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Nobody knows electronics 
like North American Rockwell. 

Strong statement? Maybe. 
But when it comes to sensing, 
processing, storing, displaying or 
transmitting data, nobody can 
match our experience. Or 
capabilities. Look at our 
background in commercial 
applications alone. 

In the utility industry, we're 
working with the Philadelphia 
Electric Company to build a 

complete dispatch control center. 
(Part of it is shown above) It will 
give an operator an instantaneous 
look at the entire bulk power 
complex Plus projected loads, 
calculated 15 minutes ahead of 
time. Automated compensation 
for actual loads is built rig ht 
into the system. 

We're working with the 
automotive industry, too. Our 
Skid- Trol®brake system (complete 
with onboard, mini-computer) 
electronically monitors and 
synchronizes wheel deceleration 

to keep big highway rigs from 
jackknifing. 

Home entertainment? We're 
there, too. With the "brain" for 
an electronic organ. It converts 
sound waves into digital signals, 
stores them in memory and 
recalls them again as sound 
waves. Beautifully. 

You'll also find us in textiles. 
The computer-controlled knitting 
machine we helped develop is 
a good example of our electro­
mechanical capabilities 
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And of course, we're in 
business machines. In a big way 
-we're the world's leading 
supplier of MOS/LSI devices for 
electronic calculators. 

And that's just the beginning. 
Electronic cash registers and 
point-of-sale transaction terminals 
are a logical next step. We're 
ready with all the technology that's 
needed-central processor, liquid 
crystal displays, output printer, 
modem communication, tag 
readers and even an electronic 

credit card reader. It reads the 
embossed numbers on any 
plastic card and can provide 
instant credit verification. 

There are more examples. 
Many more. We'd like to tell you 
all about them. And hear all about 
your products and electronic 

needs. Write us in Anaheim, 
Calif. 92803. Or phone 
714/632-4195. 

Nobody can solve your 
electronic problems like North 
American Rockwell. We'd like 
to prove it. 

? North American Rockwell 

� � Electronics Group 
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Your new Monte Carlo. 

A more romantic way to see the U.S.A. at a most realistic price. 
Step inside romantic Houmas House and you 

can almost see Rhett Butler sweeping Scarlett 

O'Hara into his arms. 

Romance, elegance, Monte Carlo. 
This is a one-of-a-kind place and a one-of-a­

kind car. 

The spirit of a sports car and the comfort of 

a luxury car are both yours with a Chevrolet 

Monte Carlo. 

1972 Alol/Ie Carlo af historic Iioumos 110115(', BltTl/side. La. 

You get smooth, responsive handling. You 

get fine foam cushioning and rich upholstery and 
more with a Monte Carlo. Much more. 

But you get it all for much less than you'd 

expect: you get it for the price of a Chevrolet. 

We want your 

new Monte Carlo to 

be the best car you 

ever owned. 

There's so /Illlch 10 see, I!/a�'e sure you're around 10 see it. Buckle 11/). 
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THE COVER 

The illustration on the cover shows rats at play in a large cage furnished 
with a variety of objects. The play objects and the company of other rats 
provide an "enriched" environment. Rats placed in such an environment 
for four weeks or more develop a heavier and thicker cerebral cortex than 
littermates that live in isolation or in standard laboratory colonies (see 
"Brain Changes in P,esponse to Experience." page 22) . Alterations in the 
chemistry of the brain as the result of experience, such as changes in the 
RNA/DNA ratio and in the activity of the enzyme acetylcholinesterase, 
have also been discovered. How these various cerebral changes are related 
to the functions of learning and memory is currently being investigated. 

THE ILLUSTRATIONS 

Cover painting by Bunji Tagawa 

Page Source Page SOll.I'ce 

14-17 Allen Beechel 69 Arthur Ashkin, Bell Tele-

18 Allen Beechel (top), Julius 
phone Laboratories (top); 

Weber (bottom) 
Dan Todd (bottom) 

70-71 Dan Todd 
19-20 Allen Beechel 

73 California Institute of 
23-28 Bunji Tagawa Technology 

29 Kjeld M¢llgaard, Univer- 74-79 Jim Egleson 
sity of Copenhagen (top); 80 Hale Observatories 
Bunji Tagawa (bottolll) 

81 Alan D. Iselin 
30 L. H. Engstrom, Univer-

sity of California at 82 Hale Observatories (top), 

Berkeley Alan D. Iselin (lJottom) 

32-38 Alan D. Iselin 84 Ben Rose 

49 James L. Flanagan, Bell 
86-90 Lorelle A. Raboni 

Telephone Laboratories 92 The Metropolitan Mu-

50 Tom Prentiss 
seUln of Art, Harris Bris-
bane Dick Fund, 1932 

51 Tom Prentiss (top); James 94 Lee Boltin, from the :\·1et-
L. Flanagan, Bell Tele- ropolitan Museum of Art 
phone Laboratories 

96-97 Robin Ingle (bottom) 

52-53 Tom Prentiss 98 Lee Boltin, from the Met-
ropolitan Museum of Art 

54-56 James L. Flanagan, Bell 99 From the Collection of 
Telephone Laboratories Mr. and Mrs. Paul :\1elloll 

62 Ben Rose 100-104 Enid Kotschnig 

64-67 Dan Todd 107 Ulrich Kapf 

68 Ben Rose 108-110 Roger Hayward 
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SOIENOB/SOOPB 

The U.S. Army's M-60Al main battle tank will have a new fire-control system built 
around a ruby laser rangefinder and a solid-state ballistic computer, both devel­
oped by Hughes. It will enable the crew to fire its first round more quickly and 
will greatly increase the probability of scoring a first round hit. The laser 
range finder will utilize hardware assemblies developed earlier for the Army's 
M60AlE2 tank and M551 Sheridan armored reconnaissance airborne assault· vehicle. 

A long-life solar cell power supply system for orbiting satellites, now being de­
veloped for the U.S. Air Force by Hughes, will be capable of operating at alti­
tudes between 200 and 22,300 nautical miles, or higher, for at least seven years. 
It will incorporate technology which Hughes developed for USAF's FRUSA (Flexible 
Rolled-Up Solar Array) program, a system of extendible solar cell panels unfurled 
like windowshades in space to convert the sun's energy into electrical power. 

The first of five U.S. Navy F-14A Tomcat air superiority fighters has been flown 
to the Pacific Missile Range, Pt. Mugu, Calif. for installation of the AWG-9 wea­
pon-control system and testing of the Phoenix missile, both developed, by Hughes. 
When the twin-engine F-14A becomes operational it will be the Navy's most sophisti­
cated fighter for both offensive and defensive missions. It will carry a 20mm can­
non and various combinations of Phoenix, Sidewinder, Sparrow, and Agile missiles. 

Two new series of lightweight digital computers have been developed by Hughes for 
central avionics, ECM, missile guidance, RPV, and other military applications. The 
HCM-230, latest of a line of Hughes airborne computers spanning 20 years, is a 24-
bit, 92-instruction, truly modular computer with a throughput of 400,000 operations 
per second. The Mini-HOP is a low-cost minimal unit. Though very small (20 cu. in. 
including 8K of memory), it is a 19-instruction, l6-bit-word-length LSI computer of 
about 600,000 operations per second. 

Hughes needs electro-optical system analysts to work on surveillance and prec�s�on 
tracking systems. Requirements: MS or PhD in Physics or EE and 3-8 years experi­
ence with E-O sensor systems, infrared physics, and computer techniques for anal­
ysis. Also mechanical engineers for conceptual design of complex E-O systems. 
Requirements: BS or MS in EE or Physics, 5-10 years experience. Please send your 
resume to: Mr. Robert A. Martin, Hughes Aerospace Engineering Divisions, 11940 
W. Jefferson Blvd., Culver City, CA 90230. An equal opportunity M/F employer. 

Digital display systems for the U.S. Navy's future fleet of 30 Spruance-class des­
troyers are now in production at Hughes under a subcontract from Litton Industries. 
They will be part of the Naval Tactical Data Systems (NTDS) which provide instan­
taneous presentation of the action within tactical combat zones. Within seconds, 
NTDS can evaluate a potential threat, assign and control countering weapons, and 
perform other connnand functions. The Spruance class will be the backbone of the 
Navy's destroyer forces in the mid-1970s and beyond. 

Cle.ting. new wolid with eled/onics 
r------------------, 
I I 

1 HUGHES 1 
I I 
L __________________ J 
HUGHES AIRCRAfT COMPANY 
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LETTERS 

Sirs: 
In my recent article "The Measure­

ment of the 'Man-Day' '' [SCIENTIFIC 
AMERICAN, October, 1971] I failed to 
notice the work of Leonardo da Vinci 
(1452-1519) and thus missed the fact 
that important aspects of the study of 
manpower, whose origins I placed in the 
17th and 18th centuries, had been antici­
pated by Leonardo in the late 15th and 
early 16th centuries. 

In spite of the care he lavished on his 
exceptionally lifelike drawings of human 
anatomy, Leonardo saw clearly the me­
chanical aspects of limbs and jOints. 
Probably because of his interest in mus­
cle-powered human flight he studied the 
forces and movements of parts of the 
body considered as a system of levers. In 
so doing Leonardo anticipated Giovanni 
Borelli's mechanical anatomy that was 
published in 1680, nearly 200 years 
later. 

Furthermore, he considered in some 
detail the most effective ways to employ 
human muscle power in raising weights. 
He decided first that maximum force 
could be exerted by a man's weight on 
a lever end, augmented by his pushing 
upward with his arms and shoulders 
against a fixed bar. "This will raise at the 
other end of the balance," wrote Leo­
nardo, "a weight equal to his own, and 
added to that as much weight as he can 
carry on his shoulders." 

He then designed a pile driver whose 
arrangement of motive power was simi­
lar to that of John Theophile Desagu­
liers' water-lifting machine of 1744, il­
lustrated in my article [page 99]. Utiliz­
ing the weight of their bodies, the men 
who lifted the pile driver's "monkey" 
(ram) climbed ladders and stepped into 
stirrups on ropes running over pulleys at 
the top of the contrivance. The monkey 
was raised as the men rode the ropes 
down to the bottom of the ladders. 

Finally, Leonardo argued convincing­
ly that the conventional man wheel, in 
which men tramped inside a drum some­
what like a modern "squirrel cage," was 
inherently less efficient than one that 
employed the men's weight on the out­
side of the drum, as in the British work­
house treadmills of the 19th century. 

All this has been pointed out to me 
with admirable restraint by my friends 
Ladislao Reti and Bern Dibner. I say 
"with admirable restraint" because not 
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only had Professor Reti published an 
article that treats fully the matters 
sketched above, but also he and Dr. Dib­
ner had sent me, on publication, a copy 
of their attractive Leonardo da Vinci: 
Technologist (Burndy Library, 1969), 
which contained Professor Reti's article. 
This is not the first time that I have been 
reminded by a distant correspondent to 
look on my own bookshelves, and it is 
probably not the last if my correspon­
dents continue to be as forbearing as 
they have been thus far. 

EUGENE S. FERGUSON 

University of Delaware 
Newark, Del. 

Hagley Museum 
Greenville, Del. 

Sirs: 
I shall comment on "Multistability in 

Perception," by Fred Attneave [SCIEN­
TIFIC AMERICAN, December, 1971]. I di­
rect your attention only to those aspects 
of the article concerned with "reversible 
perspective." 

Professor Attneave suggests that .re­
versible perspective may be explained 
by the Gestalt principle of Priignanz (or 
simplicity of figure). I suggest that re­
versible perspective may be explained 
by ancient principles describing three­
dimensional representation in two di­
mensions. These principles of linear 
perspective were described by Albrecht 
Durer in 1525. 

According to Durer, an observer ef­
fectively portrays three-dimensional ob­
jects somewhere in space on a theoretical 
picture plane suspended between the 
eye and the objects; Durer's splendid 
representations of the picture plane are 
well known and often reproduced. Fur­
ther, observers infer depth by analyzing 
collections of lines (or imagined lines) on 
the picture plane. We have just two 
rules: (1) Parallel lines are interpreted as 
being "real" lines parallel to each other 
and parallel to the picture plane. (2) 
Converging lines are interpreted as be­
ing real lines that are parallel to each 
other but nonparallel to the picture 
plane. (These lines converge to a "van­
ishing point.") 

Now, the important point, and one 
that I believe Professor Attneave fails to 
make, is this: A drawing exhibiting re­
versible perspective is not drawn accord­
ing to Durer's rules for perspective. The 
Necker cube, for example, is an isometric 
drawing and not a perspective drawing; 

in the Necker cube no line systems con­

verge. 
'When the Necker cube appears on the 

picture plane, we can suppose the visual 
mechanism interprets its depth by the 
usual Diirer rules. If no converging lines 
are seen (as is in fact the case), the visual 
mechanism interprets the representat ion 
as being two-dimensional. The visual 
mechanism, however, is a notoriously im­
perfect optical system. As the optical svs­

tem is in constant flux, first one set of 
parallel lines is portrayed as very slight­
ly converging and then anothcr set of 
parallel lines is portrayed as slightly con­
verging. Successive interpretations are 

the apparent oscillations of the isometric 
drawing. 

. I suggest a simple explanation for the 
progressive loss of perspective in the 
Necker cubes at the bottom of pag/:' 67 
in Professor Attneave's article. I submit 
that it is not progressive "simplicity" that 
accounts for the loss; it is only a progres­
sive loss of parallel-line (or converging­
line) information-information on which 
all perspective judgments are made. In 
the first Necker cube there are three sets 
of four parallel lines. In the second 
Necker cube there are two sets of four 
parallel lines and one set of three par­
allel lines. In the third Necker cube there 
are only three sets of three parallel lines. 
Loss of parallel-line (or converging-line) 
information would reduce linear three­
dimensional information in both isomet­
ric drawings (as in Professor Attneave's 
Necker cubes) and true perspective 
drawings. 

Professor of Psychology 
University of Illinois 
Champaign, Ill. 

Sirs: 

JOZEF COllEN 

The rules of "linear perspective" to 
which Professor Cohen refers are entire­
ly consistent with a Prognanz, or mini­
mum, principle. Parallel lines are simpler 
(to describe) than nonparallel lines. If 
this is not self-evident, consider the fact 
that a single number can represent the 
slope of a million lines if they are all 
parallel to one another. 

Just as things tend to be seen in depth 
in such a way as to make slopes equal, so 
do they tend to be seen in such a way as 
to make angles and lengths equal. For 
some experimental support of this gen­
eralization see Fred Attneave and Hob­
ert Frost, "The Determination of Per­
ceived Tridimensional Orientation by 
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Minimum Criteria," Perception and Psy­
chophysics, 1969, Vol. 6B, pages 391-
396. If Professor Cohen will read this 
article, I think he will agree that the two 
rules he takes from Diirer are insufficient 
to account for the way perspective is 
handled by the perceptual system. Inci­
dentally, these two rules do not explain 
why scalene triangles such as those on 
page 69 of my Scientific American article 
are seen as isosceles or right triangles in 
depth. 

However, what Professor Cohen calls 
"the important poinf' is indeed impor­
tant: one must typically display an or­
thogonal projection of an object, in 
which parallel lines do not converge, to 
get a reversing figure that is as stable in 
one orientation as in the other. The in­
troduction of "linear perspective" biases 
the perception more or less strongly in 
favor of the "correct" aspect, because 
certain inequalities of slope are elimi­
nated in that aspect, whereas they are 
exaggerated in the other. 

FRED ATTNEA VE 

Professor of Psychology 
University of Oregon 
Eugene, Ore. 
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A 3Y2-INCH QUEST AR PHOTOGRAPHS 

THE FACE OF THE SUN 
This photograph, taken some years ago during a peak of solar activity, not only 

shows great detail in the enormous sunspot, but reveals the "orange peel" or "rice grain" 
texture of the surface, so familiar to experienced sun observers. Our photographic 
print fails to show all the beautiful tracery so plainly visible on the negative. 

One would not expect to get such pictures with a 3 % -inch telescope, for these 
granulations measure only 1 to 2 seconds of arc. This is a job for the great mountaintop 
observatories, where a giant telescope can avoid sighting through the worst of the 
earth's heat-agitated air. However, this picture was taken with the 7-pound portable 
Questar at midday, right through the entire earth's atmosphere-at sea level! 
The exposure Was 1/1000 second on 35 mm. Microfile film, using an effective focal 
length of over 50 feet. The Davises, who took the picture, worked out the technique 
which avoided overheating and damaging the telescope. 

For totally safe observation of the sun, Questar developed its patented filters which 
keep more than 99% of the damaging heat and light from entering the telescope. 
This waS the first thought anyone had given to keeping these rays out of the instrument 
itself since Galileo sighted through his first telescope in 1609! 
© QUESTAR CORPORATION 1971, All Rights Reserved 

Questar, the world's finest, most ver­

satile telescope, is now available in two 

sizes, the 3 Y, and 7, and in numerous 

models. Prices begin at $865. Send for 

our booklet containing more than 100 
photographs by Questar owners. For 

mailing anywhere in N.A., $1.00. By air 

to rest of Western Hemisphere, $2.50; 
Europe and North Africa, $3.00; else­

where $3.50_ 

QUlE§1rAR 
Box 20 NewHope,Pa.18938 
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BEHAVIORAL SCIENCE 
presents 

Living Systems: The Organization 
by James G. Miller 

Special Issue: January 1972 
General systems behavior theory is 

concerned with seven levels of living 
systems-cell, organ, organism, group, 
organization, society, and supra· 
national system. At each level there 
are scientists who apply systems 
theory in their investigations. They are 
general systems theorists only if they 
accept the position that-though every 
living system and every level is obvi­
ously unique-there are important 
formal identities of large generality 
across levels, both biological and 
social. The January 1972 issue of 
Behavioral Science contains an analysis 
in terms of this conceptual system of 
present knowledge concerning one 
level of living system-the organiza. 
tion 

Single issue price $3.00 

Behavioral Science is an important 
interdisciplinary journal. It publishes 
original articles which develop theories 
of human behavior to explicate basic 
behavioral concepts and report data 
specifically oriented toward such the· 
ories. Articles to appear in 1972 in­
clude: 
"Socio·Economic Policy Alternatives 

in National Development: A Para­
metric Programming Analysis," by 
Irma Adelman & Frederick L. 
Golladay 

"The Construction of a Descriptive 
Diagnostic System in Psychiatry: 
First Experiences with a Computer 
Simulation," By Folkert Beenen, 
Jan H. van Frankenhuysen, & Jacob 
G. Veldkamp 

"The Study of Disease in Relation to 
Culture," by Horacio Fabrega, Jr. 

