposite page]. The cylindrical wall 
is made up of curved cement blocks. The', 
overlapping dome is formed by two doz
en curved trusses of fir overlain by a 

sandwich of Masonite and fiber-glass 
cloth cemented with polyester resin. The 
weight of the dome is carried by a base 
ring of laminated wood; the ring has 
Ranged wheels that roll on a circular 
track of steel. The track was bent from 
bar stock two inches wide and half an 
inch thick. It is anchored to the rim of 
the concrete wall. 

The telescope is supported at the cen
ter of the dome by a concrete pier that 
extends down through both Hoors to 
bedrock and is insulated against me
chanical vibrations. You can jump on 
either Hoor without vibrating the instru
ment. The dome is rotated by frictional 
contact between the laminated base ring 
and a pneumatic tire on a motor-driven 
wheel. Access to the sky is through a 
pair of weatherproof shutters in the 
dome; they open to form a slit one yard 
wide from the horizon to the zenith. The 
shutters, which were built in an old 
farmhouse that came with the property, 
are also made of Masonite and fiber 
glass. They are operated with a hand 
wheel through a system of cables. This 
is one of the few fcatures of the observa
tory that vVikswo has not mechanized. 

The fork that supports the tube of the 
telescope and rotates the instrument in 
right ascension, or celestial longitude, is 
of the welded box-girder type stiffened 
with internal partitions [see illustration. 
on. page 117]. The fork includes bolting 
plates an inch thick for attaching the 
shaft and the housings of the declina
tion bearings. Although the instrument 
weighs more than 600 pounds, it moves 
easily in any direction. 

The tube is rotated in right ascension 
by a synchronous motor that operates at 
1,800 revolutions per minute in combi
nation with a gear system that includes 
a differential mechanism. A direct-cur
rent motor coupled to the differential is 
used for turning the tube to any part of 
the sky. The gearing in both declination 
(north-south direction) and right ascen
sion includes selsyn (self-synchronous) 
transmitters that couple electrically to 
companion receivers operating dials for 
monitoring the position of the instru-
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ment. 'When the telescope is tracking a 
star automatically, a selsyn motor geared 
to the polar shaft communicates the 
rotation synchronously to a companion 
motor coupled to one input shaft of a 

differential in the dial mechanism that 
indicates right ascension. Concurrently 
rotation in the opposite sense is fed into 
the second input shaft of this differen
tial by a clock motor that keeps sidereal, 
or star, time. The two inputs cancel. Ac
cordingly the dial remains fixed and in
dicates the unchanging position of the 
telescope in right ascension. 

\\Then the telescope is stopped, the 

clock takes over. The dial now advances 
at the sidereal rate, thus indicating the 
telescope's changing position with re
spect to the sky. To aim the instrument 
at a particular object, \tVikswo consults 
a star chart for the celestial coordinates. 
By operating push buttons he directs the 
instrument onto the target as indicated 
by the dials. 

The tube is of the open-cage type and 
consists of five rings of cast aluminum 
weighing 20 pounds each. They are sup
ported axially by a series of tubular spac
ers held in compression by six steel tie 
rods [see top illustration on page 120]. 

sea-Ie- of section 
I'!" i 

o 

u re tha n e-foC2 m 

i i 
1 Z '3 4 .:> 

(-fee tJ 
rib 
dda.i 15 

vi bration insulation 

darkroom ... 
mac.h ine shop 
and study 

The tube rotates in declination on hol
low shafts of cast iron fixed to ribbed 
cast-aluminum plates that form part of 
the tube assembly. The shafts turn in 
ball bearings that are carried by the 
fork. A 4)f-inch steel shaft, salvaged from 
an old are mill, was fitted with ball bear
ings for rotating the fork in right ascen
sion. The perforated objective mirror 
floats on a nine-point suspension mecha
nism inside a cell of cast aluminum that 
closes the back of the tube. Patterns for 
all castings were made in \tVikswo's base
ment workshop. 

A paraboloidal mirror is the heart of 
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all reflecting telescopes. An instrument 
can be no better than its mirror, however 
much care the maker may lavish on the 
mounting. Wikswo kept careful notes as 
he made his 16-inch mirror, and from 
them he prepared the following account: 

"The first thing you need when you 
undertake the construction of a telescope 
larger than about 10 inches is a machine 
for grinding and polishing glass. It is 
simple to make a small concave mirror 
by sandwiching a slurry of Carborun
dum grit between matching disks of 
glass and pushing the upper disk back 
and forth across the lower one by hand. 
During a portion of each stroke the up
per disk overhangs the lower one; max
imum pressure between the two devel
ops in the central portion of the upper 
disk and around the edge of the lower 
one. The grit abrades the glass in pro
portion to the pressure. Hence the up
per disk becomes concave; it eventually 
serves as the mirror. The lower disk, 
which becomes convex, functions as the 
grinding tool and is discarded when the 
job is finished. 

"Stroking the upper disk back and 
forth by hand is possible, although not 
necessarily easy, with disks up to about 
10 inches in diameter. The thickness of 
the disks must be at least a sixth of their 
diameter to prevent the mirror from 
flexing and thus grinding out of true. 
The thickness of a 16-inch Pyrex casting 
as it comes from the factory is more than 
three inches, and the glass weighs about 
60 pounds. You do not push a disk of 
this size by hand. 

"The machine I made was based on 
the design described in Scientific Amer
ican [see "The Amateur Astronomer," by 
Albert G. Ingalls; SCIENTIFIC AJo.IEHI
CAN, May, 1950]. Essentially it consists 
of a rigid turntable 18 inches in diame
ter, mounted on the upper end of a mo
tor-driven shaft, and a rigid bar that os
cillates lengthwise above the turntable. 
The bar is driven by a crank that is cou
pled to the motor by a train of gears. 
Both the relative and the absolute speed 
of the crank and turntable can be altered. 

"The disk of glass to be ground and 
polished is mounted face up on the turn
table. Glass tools of appropriate diam
eter are pushed back and forth across the 
mirror by the oscillating bar. The grind
ing can be done with a slurry of grit, as 
in the hand technique. The machine 
lends itself to other grinding techniques, 
however, and even to other uses, as I 
learned from experience. For example, 
I adapted it for machining the mirror 
cell and other aluminum castings used 
for the tube. 
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"The Pyrex disk I chose for the mir
ror was slightly oval and wedge-shaped. 
Grinding it to within .005 inch of a true 
cylinder with parallel faces required 100 
pounds of No. 54 Carborundum grit, 
which has particles about the size of the 
grains in granulated sugar. The rough 
glass was prepared for grinding by ce
menting a disk of 3/4-inch plywood 15 
inches in diameter to the bottom of the 
casting with hot pitch. The wood disk 
was centered on the steel turntable of 
the machine and screwed in place. The 
top face of the glass was first ground 
parallel to the face of the turntable by a 

drill press provided with a tool made 
from an eight-inch length of heavy alu
minum pipe eight inches in diameter. 
The tool was chucked in the press and 
rotated by a drill shank that projected 
from the center of a metal disk, which 
closed one end of the pipe. The open 
end of the pipe, which functioned as the 
cutting edge, was supported parallel to 
the top of the turntable. A slurry of ben
tonite clay and Carborundum was ap
plied to the working edge of the tool. 
A teaspoon of clay mixed with three 
pounds of wet Carborundum forms an 
adhesive mud that speeds the rate of 
abrasion. 

"Most amateurs grind the edge of a 
glass disk simply by wrapping a strap of 
sheet metal around the disk, rotating the 
disk and applying abrasive slurry. The 
technique wastes glass. The edge of my 
disk was ground true with abrasive slur
ry applied to a rotating brass cylinder, 
three inches in diameter, that was also 
chucked in the drill press. The turntable 
was rotated by hand until all high spots 
had been ground from the edge. The 
glass was then turned by the motor at 
2)� revolutions per minute as successively 
finer grades of abrasive were applied to 
the tool in preparation for the polishing 
operation. The brass cylinder rotated 
100 revolutions per minute. The finely 
ground edge was polished by wrapping 
around the disk a metal band lined with 
felt charged with rouge. 