"Processes Which Mediate Behavior-
Environment Congruence," by 
Allan W. Wicker 

COMPUTERS IN BEHAVIORAL SCIENCE 
and COMPUTER P ROG RAM AB­
STRACTS 
Behavioral Science is published bi­

monthly. Subscription is by calendar 
year only. New subscribers who remit 
payment with their orders on the form 
below will receive the November 1971 
issue free. 

r--- COMPLETE THE FORM ----, 
AND MAIL TODAY I 

I 
Send __ copies of Living Systems: The I 
Organization, BEHAVIORAL SCIENCE, I 
Vol. 17 #1, at $3.00 each. I 
Enter __ subscriptions for 1972 at the I 
rates indicated: I 

U.S., Possessions, & I 
Canada: Individuals, $15.00, __ I 

Institutions, $30.00, __ I 

I All other countries: $18.00, -- I 
I A check in the amount of$ __ is enclosed I 
INAME I 
I I 
I ADDRESS I 
I 

I 
I I 
I Mail BEHAVIORAL SCIENCE, Dept. SA I 
IOrder Mental Health Research I nstltute I 
I To: Ann Arbor, Michigan 48104 I 
1 _____________________ o ____________ J 
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50 AND 100 
YEARS$AGO 

eAMERICAN 
FEBRUARY, 1922: "The widespread 

introduction of motor vehicles has done 
much for highway transportation, so that 
today it is a powerful rival of the rail­
roads of this country. But with the ever­
increasing use of motor vehicles the 
highways of the nation have become 
more and more taxed until now there is 
an overcrowded condition on many of 
our highway systems. This condition is 
really acute in large centers of popula­
tion, such as New York and its surround­
ing cities and suburban districts. It goes 
without saying that such an increase in 
street traffic in large cities has called 
for rigid and effective traffic regulation. 
In the case of New York's Fifth Avenue 
a signal system of traffic regulation has 
been evolved. Signal towers have been 
erected for the control of traffic on Fifth 
Avenue and on cross streets in the most 
congested areas. These towers make use 
of signaling lamps. The system has been 
successful beyond a doubt and has ac­
complished much in the way of elimi­
nating annoying and costly delay. Even 
on remote rural roads traffic has become 
exceedingly heavy. It seems that this 
condition could be relieved if the state 
highway departments widened these 
roadways so as to make it possible for 
four lines of vehicles to be operated over 
them at one time." 

"An ancient skull has recently been 
found at the Broken Hill Mine in North­
ern Rhodesia in a cave some 140 feet 
below the original top of the hill. The 
skull was found at the far end cf the 
cave by a New Zealand engineer, whose 
trained eye immediately recognized the 
importance of the find. It is perhaps pre­
mature to say that these are the oldest 
human remains extant, but it seems as­
sured that the skull is more ancient than 
the Neanderthal man, and the question 
is opened up of whether the human race 
may not have originated in Africa." 

"That the atoms, those smallest bricks 
of nature, of which chemistry teaches us 
all material is but a combination, are the 
seat of unbounded energy one may say 

has only been discovered by the appear­
ance of radio-activity. For instance, it is 
proved that a very tiny particle of bro­
mide of radium suffices to raise and keep 
the temperature of its nearest surround­
ings by several degrees, continually 
throwing out into space a vast number 
of very tiny particles charged with elec­
tricity. Scientists are today of the opin­
ion that radio-activity is not only a prop­
erty of radium, uranium or thorium 
atoms; it is common to all atoms what­
ever, only that in other atoms this power 
is latent. If it were possible to start the 
decomposition of the atoms, which in 
the case of radium takes place by itself, 
artificially, the radio-activity must needs 
also appear. The quantity of energy that 
could be won by such means is enor­
mous and infinitely greater than that at­
tained by chemical reaction or combus­
tion. Perhaps there will come a time 
when we shall use the energy in the 
atoms to drive our machines, cook our 
food and heat our rooms." 

FEBRUARY, 1872: "Working men 
and working women ought not only to 
perform their daily tasks faithfully but 
also be so circumstanced that they will 
perform them cheerfully. In so far as lies 
within our power, we ought to remove 
every just cause of complaint. The fact 
that there is unrest and dissatisfaction 
when man is confined to unremitting 
toil is one of the brightest and most 
healthy omens of the times. We must 
fairly and honestly examine the condi­
tions of the laboring classes, upon whom 
the whole superstructure of the social 
organism rests. The question raised by 
them and in their behalf can never be 
adjusted by the two extremes-those 
anxious to secure the greatest possible 
amount of pay for the least possible 
work, and those anxious to obtain the 
greatest possible amount of work for the 
least possible pay. Nor will relief come 
with the determination of how many 
hours shall constitute a legal day's work. 
The great desideratum is to determine 
what would be a fair division of prof­
its between the employer and the em­
ployee." 

"At a recent meeting of the Royal 
Geographical SOCiety, Sir Bartle Frere 
explained the grounds on which the 
Council had determined to despatch an 
expedition from England for the search 
and relief of Dr. Livingstone. He said it 

© 1972 SCIENTIFIC AMERICAN, INC© 1972 SCIENTIFIC AMERICAN, INC



was now more than two years and a half 
since anything in the shape of written 
communication had been received from 
Livingstone. In one of his last letters he 
had described himself as in great want 
of men, stores, clothing and medicine, 
in short, of everything that was neces­
sary to enable him to continue his ex­
plorations. That Livingstone was alive, 
and had been pursuing the great plan 
of exploration which he had marked 
out before leaving England, was to be 
concluded from the rumors that had 
reached Zanzibar from the interior. His 
latest letters gave a vivid picture of his 
destitution as regards the commonest 
necessaries of a traveler. It would be in 
the last degree disgraceful to the as­
sistance despatched, not only as a body 
of geographers but as Englishmen, if 
they allowed him to perish without mak­
ing an effort to relieve him." 

"Genuine truth being uncontrovert­
ible, the truths taught by religion and 
by science must agree in the end. 'Where 
discrepancy appears to exist, it is only 
because either the theologian takes the 
individual opinions of a certain class of 
scientists for the teachings of science 
itself, or the scientist, in his turn, takes 
the individual opinions of certain theo­
logians for the teachings of religion. In 
this way a kind of antagonism is culti­
vated; the unwise antagonism displayed 
by many religious teachers against scien­
tific pursui ts has reacted on several of 
the prominent leaders of science, and in 
their writings and teachings they accord­
ingly ignore religion. It is not only our 
stock of knowledge that has increased; 
its diA'usion has increased in still greater 
ratio; and if our religious teachers and 
leaders only take this into account, and 
provide such measures as will cause 
their profession to be at the head of 
civilization, SCientifically as well as in 
other respects, there is no doubt that 
their useful and necessary influence will 
become greater than ever before." 

"The successful completion and op­
eration of the Mont Cenis railwav tunnel 
through the Alps has given new 

'
impetus 

to the project of establishing railway 
communication between England and 
France by means of a tunnel under the 
English Channel. The distance is 22 
miles. If a railway tunnel can be carried 
seven miles through the hard schist and 
quartz of the Alps, why not for threc 
times seven miles through the softer 
chalks under the Channel? It is reckoned 
that the work, if it is practicable at all, 
could be completed within five years 
and for $25,000,000." 
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1952. He has been at Bell Laboratories 
since 1952 and has worked on electron 
beams, microwaves, lasers, nonlinear op­
tics and radiation pressure. 
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ESTERN ELECTRIC REPORT 

Molding by the millions. Western Electric people produce some 
8 million phones a year. Molded plastic is used for housings and 
many other parts. So there is a constant investigation into the 
most effective way to use these materials. 

-f3Ntr -f3Nt 
A*(z,t) = Ae*(z) - [(Af*-Aj*)/(l-e )]e 

In developing the model at Western Electric's Engineenng 
Research Center, it was found that melting behavior can 
be described by this formula which includes terms for 
shear heating and conduction heating effects. Other models 
were developed for temperature and pressure profiles. 

End of molding cycle. At this point, the screw is stationary 
and heat is conducted into the plastic on the screw. After 
the plastic solidifies, the mold is opened as shown. The 
parts can then be ejected. 

Solving the mysteries of molding with mathematics. 

Even though plastics have been 
around for many years, there's still a lot 
to be learned about these versatile mate­
rials and their processing. So they are the 
subject for continuing studies by our 
engineers. 

Some of their recent investigations 
have brought forth new and highly useful 
information about a relatively unexplored 
area: the melting behavior of plastics in 
the injection molding process. 

One result of these studies is the 
mathematical formula, or model, above. 

The model helps us predict melting 
behavior along the length of the injection 
screw molding machine u sed to mold tele­
phone housings and other parts. Melting 
behavior is extremely important, because 
plastic pellets should be completely 
melted but not thermally decomposed 
before injection into the mold. 

This information on melting is then 
used to investigate screw designs, operat­
ing conditions, machine sizes and plastic 
properties. All of which is aimed at ob­
taining optimum processing techniques. 

Predictions obtained from the mathe­
matical model have checked out closely 

with experimental observations. So the 
resulting screw designs are now under­
going evaluation by engineers at our 
plants in Indianapolis and Shreveport. 

Conclusion: For new designs and 
materials, the model can help reduce the 
development cost for new molded parts 
and materials. For manufacturing current 
products, operating costs can be reduced. 

Perhaps most significant is that we're 
getting information about molding tem­
peratures not available experimentally. 
And many other types of information can 
be obtained without the use of costly, 
time-consuming experimental work. 

The end result will be more efficient 
plastic molding and therefore a better 
product for the lowest possible cost. 

@ 
Western Electric 

We make things that bring people closer. 
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Technology Assessment and Microwave Diodes 

The advent 0/ cheap solid-state devices for the generation 

of microwaves provides a rare opportunity for attempting to 
predict the impact of a technological development on socie�y 

T
he notion of technology assess­
ment-the attempt to anticipate 
the effects, good or bad or both, of 

the introduction of new technology-has 
been widely discussed in recent years 
[see "The Assessment of Technology," 
by Harvey Brooks and Raymond Bowers; 
SCIENTIFIC AMERICAN, February, 1970]. 

Not much has been done, however, in 
the way of actually assessing a technol­
ogy. In this article we attempt such an 
assessment, taking as a case in point the 
rapidly evolving technology of solid­
state microwave devices. Our attempt 
cannot be comprehensive; it is beyond 
our competence, for example, to estimate 
the social consequences of microwave 
technology, just as it would have been 
difficult for anyone in 1950 to foresee the 
full social impact of television. We shall 
focus mainly on the problem of regula­
ting microwave devices in order to en­
sure the efficient use of the electromag­
netic spectrum. In addition we shall 
touch briefly on the potential hazards to 
health from the devices and on whether 
or not microwave technology might re­
sult in invasion of privacy. We hope 
these first steps will lead to an analYSis 
of broader social implications. 

The term microwave refers to wave­
length. Although the microwave region 
of the electromagnetic spectrum is not 
precisely defined, we use the term to de­
scribe radiation of wavelengths ranging 
from 30 centimeters to three millimeters. 
In terms of frequency the range is from 
one gigahertz (billion cycles per second) 

by Raymond Bowers and Jeffrey Frey 

to 100 gigahertz [see top illustration on 
pages 16 and 17]. 

Devices that generate and receive mi­
crowaves have been developed for more 
than 30 years. They are now used widely 
for communications and navigation and 
in industrial electronics. Typical appli­
cations include television and telephone 
transmission, radar and machine control. 
In general, however, the microwave 
sources now in service are expensive. 
Such electron-tube sources as the klys­
tron and the magnetron cost many hun­
dreds or even thousands of dollars. As a 
result most microwave systems are op­
erated by military and industrial or­
ganizations. 

This situation is likely to change radi-
cally within the next decade. Reliable 

and cheap microwave sources, which in 
mass production can be expected to cost 
only a few dollars, are now being de­
veloped. They are solid-state devices 
that have resulted from the pioneering 
work of such investigators as W. Thorn­
ton Read, Jr., of the Bell Telephone 
Laboratories and J. B. Gunn of the In­
ternational Business Machines Corpora­
tion, who showed that crystals such as 
gallium arsenide, silicon and germanium 
can, under certain conditions, generate or 
amplify electrical signals at microwave 
frequencies [see "A Solid-State Source 
of Microwaves," by Raymond Bowers; 
SCIENTIFIC AMERICAN, August, 1966]. 

Four devices in particular have been 
reasonably well developed and will be 

of major importance in the future. They 
are the Gunn oscillator; the L.S.A. (for 
limited space-charge accumulation) di­
ode, which was invented by John Cope­
land of Bell Laboratories; the Read and 
IMPATT (for impact ionization avalanche 
transit time) diodes, which are baSically 
similar to each other, and the TRAPATT 
(for trapped plasma avalanche triggered 
transit) diode. When these devices are 
used in the proper circuits, they act as 
negative conductances: a microwave 
voltage applied to their terminals causes 
a current to flow that is 180 degrees out 
of phase with the voltage. Unlike posi­
tive conductances, in which voltage and 
current flow are in phase so that the 
conductances absorb energy, negative 
conductances can transform direct-cur­
rent energy supplied by a battery or 
some other source of power into micro­
wave energy. 

From the trend of development one 
can foresee that microwave devices will 
soon be on the market at prices that in­
dividuals can afford, with the likely re­
sult that microwave systems for use in 
homes, automobiles and boats will pro­
liferate. (Microwave cooking ovens are 
already on the market, but our concern 
in this article is with microwave sources 
of considerably lower power.) One can 
also expect commercial organizations to 
use microwave sources on a large scale 
for transmitting information and control­
ling industrial processes. Indeed, micro­
wave devices may proliferate as much as 
television sets have proliferated. 
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The microwave part of the radio spec­
trum, particularly the range from one to 
10 gigahertz, has been exploited for some 
time. One of the principal nonmilitary 
uses is for communication. Present long­
distance communication links mostly oc­
cupy the bands from 3.7 to 4.2 gigahertz 
and 5.925 to 6.425 gigahertz. As these 
bands become saturated new links will 
be authorized in the band from 11.7 to 
12.2 gigahertz. 

Microwaves do not bend with the cur­
vature of the earth, so that for long links 
it is necessary to use repeaters that re­
ceive, amplify and retransmit the signal. 
The spacing between repeaters in the 
lower two microwave bands is deter­
mined by the curvature of the earth, fea­
tures of the terrain and acceptable an­
tenna heights. A spacing of about 30 

miles between repeaters is normal. The 
cost of the electronics (exclusive of an­
tennas) in a typical repeater can be less 
than 10 percent of the total cost. In ad­
dition, expensive equipment must be in­
stalled at each terminal to switch incom­
ing and outgoing calls to the proper cir­
cuits. When the cost of this equipment is 
included for a link operating below 10 

gigahertz, the fraction of the total cost of 
the system that is attributable to micro­
wave components is small. Therefore no 
major cost benefit is obtained by using 
solid-state devices below 10 gigahertz. 

Above 10 gigahertz attenuation of the 
signal by the atmosphere becomes a ma­
jor factor. Repeaters have to be more 
closely spaced; at 12 gigahertz the maxi­
mum practical spacing is about four 
miles, at 18 gigahertz it is 2.3 miles and 
at 30 gigahertz it is 1.3 miles. Micro­
wave-equipment costs can become a sig­
nificant part of total costs. The relatively 
inexpensive solid-state microwave de­
vices therefore open the spectrum above 
10 gigahertz to long-distance communi­
cation links and could have a consider­
able effect on activity across the spec­
trum. 

Another field of application for solid­
state microwa ve devices will certainly be 
in direct satellite-to-earth communic2--

APPROACH TO SATURATION in micro· 

wave communication in part of the spectrum 

is indicated by the colored beams on this 

map of the New York metropolitan area. 

The routes, which do not produce as much 

mutual interference as the map suggests be· 

cause several frequencies are involved, are 

cad io channels that carry a variety of traffic. 

Map is based on data compiled by the Joint 

Technical Advisory Committee of the Insti· 

tute of Electrical and Electronics Engineers 

and the Electronic Industries Association. 

tion. The microwave devices will be im­
portant components in the home tele­
vision sets that are equipped to receive 
directly from satellites. In reflecting on 
the potential social impact one might 
consider a satellite that the National 
Aeronautics and Space Administration 
plans to launch in 1973. The satellite 
could ultimately carry direct transmis­
sion to 600,000 village receivers in India. 
A recent World Administrative Radio 
Conference in Geneva set aside three 
new microwave bands (22.5 to 23, 41 to 
43 and 84 to 86 gigahertz) for satellite­
to-earth communication. It may well be 
that microwave systems will also be used 
for television broadcasting in local areas, 
providing another large area of applica­
tion for solid-state microwave devices as 
oscillators in television receivers. 

The new developments in solid-state 
microwave sources also have the po­

tential for a major improvement of land­
based, mobile communication systems. 
Automobile telephones, for example, 
could become common. Such telephones 
cannot be widely installed now because 
only a narrow band of the spectrum is 
aSSigned to this purpose, but if micro­
wave or millimeter-wave bands were 
made available, the service could ex­
pand. Short-wave systems of this kind 
are directional and of short range, so that 
it would be necessary to have a large 
number of local terminals to receive and 
retransmit the signal from an automobile 
as the automobile moved along. A sys­
tem for finding the automobile for in­
coming messages would also be required; 
it too probably would involve micro­
waves. 

In the field of guidance and control, 
which includes radar, radio location and 
other operations, the availability of solid­
state microwave devices is similarly ex­
pected to result more in the expansion of 
existing applications than in new appli­
cations. It will soon be possible for light 
aircraft to carry both altimeter radar and 
collision-avoidance radar at costs com­
parable to the cost of other electronic 
equipment for general aviation. Weather 
radar is also a possibility, but it will re­
quire higher peak power than is likely to 
be available within the next decade. Ra­
dar for small boats may well become 
practical. 

A new and large radar market could 
arise with the installation of radar in 
automobiles for such purposes as indi­
cating clear lanes, warning of obstacles 
in backing up, providing automatic head­
way control and triggering passive-re­
straint devices such as the air bag. (The 
accelerometer devices that currently 

trigger air bags at the instant of impact 
must inflate the bag in such a short time 
that the accompanying noise is almost 
explosive. A simple radar trigger could 
yield the extra fraction of a second re­
quired to reduce this problem.) 

Microwave systems are already in ser­
vice as burglar alarms and have the po­
tential for development as fire alarms. 
An electric company in Illinois is about 
to test an automatio meter-reading sys­
tem in which a truck with a microwave 
transceiver will interrogate a small tran­
sponder on each house and obtain the 
meter reading, which will then be re­
corded on magnetic tape. Microwave 
systems could also be used to keep track 
of buses, service trucks, police cars and 
other vehicles whose location needs to 
be known. One can also foresee applica­
tions of microwaves in process control 
(counting, monitoring thickness and so 
on) and in medicine and biology for such 
purposes as detecting changes in the cir­
culatory and respiratory systems. 

The benefits that could result from ex-
panding microwave applications and 

developing new ones are considerable. 
The entire communication system could 
be improved by opening the frequency 
range above 10 gigahertz, thereby re­
lieving the congestion at lower frequen­
cies. The new sources also provide a po­
tentially economical means of communi­
cation for places where wired systems 
are unavailable or impractical. As we 
have already implied, microwave sys­
tems have the potential to improve trans­
portation, reduce damage by fire, aid 
crime detection and advance health care. 

These benefits will be accompanied by 
a number of problems, which need at­
tention soon if the benefits of microwave 
technology are to be maximized. Most of 
the problems are related to the fact that 
a large proliferation of microwave de­
vices would make heavy demands on 
part of the electromagnetic spectrum and 
could result in a good deal of mutual in­
terference not only among these devices 
but also with other electronic systems. 
Moreover, the possibility of a health haz­
ard from widespread exposure to micro­
wave radiation needs to be examined 
closely. 