"After the edge reached full polish I 
detached the wood disk from the glass 
with a hammer blow that fractured the 
pitch. The turntable was covered with 
a disk of sheet plastic. The glass was 
turned over, centered on the plastiC 
rough side up and clamped in place by 
three equally spaced blocks of maple 
bolted to the edge of the turntable. The 
unfinished side was ground parallel to 
the bottom with the eight-inch tool. 

"The interior of the glass could be ex
amined for defects by looking through 
the polished edge. I selected for the 

working face of the mirror the side that 
contained the fewest bubbles. This side 
was then ground to a concave spherical 
figure of lBO-inch radius, twice the de
sired 80-inch focal length. To generate 
the curve, I canted the drill press by 
shimming up the outer end of the base 
to an angle that formed the lBO-inch 
radius when the eight-inch tool abraded 
the glass. At this stage some 300 hours 
of work had been invested in the mirror. 

"The telescope was designed to pro
vide access to the focal plane at any 
of three locations: the distant end of 
the tube, called the Newtonian focus; 
through the hollow declination axis, or 
coude focus, and at the rear of the ob
jective mirror, known as the Cassegrain-

/ 

friction 
�a\l bearings-

/ 

Scale of detdi Is 
o Z. 4 6 '&" i r i !  ! I 

(inc..hes) 

ian focus. In the first two of these ar
rangements the converging rays are re
flected outside the tube at right angles 
by plane mirrors. In the Cassegrainian 
arrangement they are reflected back
ward by a small convex mirror through 
a perforation in the center of the objec
tive mirror. 

"The required perforation was tre
panned in the disk with abrasive applied 
to a three-inch pipe chucked in the drill 
press. The cut was made halfway 
through the glass from both sides to 
avoid chipping the surfaces. After the 
inner surface of the perforation had been 
trued (by lapping the hole with fine 
abrasive applied with a cylindrical tool 
of brass) the glass plug was replaced and 
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cemented with dental plaster as a me
chanical support for the surface during 
the final grinding, polishing and figur
ing of the paraboloid. In this step I made 
use of a clever trick devised by Fred 
Cowan of the Lick Observatory optical 
shop. The glass plug was covered with 
a closely wound layer of No. 22 steel 
wire before the cement was applied. 
The plug was removed easily when the 
mirror was finished by unwinding the 
wire. 

"The coarse abrasive used for generat
ing the curve left deep pits in the sur
face. These were ground away, in prepa
ration for polishing the glass, with suc
cessively finer grades of abrasive applied 
with a tool in the form of a disk that was 
pushed back and forth by the oscillating 
arm of the machine. The tool moved at 
a rate of 1.5 inches per second. The 
mirror simultaneously rotated at a speed 
of 2Jf revolutions per minute. The diame
ter of the tool was 13.3 inches, five-sixths 
of the diameter of the mirror. The tool 
was a ribbed disk of steel faced with 
an orthogonal mosaic of two-inch glass 
squares 3/8 inch thick cemented to the 
steel with epoxy. The edges of all the 
squares were beveled to an angle of 45 
degrees by hand with a fine Carborun
dum stone and water. vVhen shifting 
from each of the coarser grades of abra
sive to a finer grade, I thoroughly 
washed and dried the mirror and the 
tool. The tool was also repainted each 
time, including the spaces between the 
glass squares. This precaution mini
mized the possibility that a grain of 
coarse grit might be carried into the suc
ceeding stage of fine grinding and scar 
the glass. No scratches appeared. The 
mirror was ready for its final polish after 
51 hours of fine grinding. 

"The polishing tool was made by plac
ing gummed paper dams around each of 
the glass facets and filling the cavities 
with tempered black pitch. Thirty-five 
hours of polishing with rouge eliminated 
all traces of the fine grinding and 
brought the surface to a polished spheri
cal figure. The curve ,"vas then deepened 
into a paraboloid by altering the length 
of the strokes and displacing the tool 
laterally as necessary. Various optical 
tests were made during this stage for 
monitoring the changing shape of the 
curve. Work was stopped when tests 
indicated that the surface was within a 
millionth of an inch (approximately a 
twentieth of a wavelength of light) of 
the desired paraboloid. The complete 
job of converting the rough casting into 

. the finished mirror required 440 hours 
of work. 

"The telescope cost just a little less 
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Throu ghout the Bell System , lead
acid storage batteries provi de 
standby supplies in case commercial 
power fails. Because these batteries 
are costly to maintain and replace, 
Bell laboratories scienOtists undertook 
a thorough study a nd redesign. 
The new battery, cylindrical in form, 
sho uld last for more than 30 years, 
rather than the present 1 5, with 
performance actually, improving 
during most of that time. 

Most of the changes are in the 
positive plates. As in conventional 
lead-acid batteries, these are lead 
lattices into which a lead-dioxide 
"paste" is pressed. But the new plates 
are round, slightly dished (not 
rectangular, as at present), and are 
stacked in a self-supporting structure. 
This stronger construction allows us 
to use pure lead which, though soft, 
is more resistant to destructive cor
rosion than the usual lead alloys. 

Battery in the Round 

But all battery plates do corrode 
to some extent and th is causes the 
lattices to expand or "grow." In 
conventio nal designs, this growth 
pulls the lattice away from the lead 
dioxi de, causing loss of electri cal 
contact. In the new ci rcular plates, 
the sizes of the concen tric lattice 
hoops are calculated so that, as 
growth occu rs, the space between 
hoops remains constant. Thu s, 
contact w�th the lead dioxide is 
always maintained. Since, in addition, 
corrosion produces lead dioxide-
the cell's active material-the storage 
capacity of the cell actually increases 
with time. 

The paste, too, has been im
proved. In standard batteries, the 
paste is a mass of tiny rounded parti
cles. These gradually fall away from 
the plate, reducing its capacity, and 
sink to the bottom of the cell where 
they cause short circuits. In the new 

desi gn , the particles are elongated, 
almost fi b rous. They interlock with 
one another and stay in place. 

The n ew battery case is trans
parent non-fl a m mable PVC (polyvinyl 
chlori de) . To seal it, we paint a black 
PVC solut i on on to a "dovetail" 
between case and cove r and heat the 
assembly wi th infrared. The resulti ng 
joint is extremely strong and 
completely acid-tight. 

last yea r, Bell laboratories invi ted 
battery makers to consider pro
ducin g the new design. Western 
Electric, manufactu ring and supply 
unit of the Bell System , will then buy 
batteri es from them. This will benefi t 
the industry an d greatly redu ce 
the Bell System's $30 million annual 
outlay for bat.tery mainte- @ 
nance an d repl acement. ... n � 

From the Research � 
and Development Unit 
of the Bell System- Bell Labs 

© 1970 SCIENTIFIC AMERICAN, INC



120 

Increase, 
multiPly ... 
ann dil • 

Or can the tide of self-destruction 
be reversed? Who Shall Live? is 
a thoughtful exploration of the 
moral and social dimensions of 
every phase of the population 
problem-abortion, contraception, 
increased life expectancy, food 
supply, pollution, genetic manipu
lation, euthanasia, surgical 
transplants. It challenges all of us 
to set priorities now, so that we 
may have a tomorrow. 

WHO SHALL 
LIVE' Man's Control over 

• Birth and Death 
A Report Prepared for the American 
Friends Service Committee 

$3.95; Paper, $1.75 
at all bookstores 

lim HILL AND WANG 
72 Fifth Avenue, New York 10011 

Konrad Lorenz 
STUDIES IN ANIMAL 

AND HUMAN 
BEHAVIOUR Volume 1 
The first of two volumes of the 
collected papers of perhaps the 
foremost living authority on eth
ology contains six of his most 
significant articles on adaptive 
behavior written during the years 
1931-1942. Essential and fascinat
ing reading for those whose spe
cial interests include biology, so
ciology, anthropology, and eth
ology. $10.00 

E y� P j e.ce turret 
call be placed on any 
sick of the tub�. 

(.ove.. r 
(rt�move.d. when 
C ass�ainia.n 
focus is use.d) �:=:::::::�f!!!!. 

,\'-
hollow 
shafts 
for 
access 
to c.oudi 

lead 
�counte\'"wej8ht� 

Primary rnir"r'or 
diameta-=?-6" 

/==5 
Tube of the telescope 

than $500. The largest single item was 
$150 for foundry castings. The grinding 
machine, abrasives and evaporated alu
minum coating of the mirror amounted 
to another $150, not counting $60 for ex
press charges. Another $200 was spent 
on the shop and darkroom. The observa
tory cost $1,500. 

"Occasionally I am asked why I made 
the observatory of cement blocks. Ma
sonry structures leave something to be 
desired because they function as heat 
sinks that create convection currents in 
the cool night air and thus degrade 
seeing. I took this disadvantage into 
account when I decided on masonry 
for protection against speeding bullets. 
High-powered rifles are legal for hunt
ing deer in this part of the country. Not 
all our city visitors have the skill of my 
neighbors at handling a gun." 

Wikswo's telescope performs beauti
fully, as you can see for yourself if you 
wish. Wikswo holds open house occa
Sionally at night. Visitors who write for 
reservations are welcome. The address: 
John Wikswo, Route 4, Box 224-A, Am
herst, Va. 24521. 

The circuit diagram of the power sup
ply for the tunable laser using organ

ic dye, described in this department 

in February, shows a connection be
tween the primary and secondary wind
ings of the oscilloscope transformer. 
The connection invites the destruction 
of one of the diodes and should be 
omitted, as several readers have pointed 
out. 

covc.r (ihches) 
o f I 

Details of main shaft 
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by S. Gopal 

GANDHI'S TnUTH: ON THE OmCINS OF 

MILITANT NO:\'\'lOLENCE, by Erik H. 
Erikson. VV. VV. Norton & Company, 
Inc. ($10). 

O
f all the great figures of modern 
his tory, Gandhi is the obvious 
choice for psychoanalytic dissec

tion and explanation. He was successful; 
he demonstrated a new technique of rev
olution and change; he concealed noth
ing from the world; he had no private 
life in any sense after he had attained 
middle age, and he provided such de
tailed, firsthand testimony of his politi
cal reflexes, personal passions and pri
vate emotions that he could be described 
as having a strong streak of exhibition
ism. He bared his soul as much as he 
did his body. His method of nonviolence 
was, Erik Erikson tells us, an extension 
of the ethical principle of psychoanalysis 
to the arena of social and political ac
tion. In the method of psychoanalysis, 
says Erikson, Freud "replaced moral 
suppression with the belief that truth 
has enough force to make the patient 
reveal what he had suppressed." So does 
the method of Satyagralta-the Sanskrit
ic combination of "truth" and "force" 
that Gandhi chose as a name for his way 
of life and action-confront the enemy 
nonviolently and, by forcing him to rec
ognize the truth, reconcile the two sides. 
There is something natural, therefore, 
in psychoanalyzing Gandhi, in applying 
Freudian techniques to the individual 
who was the master of social psycho
analYSiS, in putting his spiritual truth to 
the tes t of psychological truth, and in 
complementing the Gandhian results 
with psychoanalytic insights. 

Yet what makes Gandhi a worthwhile 
subject for such attention is, above all, 
the fact that he was a success. He more 
than any other individual raised the 
pressures that led to the British with
drawal from India and thereby changed 
the face of Asia and the world. It was 
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BOOKS 
On Erik Erikson's 

study of Gandhi 

Gandhi who demonstrated the mora
toriums and fasts, the civil disobedience 
and passive resis tance that are now 
being utilized, and with effect, on every 
continent. Doubtless in the centuries 
before him there were many unknown 
Gandhis in India if not elsewhere. They 
are not heard of, however, because they 
did not quite bring it off. If his life is of 
interest, it is primarily because his life 
was of consequence. 

Gandhi himself had no illusions about 
his chief objective. He was interested in 
perfecting his character and personality 
not so much for self-sufficient spiritual 
ends as to make himself an effective in
s trument of political and social change 
in India-"Indian leadership, Indian 
style." He was above all a man of action, 
of enormous restlessness and energy, 
with a will to power and a touch of ruth
lessness; he functioned with a shrewd 
grasp of whatever context he found him
self in. At the age of 25 in South Africa 
he acquired a sense of his destiny; nei
ther at that time nor thereafter did he 
display any arrogance or false humility 
in his acceptance of it. Regarding dis
crimination against Indians in South 
Africa he wrote in 1894 : "I am the only 
available person who can handle the 
question." In the same �atter-of-fact 
way he could declare 25 years later : "I  
am the one man who can today preserve 
the peace in India." On his return to 
India in 1915  he was convinced that all 
the former leaders had failed the Indian 
people. He began at once to travel far 
and wide all over India, seeking infor
mation about grievances in various re
gions and planning to draw new tides 
of men, until then unaware of politics, 
into his hands. 

Erikson recognizes that Gandhi's at
titudes and beliefs were more subtle and 
complicated than many of his followers 
realize; he offers no simplistic explana
tions. It  is well known that there was a 
strong feminine strand in Gandhi's na
ture. Many other interpreters have made 
the all too easy jump from this knowl- ' 

edge to the contention that Gandhi mo
bilized weakness and inertia, that he di
rected the masses of India to sit down 

and suffer in protest because he was not 
equipped to get them to do anything 
else. Erikson shows that on the con
trary there was a strength in Gandhi's 
womanliness ,  that his identification with 
his mother was a large part of his rock
like purpose. l\10therhood can be fiercely 
protective; in Gandhi's nature these im
pulses expanded from a diffuse tender
ness to a guardianship of his people and 
of all mankind sharing their plight. 

Of no o ther political leader of our 
time can one imagine a book being writ
ten with the title Bapu, My Mother. Cer
tainly of no other leader could such a 
book have been written without detract
ing from his heroic stature. Erikson 
strains too hard in sugges ting that In
dians held this kind of esteem for Gan
dhi because the mother-goddess cult has 
given India basic bisexuality. Rather, no 
one could mistake Gandhi's gentleness 
for frailty. Indeed, the title Bapu, My 
Mother is in i tself Significant. Bapu 
means father; it was the term of affec
tion by which Gandhi was addressed by 
many of his close followers, including 
Jawaharlal Nehru, later to be prime 
minister. The total image, as Erikson 
says of Gandhi's father, is one in which 
it  is difficult to allocate masculine and 
feminine iden tifica tions. 

In fact, Gandhi's image was the image 
of a new kind of leadership. There were 
abler men in Indian politics, and many 
who had suffered more in India's cause. 
Lokamanya Tilak, one of the first pro
tagonists of "home rule," had spent six 
years in solitary confinement in Burma; 
the health of Subhas Bose, a militant 
leader of the Congress party just before 
vVorld War II, was broken in prison. Yet 
none could contest the hold Gandhi had 
on the hearts of the common people. 
Him alone they regarded as one of them
selves, a leader whose sole objective was 
to serve them. It is not, as Gandhi (and 
Lenin) understood, necessary to indoc
trinate the masses in order to inspire and 
rouse them; to evoke their latent con
sciousness it is only necessary to be ab
sorbed by them, to live and work among 
them. 