A fund of experience and a system of 
institutional arrangements are now in 
hand for controlling microwave systems 
(mostly military and industrial) that con­
sist of no more than a few tens of thou­
sands of units and that range in cost from 
$100,000 to $10 million per system. If 
unit prices fall to about $1,000 and 
microwave systems are installed exten­
sively in light aircraft, large private boats 
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and prospective uses (color) in the U.S. Allocations are made hy 
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ancllarge trucks, the number of systems 
might rise to perhaps a million. Even 
with such numbers the problems would 
hc manageable compared with what will 
happen if the unit price of microwave 
systems falls below $100 and the systems 
are widely installed in automobiles and 
trucks. Society is simply unprepared to 
deal with the number of systems (per­
haps 100 million) that could result. 

Let us examine the problems more 
closely, beginning with the problem of 
managing the electromagnetic spectrum. 
As recently as 1965 it was possible for 
the Joint Technical Advisory Committee 
of the Institute of Electrical and Elec­
tronics Engineers and the Electronic In­
dustries Association to note that the 
spectrum space above 10 gigahertz "is 
unique at this point in history, in that 
there are relatively few services implant­
ed in the band." Today, however, new 
common-carrier land transmitters are be­
ing assigned to the band from 10.7 to 
1l.7 gigahertz, cable-television relays 
are at 12.7 to 12.95 gigahertz and most 
satellite-to-earth links may well be above 
12 gigahertz. These activities, which 
have a potential for substantial growth, 
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are being forced above 10 gigahertz be­
cause of pressure on the spectrum from 
below rather than because of any tech­
nological advantage in having them 
there. 

In the U.S. the spectrum is allotted in 
blocks for speCific uses up to 90 giga­
hertz [see illu5tration below J. Recent 
proposals would extend block allocations 
to 300 gigahertz. Nonetheless, most of 
the spectrum above 10 gigahertz is cur­
rently unexploited. One of the difficulties 
in considering how the spectrum might 
be utilized is inadequate information on 
the number of present users. From the 
data that are available, however, onc call 
conclude that the spectrum below 10 gi­
gahertz is filling rapidly to the point 
where growth of microwave systems 
might be affected. Virtually all these 
svstems employ the older, electron-tube 
sources of microwaves. 

Congestion of the spectrum varies 
from place to place. In places as different 
as New York City and Venice, La., cer­
tain bands are saturated. The nature of 
the locality determines the type of con­
gestion. New York, a center of com­
merce, communication and entertain-
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portions of the spectrum that are reserved for use by Government 

agencies. In addition, all bands allotted to radar and radiolocation 

are shared with Government ageneies that carry on the same 

activities. Allocations up to 300 gigahertz have been proposed. 
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IMPATT DIODE is one of the solid·state microwave devices that promise to bring the cost 

of microwave systems within reach of individnals. The name is an acronym of impact ioni· 

zation avalanche transit time. The letters nand p refer respectively to materials that have 

negatively charged carriers and those that contain positively charged "holes" created by 

the loss of electrons through impact. Such diodes generate and amplify microwave signals. 

ment, is affiicted with saturation in the 
common-carrier band from 3.7 to 4.2 

gigahertz and with severe congestion in 
the other two common-carrier bands be­
low 12 gigahertz, and the petroleum area 
around Venice has safety and special­
service bands that are nearly full. The 
b!ock-allocation system followed by the 
Federal Communications Commission 
does not allow the transfer of the com­
mon-carrier spectrum to safety and spe-

cial services or vice versa. As a result of 
this policy and the growth of commercial 
microwave systems the problem of the 
saturation of specific microwave bands 
in certain locations is growing. 

One must therefore assume that there 
will be extensive exploitation of the spec­
trum above 10 gigahertz once economic 
and reliable systems are available. In­
deed, if the large numbers of systems 
that are implicit in the potential appli-

DIODE AND CONTACTS appear at center of a metal container three millimeters wide and 

four millimeters deep. A 50·gigahertz IMPATT diode is below center of contact ribbon. 
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cation of microwave techniques are to 
be accommodated, the only place for 
them is above 10 gigahertz. Since solid­
state microwave devices already span a 
range of frequencies up to 100 gigahertz, 
it is tempting to assume that a prospec­
tive increase by a factor of 10 in the 
microwave frequency range available 
should accommodate all expected appli­
cations. We think such an assumption 
may prove to be optimistic. 

A number of steps could be taken that 
might facilitate preparation for the 

proliferation of microwave systems. First, 
calculations should be made of the likely 
uses of the microwave spectrum. The 
calculations would take into account 
communities of varying population den­
Sity having all the foreseeable micro­
wave systems: fixed and mobile com­
munication systems, automobile radar 
and so on. The aim would be to predict 
what degree of congestion might arise. 

Second, an adequate base of data for 
making the calculations and for corre­
lating them with the real situation should 
be established. One of the requirements 
for minimizing the congestion of the 
spectrum is complete information on 
how the spectrum is being used: a com­
puterized data base containing informa­
tion on the location, frequency, radiated 
power and power contour for every op­
erating and proposed transmitter. Un­
til recently the only organization that 
compiled much of this information, at 
least for the common-carrier bands, was 
the American Telephone and Telegraph 
Company. We think a more comprehen­
sive system should be developed and 
maintained by an appropriate Govern­
ment agency. Without an adequate data 
base it will be necessary to have exces­
sively large margins on each side of every 
allocation of the spectrum in order to 
prevent overlap. 

A third suggestion is that the principle 
of block allocation of frequencies in the 
microwave spectrum needs to be recon­
sidered. Simple block allocation is exces­
sively rigid, as the cases of New York 
City and Venice show. Flexibility should 
be expressly built into the system. If ac­
count is taken of the directionality and 
polarization of each beam, multiple uses 
of the same frequency are possible, even 
in the same area. In addition, perform­
ance requirements should be established, 
differing for different services in differ­
ent parts of the spectrum and applicable 
to both transmitters and receivers. 

We should like to take note of a fur­
ther problem that may arise if cheap 
sources of microwave power become 
available. The fact that the microwave 
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sources in service up to the present time 
have been expensive has led naturally to 
the development of expensive and high­
quality components of microwave sys­
tems in order to obtain maximum bene­
fit from the sources. The new sources, 
however, make "cheap and dilty" sys­
tems possible. It is conceivable that some 
manufacturers will sacrifice narrowness 
of beam and precision of frequency con­
trol in order to achieve lower costs. This 
development is particularly likely for de­
vices with power below the level where 
licenSing and strict regulation are nor­
mally required. 

In this area a large responsibility rests 
on the engineering profession to ensure 
that these low-power devices are non­
polluting from the electromagnetic point 
of view. The question is whether the pro­
fession can establish standards that keep 
bandwidth, beam width and power at 
the minimum level to accomplish the ob­
jective of a given system. Standards of 
this kind involve a principle of conser­
vation of a natural resource-the elec­
tromagnetic spectrum-that should be 
applied whether or not a problem of 
congestion is foreseen. If this much re­
sponsibility is not exercised by the pro­
fession, Government regulation and con­
trol will surely be necessary. 

One area where engineering and man­
ufacturing attention is needed in order 
to facilitate conservation of the spectrum 
is the area of antenna design. Tech­
niques for the design of inexpensive, nar­
row-beam antennas (perhaps fiber-glass 
paraboloids or dielectric molded struc­
tures) do not seem to have kept pace 
with the improvements in microwave 
sources. One possibility is the develop­
ment of active antennas, which proVide a 
degree of amplification at the receiving 
end; they would allow the use of trans­
mitters of lower power than would other­
wise be required. In addition, frequen­
cies for specific applications should be 
chosen (whenever it is possible) to take 
advantage of the natural attenuation of 
the signal in the atmosphere, so that a 
signal would not penetrate beyond the 
area that needs to receive it. If the en­
gineering is done properly, many of the 
low-power microwave devices need be 
no more troublesome than a flashlight. 

It seems to us that concern should be 
given to the prospect that microwave de­
vices might be incorporated in toys (for 
both children and adults) and in systems 
where wired transmission could do the 
job equally well. Some people contend 
that since the broadcast spectrum is an 
exhaustible resource it should not be 
used for trivial purposes or in situations 
where the task can be accomplished by 
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other means. We think it would be im­
practicable to prevent the development 
of such applications; indeed, to do so 
would involve a restraint on use of the 
spectrum that impinged on the rights of 
some developers. It seems much more 
realistic to assume that such systems will 
be developed and to assign them to fre­
quency ranges that are well separated 
from systems serving more vital func­
tions. The time may come when the 
spectrum is so congested that an em­
bargo will have to be placed on all new 
broadcast microwave systems perform­
ing a function that could just as well be 
done with cables. 

Another type of interference, not con-
nected with spectral overlap, has 

recently attracted attention. Microwave 
radiation can interfere with the opera­
tion of some non microwave electronic 
systems even at low radiation levels, 
sometimes with unfortunate effects. For 
example, stray

'
radiation from microwave 

ovens has been responsible for the mal­
function of some heart pacemakers. The 
level of radiation needed to produce in­
terference, according to the U.S. Public 
Health Service, is of the order of five 
microwatts per square centimeter. This 

level of power might well be present at 
reasonable distances from the kinds of 
system we have been discussing. 

We turn now to microwaves as a pos­
sible health hazard. Since it is reasonable 
to expect that large numbers of micro­
wave systems will be in the hands of pri­
vate individuals and therefore will be 
relatively unsupervised, the need for ex­
ploring the biological effects of micro­
wave radiation is urgent. Standards that 
were established at a time when micro­
wave systems were fairly uncommon and 
when the average person was unlikely to 
be irradiated by a microwave beam may 
be inadequate when microwave beams 
are emitted from many automobiles, 
traffic signals and utility poles. 

A measure of the magnitude of the 
problem can be obtained by consider­
ing automobiles with radar. A collision­
avoidance radar on an automobile might 
have an average power output of 50 mil­
liwatts; if the power were transmitted 
within a beam angle of two degrees, the 
power density at a distance of five me­
ters from the vehicle would be more than 
100 microwatts per square centimeter. 
It is unlikely that anyone would be ir­
radiated by a single beam for any length 
of time, but he would be exposed to the 
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CHARGE PATTERN inside a TRAPATT diode at six intermittent 

moments (top to bottom) is depicted according to a computer 

simulation devised by D. L. Scharfetter of the Bell Telephone 

Laboratories. With the proper circuit conditions a large pulse of 

current flows in the diode's normally nonconducting direction, 

causing the electric field (solid line) to rise rapidly and achieve 

20 

values that result in the generation of electrons (minlls signs) and 

"holes" (pillS signs) that are in excess of those normally attain· 

able. Separation of these oppositely charged carriers results in space 

charge that reduces the electric field to low values. In effect the 

moving avalanche·generation zone sweeps through the diode, leav. 

ing behind a dense charge of plasma and a low·value electric field. 
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beams from many vehicles. The pros­
pective levels of power from automobile 
radar units are inconsequential under 
safety standards current in the U.S., but 
they could be of consequence according 
to standards adopted in eastel1l Europe. 
We shall retul1l to this point. 

There is no doubt that microwave ra­
diation can be harmful to living orga­
nisms, but there is considerable con­
troversy over the levels of irradiation 
required to produce significant effects, 
over the permanence of the effects and 
over the physiological events that cause 
them. Cases are on record of cataracts 
and testicular damage in man and of 
death in animals exposed to microwave 
radiation experimentally. These effects 
were probably caused by heating due to 
absorption of microwave energy at pow­
er levels much higher than the ones 
we have been discussing. Subtler effects 
have been reported at low levels of pow­
er, however. They are called "athermal" 
effects because they do not seem to be 
directly attributable to heating. They in­
clude mutations in garlic root tips grown 
in a high-frequency field and a tendency 
for certain animals to respond to such 
fields in various ways. 

The amount of microwave energy 
absorbed by an object depends on the 
electric properties of the object and the 
frequency (and hence the wavelength) of 
the radiation with respect to the size of 
the object. The human body begins to 
absorb radiation significantly when the 
frequency exceeds about 15 megahertz. 
The absorptivity of microwaves varies 
over parts of the body and also varies 
with time. Microwaves penetrate fat 
about 10 times more deeply than muscle, 
and the difference is presumably reflect­
ed in the absorption. Certain organs, 
notably the eye and the testes, are par­
ticularly sensitive to heating effects. 

Athermal effects were not included 
when the current recommended U.S. 
radiation safety limit was set by the De­
partment of Health, Education, and Wel­
fare at an average of 10 milliwatts per 
square centimeter for long exposures. 
Athermal effects apparently were consid­
ered, however, when the U.S.S.R. estab­
lished a maximum standard of 10 micro­
watts per square centimeter per working 
day-a factor 1,000 times smaller than 
the U.S. figure. A number of informed 
American workers are skeptical about 
many of the Russian results and conse­
quently regard the Russian standards as 
being unnecessarily stringent, but skep­
ticism is not a sufficient basis for settin g 
standards. 

The U. S. standard was set as a result 
of a program on the biomedical aspects 

of microwave radiation that was admin­
istered by the three military services 
from 1957 to 1961. Some workers see 
this research as being largely irrelevant 
to the subject of low-power microwave 
radiation because of the neglect of ather­
mal effects and an apparent tendency of 
the investigators to reject data from 
eastern Europe on athermal effects. 
These data have included evidence of 
hypertension, disturbed heart rhythm 
and decreases in the sensitivity of vari­
ous sense organs. The average power 
levels at which the effects were noted 
ranged upward from 30 microwatts per 
square centimeter, and frequencies were 
usually in the range from ultrahigh to 
low-microwave-a range where absorp­
tion by the skin and bone of the skull is 
small. Recent experiments in the U.S. 
are said to have demonstrated that the 
metabolic activity of the embryonic chick 
heart is disturbed by 24-gigahertz radi­
ation and that the development of in­
sect pupae can be adversely affected by 
irradiation with 10 gigahertz. Both of 
these experiments involved power levels 
too low to cause significant heating. 

Not her factor not included when the 
current U.S. standard was set is the 

duty cycle of the applied radiation, that 
is, the percentage of time during which 
the radiation is being emitted. In an ex­
periment involving two groups of rab­
bits no members of a group that received 
80 milliwatts per square centimeter of 
continuous-wave radiation for one hour 
developed cataracts, whereas cataracts 
did develop in all members of the second 
group, which received pulsed radiation 
of 400 milliwatts per square centimeter 
with a duty cycle of 20 percent (and 
hence the same average power as the 
first group received). Thus a radiation 
standard based solely on average power 
may not be adequate. 

What emerges from this discussion is 
that the effects of microwave radiation 
on biological systems are poorly under­
stood. Plainly it is necessary to do much 
more research in this area, emphasizing 
low-power effects, and to reexamine safe­
ty standards before microwave devices 
proliferate. The work should be con­
cerned not only with human beings but 
also with other biological systems. If this 
research is not done, public controversy 
will surely develop once the devices pro­
liferate, just as controversy has arisen 
over low-level radiation emitted from 
nuclear reactors. In the case of micro­
waves it is still possible to investigate the 
low-level effects before massive deploy­
ment of microwave devices. The Elec­
tromagnetic Radiation Advisory Council 

of the U. S. Office of Telecommunications 
Policy is said to be developing a national 
l'esearch program along these lines. 

Our final point has to do with the con­
cern that a number of people have ex­
pressed over the possibility that new de­
velopments in electronics may be used 
as a means of invading privacy. A related 
issue is that as more information is trans­
mitted by way of microwave beams, 
banks, industrial organizations and other 
users of these links may become con­
cerned over the possibility that trans­
missions will be intercepted. 

We have examined the privacy ques­
tion in a preliminary way and have come 
to the tentative conclusion that the new 
sources do not represent a special prob­
lem in the sense of adding a new dimen­
sion to the privacy issue. Indeed, in cer­
tain respects the new microwave systems 
seem to have certain advantages over 
telephone lines in maintaining privacy. 
To tap a microwave beam one must find 
it, and its pOSition may not be physical­
ly apparent. Moreover, it appears likely 
that double-frequency transmission will 
be easier in the microwave range than it 
is over telephone lines. In such a system 
one frequency carries a coded message 
and the second one transmits the code. 
Anyone trying to intercept the informa­
tion will have to find both frequencies; 
he will also be up against the fact that 
the signal transmitting the code can oc­
cupy an exceedingly narrow band. 

If someone is really determined to in­
tercept information, it is almost impos­
sible to thwart him indefinitely. Our con­
cern has been with making interception 
difficult enough to discourage it on a fre­
quent or casual basis. It would seem pru­
dent, when large amounts of information 
are to be transmitted by microwave sys­
tems, to encode it in at least a simple 
way. 

We should like to emphasize that none 
of our conclusions about microwave 
technology is firm and that we have not 
dealt with certain important questions 
in our assessment of the technology. Our 
purpose has been mainly to initiate de­
bate on these issues and to indicate areas 
where more detailed analysis is neces­
sary. We hope particularly that the tech­
nical community, at its meetings and in 
its publications, will devote attention to 
these problems, inviting contributions 
from social scientists (who can add valu­
able perceptions to the assessment of 
broad social implications of microwave 
devices) as well as from physical scien­
tists and experts in technology. To give 
attention to these problems is part of the 
public responsibility of the research and 
development community. 
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Brain Changes in Response to Experience 

Rats kept in a lively environment for 30 days show distinct changes 

in brain anatonlY and chemistry compared with animals kept in a dull 

environment. The implications of these effects for man are assessed 

by Mark R. Rosenzweig, Edward L. Bennett and Marian Cleeves Diamond 

D
oes experience produce any ob­

servable change in the brain? 
The hypothesis that changes oc­

cur in brain anatomy as a result of expe­
rience is an old one, but convincing 
evidence of such changes has been 
found only in the past decade. It has 
now been shown that placing an experi­
mental animal in enriched or impover­
ished environments causes measurable 
changes in brain anatomy and chemistry. 
How these changes are related to learn­
ing and memory mechanisms is current­
ly being studied by an interdisciplinary 
approach that involves neurochemical, 
neuroanatomical and behavioral tech­
niques. 

The earliest scientific account of brain 
changes as a result of experience that we 
have been able to find was written in the 
1780's by an Italian anatomist, Michele 
Gaetano Malacarne. His experimental 
design is worth describing briefly, since 
it resembles the one we are using in our 
laboratory at the University of California 
at Berkeley. He worked with two dogs 
from the same litter and with two par­
rots, two goldfinches and two blackbirds, 
each pair of birds from the same clutch 
of eggs. He trained one member of each 
pair for a long period; the other member 
of the pair was left untrained. He then 
killed the animals and examined their 
brains. He reported that there were 
more folds in the cerebellum of the 
trained animals than in that of the un­
trained ones. Although his study was 
noted by some of his contemporaries, we 
have not found any evidence that others 
attempted to carry out similar experi­
ments. Knowledge of Malacallle's ex­
periment quickly faded away. 

During the 19th century there was 
considerable interest in the relation be­
tween the size of the human head and 
intellectual ability and training. In the 
1870's Paul Broca, a famous French phy-
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sician and anthropologist, compared the 
head circumference of medical students 
and male nurses and found that the stu­
dents had larger heads. Since he be­
lieved the two sets of young men were 
equal in ability, he concluded that the 
differences in head size must have been 
due to the differences in training. Clear­
ly Broca's logic was not impeccable, and 
there are other possible explanations for 
the differences he found. His critics 
pointed to the lack of correspondence 
between skull size and brain volume, the 
important roles of age and body size in 
determining brain size and the relative 
stability of the size of the brain in com­
parison with the size of most other or­
gans. By the beginning of the 20th cen­
tury not only had experimenters failed 
to prove that training resulted in changes 
in the gross anatomy of the brain but 
also a consensus had developed that such 
changes could not be detected, and so 
the search was generally abandoned. 