Gandhi had no clear social and eco-
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"Some 300 generations have passed since man 
began a new life, tilling the earth and settling in vil
lages. Now, within a single generation, man will be
come an urban species, with over half of the six bil
lion persons in A.D. 2000 living in hivelike cities. 
Thus may end the 30,OOO-year span of Homo sapiens 

and begin the era of Homo conviven.r, a new com
munal species that would control its reproduction and 
manage its ecosystem - the biosphere." 

Is Homo sapiens dead? 
This dramatic new look at human evolution ap

pears in a 32-page report on mankind from the Janu
ary issue of Natural History Magazine. It's called "The 
State of the Species." Its pages span the ages of man 
from his beginning four million years ago to his future 
here on earth. 

"Only by exploiting his mind, his one 
maior evolutionary asset, can man 
overcome the urgent crises of our age. " 

Its six articles, written by leaders from various 
fields of research, contain some surprising remarks 
about man's origin, fertility, constraints and his un
beatable barrier, the space beyond his biosphere. 
Samples: 

• Man's cultural heritage may be two million )'ears 
older than many scientists project (from an anthro
pologist with a new theory on human evolution) 

• Man had better be content with life on earth be
cause he's not going to be able to live in outer space 

• Waste - not population growth - causes pollution 

• People starve when they can have food (from the 
most comprehensive study on malnutrition to date, 
not yet published) 

• One billion more people in 15 years (United Na
tions projections of world-wide growth in five-)'ear 
intervals to 1985) 

• The changing Chinese: birth rate declining, contrary. 
to popular opinion 

This report is different, unusual, provocative read
ing. Like Natural History Magazine. 

And it's yours free if you subscribe now to Natural 

History. (In addition to 10 issues of Nalllral History, 
you get two free books a year, and a membership in 

The American Museum of Natural History at no addi
tional charge, which allows you to receive members' 
book and gift discounts.) 

"Man has, for the past two 
centuries, disproved Malthus." 

You might call Natural History a "think-in." Pub
lished by The American Museum of Natural History, 
its purpose is to revolutionize coverage of what's go
ing on in the "natural" world. Much of the magazine 
will never be reported elsewhere in the press. 

Its scope: the universe. It looks at man and other 
things, the land, sea and upward into the skies to the 
most distant galaxies. 

Adventure of a different kind 
Or you could call Natural History a different kind 

of adventure magazine. Because one of man '5 greatest 
adventures is the exploration of his self and the world 
around him, his past, his present, his possible future. 

Today the problems of "nature" are taking a healthy 
chunk out of the national budget. Natural History is 
concerned not only about damage to the ecosystem 
but also about a realistic search for practical solu
tions. For example, in its February issue, which you 
will receive if you subscribe now, is a proposal to 
make pollution of Lake Champlain "pay off." 

Diversity is the name of the game this magazine 
plays, so expcct a surprising range of material. Mar
garet Mead on the possibility for survival. Christmas 
in the Kalahari desert. How the Soviet plan to trans
form nature. Getting along with a grizzly. The vital 
importance of properly "aging" our water supply. Life 
and death in the seal harems of Alaska: The most 
celebrated dog case ever tried in Johnson County, 
Missouri or the world. Initiation rites in New Guinea. 

Full color photographs capture the drama of this 
reportage. 

Every month there's "Sky Reporter," with celestial 
events charted by Dr. Thomas D. Nicholson, formerly 
head of the Hayden Planetarium and now Director of 

"It has recently become popular to ask those 
concerned with degradation of the environ
ment whether it might not be best if they spent 
their time beating the drums for contraception." 

The American Museum of Natural History. Here is an 
easy introduction to stargazing along with fascinating 
facts about astronomy. 

Keep up with what's going 
on in the "natural" world 

10 issues of Natural History. Two free books: the' 
editors' spring and fall selections. Membership in The 
American Museum of Natural History and members' 
discounts on book and gift orders and preferred visi
tor's reception at the Museum. And that special bonus, 
"The State of the Species." 

For only $7. 
Fill in the coupon and consider yourself one of us, 

Get to know this world before 
it's gone. Subscribe now to 
Natural History Magazine 

.-------111 • FREE: "THE STATE OF THE SPECIES" • 
Natural History • Magazine • • S7 West 77th Street, New York, N. Y. 10024 • Please send me a free copy of The S((lff' 0/ ,he Species 
and enter my subscription 10 NATURAL HISTORY 

I for one year (10 issues) at S7 or for tWO years (20 
issues) al $14, as indicated below. (If I decide that I NATURAl. HISTORY isn't for me, I may cancel my 
SUbscription without obligation.) I understand that 1 

I will also be enrolled, at no extra cost, as an Associate 
Member of The American Museum of Natural His- I tory, which entitles me to two gift books a ye::.r, special 
discounts at the Museum Shops and other benefits. 

I 0 I y • .,-17 02y.",-114 I • NAME • • ADDRESS 

• CITY I STATE ZIP . 
o Check enclosed 0 Bill me A BD 0 

1 ____ --_. 
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nomic ideas. His frequent resort to the 
line from the hymn, "one step enough 
for me," while evidence of his faith, was 
also an escape from systematic thinking. 
All of this baffled his more intellectual 
followers. As an exasperated Nehru once 
wrote to him, "vVho can argue with a 
magician?" Gandhi knew, however, that 
the devotion of the masses had to be 
spearheaded by an elite. He built up a 
band of chosen apostles who in most 
cases had nothing in common but their 
acceptance of Gandhi. He was Christ
like in his seizure of men, in the way he 
tore them from their families and made 
them follow him. As Erikson shows, 
Gandhi's authority rested on one-to-one 
relationships with his community of fol
lowers, to each of whom he revealed the 
relevant aspect of his personality so that 
they were indissolubly chained to him. 
Erikson mentions a few of these follow
ers, but the roll is long and the associa
tion of names incongruous. No simple 
explanation can enfold the man who 
could captivate such diverse figures as 
Madeleine Slade, the British admiral's 
daughter; Nehru, the Cambridge gradu
ate and sophisticated intellectual; Gaffar 
Khan, the roughhewn Pathan, and Vino
ba Bhave, in the line of Indian ascetics 
with a social purpose. 

Nor was the impact of Gandhi's lead
ership restricted to his committed follow
ers. He knew how to make use of men 
such as the world-famous poet Rabin
dranath Tagore and the philosopher 
(later president of India) Sarvepalli 
Radhakrishnan; although they were not 
wholly his disciples and were often se
vere critics of his actions, they were still 
s tirred by his life and his example. The 
penumbra of Gandhi spread far beyond 
his ashram and the Congress party. His 
influence s tretched even to those whom 
Erikson has happily termed his "counter
players." His spontaneity and goodwill, 
his genuine concern to put himself in the 
other man's position and see the prob
lem from that viewpoint, his total hon
esty with himself and with others, his 
eagerness to release tension and his re
fusal to violate the other's personality
all struck responses in opponents who 
were sufficiently humane and civilized. 
There was Jan Christian Smuts in South 
Africa, who always regarded Gandhi as 
a prince among men, and Lord Irwin 
(later Lord Halifax) in India. In the 
Gandhi archives there is a private letter 
from Irwin, written toward the end of 
his five years as Viceroy of India, after 
months of tussle and conflict with Gan
dhi : "It has been a great privilege to me 
to be given this opportunity of meeting 
and knowing you; and I hope that either 
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before I leave India or in England, you 
will give me the pleasure of seeing you 
again. I do pray-as I believe-that his
tory may say you and I were permitted 
to be instruments in doing something 
big for India and for humanity." 

Gandhi's leadership, which not only 
enthralled his followers but also elevated 
opponents to levels unknown to them 
until they grappled with him, was novel 
and obviously of the highest quality. 
Erikson analyzes i ts genesis in a detailed 
case s tudy of Gandhi's intervention in a 
labor dispute in Ahmedabad in 19 18. 
This was only one of Gandhi's efforts to 
reach out beyond the small groups of 
educated men who at that time monopo
lized Indian politics, to s tir the rank and 
file and test his leadership of the various 
elements of Indian society. In the five 
years between his return from South 
Africa in 1915 and the launching of civil 
disobedience on an all-India scale in 
19 19, Gandhi was constantly engaged 
in pilot experiments. In 1917 he trav
eled to Bihar to take up the case of the 
cultivators against the indigo planters. 
Later, while he was still engaged in the 
dispute at Ahmedabad, he involved 
himself in a rural campaign in Gujarat 
for the suspension of revenue collections. 
Hence Ahmedabad was only one step in 
a general plan to awaken a wide politi
cal consciousness, one of the many prel
udes to the national campaign and not 
the most important one at that. Erikson 
would seem to be asserting too much 
when he terms the s trike at Ahmedabad 
"The Event." There could be no mass 
movement in India that did not include 
the peasants, and Gandhi's hold was on 
them rather than on the factory \\'orkers. 
The Ahmedabad episode nonetheless 
lends itself to fruitful s tudy, because it 
displays various facets of the Gandhian 
technique in operation, some of them for 
the first time. 

To the student of industrial relations 
there is a touch of unreality about this 
strike and Gandhi's role in it. The leader 
of the millowners, Ambalal Sarabhai, 
was a personal friend of Gandhi's; he 
was probably also the anonymous donor 
who gave Gandhi considerable financial 
assistance on his repatriation in 1915. 
The leader of the workers, who sought 
Gandhi's intervention, was Sarabhai's 
sister. Throughout the three weeks of 
the agitation Sarabhai, his sis ter and 
Gandhi met every day and often had 
lunch together. vVhen the workers de
manded a rise in wages, the employers 
s taged a lockout; then, when the work- , 
ers went on s trike, the millowners ended 
the lockout and sought to break the 
strike. Gandhi, by daily addresses and 

leaflets, exhorted the workers to stand 
firm and stressed the need for truth and 
courage. He helped them to formulate 
and put forward minimum demands, so 
that there was no room for retreat; this to 
him was always an important essence of 
Satyagraha. Finally, when the \\'orkers 
began to grow desponden t and critical 
of their leaders, he undertook a public 
fast as a sign of solidarity 'vvith them. 
The employers thereupon agreed to the 
demands of the workers. Gandhi, how
ever, was reduced almost to shame at 
the realization that, because of his 
special relationship with the employer 
group, his fast had served as a kind of 
blackmail of them. 

In keeping with the unreality of the 
episode, Gandhi was able to express at 
every stage his satisfaction that the lock
out and the strike were being conducted 
with mutual regard and cordial rela
tions: "That action alone is just which 
does not harm either party to a dispute." 
This, of course, is easier done in political 
and social reform movements than in the 
settlement of economic problems. Gan
dhi's abhorrence of class warfare; his 
pledge that he would promote the inter
est of the workers only "while safeguard
ing the employers"; his condemnation 
of the "\Vestern, or the modern Satanic, 
notion of justice" that could benefit one 
party only at the expense of the other
all this idealization could rapidly be re
duced to mere rationalization in favor of 
the employers. Gandhi's approach to ec
onomic matters had a touch of r-.'ior
al Rearmament, with its invocation of 
ethical tenets to stabilize iniquitous 
economic relationships. "Workers," he 
wrote, "have no money, but they possess 
a wealth superior to money. They have 
their hands, their courage and their fear 
of God." Gandhi believed it was the 
dharma, the ethical duty, of capitalists 
and industrialis ts to make profits. The 
personal decency of a rich millowner 
such as Sarabhai further blinded him to 
the injustice of the system. 

Marxists would say that Gandhi was 
the representative of the upper bour
geoisie, that he needed the support of 
the wealthy and that nothing better 
could be expected of him. Gandhi him
self acknowledged that he had a predi
lection for Ahmedabad not merely be
cause i t  was in his native Gujarat and 
had been an ancient center of handloom 
weaving but also because of his expec
tation that monetary help from wealthy 
citizens would be more available there 
than elsewhere. Erikson finds in Gan
dhi's attachment to Ahmedabad the un
conscious resolution of unresolved con
flicts in his past :  he had abandoned his 
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caste, his father's memory and his broth
er's legal work, and now perhaps Sar
abhai had become the true brother. 
Such considerations blurred Gandhi's 
perception of the economic realities, to 
say the least. 

Erikson does well to remind the read
er that Gandhi was never a total pacifist. 
There were many shades and nuances to 
his belief in nonviolence. His commit
ment to this principle had nothing to do 
with religion, Hindu or Jain. The fact 
that he often expressed himself in Hindu 
terms and proclaimed that he stood in 
the mainstream of the Hindu tradition 
should not obscure the truth. Gandhi 
was a pragmatic revolutionary to whom 
nonviolence was a political expedient 
and not a doctrinal value. Civil diso
bedience seemed to him, and proved to 
be, the best way to bring the South Af
rican government to its knees; its use as 
a militant weapon in a number of cam
paigns in India ultimately made the Brit
ish position there untenable. Gandhi was 
not bent on eliminating force from poli
tics. He sought to generate that form of 
force which would be the most irre
sistible in the contexts in which he was 
operating. He did not discard the possi
bility of certain situations in which vio
lence might be required. Not only had 
he served as a noncombatant in the Boer 
and Zulu campaigns; in 1918 he con
ducted a vigorous recruiting drive for 
the British army. 

In Gandhi's view, as Erikson shows, 
there could be no real nonviolence un
less there was the power of violence: 
"Immediately you cease to fear, you are 
ready for your choice-to strike or to re
frain . . . .  The ability to strike should be 
present when the power of the soul is 
demonstrated." His campaigns of mili
tant nonviolence were rooted not in fear 
but in courage. There was also, much to 
the interest of Erikson as psychoanalyst, 
a considerable amount of hidden, sub
dued violence in Gandhi's nonviolence, 
in the pressure and coercion he applied 
to his opponents and in the moralism 
he inflicted on his disciples. And after 
the British had left India he approved of 
the action taken by Indian troops in 
Kashmir. On all these seeming contra
dictions Gandhi himself said the last 
word as far back as 1918: "One cannot 
climb the Himalayas in a straight line. 
Can it be that, in like fashion, the path 
of nonviolence, too, is difficult? May 
God protect us, may He indeed!" 

Gandhi repeatedly stressed that God 
appears not in person but in action. 
Throughout his life he functioned pri
marily in the political context. Curious 
about his body and his spirit, he experi-

mented constantly. The results make a 
fascinating record. He was a saint who 
placed his halo at the service of his secu
lar aspirations; it  was from "experiments 
in the spiritual field that I derived such 
power as I possess for working in the 
political field." What makes Gandhi im
portant as well as interesting is that he 
was a leader of men comparable, in his 
time, only to Lenin. He used men with 
decisive effect, and in the process he 
often ennobled them. 

Searching for the Mahatma can never 
be a wholly successful pursuit. It is the 
merit of Erikson that he casts new light 
on this extraordinary man. Discarding 
the veils of myth, he discloses the attach
ment to the mother that was sublimated 
into strength; the assumption of moral 
responsibility on behalf of the father that 
later extended to all fellow men; the re
turn from Europe as an augmented In
dian; the primacy of political commit
ment; the rejection of both procreation 
and killing; the care for the superior ad
versary, and, toward the end, the need 
to be mothered himself, in the bitter dis
illusion of the communal massacres that 
attended the liberation and partition of 
the Indian subcontinent. Erikson's book 
furthers our understanding by clarifying 
the humanity of the man to whom lesser 
men were so eager to ascribe godlike 
qualities. 