With the development of new bio­
chemical tools and techniques in the 
1950's, some investigators began to ask 
if chemical changes in the brain follow­
ing training could be detected. They 
looked for changes at the synapses that 
transmit impulses from one nerve cell to 
another or for changes in the nucleic 
acids (RNA and DNA) of nerve cells. 
The techniques used to find chemical or 
anatomical changes in the brain follow­
in g experience are not difficult in prin­
ciple but they must be carried out with 
precision because many of the changes 
that occur are not large. Here is how a 
basic experiment is conducted with labo­
ratory rats of a given strain. (In our ex­
periments we have worked with several 
strains of rats and with laboratory mice 
and gerbils; we have observed similar 
effects in all these animals.) At a given 
age, often at weaning, sets of three 
males are taken from each litter. Usually 

a dozen sets of three males are used in 
an experiment. This yields stabler and 
more reliable results than working with 
a single set, as Malacallle did. 

The use of rodents for these studies is 
convenient for several reasons. Brain 

dissection is simpler in rodents than it is 
in call1ivores or primates because the 
cerebral cortex of rodents is smooth and 
not convoluted like the cortex of high­
er mammals. The gray cortex can be 
stripped away from the underlying white 
matter more readily in rodents than it 
can in higher mammals. Rodents are 
small, inexpensive and bear large litters, 
so that littermates with the same genetic 
background can be assigned to different 
conditions. In addition, geneticists have 
developed inbred lines of rats and mice, 
and working with these inbred lines 
gives us further control over the genetic 
background. 

The three male rats from each litter 
are assigned at random so that one rat 
remains in the standard laboratory col­
ony cage, one rat is placed in an enriched 
environment and the third is put in an 
impoverished environment. It should be 
noted that "enriched" and "impover­
ished" are not used in an absolute sense 
but only in relation to the standard labo­
ratory colony environment that is the 
usual baseline for studies in anatomy, 
biochemistry, physiology, nutrition and 
behavior. 

In the standard laboratory conditions 
a few rats live in a cage of adequate size 
with food and water always present [see 
illustmtion on opposite page J. In the en­
riched environment several rats live in a 
large cage furnished with a variety of 
objects they can play with. A new set of 
playthings, drawn out of a pool of 25 
objects, is placed in the cage every day. 
In the impoverished environment each 
rat lives alone in a cage. Originally the 
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isolated rats were kept in a separate 
quiet room, but this turned out to be un­
necessary. 

At the end of a predetermined experi­
mental period, which can be from a few 
days to several months, the rats are sacri­
ficed and their brains are removed. The 
brain dissection and analysis of each set 
of three littermates are done in immedi­
ate succession but in a random order and 

identified only by code number so that 
the person doing the dissection does not 
know which cage the rat comes from. 
With practice a skillful worker can do 
dissections with considerable precision 
and reliability. To delineate the various 
cortical regions a small plastic calibrated 
T square is used [see illustration on page 
25]. Samples removed from a cortical 
region are weighed to the nearest tenth 

of a milligram and then placed on dry 
ice. The samples are kept frozen until 
chemical analysis is performed to deter­
mine the activity of the neurotransmitter 
enzymes in them. 

If the rat brains are to be used for 
anatomical studies, the animal is anes­
thetized and perfused with a fixative so­
lution. Later sections of the brain are 
prepared for microscopy. 

THREE LABORATORY ENVIRONMENTS that produce differ­

ences in brain anatomy of littermate rats are depicted. In the stan­

dard laboratory colony there are usually three rats in a cage (upper 

left). In the impoverished environment (upper right) a rat is kept 

alone in a cage. In the enriched environment 12 rats live togeth· 

er in a large cage furnished with playthings tbat are changed daily. 

Food and water are freely available in all three environments. The 

rats typically remain in the same environment for 30 days or more. 
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In the 1950's we had been attempt­
ing to relate individual differences in the 
problem-solving behavior of rats to indi­
vidual differences in the amount of the 
enzyme acetylcholinesterase in the brain. 
(At the time and until 1966 the psychol­
ogist David Krech was a member of the 
research group.) The enzyme rapidly 
breaks down acetylcholine, a substance 
that acts as a transmitter between nerve 
cells. The excess transmitter must be 
neutralized quickly because nerve im­
pulses can follow each other at a rate of 
hundreds per second. This enzymatic 
activity is often measured in terms of 
tissue weight, and so in our early experi-

ments we recorded the weight of each 
sample of brain tissue we took for chem­
ical analysis. We found indications that 
the level of brain acetylcholinesterase 
was altered by problem-solving tests, 
and this led us to look for effects of more 
extensive experience. To our surprise 
we found that different experiences not 
only affected the enzymatic activity but 
also altered the weight of the brain 
samples. 

By 1964 we had found that rats that 
had

'
spent from four to 10 weeks in the 

enriched or the impoverished environ­
ments differed in the following ways: 
rats with enriched experience had a 

' D  . 

greater weight of cerebral cortex, a 

greater thickness of cortex and a greater 
total a'cti vity of acetylcholinesterase but 
less activity of the enzyme per unit 
of tissue weight. Moreover, rats with 
enriched experience had considerably 
greater activity of another enzyme: cho­
linesterase, which is found in the glial 
cells and blood capillaries that surround 
the nerve cells. Glial cells (named from 
the Greek word for "glue") perform a 

variety of functions, including transpor­
tation of materials between capillaries 
and nerve cells, formation of the fatty in­
sulating sheath around the neural axons 
and removal of dead neural tissue. 
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SEMINATURAL ENVIRONMENT for studying the effects of ex· 

perience on the brain is provided by outdoor enclosures at the 

Field Station for Research in Animal Behavior at the University of 

California at Berkeley. The enclosures have a concrete base 30 feet 
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by 30 feet with a screen over the top. Inbred laboratory rats thrive 

in the outdoor setting when food and water are provided. The rats 

revert to burrowing, something that their ancestors, which had lived 

in laboratory cages, had not done for more than 100 generations. 
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We later found that there were more 
glial cells in rats from the enriched en­
vironment than there were in rats from 
the impoverished one, and this may ac­
count for the increased activity of cho­
linesterase. Although differences in ex­
perience did not change the number of 
nerve cells per unit of tissue, the en­
riched environment produced larger cell 
bodies and nuclei. These larger cell bod­
ies indicate higher metabolic activity. 
Further chemical measures involving 
RNA and DNA pointed in the same di­
rection. The amount of DNA per milli­
gram of tissue decreased, presumably 
because the bulk of the cOltex increased 
as the number of neurons, whose nuclei 
contain a fixed amount of DNA, re­
mained relatively constant. The amount 
of RNA per milligram remained virtual­
ly unchanged, yielding a significant in­
crease in the ratio of RNA to DNA, 
and this suggests a higher metabolic 
activity. In most of the experiments the 
greatest differences between enriched 
and impoverished experience were 
found in the occipital cortex, which is 
roughly the rear third of the cortical 
surface. 

We do not know why the occipital re­
gion of the cOltex is affected by enriched 
experience more than other regions. At 
first we thought that differences in visual 
stimulation might be responsible, but 
when we used blinded rats, the occipital 
cortex still showed significant differences 
between littermates from the enriched 
and the impoverished environments. We 
found the same effects when normal rats 
were placed in the different environ­
ments and kept in darkness for the entire 
period. This is not to say that depriva­
tion of vision did not have an effect on 
the anatomy and chemistry of the brain. 
The OCcipital cortex of rats that were 
blinded or kept totally in the dark gained 
less weight than the occipital cOltex of 
littermates that were raised in standard 
colony conditions with a normal light­
dark cycle, but this did not prevent the 
occurrence of the enrichment-impover­
ishment effect. 

Although the brain differences in­
duced by environment are not large, 
we are confident that they are genuine. 
When the experiments are replicated, 
the same pattern of differences is found 
repeatedly. For example, in 16 replica­
tions between 1960 and 1969 of the 
basic enriched -environment -v. -impover­
ished-environment experiment, using the 
same strain of rat exposed to the experi­
mental conditions from the age of 25 
to 105 days, each experiment resulted in 
a greater occipital-cortex weight for the 
rats in the enriched environment. Twelve 

-t-:'-',-:,--,:-__ SOMESTHETIC 
CORTEX 

+'::'-i-i--- OCCIPITAL 
CORTEX 

T SQUARE 

CEREBELLUM --� 

CO RTICAL AREAS of a rat brain are located for dissection with the aid of a calibrated 

plastic T square to ensure uniform samples. The desired sections are removed, weighed 

and stored on dry ice. The remaining cortex and the subcortex also are weighed and frozen. 

of the 16 replications were statistically at 
better than the .05 level, that is, for each 
of the 12 experiments there was less than 
one chance in 20 that the difference was 
due simply to chance or biological vari­
ability. For weight of the total cortex, 
13 of the 16 experiments showed signifi­
cant differences [see top illustration on 
next pagel. 

The most consistent effect of experi­
ence on the brain that we found was the 
ratio of the weight of the cortex to the 
weight of the rest of the brain: the sub­
cortex. It appears that the cortex in­
creases in weight quite readily in re­
sponse to an enriched environment, 
whereas the weight of the rest of the 
brain changes little. Moreover, since rats 
with larger bodies tend to have both a 
heavier cortex and a heavier subcOltex 
than smaller rats, the ratio of the cortex 
to the rest of the brain tends to cancel 
the influence of body weight. For ani­
mals of a given strain, sex, age and en­
vironment the cortex/subcortex ratio 
tends to be the same even if the animals 
differ in body weight. When the envi­
ronment is such that the cortex grows, 
the cortex/subcortex ratio shows the 
change very clearly and reliably. On this 
measure 14 of the 16 experiments were 
significant at the .01 level. 

One of the major problems for mea-

suring the effects of experience on the 
brain is finding an appropriate baseline. 
Initially we took the standard laboratory 
colony condition as the baseline, as 
most other investigators have. The cor­
tex/subcortex-weight ratio in rats from 
the enriched environment is greater than 
the ratio in rats from the standard colony 
environment, and this ratio in turn is 
greater than the ratio in rats from the 
impoverished environment. Where thick­
ness of cortex is concerned, both envi­
ronmental enrichment and impoverish­
ment are effective but on different re­
gions of the cortex. 

Suppose that the natural environment 
in which the animals evolved were 

taken as the baseline. Compared with 
the laboratory environments, even the 
enriched one, a natural environment may 
be much richer in learning experiences. 
For inbred laboratory animals, however, 
it is no longer clear what the natural en­
vironment is. Laboratory rats and mice 
have been kept for more than 100 gen­
erations in protected environments, and 
inbreeding has made their gene pool dif­
ferent from the natural one. For this rea­
son we have begun to study wild deer 
mice (Peromyscus). The mice are trapped 
in the San Francisco area and brought to 
our laboratory; some are kept in almost 
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NUMBER OCCIPITAL CORTEX CASES 
OF CASES E>I 

1960 MAY 11 9 

OCT 11 11 

1961 DEC. 11 8 
1962 APR. 10 8 

JUNE 12 8 
DEC. 12 9 

1963 JULY 10 4 

1964 JAN. 12 8 
APR . 9 8 
OCT 12 8 

1965 JAN . 10 8 
MAR. 10 8 

SEPT 11 9 

1967 AUG. 10 8 
1969 AUG. 12 10 

DEC. � 9 

175 133 

MEAN 

4 10 

WEIGHT 01 FFERENCE 
(PERCENT) 

BRAIN·WEIGHT DIFFERENCES between rats from enriched en· 

vironments and their littermates from impoverisbed environments 

were replicated in 16 successive experiments between 1960 and 

1969 involving an SO·day period and the same strain of rat. For the 

occipital cortex, weight differences in three of the replications were 

WEIGHT 

TOTAL PROTEIN 

THICKNESS 
OF CORTEX 

TOTAL ACETYL -
CHOLI N ESTERASE 

TOTAL CHOLIN­
ESTERASE 

TOTALHEXOKI 

DNA PER 
MILLIGRAM 

RNA PER 
MILLIGRAM 

RNNDNA 

NUMBER OF 
NEURONS 

NUMBER OF 
GLIAL CELLS 

CROSS SECTION 
NEURON CELL 

TOTAL CORTEX CASES RATIO OF CORTEX TO CASES 
E>I REST OF BRAIN E>I 

9 8 
9 10 

9 9 

9 9 

10 10 

9 9 

7 10 

10 10 

5 8 
7 12 

9 10 

8 10 

10 9 

9 10 

9 11 

11 10 

140 155 

0 2 4 6 0 2 4 6 8 
WEIGHT DIFFERENCE DIFFERENCE 

(PERCENT) (PERCENT) 

'significant at the probability level of .01 or better (dark colored 

bars), nine were significant at the .05 level (light colored bars) and 

four were not significant (hatched bars). The ratio of the weight of 

the cortex to the rest of the brain proved to be tbe most reliable 

measure, with 14 of the 16 replications significant at the .01 level. 

BODIES -6 -4 -2 0 2 4 6 8 10 12 

DIFFERENCE BETWEEN ENRICHED AND 
IMPOVERISHED (PERCENT) 

14 20 40 60 80 100 120 140 160 180 

TOTAL NUMBER OF CASES 

OCCIPITAL CORTEX of rats kept in enriched 01' impoverished 

environments from 25 to 105 days showed the effects of the differ· 

ent experiences. The occipital cortex of rats from the enriched en· 

vironment, compared with that of rats from the impoverished one, 

was 6.4 percent heavier. This was significant at the .01 level or bet· 
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ter, as were most other measures (dark colored bars). Only two 

measures were not significant (hatched bars). The dark gray bars 

on the right show the number of cases in which the rat from the 

enriched environment exceeded its littermate from the impov. 

erished environment in each of the measures that are listed. 
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natural conditions at an outdoor station 
and others are put into laboratory cages. 
The work with deer mice is still in prog­
ress, but we have also placed laboratory 
rats in the outdoor setting. We found 
that when food is provided, laboratory 
rats can thrive in an outdoor enclosure 
even in a wet winter when the tempera­
ture drops to the freezing point. When 
the ground was not too wet, the rats dug 
burrows, something their ancestors had 
not done for more than 100 generations. 
In each of eight experiments the rats 
kept for one month in the outdoor set­
ting showed a greater brain development 
than their littermates that had been kept 
in enriched laboratory cages. This indi­
cates that even the enriched laboratory 
environment is indeed impoverished in 
comparison with a natural environment. 

It is possible that the brain changes 
we found are not the result of learning 
and memory but are due to other aspects 
of the experimental situation, such as 
the amount of handling and stress, or 
perhaps an altered rate of maturation. 
For example, simply handling rats, par­
ticularly young ones, is known to in­
crease the weight of their adrenal glands. 
Rats in the enriched environment are 
handled each day when they are re­
moved from their cage while their play­
things are being changed, whereas rats 
in the impoverished environment are 
handled only once a week for weighing. 
We tested the effects of handling on 
brain changes some years ago. Some 
rats were handled for several minutes a 

day for either 30 or 60 days; their litter­
mates were never handled. There were 
no differences between the handled rats 
and the nonhandled ones in brain weight 
or brain-enzyme activity. More recently 
rats from both the enriched and the im­
poverished environments were handled 
once a day and the usual brain differ­
ences developed. 

Stress was another possible cause of 
the cerebral effects. Rats from the im­
poverished environment might have suf­
fered from "isolation stress" and rats 
from the enriched environment may 
have been stressed by "information over­
load." To test this notion Walter H. 
Riege subjected rats to a daily routine 
of stress. The rats were briefly tumbled 
in a revolving drum or given a mild elec­
tric shock. The stress produced a signifi­
cant increase in the weight of the adrenal 
glands but did not give rise to changes 
in the brain measures that we use. It 
seems clear that stress is not responsible 
for the cerebral changes we have found. 

It was also possible, since some of the 
brain changes we have found go in the 
same direction as changes that occur in 

normal maturation, that enriched experi­
ence simply accelerates maturation or 
that isolation retards it. Changes in the 
depth of the cerebral cortex and certain 
other changes resulting from an enriched 
environment go in the opposite direction 
to what is found in normal growth. The 
cortical thickness of standard colony rats 
reaches a maximum at 25 days after birth 
and then decreases slightly with age, 
whereas enriched experience causes cor­
tical thickness to increase even in year­
old rats. In fact, Riege has found that an 
enriched environment will produce as 
great an increase in brain weight in fully 
mature rats as it does in young rats, al­
though the adult rats require a longer 
period of environmental stimulation to 
show the maximum effect. 

The effect of enriched environment on 
very young rats has been tested by Den­
nis Malkasian. He puts sets of three lit­
ters of six-day-old rat pups and their 
mother either into an unfurnished cage 
or into a cage containing play objects. 
Brains were taken for anatomical analy­
sis at 14, 19 and 28 days of age. At each 
age pups from the enriched environ­
ment showed a greater thickness of cere­
bral cortex, and in some parts of the 
cortex the differences were larger than 
those found in experiments with rats 
examined after weaning. 

WT hen we first reported our results 
other investigators were under­

standably skeptical, since the effect of 
experience on the brain had not been 
previously demonstrated. After our find­
ings had been replicated, some investi­
gators began to think that the brain may 
be so plastic that almost any treatment 
can modify it, for example merely plac­
ing a rat for 15 minutes a day in any 
apparatus other than its horne cage. This 
does not happen; although cerebral 
changes are easier to induce than we had 
supposed at first, a moderate amount of 
experience is still necessary. We recently 
demonstrated that two hours of daily 
enriched experience over a 30-day pe­
riod is sufficient to produce the typical 
changes in brain weight. On the other 
hand, placing a group of 12 rats in a 
large unfurnished cage for two hours a 
day for 30 days did not bring about sig­
nificant changes in our usual brain mea­
sures. Moreover, putting rats alone in 
large cages with play objects for two 
hours a day is not very effective, prob­
ably because a single rat does not play 
with the objects much and tends to rest 
or to groom itself. The enriched environ­
ment will produce cerebral changes in a 
single rat if the rat is stimulated to inter­
act with the objects. This can be done by 

giving the rat a moderate dose of an ex­
citant drug or by putting it into the 
enriched environment during the dark 
part of its daily cycle (rats are noctur­
nal animals). A recent experiment indi­
cates that cerebral changes can also be 
achieved by putting the rat into the en­
riched environment after several hours 
of food deprivation and placing tiny pel­
lets of food on and in the play objects. 

There can now be no doubt that many 
aspects of brain anatomy and brain 
chemistry are changed by experience. 
Some of our most recent efforts have 
been directed toward determining the 
changes that occur at the synaptic level 
in the occipital cortex, a region of the 
brain that shows relatively large changes 
with experience in enriched environ­
ments. Over the past few years Albert 
Globus of the University of California at 
Irvine has been counting the number of 
dendritic spines in brain sections from 
rats that have been exposed to an en­
riched environment or an impoverished 
one in our laboratory. Most of the syn­
aptic contacts between nerve cells in 
the cortex are made on the branchlike 
dendrites of the receiving cell or on the 
dendritic spines, which are small pro­
jections from the dendrites. Globus made 
his counts on the cortical neuron called 
a pyramidal cell [see top illustration on 
next page]. He found more spines, par­
ticularly on the basal dendrites, in rats 
exposed to an enriched environment 
than in littermates from the impover­
ished environment. 