Shorter Reviews 

by Philip Morrison 

BATS OF AMERICA, by Roger W. Bar-
bour and Wayne H. Davis. The Uni

versity Press of Kentucky ($17.50). THE 

WO'RLD OF BATS, photographs by Nina 
Leen, text by Alvin Novick. Holt, Rine
hart and Winston ($23.95). In the dusk 
of a New England summer's night a 
householder enjoying his garden is apt 
to notice the darting, ticking habitual 
fught of a little brown bat around the 
house and under the trees. Myotis lUGi
fugus, taking one flying insect every few 
seconds by frequency-modulated sonar, 
is a member of the most abundant of the 
40 species of bats in the U.S. During the 
summer little lUGifugus lives huddled in 
colonies behind the white clapboards of 
the still, hot church and mansion attics 
of a thousand New England towns; tell
tale spattered droppings usually mark 
the dawn entryway of these colonists. 
("The postmistress of a small town al
ways seems to know who has bats.") By 
September the animals have congregat
ed in winter quarters; the total popula
tion of M. lUGifugus from Cape Cod to 
Lake Champlain, a band of 300,000 bats 

that in season hunt over more than 8,000 
square miles, huddle in a single cave 
on the wild slopes of Mount Aeolus 
in southern Vermont. These five-gram 
cousins of ours fly far and fast on their 
delicate wings of eight-inch span. They 
bear live single young, fast-growing lit
tle things that seem to stay in the roost 
during the mother's feeding flights, al
though the newborn cling to a nipple 
for some days. These bats thrive at tem
peratures above 125 degrees Fahrenheit, 
but they are not irreversibly harmed (al
though they are dormant) when they are 
cooled to well below freezing. 

In the wider spaces of Texas and Ari
zona there are great flights of millions of 
Tadarida brasiliensis, the free-tailed bat. 
("Leaving a cave [they] sound like the 
roar of a white-water river and appear 
as a dark cloud visible for miles.") One 
cave near San Antonio supports 20 mil
lion individuals, and you can reckon a 
few grams of small moths per bat per 
night as the average intake. The column 
leaves the cave mouth at 35 miles per 
hour; in the open sky they easily out
speed a helicopter following the column 
at 40 m.p.h. They are flying at perhaps 
60 m.p. h., yet flow calculations suggest 
that not all the bats from the biggest col
onies can find air space to leave the cave 
every night !  Hear the eloquent traveler 
to inner-city batdom: "A visit to one of 
the huge colonies . . .  is a memorable ex
perience. [The] intruder's light causes 
them to peel off from the great clusters 
... until the cave is filled with milling 
bats. The floor and the walls . . .  soon 
seem to be crawling with them . . . .  They 
collide with the observer . . .  , cling to 
him and crawl upward . . . .  A writhing 
mound . . .  quickly accumulates, and al
though they make no effort to bite, one 
gets the feeling that he may be smoth
ered . . .  as he sinks deeper into the . . .  
soggy guano which covers the cave floor. 
The caves are oppressively hot. [The] 
humidity is very high, and there is al
most no air movement. Ammonia is suffi
ciently concentrated to cause irritation. 
. .. Mites . . .  seem to cover every avail
able surface. [They] quickly move . . .  to 
cover the additional surface presented 
by a human visitor. . . .  Carnivorous bee
tles are abundant. [They] can skeleton
ize a bat within hours. [They] rarely 
bother a person on the move. Venomous 
snakes . . .  are an additional concern . . . .  
No one should enter . . .  unless he has 
been immunized against rabies." 

The bats almost never bite; the virus 
in the bat-packed cave is airborne. In 
spite of repeated scare stories the bats 
have proved no menace whatever to 
public health. Bats are "exceptionally 
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sanitary." They carefully arrange it so 
that their urinary stream does not soil 
themselves or their neighbors. Healthy 
bats are always clean and fluffy. They 
are as colorful as most furry mammals ; 
many species sport marvelous large so
nar ears, and nose leaves of bizarre and 
intricate form surrounding the nostrils 
are found in those species that emit the 
sonar pulses through the nose rather 
than orally. The bamboo bat, weighing 
about a gram and a half, is probably the 
smallest of all living mammals: "When 
I placed one with its wings folded on 
the terminal joint of my thumb, it was 
framed on all sides by a substantial mar
gin of my skin." 

Bats are numerous, subtle and bene
ficial, yet they remain largely unknown 
because they are so different from us. 
Our night is their day; our eyes are their 
ultrasonic ears ; the ground under our 
feet they replace by the thin air ; even 
when they touch the solid earth, they 
live inverted, head-down lives. They are 
"dynamic insecticides." In the Tropics 
many plants are designed for seed dis
persal and pollination by bats. Such 
tropical fruit is often an obscure green 
or brown, since it is taken not by day
light vision but by its musty smell. The 
seeds are large and inedible or else small 
and slippery-bat-proofed. Some bats 
fish, although how they find their prey 
is still unclear. They can pick up by 
sonar a small needle that breaks the sur
face, but not a submerged fish. How they 
can work in the clutter of ripples and 
waves is unclear; perhaps they do not. 
Children can often hear the sonar cries, 
but sluggish older ear membranes make 
out only the fierce transient onset click. 
There are "whispering" species that hunt 
insects close to walls, tree trunks and 
leaves with weak pulses and slow, de
liberate flight with quick maneuvers, 
employing the short-range returns to 
make manageable the complexity of 
their echo world. 

So far I have spoken of the bats and 
not the books. These are two remarkable 
volumes. Bats of America is really a lav
ish key to American bat species. It is 
local, particular, a bit technical, giving 
the life history and territory species by 
species, almost cave by cave. It tells 
about skins and skulls, about netting 
bats with the nearly invisible (inaudi
ble?) mist-net bird snares of Japanese 
make. The photographs, made by Roger 
Barbour out of 30 years of wildlife pho
tographic experience, are guides to rec
ognition. The bats are arrayed, live and 
engaging, their color true, resting on nat
ural backgrounds, so that the species 
can be named from the bat one sees in 
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nature. There is a clear index and a large 
annotated list of references, with many 
maps. 

The World of Bats has a wider sweep 
and a less speCific intention, but its text 
(by a Yale expert) is no less personal and 
precise, telling anecdotes bat by bat. It 
covers the world of bats, as it asserts, 
with less anatomy and much more evolu
tion, although with neither index nor 
references. Its pictures are bravura pho
tographs, often spread proudly over 
gatefolds, with montages and multiple 
images. Many bear the blue highlights 
of the strobe flash lamp; they show the 
bats in full flight, looking like parachutes 
or gliders as often as birds. Both inverted 
combat and upSide-down amity can be 
seen. The photographer is a well-known 
professional who has spent three years 
and much devotion on bats. 