�1 even more detailed view of changes 
in the synaptic junctions has come 

out of a study we have done in collabo­
ration with Kjeld Mf'\llgaard of the Uni­
versity of Copenhagen, who spent a year 
in our laboratory. He prepared electron 
micrographs of brain sections from the 
third layer of the occipital cortex of rats. 
Measurement of the synaptic junctions 
revealed that rats from enriched environ­
ments had junctions that averaged ap­
proximately 50 percent larger in cross 
section than similar junctions in litter­
mates from impoverished environments. 
The latter, however, had more synapses 
per unit area [see illustration on page 
29]. 

William T. Greenough, Roger West 
and T. Blaise Fleischmann of the Uni­
versity of Illinois have also found that 
there is increased synaptic contact in en­
riched-experience rats. Some other work­
ers have reported that increased size of 
synapse is associated with a decreased 
number of synapses, whereas decreased 
size of synapse is associated with an in­
creased number. It seems that memory 
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BASAL DENDRITES 

TERMINAL BRANCHES 

DEN DRITIC SPINES, tiny "thorns," or projections from the dendrites of a nerve cell, 

serve as receivers in many of the synaptic contacts between neurons. The drawing is of a 

type of cortical neuron known as the pyramidal cell. Rats from an enriched environment 

have more spines on these cells than their littermates from an impoverished environment. 

or learning may be encoded in the brain 
either by the selective addition of con­
tacts between nerve cells or by the selec­
tive removal of contacts, and that both 
processes may go on at the same time. 

Does an enriched environment or an 
impoverished environment alter learning 
ability? Although some studies suggest 
that experience in an enriched environ­
ment usually improves subsequent learn­
ing, the effects are often short-lived. The 
result depends on many factors, for ex­
ample the measure of learning that is 
used, the age at which the enriched ex­
perience is provided and the type of task 
that is learned. Early enrichment may 
improve subsequent learning of one task, 
have no effect on another task and actu­
ally impair learning in a third. Perhaps 
we should not expect much transfer of 

BOUTON 

capacity among entirely different kinds 
of behavior. Nor should we expect ex­
perience in an enriched environment to 
lead to an increase in "general ability"; 
every environment is specific and so are 
abilities. Harry F. Harlow of the Uni­
versity of Wisconsin has shown that 
early problem-solving in monkeys may 
have the deleterious effect of fixating in­
fantile behavior patterns; such monkeys 
may never reach the efficient adult per­
formance that they would have attained 
without the early training. Again, this 
result is specific and should be general­
ized only with caution. 

Formal training of rats, such as teach­
ing them to press a lever in response 
to a signal or to run a maze, produces 
changes in brain anatomy and chemistry, 
but the type of training seems to deter-
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SYNAPTIC JUNCTIONS between nerve cells can be between axon and dendritic spine or 

between axon and the dendrite itself. The vesicles contain a chemical transmitter that is 

released when an electrical signal from the axon reaches the end bouton. The transmitter 

moves across the synaptic cleft and stimulates the postsynaptic receptor sites in the den· 

drite. The size of the postsynaptic membrane is thought to be an indicator of synaptic activity. 
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mine the kind of changes. Victor Fedo­
rov and his associates at the Pavlov Insti­
tute of Physiology near Leningrad found 
changes in brain weight and in the ac­
tivity of acetylcholinesterase and cholin­
esterase after prolonged training of rats, 
but the pattern of changes is different 
from what we found with enriched and 
impoverished environments. In our labo­
ratory we have given rats daily formal 
training in either operant-conditioning 
devices or in a series of mazes for a 
month or more and have found changes 
in brain weight and brain enzymes. 
These changes, however, were rather 
small and also had a pattern different 
from the changes induced by environ­
mental experience. This is clearly a prob­
lem that requires morc research. 

The effect of experimental environ-
ments on the brains of animals has 

sometimes been cited as bearing on prob­
lems of human education. We should 
like to sound a cautionary note in this re­
gard. It is difficult to extrapolate from an 
experiment with rats under one set of 
conditions to the behavior of rats under 
another set of conditions, and it is much 
riskier to extrapolate from a rat to a 
mouse to a monkey to a human. We have 
found generally similar brain changes as 
a result of experience in several species 
of rodents, and this appears to have fos­
tered the assumption that similar results 
may be found with carnivores and with 
primates, including man. Only further 
research will show whether or not this is 
so. Animal research raises questions and 
allows us to test concepts and tech­
niques, some of which may later prove 
useful in research with human subjects. 

If this research leads to knowledge of 
how memories are stored in the brain, it 
will have obvious implications for the 
study of conditions that favor learning 
and memory and also of conditions that 
impair learning and the laying down of 
memories. Among the unfavorable con­
ditions that are of great social concern 
are mental retardation and senile decline 
in ability to form new memories. Clues 
to the prevention or amelioration of 
these conditions could be of great social 
value. Let us also consider two other 
areas into which such research on brain 
plastiCity may extend. 

One of these areas concerns the ef­
fects of malnutrition on the development 
of the brain and of intelligence. Some in­
vestigators, such as R. H. Barnes and 
David A. Levitsky of the Cornell Univer­
sity Graduate School of Nutrition, have 
proposed that certain effects of malnutri­
tion may actually be secondary effects of 
environmental impoverishment. That is, 
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since a prominent effect of malnutrition 
is to make the person or animal apa­
thetic and unresponsive to the environ­
ment, the individual then suffers from 
lack of stimulation, and this may be the 
direct cause of some of the symptoms 
usually associated with malnutrition. 
Current research suggests that some of 
the effects of malnutrition may be offset 
by programs of environmental stimula­
tion or increased by environmental im­
poverishmen t. 

Another possibly beneficial result of 
our research findings would be to stimu­
late a resurgence of attempts to deter­
mine relations between experience and 
brain anatomy in man. This was a topic 
of some interest late in the 19th century, 
and a number of reports were published. 
For example, in 1892 there was a publi­
cation on the postmortem examination of 
the brain of a blind deaf-mute, Laura 
Bridgman. It was found that the parts of 
her cortex that were involved in vision 
and hearing were thin and lacked the 
pattern of folding found in the normal 
human brain. In contrast, the region of 
her cortex devoted to touch had a normal 
appearance. It would be of interest to 
see if such results could be generalized 
by a large-scale modern postmortem 
study of brains of people who had been 
deprived of one or more senses. It would 
be even more interesting to find out if 
heightened employment of a sense leads 
to supranormal development of the asso­
ciated brain region. Would musicians as 
a group, for example, show an enhanced 
development of the auditory cortex? 

The human brain, because of the spe-
cialization of the two cerebral hemi­

spheres, is more likely to provide an­
swers to such questions than animal 
brains. Spoken words are analyzed in the 
auditory region of the left cerebral hemi­
sphere, whereas music is analyzed in the 
auditory region of the right hemisphere. 
(These hemispheric functions are re­
versed in a few people.) The relative de­
velopment of different regions in the 
same brain could be measured, so that 
the subjects would be their own control. 
In recent investigations Norman Ge­
schwind and Walter Levitsky of the Har­
vard Medical School have found that 65 
percent of the human brains they exam­
ined showed a greater anatomical devel­
opment of the auditory area in the left 
hemisphere, 11 percent showed a greater 
auditory development in the right hemi­
sphere and 24 percent showed equal de­
velopment on the two sides. On the other 
hand, behavioral and physiological tests 
indicate that 96 percent of the people 
tested have left-hemisphere speech dom-

BRAIN SECTION from the occipital cortex of a rat is enlarged 37,000 times in this electron 

micrograph by Kjeld M�llgaard. The map identifies some of the components. Measurement 

of the postsynaptic thickening is shown in the map of the section by the arrow (a). The 

numher of synaptic junctions was also counted. It was found that rats reared in an enriched 

environment had junctions approximately 50 percent larger than littermates from an impov­

erished environment, and the latter had more junctions, although smaller ones, per unit area. 

inance and presumably have a greater 
development of the auditory area on that 
side. Is it possible that people with mu­
sical training account for most of the 
cases in which size of the right auditory 
area equals or exceeds the size of the 
left? In order to find out investigators 
will have to measure sufficient numbers 
of brains of individuals whose major 
abilities and disabilities are known. In 

fact, such a program was proposed 100 
years ago by Broca, but the techniques 
available then were not adequate to car­
rying out the project. Today the results 
of our animal studies can serve as a 
guide, and investigators can look more 
penetratingly for the anatomical and 
chemical changes in the human brain 
that are correlated with experience and 
learning. 
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EVIDENCE FOR PROTEINS within the bilayer structure of cell 

membranes is provided by freeze·etch electron microscopy. A sus· 

pension of membranes in water is frozen and then fractured with 

a sharp blade. The fracture will often split a membrane in the mid· 

dIe along a plane parallel to the surface. After platinum and carbon 

vapors are deposited along the fracture surface the specimen can be 

studied in the electron microscope. The micrograph at the top 

shows many particles 50 to 85 angstroms in diameter embedded in 

30 

a fractured membrane from rabbit red blood cells. The other two 

views show how the number of particles is greatly reduced if the 

membrane is first treated with a proteolytic enzyme that di gests 45 

percent (middle) or 70 percent (bottom) of the original membrane 

protein. The missing particles have presumably been digested by 

the enzyme. The membrane preparations are enlarged some 95,000 

diameters in these micrographs made by L. H. Engstrom in Daniel 

Branton's laboratory at the University of California at Berkeley. 
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The Structure of Cell Membranes 
The thin, sturdy en()elope of the li()ing cell consists of lipid, 

phosphate and protein. The proteins act as both gatekeepers and 

acti()e carriers, determining what passes through the rnembrane 

Every living cell is enclosed by a 
membrane that serves not only as 
a sturdy envelope inside which 

the cell can function but also as a dis­
criminating portal, enabling nutrients 
and other essential agents to enter and 
waste products to leave. Called the cyto­
plasmic membrane, it can also "pump" 
substances from one side to the other 
against a "head," that is, it can extract a 
substance that is in dilute solution on one 
side and transport it to the opposite side, 
where the concentration of the substance 
is many times higher. Thus the cytoplas­
mic membrane selectively regulates the 
flux of 

'
nutrients and ions between the 

cell and its extemal milieu. 
The cells of higher organisms have in 

addition to a cytoplasmic membrane a 

number of intemal membranes that iso­
late the structures termed organelles, 
which play various specialized roles. For 
example, the mitochondria oxidize food­
stuffs and provide fuel for the other ac­
tivities of the cell, and the chloroplasts 
conduct photosynthesis. Single-cell or­
ganisms such as bacteria have only a 
cytoplasmic membrane, but its structural 
diversity is sufficient for it to serve some 
or all of the functions carried out by the 
membranes of organelles in higher cells. 
It is clear that any model formulated 
to describe the structure of membranes 
must be able to account for an extraor­
dinary range of functions. 

Membranes are composed almost en­
tirely of two classes of molecules: pro­
teins and lipids. The proteins serve as 
enzymes, or biological catalysts, and pro­
vide the membrane with its distinctive 
functional properties. The lipids provide 
the gross structural properties of the 
membrane. The simplest lipids found in 
nature, such as fats and waxes, are in­
soluble in water. The lipids found in 
membranes are amphipathic, meaning 

by C. Fred Fox 

that one end of the molecule is hydro­
phobic, or insoluble in water, and the 
other end hydrophilic, or water-soluble. 
The hydrophilic region is described as 
being polar because it is capable of 
carryin g an ionic (electric) charge; the 
hydrophobic region is nonpolar. 

In most membrane lipids the nonpolar 
region consists of the hydrocarbon chains 
of fatty acids: hydrocarbon molecules 
with a carboxyl group (COOH) at one 
end. In a typical membrane lipid two 
fatty-acid molecules are chemically 
bonded through their carboxyl ends to a 
backbone of glycerol. The glycerol back­
bone, in turn, is attached to a polar-head 
group conSisting of phosphate and other 
groups, which often carry an ionic 
charge [see illustration on next page]. 
Phosphate-containing lipids of this type 
are called phospholipids. 

When a suspension of phospholipids 
in water is subjected to high-energy 
sound under suitable conditions, the 
phospholipid molecules cluster together 
to form closed vesicles: small saclike 
structures called liposomes. The arrange­
ment of phospholipids in the walls of 
both liposomes and biological mem­
branes has recently been deduced with 
the help of X-ray diffraction, which can 
reveal the distance between repeating 
groups of atoms. An X-ray diffraction 
analysis by M. F. Wilkins and his associ­
ates at King's College in London indi­
cates that two parallel arrays of the 
polar-head groups of lipids are separated 
by a distance of approximately 40 ang­
stroms and that the fatty-acid tails are 
stacked parallel to one another in arrays 
of 50 or more phospholipid molecules. 

The X-ray data suggest a structure for 
liposomes and membranes in which the 
phospholipids are arranged in two paral­
lei layers [see illustrations on page 33]. 
The polar heads are arrayed externally 

on the bilayer surfaces, and the fatty­
acid tails are pointed inward, perpen­
dicular to the plane of the membrane 
surface. This model of phospholipid 
structure in membranes is identical with 
one proposed by James F. Danielli and 
Hugh Davson in the mid-1930's, when 
no precise structural data were available. 
It is also the minimum-energy configura­
tion for a thin film composed of amphi­
pathic molecules, because it maximizes 
the interaction of the polar groups with 
water. 

Unlike lipids, proteins do not form or-
derly arrays in membranes, and thus 

their arrangement cannot be assessed by 
X-ray diffraction. The absence of order is 
not surprising. Each particular kind of 
membrane incorporates a variety of pro­
tein molecules that differ widely in mo­
lecular weight and in relative numbers; 
a membrane can incorporate from 10 to 
100 times more molecules of one type of 
protein than of another. 

Since little can be learned about the 
disposition of membrane proteins from a 
general structural analysis, investigators 
have chosen instead to study the orien­
tation of one or a few species of the pro­
teins in membranes. In the Danielli-Dav­
son model the proteins are assumed to be 
entirely external to the lipid bilayer, be­
ing attached either to one side of the 
membrane or to the other. Although in­
formation obtained from X-ray diffrac­
tion and high-resolution electron micros­
copy indicates that this is probably true 
for the bulk of the membrane protein, 
biochemical studies show that the Dani­
elli-Davson concept is an oversimplifica­
tion. The evidence for alternative loca­
tions has been provided chiefly by Marc 
Bretscher of the Medical Research Coun­
cil laboratories in Cambridge and by 
Theodore L. Steck, C. Franklin and Don-
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aid F. H. Wallach of the Harvard Medi­
cal School. Their results suggest that cer­
tain proteins penetrate the lipid bilayer 
and that others extend all the way 
through it. 

Bretscher has labeled a major protein 
of the cytoplasmic membrane of human 
red blood cells with a radioactive sub­
stance that forms chemical bonds with 
the protein but is unable to penetrate 
the membrane surface. The protein was 
labeled in two ways [see illustration on 
pages 34 and 35]. First, intact red blood 
cells were exposed to the label so that it 
became attached only to the portion of 
the protein that is exposed on the outer 
surface of the membrane. Second, red 
blood cells were broken up before the 
radioactive label was added. Under these 
conditions the label could attach itself to 
parts of the protein exposed on the in­
ternal surface of the membrane as well 
as to parts on the external surface. 

The two batches of membrane, labeled 
under the two different conditions, were 
treated separately to isolate the protein. 
The purified protein from the two sepa­
rate samples was degraded into defin­
able fragments by treatment with a pro­
teolytic enzyme: an enzyme that cleaves 
links in the chain of amino acid units 
that constitutes a protein. A sample from 
each batch of fragments was now placed 
on the corner of a square of filter paper 
for "fingerprinting" analysis. In this tech­
nique the fragments are separated by 
chromatography in one direction on the 
paper and by electrophoresis in a direc­
tion at right angles to the first. In the 
chromatographic step each type of frag­
ment is separated from the others be­
cause it has a characteristic rate of travel 
across the paper with respect to the rate 
at which a solvent travels. In the elec­
trophoretic step the fragments are fur­
ther separated because they have char-

HEAD GROUP GLYCEROL (POLAR) 

acteristic rates of travel in an imposed 
electric field. 

Once a separation had been achieved 
the filter paper was laid on a piece of 
X-ray film so that the radioactively la­
beled fragments could reveal themselves 
by exposing the film. When films from 
the two batches of fragments were de­
veloped, they clearly showed that more 
labeled fragments were present when 
both the internal and the external sur­
face of the cell membrane had been ex­
posed to the radioactive label than when 
the outer surface alone had been ex­
posed. This provides strong evidence 
that the portion of the protein that gives 
rise to the additional labeled fra gmen ts 
is on the inner surface of the membrane. 

Steck and his colleagues obtained simi-
lar results with a procedure in which 

they prepared two types of closed-mem­
brane vesicle, using as a starting material 
lhe membranes from red blood cells. In 
one type of vesicle preparation (right­
side-out vesicles) the outer membranc 
surface is exposed to the external aque­
ous environment. In the other type of 
preparation (inSide-out vesicles) the in­
ner surface of the membrane is exposed 
to the external aqueous environment. 
\Vhen the two types of vesicle are treat­
ed with a proteolytic enzyme, only those 
proteins exposed to the external aqueous 
environment should be degraded. Steck 
found that some proteins are susceptible 
to digestion in both the right-side-out 
and inside-out vesicles, indicating that 
these proteins are exposed on both mem­
brane surfaces. Other proteins are sus­
ceptihle to proteolytic digestion in right­
side-out vesicles but not in inside-out 
vesicles. Such proteins are evidently lo­
cated exclusively on only one side of the 
membrane. This information lends cre­
dence to the concept of sidedness in 

FATIY-ACID TAILS (NONPOLAR) 
��r----------------�--------------� 

TYPICAL MEMBRANE LIPID is a complex molecular structure, one end of which is hy. 

drophilic, or water.soluhle, and the other end hydrophohic. Such a substance is termed 

ampbipathic. The hydrophilic, or polar, region consists of phosphate and other constituents 

attached to a unit of glycerol. The polar.head group, when in contact with water, often 

carries an electric charge. The glycerol component forms a bridge to the hydrocarbon tails 

of two fatty acids that constitute the nonpolar region of the lipid. In this highly schematic 

diagram the zigzag lines represent hydrocarbon chains; each angle is occupied by a carbon 

atom and two associated hydrogen atoms. The terminal carbon of each chain is bound to 

three hydrogen atoms. Phosphate.containing ampbipathic lipids are called phospholipids. 
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membranes. Such sidedness had been 
suspected for many years because the 
inner and outer surfaces of cellular mem­
branes are thought to have different bio­
logical functions. The development of a 
technique for preparing vesicles with 
right-side-out and inside-out configura­
tions should be extremely useful in de­
termining on which side of the mem­
brane a given species of protein resides 
and thus functions. 

Daniel Branton and his associates at 
the University of California at Berkeley 
have developed and exploited the tech­
nique of freeze-etch electron microscopy 
to study the internal anatomy of mem­
branes. In freeze-etch microscopy a sus­
pension of membranes in water is frozen 
rapidly and fractured with a sharp blade. 
\Nherever the membrane surface runs 
parallel to the plane of fracture much of 
the membrane will be split along the 
middle of the lipid bilayer. A thin film of 
platinum and carbon is then evaporated 
onto the surface of the fracture. This 
makes it possible to examine the anato­
my of structures in the fracture plane by 
electron microscopy. 