SIPRI YEARBOOK OF WORLD ARMA-

MENTS AND DISARMAMENT 1968/69, 
by the Stockholm International Peace 
Research Institute. Humanities Press, 
Inc. ($13). THE MILITARY BALANCE 

1969-1970, by the Institute for Strategic 
Studies, London ($2). The seismologist 
Charles F. Richter devised the logarith
mic scale of intensities widely used to 
measure earthquake energy release ;  a 
similar kind of scale was proposed long 
ago by Lewis F. Richardson for the so
cial seismology of human conflict. Rich
ardson intensity 6 means the order of 
magnitude of 106 deaths, and since the 
end of World War II (which reached in
tensity 7.5 or more) there have been six 
such shocks : the wars in Korea and 
Vietnam, of course, the insurgencies in 
Indonesia and Colombia, the partition 
struggles in India and Pakistan, and 
(probably) the attempted secession of the 
Eastern Region of Nigeria. The Chinese 
civil war and the Aigerian war of inde
pendence fall just short. All these con
flicts are listed and categorized in the 
Stockholm yearbook, the first of an in
tended annual series, a substantial vol
ume that treats the military issues of our 
time in a wide-ranging way. It outlines 
world military expenditures, the techno
logical arms race, disarmament efforts 
and the history of recent conflict-all on 
two levels. The first 40 percent of the 
work is a well-documented set of essays 
on those topics centering on the years 
1968 and 1969 ; the rest of the book is a 
valuable tabular presentation of data 
and chronologies of events connected 
with the same topics. Nuclear tests are 
exhaustively and critically listed and ex
amined, as one might expect from the 
great interest Sweden has shown in this 
subject. It is made very plain that under-

ground testing has become common
place ; there have been more tests since 
the test-ban treaty than there were be
fore! The partial test ban is a contribu
tion not to arms control but to public 
health. There are five similar recent 
treaties, widely ratified by the nations, 
that regulate arms: the agreements to 
disann the Antarctic ; to ban nuclear
weapons tests in the air, in the sea and 
in space; to neutralize the moon and 
earth orbits ; to make Latin America nu
clear-weapons-free, and to inhibit nu
clear-weapons proliferation. We here in 
the U.S. have signed them all, albeit 
with some reservations about the one 
concerning Latin America. 

A second solid part of this useful book 
is the tabular listing of military expendi
tures, by scores of nations, on all conti
nents, in real and current prices. There 
is a detailed study of the international 
flow of arms on a similar scale. The tech
nological picture, which is derived main
ly from U.S. Congressional hearings and 
from the trade journals of the U.S. aero
space industry, is somewhat marred by 
retouching with the corporate hot-air 
brush in many of these sources. None
theless, the SIPRI Yearbook, fallible 
though it may be, meticulously lists all 
its sources. Altogether it is an admirable 
start on what will surely be an indis
pensable reference series. 

The Military Balance is no first: it is 
the 11th in a paperback annual series. 
Where the SIPRI Yem'book is wide-rang
ing and carefully documented, even a 
little padded with chronologies of for
gotten daily events, The Military Bal
ance is cool, taut, narrow, compact. It is 
profeSSional staff work, not academic 
scholarship. Its sources are suppressed, 
perhaps even somewhat covert, rising 
out of the international attache commu
nity of diplomatic London. No treaties 
or diplomacy or news events fill its 63 
pages ; rather it gives, in a few para
graphs to a few pages, its own estimate 
of the armed forces of the powers, from 
the Big Five down to Albania (but not 
this year Latin America or Africa). In a 
few succinct tabular pages, a bit like the 
tablets from Mount Sinai, it tells off the 
names and numbers of the nuclear
weapons systems, the costs, the strength 
of armies and the agreements to transfer 
arms. It is a very good buy for him who 
would know that most of our 450 active 
B-52's now carry two AGM-28B Hound 
Dog cruise missiles with thermonuclear 
warheads and a standoff range of 700 

. miles. A tenth of our B-52's are engaged 
in Vietnam bombing missions;  a tllird 
of the force is this year being given su
personic AGM-69's that have a short-
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er range but may be more deliverable 
against opposition. 

The orderly structure of the military 
world is spanned by these two works; 
the disorder and death implied are 
muted. The concerned reader will find 
more need for such guidance as the po
litical decade moves on. 

EARTH RESOURCES, by Brian J. Skinner. 
Prentice-Hall, Inc. ($5.95; paper

bound, $2 .50). RESOURCES AND MAN : A 
STUDY AND RECOMMENDATIONS, by the 
Committee on Resources and Man of the 
Division of Earth Sciences of the Na
tional Academy of Sciences-National 
Research Council. W. H. Freeman and 
Company ($5.95; paperbound, $2 .95). 
Up-to-date and written both expertly 
and readably, these two brief books are 
texts for our times. The Skinner book (he 
is a leading economic geologist at Yale) 
takes the form of a single-topic partial 
text written for college students of intro
ductory geology. It will gain a wider au
dience. I ts aim is the detailing of the 
uses of the mineral kingdom that gives 
life to modern man. The book does not 
stop at the well-described graphs, charts 
and tables that make up the statistical 
story; it goes into minute paiticulars to 
bring reality and some insight into the 
numbers and the projections. Mapped 
here are the buried pillars of salt that 
float up, eight miles high and 1,000 feet 
across ,  through denser rock layers out of 
the deeply buried strata of ancient seas 
to reach almost to the fresh air of Louisi
ana. So are the deeply buried conglom
erates of the Rand of South Africa. 
Those Rand ores look for all the world 
like ancient placer deposits : rounded 
pebbles in a cementing matrix, buried 
miles deep. But the billion-year-old plac
ers of the Rand, source of most of the 
world's gold for 85 years, form a unique 
nearly continuous set of gold-bearing 
stream channels 250 miles long-the 
mother lode of the dreams of the forty
niners . Of course, it is not gold we hu
mans really need and seek; it is iron, salt, 
nitrogen from the air, potash, phos
phates, rock and sand, fuels and clean 
fresh water. 

The Academy book, whose authors 
are eight American and Canadian gov
ernment experts or professors, takes a 
wider view of resources (the living king
dom as well as the inanimate one) in a 
set of essays estimating the human popu
lation now and in the future, and its 
means and hopes for winning food, raw 
materials and energy from land and sea. 
The book is not at all introductory in na
ture, but it is accessible to any scientific 
reader with some tolerance for algebra. 
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The picture is a practical one, aimed at 
estimating potentials and limits, and it is 
not much embellished with the marvels 
of geology and agriculture. 

The consensus is plain: We shall need 
to feed about six billion of us by the turn 
of the century. We might well do it, but 
by that time we must begin to approach 
a zero net rate of population growth; 
otherwise we shall lose the hope of hap
piness .  Ten billion of us could live in "an 
intensively managed world . . .  with some 
degree of comfort," and 30 billion might 
find food at a "level of chronic near
s tarvation ." It is plain to all these writers 
that the great growth of mankind has 
reached its last power of 10 . 

lf we look at man's use of energy, the 
future of fossil fuels or fission is mea
sured in centuries; only deuterium or 
sunlight can carry us through a long his
tory of industrial life. Our history is now 
marked on a time axis by one single 
pulse of fossil energy, rising from the 
axis and falling back to it again in about 
a millennium. We are in the first fourth 
of that pulse today. Right now men add 
as much heat to the earth's surface as 
the natural flow of heat by convection 
and conduction from the earth's hot in
terior does, and we face a tenfold rise in 
man's activities. For the first time in so 
central a parameter as energy men will 
have worked on a geologic scale. (Of 
course, the sun sends 1,000 times more 
heat to the earth's surface; we shall not 
cook ourselves that way!) Still, our myr
iad s tacks and tailpipes aggregate to 
more heat than Krakatoa, Etna and the 
Valley of Ten Thousand Smokes. 

THE STRUCTURE AND ACTION OF PRO-
TEINS, by Richard E. Dickerson and 

Irving Ceis . Harper & Row, Publishers 
($9 .95 ;  paperbound, $4 .95). STEREO 

SUPPLEMENT TO THE STRUCTURE AND 

ACTION OF PROTEINS, by Richard E .  
Dickerson and Irving Ceis . Harper & 
Row, Publishers ($6.50). The intricate 
jigs and fixtures that give form to the 
work of the power tools in the factory 
are made of steel. So too are the columns 
of the factory wall and the tension cables 
in the roof. In living matter the en
zymatic molecular jigs and the strong 
fibers and sheets that enclose and frame 
the working molecular machinery are 
more evidently digital: their common 
material is the discrete peptide mono
mers of protein, not the apparently con
tinuous metal with which we must build 
on a gross scale . 