The electron micrographs of the frac­
lured membrane reveal many particles, 
approximately 50 to 85 angstroms in 
diameter, on the inner surface of the 
lipid bilayer. These particles are not ob­
served if the membrane samples are first 
treated with proteolytic enzymes, indi­
cating that the particles probably con­
sist of protein [see illustration on page 
30]. From quantitative estimates of the 
number of particles revealed by freeze­
etching, Branton and his colleagues have 
suggested that between 10 and 20 per­
cent of the internal volume of many bio­
logical membranes is protein. 

Somewhere between a fifth and a 

quarter of all the protein in a cell is phys­
ically associated with membranes. Most 
of the other proteins are dissolved in the 
aqueous internal environment of the cell. 
In order to dissolve membrane proteins 
in aqueous solvents detergents must be 
added to promote their dispersion. One 
might therefore expect membrane pro­
teins to differ considerably from soluble 
proteins in chemical composition. This, 
however, is not the case. 

The amino acids of which proteins are 
composed can be classified into two 
groups: polar and nonpolar. S. A. Rosen­
berg and Guido Guidotti of Harvard 
University analyzed the amino acid com­
position of proteins from a number of 
membranes and found that they contain 
about the same percentage of polar and 
nonpolar amino acids as one finds in the 
soluble proteins of the common colon 
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bacterium EscheTichia coli. Thus diff€r­
ences in amino acid composition can­
not account for the water-insolubility of 
membrane proteins. 

Studies conducted by L. Spatz and 
Philipp Strittmatter of the University of 
Connecticut indicate that the most likely 
explanation for the water-insolubility of 
membrane proteins is the arrangement 
of their amino acids. Spatz and Stritt­
matter subjected membranes of rabbit 
liver cells to a mild treatment with a 

proteolytic enzyme. The treatment re­
leased the biologically active portion of 
the membrane protein: cytochrome b5· 
In a separate procedure they solubilized 
and purified the intact cytochrome b5 
and treated it with the proteolytic en­
zyme. This treatment also released the 
water-soluble, biologically active portion 
of the molecule, together with a number 
of small degradation products that were 
insoluble in aqueous solution. The bio­
logically active portion of the molecule, 
whether obtained from the membrane or 
from the purified protein, was found to 
be rich in polar amino acids. The protein 
fragments that were insoluble in water, 
on the other hand, were rich in nonpolar 
amino acids. These observations suggest 
that many membrane proteins may be 
amphipathic, having a nonpolar region 
that is embedded in the part of the mem­
brane containing the nonpolar fatty-acid 
tails of the phospholipids and a polar 
region that is exposed on the membrane 
surface. 

We are now ready to ask: How do sub-
stances pass through membranes? 

The nonpolar fatty-acid-tail region of a 
phospholipid bilayer is physically in­
compatible with small water-soluble sub­
stances, such as metal ions, sugars and 
amino acids, and thus acts as a barrier 
through which they cannot flow freely. 
If one measures the rate at which blood 
sugar (glucose) passes through the phos­
pholipid-bilayer walls of liposomes, one 
finds that it is far too low to account for 
the rate at which glucose penetrates bio­
logical membranes. Information of this 
kind has given rise to the concept that 
entities termed carriers must be pres­
ent in biological membranes to facilitate 
the passage of metal ions and small polar 
molecules through the barrier presented 
by the phospholipid bilayer. 

Experiments with biological mem­
branes indicate that the hypothetical car­
riers are highly selective. For example, a 
carrier that facilitates the transport of 
glucose through a membrane plays no 
role in the transport of amino acids or 
other sugars. An interesting experimental 

EXTERNAL 
AQUEOUS 
PHASE 

LlPOSOME /WALL 

ARTIFICIAL MEMBRANE-ENCLOSED SAC, known as a liposome, is created by subject­

ing an aqueous suspension of pbospholipids to high-energy sound waves. X-ray diffraction 

shows that the phospholipids in the liposome assume an orderly arrangement resembling 

what is found in the membranes of actual cells. Area inside the square is enlarged below. 

CROSS SECTION OF LIPOSOME WALL shows how the membrane is formed from two 

layers of lipid molecules. The polar heads of amphipathic lipids face toward the aqneons 

solution on each side while the nonpolar fatty-acid tails face inward toward one another_ 
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system for measuring selective ion trans­
port was developed by A. D. Bangham, 
M. ,vI. Standish and J. C. Watkins of the 
Agricultural Research Council in Cam­
bridge, England, and by J. B. Chappell 
and A. R. Crofts of the University of 
Cambridge. As a model carrier they used 
valinomycin, a nonpolar, fat-soluble anti­
biotic consisting of a short chain of ami­
no acids (actually 12); such short chains 
are termed polypeptides to distinguish 
them from true proteins, which are much 
larger. Valinomycin combines with phos­
pholipid-bilayer membranes and makes 
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them permeable to potassium ions but 
not to sodium ions. 

The change in permeability is con­
veniently studied by measuring the 
change in electrical resistance across a 
phospholipid bilayer between two cham­
bers containing a potassium salt in aque­
ous solution. The experiment is per­
formed by introducing a sample of phos­
pholipid into a small hole between the 
two chambers. The lipid spontaneously 
thins out until the chambers are sepa­
rated by only a thin membrane consist­
ing of a phospholipid bilayer. Electrodes 

are then placed in the two chambers to 
measure the resistance across the mem­
brane. 

The resistance across a phospholipid 
bilayer in the absence of valinomycin is 
several orders of magnitude higher than 
the resistance across a typical biological 
membrane: 10 million ohms centimeter 
squared compared with between 10 and 
10,000. This indicates that phospholipid­
bilayer membranes are essentially im­
permeable to small hydrophilic ions. If a 
small amount of valinomycin (10-7 gram 
per milliliter of salt solution) is intro-
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LOCATION OF PROTEINS IN MEMBRANES can be inferred by 
attaching radioactive labels to the proteins. These diagrams depict 
an experiment in which a major protein in the membrane of red 
blood cells was labeled (a). When intact cells (top sequence ) are 
exposed to the radioactive substance, only the portion of the pro­
tein on the ontside wall picks up the label (color) .  When the cells 
are broken before labeling (bottom sequence ), the radioactive la-

bel is able to reach portions of the protein that are exposed to the 
internal as well as to the external surfaces of the membrane. This 
can be demonstrated by isolating and purifying the protein labeled 
under the two conditions. The protein is then broken up into de· 
fined fragments (numbered shapes) by treating it with a proteolytic 
enzyme ( b ) .  Portions of the two batches of fragments are spotted 
on the corners of filter paper for "fingerprinting" (c) .  This is a 
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duced into the chambers containing the 
potassium solution, the resistance falls 
by five orders of magnitude and the per­
meability of the phospholipid bilayer to 
potassium ions rises by a like amount. 
The permeability of the experimental 
membrane now essentially duplicates the 
permeability of biological membranes. 

If the experiment is repeated with a 
sodium chloride solution in the cham­
bers, one finds that the addition of vali­
nomycin causes only a slight change in 
resistance. Hence valinomycin meets two 
of the most important criteria for a bio-

logical carrier: it enhances permeability 
and it is highly selective for the trans­
ported substance. The question that now 
arises is: How does valinomycin work? 

First of all, valinomycin is nonpolar. 
Thus it is physically compatible with and 
can dissolve in the portion of the bilay­
er that contains the nonpolar fatty-acid 
tails. Second, valinomycin can evidently 
diffuse between the two surfaces of the 
bilayer. S. Krasne, George Eisenman and 
G. Szabo of the University of California 
at Los Angeles have shown that the en­
hancement of potassium-ion transport by 

> 

X 

C 

valinomycin is interrupted when the bi­
layer is "frozen" by lowering the tem­
perature. Third, valinomycin must bind 
potassium ions in such a way that the 
ionic charge is shielded from the non­
polar region of the membrane. Finally, 
valinomycin itself must have a selective 
binding capacity for potassium ions in 
preference to sodium or other ions_ 

With valinomycin as a model for car­
rier-mediated transport, one can postu­
late three essential steps: recognition of 
the ion, diffusion of the ion through the 
membrane, and its release on the other 
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technique that combines chromatography with electrophoresis. By 
chromatography alone protein fragments would migrate at differ­
ent rates depending primarily on their solubility in the solvent 
system_ Electrophoresis involves establishing an electric-potential 
gradient along one axis of the filter paper. Since various fragments 
have different densities of electric charge they are further sepa­
rated_ A piece of X-ray film is then placed over each sheet of filter 

paper. Radiation from the labeled fragments exposes the film and 
reveals where the various fragments have come to rest_ A com­
parison of the X-ray films produced in the parallel experiments 

shows that more protein fragmeuts are labeled when the red blood 
cells are broken before labeling and that the additional fragments 
(9,10, 11, 12) must represent portions of the original protein that 
extend through the membrane and penetrate the inner surface_ 
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side. In the first step some part of the 
valinomycin molecule, embedded in the 
membrane, "recognizes" the potassium 
ion as it approaches the surface of the 
membrane and captures it. In the second 
step the complex consisting of valino­
mycin and the potassium ion diffuses 
through the membrane. Finally, on 
reaching the opposite surface of the 
membrane the potassium ion is dissoci­
ated from the complex and is released. 

The argument to this point can be sum­
marized in a few words. The fun­

damental structure of biological mem­
branes is a phospholipid bilayer, the 
phospholipid bilayer is a permeability 
barrier and carriers are needed to breach 
it. In addition, the membrane barrier 
must often be breached in a directional 
way. In a normally functioning cell hun·· 
dreds of kinds of small molecule must be 
present at a higher concentration inside 
the cell than outside, and many other 
small molecules must be present at a 
lower concentration inside the cell than 
outside. For example, the concentration 
of potassium ions in human cells is more 
than 100 times greater than it is in the 
blood that bathes them. For sodium ions 
the concentrations are almost exactly re­
versed. The maintenance of these differ­
ences in concentration is absolutely es-

sential; even slight changes can result in 
death. 

Although the model system based on 
valinomycin provides considerable in­
sight into the function and selectivity of 
carriers, it sheds no light on the transport 
mechanism that can pump a substance 
from a low concentration on one side of 
the membrane to a higher concentration 
Oil the other. Our understanding of con­
centrative transport (or, as it is usually 
termed, active transport) owes much to 
the pioneering effort of Georges Cohen, 
Howard Rickenberg, Jacques Monod 
and their associates at the Pasteur Insti­
tute in Paris. The Pasteur group studied 
the transport of milk sugar (lactose) 
through the cell membrane of the bac­
terium Escherichia coli. Genetic experi­
ments suggested that the carrier for lac­
tose transport was a protein. Studies of 
the rate of transpOlt revealed that the 
transport process behaves like a reaction 
catalyzed by an enzyme, giving further 
support to the idea that the carrier is a 
protein. The Pasteur group also found 
that the lactose-transport system is ca­
pable of active transport, producing a 
lactose concentration 500 times greater 
inside the cell than outside. The active­
transport process depends on the ex­
penditure of metabolic energy; poisons 
that block energy metabolism destroy 

the ability of the cell to concentrate 
lactose. 

A model that accounts for many (but 
not all) of the properties of the active­
transport system that are typified by the 
lactose system postulates the existence of 
a carrier protein that can change its' 

shape. The protein is visualized as re­
sembling a revolving door in the mem­
brane wall [see illustration on opposite 
page]. The " door" contains a slot that fits 
the target substance to be transported. 
The slot normally faces the cell's external 
environment. When the target substance 
enters the slot, the protein changes shape 
and is thereby enabled to rotate so that 
the slot faces into the cell. When the 
target substance has been discharged 
into the cell, the protein remains with its 
slot facing inward until the cell expends 
energy to rotate the protein so that the 
slot again faces outward. 

Working with Eugene P. Kennedy at 
the Harvard Medical School in 1965, I 
succeeded in identifying the lactose­
transport carrier. We found, as we had 
expected, that it is a protein with an en­
zyme-like ability to bind lactose. Since 
then a number of other transport car­
riers have been identified, and all turn 
out to be proteins. The lactose carrier 
resides in the membrane and is hydro­
phobic; thus it is physically compatible 

ANATOMY OF BIOLOGICAL MEMBRANE is suggested in this 

schematic diagram. Phospholipid molecules stacked side by side 

and back to back provide the basic structure. The gray shapes repre· 

sent protein molecules. In some cases several proteins (for example 

the five at the left) are bound into a single functional complex. 

Proteins can occupy all possible positions with respect to the phos­

pholipid bilayer: they can be entirely outside or inside, they can 

penetrate either surface or they can extend through the membrane. 
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with the nonpolar-lipid phase of the 
membrane. 

In 1970 Ron Kaback and his associ­
ates at the Roche Institute of Molecular 
Biology observed that the energy that 
drives the active transport of lactose and 
dozens of other low-molecular-weight 
substances in E. coli is directly coupled 
to the biological oxidation of metabolic 
intermediates such as D-Iactic acid and 
succinic acid. How energy derived from 
the oxidation of D-Iactic acid can be 
used to drive active transport is one of 
the more interesting unsolved problems 
in membrane biology. 

Since transport carriers must be mo­
bile within the membrane in order to 

move substances from one surface to the 
other, one might guess that the region of 
the membrane containing the fatty-acid 
tails should not have a rigid crystalline 
structure. X-ray diffraction studies in­
dicate that the fatty acids of membranes 
in fact do have a "liquid crystalline" 
structure at physiological temperature, 
that is, around 37 degrees Celsius. In 
other words, the fatty acids are not 
aligned in a rigid crystalline lattice. The 
techniques of electron paramagnetic res­
onance and nuclear magnetic resonance 
can be used to study the flexibility of the 
fatty-acid side chains in membranes. 
Several investigators, notably Harden 
M. McConnell and his associates at 
Stanford University, have concluded 
that the fatty acids of membranes are 
quasi-fluid in character. 

Membranes incorporate two classes 
of fatty acids: saturated molecules, in 
which all the available carbon bonds 
carry hydrogen atoms, and unsaturated 
molecules, in which two or more pairs of 
hydrogen atoms are absent (with the re­
sult that two or more pairs of carbon 
atoms have double bonds). The fluid 
character of membranes is largely de­
termined by the structure and relative 
proportion of the unsaturated fatty acids. 
In phospholipids consisting only of satu­
rated fatty acids the fatty-acid tails are 
aligned in a rigidly stacked crystalline 
alTay at physiological temperatures. In 
phospholipids consisting of both satu­
rated and unsaturated fatty acids the 
fatty acids are packed in a less orderly 
fashion and thus are more fluid. The 
double bonds of unsaturated fatty acids 
give rise to a structural deformation that 
interrupts the ordered stacking necessary 
for the formation of a rigid crystalline 
structure [see illustmtion on next page J. 

My colleagues and I at the University 
of Chicago (and later at the University 
of California at Los Angeles) and Peter 
Overath and his associates at the Uni-
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MECHANISM OF "ACTIVE" TRANSPORT may involve a carrier protein (dark gray) with 

the properties of a revolving door. A carrier protein can capture a substance, S, that exists 

outside the membrane in dilute solution and transport it to the inside of the cell, where the 

concentration of S is greater than it is outside. When S is bound to the protein, the protein 

changes shape (1), thus enabling it to rotate (2). When S becomes detached and enters the 

cell (3), the protein returns to its immobile form. Metabolic energy must be expended (4) 
to alter the protein's shape so that it can rotate and again present its binding site to the 

cell exterior (5). Other protein carriers have the capacity to transport substances from 

low concentration inside the cell to solutions of higher concentration outside the cell. 

versity of Cologne have varied the fatty­
acid composition of biological mem­
branes to study the effects of fatty-acid 
structure on transport. When the mem­
brane lipids are rich in unsaturated fatty 
acids, transport can proceed at rates up 
to 20 times faster than it does when the 
membrane lipids are low in unsaturated 
fatty acids. These experiments show that 
normal membrane function depends on 
the fluidity of the fatty acids. 

The temperature at which cells live 
and grow can have a pronounced effect 
on the amount of unsaturated fatty acid 
in their membranes. Bacteria grown at a 
low temperature have membranes with a 

greater proportion of unsaturated fatty 
acid than those grown at a higher tem­
perature. This adjustment in fatty-acid 
composition is necessary if the mem­
branes are to function normally at low 
temperature. A similar adjustment can 
take place in higher organisms. For ex­
ample, there is a temperature gradient in 
the legs of the reindeer; the highest tem­
perature is near the body, the lowest is 
near the hooves. To compensate for this 
temperature gradient the cells near the 
hooves have membranes whose lipids 
are enriched in unsaturated fatty acids. 

Although, as we have seen, phospho­
lipids can spontaneously form bilayer 
films in water, this process only provides 
a physical rationale as to why the pre­
dominant structure in membranes is a 

phospholipid bilayer. The events leading 
to the assembly of a biological mem­
brane are far more complex. The cells of 
higher organisms contain a number of 
unique membrane structures. They dif­
fer widely in lipid composition, and each 
type of membrane has its own unique 
complement of proteins. The diversity in 
protein composition and in the location 
of proteins within membranes explains 
the functional diversity of different types 
of membrane. Rarely does a single spe­
cics of protein exist in more than one 
type of membrane. 

Since all membrane proteins are syn­
thesized at approximately the same cel­
lular location, what is it that determines 
that one type of protein will be incor­
porated only into the cytoplasmic mem­
brane and that another type will turn up 
only in a mitochondrial membrane? At 
present this question can be answered 
only by conjecture tinctured with a few 
facts. Two general hypotheses for mem­
brane assembly can be offered. One pos-
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a 

b 

c 

VARIATION IN FATTY-ACID COMPOSITION can disrupt the orderly stacking of phos­

pholipids in a biological membrane_ In a lipid layer composed entirely of saturated fatty 

acids (a) the fatty-acid chains contain only single bonds between carbon atoms and thus 

nest together to form rigid structures. In a lipid layer containing unsaturated fatty acids 

with one double bond (b) the double bonds introduce a deformation that interferes with 

orderly stacking and makes the fatty-acid region somewhat fluid_ When fatty acids with two 

double bonds are present (c), the deformation and the consequent fluidity are greater still_ 
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sibility is that new pieces of membrane 
are made from scratch by a self-assembly 
mechanism in which all the components 
of a new piece of membrane come to­
gether spontaneously. This new piece 
could then be inserted into an existing 
membrane. A second possibility is that 
newly made proteins are simply inserted 
at random into a preexisting membrane. 

Recent studies in my laboratory at the 
University of California at Los An­

geles and in the laboratories of Philip 
Siekevitz and George E. Palade at Rock­
efeller University support the second hy­
pothesis. That is all well and good, but 
what determines why a given protein is 
incorporated only into a given kind of 
membrane? Although this must be an­
swered by conjecture, it is known that 
many proteins are specifically bound to 
other proteins in the same membrane. 
Such protein-protein interactions are not 
uncommon; many of the functional en­
tities in membranes are complexes of 
several proteins. Thus the proteins in a 
membrane may provide a template that 
is recognized by a newly synthesized 
protein and that helps to insert the newly 
synthesized protein into the membrane. 
In this way old membrane could act as a 
template for the assembly of new mem­
brane. This might explain why different 
membranes incorporate different pro­
teins. 