This introductory account, in which
. 

the text is intimately related to a rich 
collection of illustrations, is a look at the 
protein structural chemistry of the past 

two decades . It was in 1951 that Linus 
Pauling and his colleagues outlined and 
Max Perutz demonstrated the most sta
ble three-dimensional array of polypep
tide linkwork, the celebrated alpha helix. 

After a chapter explaining the inven
tory of molecular standard parts, the ge
ometry of peptide links is given descrip
tion by the versatile map named after 
C. N. Ramachandran of Madras . It is a 
graph plotting on each axis one of the 
two angles of free rotation possible in a 
link between two amino acid units . Each 
link is a point in that plane. Careful 
model and computer studies have shown 
the regions of minimum strain and maxi
mum stability in such a plot, using the 
somewhat overSimplified atomic models 
of differing spherical diameters . These 
regions reveal, however, what turns out 
to be adhered to in nature : three kinds 
of helix (handedness matters in the liv
ing world, since the asymmetrical amino 
acids are not present in both left- and 
right-handed forms), a pleated sheet and 
a ribbony ladder. They are drawn here 
in many ways, and the electron micro
graphs echo the models . 

About a dozen globular proteins are 
treated: the carrier and the receiver of 
molecular oxygen in vertebrates (hemo
globin and myoglobin), the electron car
rier (cytochrome c) and five real cata
lysts. The amino acid sequences are 
known for a couple of hundred links in 
each case, and the twists and turns of 
the folded chain are mapped point by 
point in space and on the Ramachandran 
plot. The molecule is really a tightly 
packed puff of electron orbits, although 
the link-and-ball diagram is often of 
great help for description. Most of the 
individual twists and turns cluster near 
the stable regions of the diagram, but 
here and there are special shapes that 
have meaning. They define the working 
surface of the catalytiC jig. These shapes 
are mainly still uncertain, although in 
lysozyme we seem to have a working 
understanding of how the jig works .  The 
chemists can tell what charges are 
brought up to just what bent portion of 
the sugar linkage to be attacked by hy
droxyl ion, once the polysaccharide is 
held securely in the active crevice of the 
enzyme. Combine this kind of molecular
tool study with comparative molecu
lar zoology down the evolutionary se
quence, and the present state of the sub
ject emerges, groping but powerful, and 
irreSistibly cumulative. 

The authors are a protein crystallogra
pher and a scientific illustrator. The text 
and its intricate drawings are an amal
gam . The stereo supplement gives spa
tial (if rather abstract) reality, in link-
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and-ball line drawings, to nine proteins 
shown in 55 stereo pairs from differ
ent viewpoints . Not everyone will be 
pleased by the particular blue that is the 
single added color in the main text, but 
the indispensable nature of the visual 
material is clear all the same. Form is 
function, although one feels that this 
frozen world of the crystallographer is 
unnaturally static. Form plus interaction 
forces plus Brownian motion is function! 

'fHE GRAND TITRATION:  SCIENCE AND 
SOCIETY IN CHINA AND THE WEST, 

by Joseph Needham. George Allen and 
Unwin Ltd. (63 shillings) . The sixth of 
the 12 great books of Dr. Needham's 
Science and Civilization in China will 
soon be at hand. There must be many 
readers who will welcome a learned, 
witty, brief surface cruise over that still 
unrevealed ocean of deep knowledge. 
This book presents eight overlapping es
says, representing the author's work and 
thought since the early 1940's, all of 
them aimed at titrating the great civili
zations East and \Nest, to assay just what 
components in each have given rise to 
the present state of science . Even the 
photographs are a revelation: the oldest 
form of magnetic compass, an instru
ment of divination; the first form of stir
rup ; the first crank; the first segmented
arch bridge, and much more. There is a 
long piece with real insight into time and 
Eastern man, making a strong case 
against the cliche view of Chinese 
thought as past-bound, timeless or cycli
cal. Perhaps the strongest essay is one 
from 1964, setting forth a view that 
the overall social and economic circum
stances will in the end make coherent 
the "early predominance of science and 
technology in China and the later rise of 
modern science in Europe alone ." 

One fascinating theme is the effect of 
gunpowder in Europe and in China. In 
Europe it broke the feudal strongholds 
in the land-quite literally. In China the 
landlord class never had almor proof 
against the peasant's crossbow. The Chi
nese made rockets and cannon, but these 
merely entered the arsenal of warfare 
without a social transformation. (It was 
not quite so in Japan . )  Chinese sovereign 
power derived from consent, custom and 
cooperation; it was not brittle because 
the rulers never held the mere military 
ascendancy that in Europe was based on 
horse, fortress and armor. 

Needham raises a noble banner. He 
holds that what scientists share in all 
lands is the legacy of Galileo, not of 
Greece or of Neoplatonism or of the 
Christian view of law. "Modern universal 
science, yes ; Western science, no!" 
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R.t. 02840: Underwater systems research and development. Deep 
depth weapon pioneers. Fleet support ashore and afloat to assure combat 
readiness. Independent exploration in acoustics. ASW counter· 

countermeasures and torpedo trajectory control. Concept and feasibility 
investigations. 

Naval Oceanographic O"ice, Washington, D.C. 20390: Long·range 
research. Oceanographic, hydro·graphic. geophysical and geodetiC 
surveys. Bathymetry, oceanographic instrumentation. data analYSis and 
evaluation. Mapping charting and other programs of national and 
international importance. 

Naval Personnel Research & Development Laboratory, Washington, D.C. 
20390: Conduct research. development. test, and evaluation in the 

behavioral and social sciences and related fields directed toward new 
and improved personnel and manpower systems. techniques and operations. 
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The do-ii-you 
You won't find it in a hobby shop. But 

if you like, we'll make one up for you. I t's easy 
for us to do, because we make every single part 
ourselves. When you're through, you'll have your 
own MAC 16 control computer. , 

Since very few people would be tempted to 
assemble a computer, core stringing being a bit 
tricky and all that, there must be another point 

to our offer. 
It's this. No other manufacturer of mini 

computers makes as many parts that go into 
the computer. With that kind of capability, it's 
natural that we also make a lot of parts that go 

into other peoples' computers. 
We've shipped more bits of high speed

one microsecond or faster-core memory than 
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computer . kit. 
aU other independent manufactu'rers c9m.bined. . 

And we're probably the largest supplier ofcoffiplex 
printed circuits in tne world. 

We're the champ at producing aouble
,sided and multilayer boards with plated-through 
holes. . . ,  0 • • iii' . ; 

Now. we're manufaCturing flexible printed 
circuit boards and plated-wir� ·memories. 

Our customer. list· isrich with big names. 
But there's always room for more., Yours, when
ever you'd like to stop by and pick up your 
pre-assembled kit:' 

Lockheed Electronics. 
Data Products Division 
A Division of Lockheed Aircroft Corporation, 
6201 E. Randol ph St., Los Angeles, California 90022 
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These bubbles come from a special paint 
that looks like any other paint until things get 
hot. Then it bubbles up to insulate walls 
against fire for a few precious extra minutes 
-minutes that can be used to put the fire 
out or to escape from it. 

Phosphorus formulations from Monsanto 
give ordinary smooth-flowing latex paints 
and sOlvent-type interior paints this fire-fight
ing ability. Even if walls painted with these 

special fire-resistant paints are washed again 
and again, they're always on guard to slow 
down a fire. 

We're developing new ways to control 
other types of fires, too. From air-dropped 
chemicals for forest fires, to fire-retardants 
for paper clothing. These new developments 
are coming from Monsanto-where science 
and research are working for people. 

Monsanto Company, 800 N. Lindbergh Blvd., Sl. Louis, Missouri 63166 Monsanto 
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