Why, then, do different membranes 
have different lipid compositions? The 
answers to this question are even more 
obscure. In general lipids are synthe­
sized within the membrane; the enzymes 
that catalyze the synthesis are part of 
the membrane. Some lipids, however, 
are made in one membrane and then 
shuttled to another membrane that has 
no inherent capacity to synthesize them. 
Since there is an interchange of lipids be­
tween various membranes, it seems un­
likely that the variations in lipid compo­
sition in different membranes can be ex­
plained by dissimilarities in the synthetic 
capacity of a given membrane for a given 
type of lipid. There are at least two pos­
sible ways of accoun�ing for differences 
in lipid composition. One possibility is 
that different membranes may destroy 
different lipids at different rates; another 
is that the proteins of one species of 
membrane may selectively bind one type 
of lipid, whereas the proteins of another 
species of membrane may bind a dif­
ferent type of lipid. It is obvious from 
this discussion that concrete evidence on 
the subject of membrane assembly is 
scant but that the problems are well 
defined. 
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We want to be useful 
... and even interesting 

X-rays on paper 
come out of this little processing device 
Base for base, paper costs less than film. For x-ray 
film we double the speed by putting emulsion on both 
sides. Since this doesn't accomplish much on non­
transparent paper, only one side needs to be coated. 

We get the speed back up again by some new ideas 
in the formulation and coating of phosphor for the 
intensifying screen inside the cassette in contact with 
the emulsion. The intensifying screen idea itself is an 
old one. Because some Kodak people kept chin up on 
drawing the assignment to work in a "mature" tech­
nology (where little new is expected), we now enter the in­
tensifying screen business with product that substantially 
increases photon conversion. 

There will remain radiographic applications wherein loss of 
detail by even the thinnest of intensifying phosphor screens is 
intolerable, or where archival requirements demand film. 

Otherwise radiography on paper shapes up as a beautiful 
proposition. Stabilization processing is accomplished by the 
above-pictured KODAK INDUSTREX Instant Processor in 10 
seconds. By subsequent fixing and washing, the life of a paper 
radiograph can be extended to around 7 years if desired. 

Currently one can buy 27 of these processors for the price 

In medical radiography the advance in intensifying screens has different 
consequences. * 

The new Kodak screens permit utilization of about 3 of every 10 
x-ray photons traversing the patient, as compared with 2 heretofore. 
If this gain is not used to save money, as in radiographing inanimate 
objects or experimental animals, it is available for either of two medi­
cally worthy purposes: 1) to reduce radiation dosage required to secure 
the necessary information, or 2) to permit use of a slower film. The 
latter choice reduces the image-degrading mottle that results from 

'Paper x-ray facilities at the bottom of every popular ski slope? Possibly. 
But don't count on it. 

of one of our x-ray film processors. They don't even require 
any water connections. 

Very handy for looking into a jet engine right on the run­
way to check whether something is bent or cracked deep in­
side. That's a typical idea. With all that this means in speed, 
cost, and convenience, industry will now see x-ray in a new 
light. Let us hope good sense will prevail. May Ubiquity 
never breed disrespect for the photon'S might! 

statistical fluctuation when the delineation job is done with fewer of 
those mighty x-ray photons. If it helps the radiologist see fine detail 
better, it's probably worth the price. 

We now market exposure cassettes containing a pair of screens that 
tightly grip between them a sheet of film coated on both sides. Since 
the fluorescence from a Kodak screen is almost entirely in the ultra­
violet, little of it gets past the adjacent emulsion to spread out and 
spoil the image on the opposite side with non-informative density. 

Those who need to know more for industrial. scientific, or medi­
cal purposes (please state which) should write to Kodak, Dept. 
740, Rochester. N.Y. 14650. 

Wet/-reasoned technology 
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Science off Its Pedestal 

T he British government has just 
published two reports on science 
policy, one prepared by a commit­

tee under Sir Frederick Dainton, the 
other by Lord Rothschild, head of the 
Central Policy Review Staff. The first re­
port contains little that is new or con­
troversial but the second is sufficiently 
heretical to guarantee the "wide public 
debate" invited by the British govern­
ment. Rothschild, a biologist and chair­
man of Shell Research Ltd., fires a 
broadside at "the anachronism [that) 
can be summed up by the phrase Pedes­
talization of Science, particularly in re­
spect of applied research by virtue of the 
admiration, indeed reverence, we have 
for pure science." 

Over the past half-century British sci­
ence policy has operated under the 
"Haldane principle," enunciated by a 
committee headed by J. B. S. Haldane. 
The principle, in brief, is that science 
flourishes best when the agency respon­
sible for research is completely insulated 
from the government department that 
stands to benefit most. In spite of the 
blank wall set up between the laboratory 
and the government, the Haldane com­
mittee exhorted scientists "to promote an 
increase of material production; to pro­
mote the health of the entire commu­
nity; to apply science to industry." 

"It is hard to put the clock back," said 
Rothschild recently in a talk before the 
Royal Society of Arts, "and visualize a 
society in which such diffuse precepts 
could have had much meaning or 
achieved any useful results. This is not 
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to say that they had no effect, some of 
them good. On the contrary, the effects 
are still with us; one of those is the po­
larization of society into scientists, and 
to a lesser extent technologists-and the 
rest. Not only has this adversely affected 
government research and development 
department by department; but it also 
catalyzed the emergence of autonomous 
bodies, the Research Councils, account­
able to Parliament as all government 
agencies directly or indirectly must be, 
but not accountable to anyone else, in 
spite of their names, which include such 
bizarre words as 'agricultural,' 'medical' 
and 'natural environment.' Is it not 
strange that though the taxpayer pays 
for these bodies, he has no say in what 
they do? 'Not a bit,' the scientist replies." 

Rothschild's radical proposal is that 
in the area of applied research, which 
accounts for some 85 percent of the Brit­
ish government's expenditure on science, 
the relationship between the laboratory 
and the government should resemble the 
relationship between a contractor and 
his customer. Rothschild argues that 
there are only two kinds of research, 
basic and applied, and that the two are 
indistinguishable as to how they are 
done. "The distinction lies in why [re­
search) is done and who wants it done." 
Although Rothschild thinks some basic 
research has become excessively expen­
sive (notably high-energy physics), he 
concedes that it cannot be directed. If, 
however, the British government is to 
continue supporting a Medical Research 
Council, an Agricultural Research Coun­
cil and a Natural Environment Research 
Council, it must become directly in­
volved, on behalf of the taxpayer, in set­
ting goals and evaluating results. As it is 
now the various research councils have 
virtual autonomy, guided by their di­
rectors, with the help of a variety of 
advisory committees, which themselves 
constitute a kind of interlocking direc­
torate. 

"Applied research," Rothschild ob­
serves, "is one of the human activities 
which may be necessary to achieve a 
practical objective. The research worker 
should not formulate the objective, 
though he can and should help. The re­
search worker should not decide that 
the objective requires research for its 
achievement. He should not decide that 
the research should be done, assuming it 

is necessary. He should not decide when 
to stop. Nor should he decide to change 
the objective in midstream, however 
desirable it may seem to him to do so. 
What then remains for the research 
worker to do? The answer is an enjoy­
able one for him and quite simple, even 
if the execution is difficult: Do the re­
search and help that other man, who 
has the onerous task of doing all those 
things you are not to do, as much as you 
can. He will need all the help he can 
get, if only because his responsibilities 
may be both new and strange to him­
that is the worrying thing. Even the 
formulation of an objective is a complex 
and difficult undertaking, one of the 
hardest parts of which is to avoid the 
inclusion, in the formulation, of hidden 
assumptions." 

In concluding his talk to the Royal 
Society of Arts, Rothschild said: "I do 
not believe there is such a thing as a 
policy for science as a whole, popular as 
the concept is. We must have a policy 
about pollution, ocean resources, food 
supply, population, water, natural re­
sources and the many other headaches 
and benefits we can all enumerate. And 
science, engineering and mathematics­
and the research associated with them­
will and should contribute to the formu­
lation and implementation of these poli­
cies. But that is all: science as a whole is 
not an activity to be carried on in isola­
tion. It must be part of society's inte­
grated effort to make the world a better 
place." 

The Family Clinic 

Hospital outpatient clinics, once pri-
marily concerned with providing 

medical care for the poor, have emerged 
as a major source of health care for the 
American public as a whole. In 1970, 21 
percent of all visits to physicians took 
place in hospital clinics and emergency 
rooms. In 1954 only 10 percent of visits 
to physicians were in hospital clinics. 
The total number of outpatient visits to 
hospitals reached 181 million in 1970, 
nearly triple the number of such visits in 
1954. The number of people seeking 
medical aid at hospital clinics has grown 
much faster than the U.S. population and 
also faster than the total number of visits 
to physicians. 

The trend toward the increasing use of 
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hospital clinics is described in a report 
prepared for the Association for the Aid 
of Crippled Children in New York by 
Nora Piore, Deborah Lewis and Jeannie 
Seeliger. To a great many people, they 
write, the hospital clinic has become 
"their usual physician, sometimes their 
only doctor." 

The extraordinary rise in outpatient 
services has not been matched by a simi­
lar rise in hospital inpatient volume. In 
1954 the nation's hospitals averaged 2.7 
outpatient visits per admitted patient; by 
1970 there were 4.6 outpatient visits for 
each inpatient. Emergency rooms ac­
count for a third of all the hospital out­
patient visits. 

People in large cities tend to use out­
patient clinics more than the average for 
the nation: in the 50 largest cities the per 
capita average for outpatient visits was 
1.1 in 1969 compared with .6 for the na­
tion. Wealthier states-California, New 
York, Pennsylvania, Illinois, Ohio and 
Michigan-have the highest rate of utili­
zation of outpatient services. States with 
low utilization tend to be poor and not 
highly urbanized. 

According to the authors of the report, 
the unexpected role of hospital outpa­
tient clinics in providing health care to 
a substantial portion of the American 
public has important implications for fu­
ture systems of health care delivery, in 
particular the national health insurance 
schemes now under consideration. They 
believe it is reasonable to assume that in 
America, as in Britain, public health pro­
grams will be geared to existing medical 
care institutions and arrangements rath­
er than attempting to bring about a radi­
cal transformation in the delivery of 
medical services. 

"From past experience," they write, 
"it seems unlikely that any program de­
pendent on special grants, such as the 
Office of Economic Opportunity [neigh­
borhood health] centers, will provide the 
volume of ambulatory care resources 
necessary to replace existing outpatient 
departments." The authors suggest that 
the nation could be provided with sev­
eral thousand comprehensive care cen­
ters in very short order if hospitals were 
assisted and induced to reshape present­
ly fragmented utilization of clinic re­
sources into a more systematic and or­
derly pattern. 

"This could be accomplished," they 
continue, "by a simple formula: Any 
community hospital with a substantial 
outpatient service, in order to qualify 
for [Federal construction] funds or as a 
provider under Medicare, Medicaid or 
any proposed national health insurance 
scheme, could be required and assisted 

to develop and offer a prepaid compre­
hensive health care option to persons in 
the catchment area who elect to enroll 
in such a program." 

Coming of Age 

In 1936 Edwin P. Hubble, with the help 
of Milton L. Humason, finished an ex­

tensive survey in which he estimated the 
distance and the spectral red shift of a 
large sample of galaxies within range of 
the 100-inch telescope on Mount Wilson. 
The result was the "Hubble constant," 
which expresses the ratio between the 
red shift, indicative of the rate at which 
galaxies appear to be receding from one 
another, and distance. Hubble's value 
was 536 kilometers per second per mega­
parsec (a distance equal to 3.26 million 
light-years). The value was immediately 
questioned because it implied that the 
universe was created, presumably in a 
"big bang," only 1.8 billion years ago, 
thus making the universe younger than 
the earth (as inferred from its geology). 

With the completion in 1949 of the 
200-inch telescope on Palomar Mountain 
a long-range project was initiated to re­
calculate the Hubble constant. By the 
mid-1950's it was apparent from new 
measurements that the rate of expansion 
of the universe was considerably lower 
than the original value calculated by 
Hubble, with the result that the big bang 
was moved back to about 10 billion 
years. This still left an uncomfortably 
small margin between the age of the uni­
verse and the age of the oldest stars, cal­
culated in various ways. In fact, many 
stars in the "halo" of our galaxy seem to 
be between 10 billion and 13 billion 
years old. 

The latest revision of the Hubble con­
stant, made by Allan Sandage of the 
Hale Observatories, is given in the an­
nual report of the president of the Car­
negie Institution of Washington. San­
dage, assisted by Gustav A. Tammann, 
extensively revised the distance indica­
tors used to estimate distance. "A criti­
cal step in the procedure," says the Car­
negie report, "was the calibration of 
linear sizes of H II (ionized hydrogen) 
regions in nearby galaxies and the ap­
plication of that calibration to remote 
galaxies in which H II regions have also 
been measured." As a result the distance 
to the most remote galaxies can now be 
estimated in eight steps, beginning with 
the direct trigonometric measurement of 
the parallax of nearby stars. 

The new value of the Hubble constant 
is 53 ± 5 kilometers per second per 
megaparsec, or almost exactly one-tenth 
of Hubble's original value. The new rate 

of expansion pushes the age of the uni­
verse up to 18 billion years. 

Dust to Dust 

A speculative but intriguing scheme 
for disposing of man-made solid 

wastes by dumping them into "tectonic 
sinks" has been put forward by two in­
vestigators at the University of Washing­
ton. The plan, outlined recently by Rob­
ert C. Bostrom and Mehmet A. Sherif in 
Proceedings of the Royal SOCiety of Lon­
don, would take advantage of two fea­
tures of the earth's surface: regions 
called subduction sinks, where sedimen­
tary material is being drawn downward 
into the earth's mantle as a consequence 
of sea-floor spreading, and regions such 
as river deltas where sedimentary fans 
capable of burying waste material are 
depOSited at a rapid rate. 

In support of their scheme Bostrom (a 
geologist) and Sherif (a civil engineer) 
point out that the production of indus­
trial and domestic waste increases con­
tinuously, "but no means is in sight as to 
its disposal. As more nations become in­
dustrialized, the problem will increase 
without limit." In their view the most in­
tractable form of waste is highly fabri­
cated solid-state refuse; the waste-dis­
posal techniques that have been pro­
posed so far to deal with this aspect of 
the dilemma "are not answers to the 
problems faced. For instance, any form 
of incineration does no more than redis­
tribute the elements forming waste, in 
the form of atmospheric pollution and 
solid residue. Distribution of waste in 
'land-fill' or other form (apart from diffi­
culty in finding room for this activity 
near the major sources of waste, our 
dties) results in a particularly long-last­
ing form of contamination"-ultimately 
the contamination of the world ocean. 

In analyzing the feasibility of their ap­
proach Bostrom and Sherif cite the abun­
dant geophysical evidence pointing to 
the conclusion that the phenomenon of 
sea-floor spreading is "the earth's pri­
mary tectonic mechanism." According to 
this hypothesis, new crust is formed 
along the crest of the sea-floor ridge sys­
tem and an equivalent volume of ma­
terial is being drawn into the mantle in 
the system of trenches, or subduction 
zones, that marks the opposite bounda­
ries of the vast, shifting tectonic plates. 
The incorporation in such sedimentary 
sinks of unwanted artifacts, Bostrom and 
Sherif state, "would be the most ready 
way of ridding our planet of their pres­
ence at surface, if the processes con­
cerned are sufficiently swift." In this con­
nection they note that the waste pro-
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duced by man, although it amounts to 
more than a half-billion tons per year, 
"does not yet compete in tonnage with 
that produccd as sediments. The produc­
tion of solid waste is Jess than 1 25 the 
mass of sediments, and both together 
form much less than 1 10 part of thc 
igneous crust being drawn into the man­
tle each year." 

Questions to be answered by further 
research, according to Bostrom and 
Sherif , .incluclc: "(1) Within thc system 
of tectonic trenchcs, where are locatcd 
the zones of most intense deposition; and 
what is the ratc? (2) What burial rate is 
required to sequester compressed refuse 
in such a fashion that the expulsion of 
connate fluids is below an acceptable 
minimum? (3) What would be the long­
term effect of the efHux into the world 
ocean of fluids expressed from sedimen ts 
containing waste? (4) In respect to tec­
tonic sinks Ilot located in zones of sub­
duction, are there localities close to 
waste sources ill which deposited matc­
rial would bc rapidly buried and not 
subject to reworking?" 

A hypothetical disposal system out­
lined by Boshom and Sherif would con­
sist of three stages: collection, compac­
tion of waste into blocks and its sea 
transportation to tectonic sinks. "No 
claim is made that the system outlined is 
final or viable, but merely that cost 
analyses and trade-off studies (allotment 
of priorities) are justified. If the geologic 
problems can be solved, it is obvious that 
large scope exists for technical innova­
tion." They conclude that "if ideally it is 
found possible to entomb waste in areas 
of subduction, the one-way system in­
volved would take care of quantities 
larger than we can produce. As we do 
not await its completion the slowness of 
the ingestion process is of no account. 
Disposal in these regions would ensure 
the early return to the mantle, from 
which momentarily their matter is sepa­
rate, of the redwood sawdust, the cogni­
tive data files and the products of our 
kind yet to be devised." 

Hot Plants 

Recent investigations in plant physiol-
ogy havc suggested that the effi­

ciency of photosynthesis can in some in­
stances be increased by as much as 40 
percent. The possibility exists because 
in most plants the uptake of the basic 
raw material carbon dioxide is controlled 
by two factors. The first concerns the 
primary metabolic pathway for the fixa­
tion of carbon. In most plants a central 
role is played by phosphoglyceric acid, 
the three-carbon compound that is the 
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first stable product of carbon dioxide 
fixation. The second factor is the inhibi­
tory effect of atmospheric oxygen. Since 
air is 21 percent oxygen, the maximum 
carbon dioxide uptake of most plants is 
only 60 percent of the maximum that 
would be possible in an oxygen-poor 
environment. 

Some plants (among them such eco­
n omically important members of the 
grass family as sorghum, millet, sugar­
cane and maize) do not depend exclu­
sively on the three-carbon pathway for 
carbon fixation. They possess an addi­
tional pathway characterized by a four­
carbon compound, oxaloacetic acid. 
Olle Bjorkman of the Carnegie Institu­
tion of Washington's Department of 
Plant Biology has now shown that atmo­
spheric oxygen does not inhibit these 
plants' carbon dioxide uptake. The rea­
son is that the four-carbon pathway 
works in series with the three-carbon 
pathway in a leaf mechanism that is 
highly efficient in the uptake of carbon 
dioxide. The plants are particularly well 
adapted to hot, arid conditions. This dis­
covery and certain hybridization experi­
ments Bjorkman and his colleagues have 
undertaken lend substance to the POSSI­
bility that the extra four-carbon pathway 
can be bred into economically important 
plants that now utilize the three-carbon 
mode of photosynthesis. 

Studies at the Department of Plant 
Biology imply that the number of genes 
determining inheritance of the four-car­
bon pathway components is small. So 
far, however, optimum recombination of 
the genes in hybrid individuals appears 
to be infrequent. Bjorkman and his col­
leagues are using for their experiments 
certain species of saltbush (Atriplex); 
some of these species depend on the 
three-carbon pathway and others utilize 
both pathways. Among economically im­
portant plants one prime target for hy­
bridization might be the sugar beet; 
more remote possibilities include wheat, 
barley and soybeans. 

Through a Glass Handily 

The use of a laser beam as a high-ca-
pacity channel for carrying voice, 

video, digital and other signals has 
seemed an attractive possibility, and a 
challenge to communications engineers, 
ever since the laser was first demonstrat­
ed in 1960. A single coherent beam of 
light can in principle carry the equiva­
lent of several thousand television chan­
nels. Until recently it seemed that if a 
laser beam was to be useful in communi­
cations, it would have to travel in a care­
fully designed pipe complete with lenses 

and other features enabling the light to 
bend around corners. A much more at­
tractive possibility, recently described in 
Bell Laboratories Record by Tingye Li 
and Enrique A. J. Marcatili, is to use thin 
glass fibers to carry the laser beam. 

Within the past 15 years optical fibers 
have been widely used to carry light over 
short distances, particularly where the 
light path must be flexible, for example 
in such medical instruments as endo­
scopes. The glass fibers consist of a core 
and a jacket of slightly different refrac­
tive indexes, so that the light is confined 
to the core by total internal reflection. 
No one had considered the fibers as a 
long-distance medium for optical com­
munication, however, because transmis­
sion losses in commercially available fi­
bers amounted to about one decibel per 
meter, or 1,000 decibels per kilometer 
(equal to attenuation by a factor of 
10100). 

A few years ago British workers pOin t ­
ed out that within the visible and near­
infrared parts of the spectrum the fun­
damental losses in glass fibers should bc 
no more than a few decibels per kilo­
meter. This stimulated efforts to produce 
low-loss fibers. At the Bell Telephone 
Laboratories experimental fibers have 
been made from ultrapure soda-lime-sili­
cate glasses that exhibit an absorption 
loss of about 60 decibels per kilometer, 
and fibers with a loss as low as 18 deci­
bels per kilometer have been made by 
the Corning Class Works. 

Fibers with losses in the range of these 
experimental samples would be suitable 
for communication over distances from 
one kilometer to several kilometers with­
out requiring repeaters. With repeaters 
spaced every mile or two, glass-fiber 
systems could, according to Li and Mar­
catili, "be a strong contender for future 
long-haul transmission applications." 

Ecology of the Tooth 

It is widely believed that the two major 
dental diseases-periodontitis, or in­

flammation of the supporting tissues of 
the teeth, and caries, or tooth decay-are 
caused by the presence of microorga­
nisms. D. F. C. Poole and H. N. New­
man of the Dental Unit of the British 
Medical Research Council advance a 
somewhat different hypothesis: Both dis­
eases result from disturbances in the 
ecology of the various organisms that 
make up dental plaque, the feltlike layer 
of closely packed microorganisms occu­
pying the surface of the teeth. Setting 
forth their viewpoint in Nature, Poole 
and Newman caution against "haphaz­
ardly and maybe dangerously interfering 

© 1972 SCIENTIFIC AMERICAN, INC© 1972 SCIENTIFIC AMERICAN, INC



GCA helps man explore. 
The facts of life which help us better 

understand our world ... the facts which 
make a better product, a cleaner environ­
ment, a healthier human being, are being 
probed every day in the world's labora­
tories. In such laboratories you'll find ap­
paratus and equipment bearing the GCA/ 
Precision Scientific label. 

For more than 50 years, GCNs Pre­
cision Scientific Company has provided 
the basic laboratory tools that make mean­
ingful research possible. Over 1400 items 
from automated tensile testing machines 
to simple lab clamps are in the Precision 
catalog. All are built to the exacting stand­
ards basic to meaningful research. Their 
tradenames are some of the best known in 

the industry - "Scott®", "Thelco®", 
"Freas®", "AquaRator®", "Big Jack®", 
"\lac Torr'm", to name a few. 

Industrial, medical, educational and 
government labs around the world rely 
on our products. 

To find out how Precision Scientific 
apparatus and equipment can help you, 
write GCA Corporation, Burlington Road, 
Bedford, Massachusetts 01730. 

e � 
GCA CORPORATION 
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Send today for 
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and Free Record Cleaning Cloth 

� 

Buy direct and SAVE from 
Chesterfield, world's largest 
exclusive mail order distribu­
tor. 32 page free catalog lists 
thousands of classical, opera, 
folk, jazz, popular, show, chil­
dren, spoken, religious and 

Mail language records. All labels 
-mono & stereo. List prices 
$4.98, $5.98, $6.98. 
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with the balance of the oral microbiota." 
Poole and Newman suggest that the 

standard view of plaque has "failed to 
consider it as forming just one part of the 
body flora," which "does not normally 
produce disease but, on the contrary, 
maintains a commensal or symbiotic re­
lationship with the human host." Since 
plaque is present in both periodontitis 
and caries, it would seem that the dis­
eases result when something upsets the 
normal symbiotic relationship. For ex­
ample, many of the organisms in plaque 
metabolize oxygen but are capable of 
switching to anaerobic metabolism when 
oxygen is minimal. This switch over may 
occur when oxygen becomes deficient in 
stagnant areas between the teeth, where 
periodontitis and caries often start. The 
deficiency of oxygen, in tum, may result 
from the fact that these areas are not 
readily accessible to cleaning and plaque 
builds up. In such circumstances some 
organisms might produce an excess of 
acid, which is a factor in tooth decay, 
or of the protein-digesting substances in­
volved in periodontitis. 

Poole and Newman regard it as essen­
tial to recognize that plaque is "a com­
plex ecological phenomenon." Such a 
view, they say, should influence the ap­
proach to the treatment of caries and 
periodontitis, directing it away from 
haphazard interference with the com­
munity of organisms and toward "modi­
fying the diet or the plaque without the 
use of antiseptics, antibiotics or other 
agents which are likely to produce cures 
worse than the diseases." 

Deadly Daylight 

An unusual agent for controlling insect 
pests without harming other orga­

nisms (including man) is being investi­
gated by three workers with the Agricul­
tural Research Service of the U.S. De­
partment of Agriculture. The agent is 
light. The basic idea is that, when the 
days begin to get shorter in the fall, the 
larvae of many insects go into diapause, 
a state resembling hibernation. Then, 
when the days begin to get longer in the 
spring, the larvae resume their life cycle 
and metamorphose into adults. Since 
diapause is triggered by the length of the 
day, why not prolong the days with arti­
ficial light, so that the larvae do not go 
into diapause but metamorphose in the 
fall, when the adult insects will be ex­
posed to harsher climatic conditions?· 
The work, involving codling moths, 
which infest apples, and European com 
borers, which infest corn, is described in 
Agricultural Research. 

Many insects enter diapause when 

daylight lasts no longer than about 12 
hours. The three experimenters-Dora K. 

Hayes, a biochemist, William N. Sulli­
van, an entomologist, and Milton S. 
Schechter, a chemist-interfered with 
the natural signal by using artificial light 
to maintain 17 hours of illumination 
daily between June and December, 
when the duration of natural light 
ranged from 14 to 9)� hours. Small plots 
of corn were artificially infested with 
corn borers and clear plastic boxes con­
taining apples were artificially infested 
with codling moths. Artificial light was 
supplied by 40-watt fluorescent lamps. 
In these circumstances more than 70 per­
cent of the insects failed to go into dia­
pause, continuing instead to develop into 
adult moths that emerged in the fall 
rather than in the spring. Nearly all in­
sects in control plots with no artificial 
light developed normally. The investi­
gators point out that their procedure 
cannot be tried on a large scale until 
more research is done to determine costs 
and optimum lighting conditions. 

Young Man with a Horn 

I nsect songs range in intensity from the 
intimate whisper of the courting fruit 

fly to the loud stridulations of the cicada, 
the locust and the cricket. The prince of 
singers is the mole cricket (Gryllotalpa 
vineae). This insect excavates a burrow 
in the shape of a double-belled hom: a 
single tunnel that branches into two tun­
nels opening on the surface. The insect 
takes up a position below the junction of 
the tunnels, and its wing vibrations drive 
a tiny rasp across a resonating bar. The 
burrow acts as a pressure transducer that 
delivers a signal with a sound level of 90 
decibels one meter away from the paired 
surface openings. 

The mole cricket's performance is one 
of a number of insect singing feats dis­
cussed recently in Nature by H. C. Ben­
net-Clark of the University of Edin­
burgh. He notes one writer's comment 
that "if moonlight could be heard," it 
would surely resemble the low-pitched 
50-decibel signal of the tree cricket 
(Oecanthus). The field cricket (Gryllus) 
is many times louder than the tree crick­
et, but still quiet compared with the 
mole cricket in its burrow. Bennet-Clark 
suggests that the adaptive advantage re­
sponsible for the evolution of the mole 
cricket's song stems from the fact that 
the fan-shaped beam of sound emerging 
from the cricket's hom is half again as 
likely to be detected by a cricket on the 
wing as the equivalent hemispheric 
sound pattern produced by an insect 
stridulating on a flat surface. 
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Some things are changing for the better. 
Many people know us as an instrument 

manufacturer: we make more than 2,000 

products for measurement, test and analysis. 

Others know us as a computer company: more 

than 10,000 own our programmable calcu­

lators and computers. We prefer to think that 

our business is to serve measurement, analysis 

and computation needs ... in science, 

industry, medicine and education. This is the 

rationale behind every new instrument, 

computer or system that we tell you about 

in these ads. This month: 

computer prolIferatIon: 
a better way to control It. 
Until now many computer users in high-technology 
areas faced a puzzling fork in the road. With several 
computers already in use, they had to decide either 
to continue the proliferation of dedicated systems or 
turn to a large-scale system costing at least a half­
million dollars. 

Now there is a third and happier choice: HP's new 
adaptive computer System/3000. It is the first small­
scale computer that handles batch, real-time and time­
sharing all at once, each in more than one computer 
language - at half the price of a good alternative. 

For time-shared tasks, it handles up to 64 users. 
For real-time processing, it allows several programs to 
be active simultaneously, completely protected one 
from the other. In batch processing, it permits execution 
of a variety of programs at extremely high speed. 

And System/3000 is multi-lingual in all modes, 
including FORTRAN, BASIC and the new SPLl3000, 
a high-level systems programming language that 
combines the power of a Compiler with the efficiency 
of an Assembler. 

How System/3000 accomplishes all this is a 
long story. Part of it involves advanced computer 
architecture, virtual memory that assures available 
core for every program in any mode, a huge micro-pro­
grammed instruction set, and a multiprogramming 
executive that insures dynamic allocation of system 
resources. For the rest of the story on the adaptive 
computer write for our brochure on System/3000. 
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This cube structure symbolizes HP's 

adaptive computer. The new HP 

Systeml3000 is a modular and multi­

faceted device that is many things 

in one. It can perform in batch, time­

sharing or real-time modes -

simultaneously - and use three 

different computer languages at 

the same time. 
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computer proliferation: 
a better way to do it. 

For users who need to access a large data bank and 
also require ease of I/O interface, computer proliferation 
isn't always a problem. It often can be the solution. 

To perform these tasks at a new low price, HP 
now offers a family of small disc-based computer 
systems dedicated to time-sharing, real-time or batch 
processing. Each system uses HP's versatile 2100 
digital computer, and each is available with an impres­
sive amount of storage. A choice of mass storage 
devices provides 5 to 47 million bytes of disc storage. 

An HP disc-based system can be tailored to 
your specific needs, with more than a dozen peripherals 
and general-purpose interfaces for a variety of instru­
ments. The new systems also use all of HP's existing 
software of over 500 library programs and 
applications packages. 

The dedicated batch system is priced from 
$33,000. Time-share and real-time systems start at about 
$50,000. For more information, write for our brochure 
on dedicated disc-based computer systems. 

Q.E.D. There are computation problems in every 
business that Hewlett-Packard can solve. 

Instrumentation quality tape 
recording at a bargain price. 

Most scientists would use portable instrumentation tape 
recorders for analog recording if only they performed 
as well as the big expensive laboratory machines. 
Unfortunately, their small size usually meant reduced 
performance. 

Then came the HP 3960. Truly portable in size 
(50 pounds) and low in price ($4,270 for a fully-equipped 
four-channel instrument), the 3960 actually 
outperforms most laboratory machines costing five 
times more. 

If this sounds too good to be true, listen to some 
of the 3960's capabilities. At 15/16 ips, its FM 
signal-to-noise ratio of better than 200:1 lets

. 
you 

play back signals that would be bUried In nOise 
(ECG's for example) on many lab machines as well 
as on any other portable. 

The 3960 lets you mix and interchange four FM 
direct record/reproduce channels at will. You have 
a choice of three electrically-switched speeds, for 
a time-base expansion of 16:1 or 10:1 .. . without signal 
degradation. Tape drive is bidirectional so that �ou 
don't have to rewind either to continue recording or 
to play back. 

Built-in facilities let you calibrate the 3960's FM 
electronics without external equipment. And an 
integral peak-reading meter lets you optimize record 
level without using a scope. Options include a 5 to 
30 foot loop adaptor, an interrupting voice channel, and 
an inverter for 12 or 28 VDC .. . all integrally mounted. 

Write for Application Note 89, a tape recording 
handbook useful to scientists interested in tape 
recording techniques for vibration and test analysis, 
research and clinical medicine, acoustics, 
oceanography and other environmentally difficult 
research projects. 

For more complete information, write Hewlett­
Packard, 1509 Page Mill Road, Palo Alto, California 
94304. In Europe: 1217 Meyrin-Geneva, Switzerland. 

00121 

HEWLETT it; PACKARD 
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THE SYNTHESIS OF SPEECH 

Electronic speaking machines capable of synthesizing output speech 

with no recourse to any vestige of human speech are in the process 

of development. They may provide articulate voices for computers 

I
f computers could speak, they could 
be given many useful new tasks. The 
telephone on one's desk might then 

serve as a computer terminal, provid­
ing automatic access to such things as 
airline and hotel reservations, selective 
stock market quotations, inventory re­
ports, medical data and the balance 
in one's checking account. In principle 
such information could be provided 
by recordings of an actual voice, just as 
telephone companies already provide 
weather reports and other repetitive 
messages. Prerecording is not practical, 
however, if the information desired is 
only a small extract from a voluminous 
HIe, if the information changes rapidly 
(as stock market prices do) and particu­
larly if the information must be gathered 
to order. Although one might assemble 
verbal messages of any complexity from 
a prerecorded vocabulary of speech 
fragments, the result would be highly 
unsatisfactory. Thus if a computer is to 
speak with a large, sophisticated vocabu­
lary, and if it is expected to frame mes­
sages in many contexts, the simple tech­
nique of prerecording actual speech is 
ruled out. The alternative is to develop a 
mechanism, basically electrical, that is 
capable not only of synthesizing speech 
but also of introducing the various in­
flections characteristic of natural spoken 
language. There are other important 
motivations for attempting to synthesize 
speech. One is learning how speech is 
produced in the human vocal tract. An­
other is applying such knowledge to the 
reduction of the amount of information 
needed to transmit speech signals. 

Human speech is remarkable in many 
ways, not the least of which is that it 
employs a physiological apparatus de­
signed for other purposes: breathing and 
eating. The specialized acoustic code 
we call speech must have developed 
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by James L. Flanagan 

slowly over aeons. At least one specula­
tion holds that early man's first means 
of communication were hand signals. 
Speech perhaps evolved when man dis­
covered he could supplement his hand 
signals by grunts and other distinctive 
"gestures" of his vocal tract. "What 
drove man to the invention of speech," 
Sir Richard Paget has suggested, "was 
. . .  not so much the need of expressing 
his thoughts as the difficulty of 'talking 
with his hands full.' It was the continual 
use of man's hands for craftsmanship, 
the chase, and the beginnings of art and 
agriculture, that drove him to find other 
methods of expressing his ideas-name­
ly, by a specialized pantomime of the 
tongue and lips." 

The Origin of Speech Sounds 

The fundamental principles of sound 
generation in the vocal tract and the 
acoustic Hltering that takes place in the 
tract are now understood in considera ble 
detail. The main gaps in knowledge have 
to do largely with nonlinearities in the 
generation of sound in the vocal tract 
and with certain interactions, still ob­
scure, between the sound sources and 
the soft-walled pipe of the vocal tract. 
Apart from such details, however, 
enough is known about human speech 
production to allow the design of suc­
cessful speech synthesizers. On the oth­
er hand, comparatively little is known so 
far about the linguistic rules that dictate 
the ordered activities of the vocal sys­
tem. Much fundamental study is cur­
rently being devoted to speech prosody: 
the way the speaker unconsciously intro­
duces stresses and pauses and alters the 
pitch of his voice. These factors are 
closely related to the dynamical proper­
ties of vocal-tract motion, another aspect 
of current study. 

The human vocal tract is an acoustic 
tube of variable cross section about 17 
centimeters long, extending from the vo­
cal cords to the lips [see illustration on 
page 50J. The cross-sectional area of the 
vocal tract can be varied from zero 
(complete closure) to about 20 square 
centimeters by the placement of the lips, 
the jaw, the tongue and the velum: the 
flexible tissue-the soft palate-attached 
to the back of the roof of the mouth. 
The trapdoor action of the velum cou­
ples the vocal tract proper to a second­
ary cavity involved in speech produc­
tion: the nasal tract. The nasal cavity is 
about 12 centimeters long and has a 
volume of about 60 cubic centimeters. 

The vocal system can produce three 
basic kinds of sounds: voiced sounds, 
fricative sounds and plosive sounds. 
Voiced sounds, exemplified by the vow­
els, are produced by raising the air pres­
sure in the lungs and forcing air to flow 
through the glottis (the orifice between 
the vocal cords), causing the vocal cords 
to vibrate. The vibrations interrupt 
the airflow and generate quasi-periodic 
broad-spectrum pulses that excite the 
vocal tract. The vibrating ligaments of 
the vocal cords are some 18 millimeters 
long and the glottal opening typically 
varies in area from zero to about 20 
square millimeters. 

Fricative sounds, exemplified by the 
consonants s, sh, f and th, are generated 
when the vocal tract is partly closed at 
some point and air is forced through the 
constriction at high enough velocity 
to produce turbulence. Plosive sounds, 
typified by the consonants p, t and k, are 
produced when the vocal tract is closed 
completely (usually with the lips or 
tongue), allowing air pressure to build 
up behind the closure, and is then 
abruptly opened. The sharp sound pro­
duced when the air is released is often 
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followed by a fricative sound or aspira­
tion. All these vocal sources, whether for 
periodic voiced sounds or for aperiodic 
voiceless (fricative or plosive) sounds, 
have a fairly broad spectrum of frequen­
cies extending over the voice-frequency 
range from about 100 cycles per second 
to more than 3,000. The vocal system 
acts as a time-varying filter to impose its 
resonant characteristics on the sound 
waves generated by the broad-spectrum 
sources. Operation of the voiced and 
voiceless sources is not mutually exclu­
sive. For some sounds, such as the voiced 
fricative consonants v and z, two sound 
sources act in combination. 

Because the interaction between the 
sound sources and the vocal system is 
fairly loose, the two can be represented 
diagrammatically as being linearly sepa­
rable [see top illustmtion on page 51]. 
The sound radiated from the mouth 
has a frequency spectrum that, to a 
first approximation, can be considered 
the mathematical product of the source 
spectrum and the transmission charac­
teristics of the vocal system (the com­
bination of the vocal and nasal tracts). 

For voiced sounds the excitation 
source is the volume velocity of air pass­
ing the vocal cords. The flow is typically 
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pulsive and periodic, with a spectrum 
whose harmonics diminish in amplitude 
approximately as lover the frequency 
squared. The vocal tract acts on this 
source as a filter with transmission 
"poles," or favored frequencies, corre­
sponding to the acoustic resonances of 
the vocal tract. These resonances are 
often referred to as formants. It happens 
that, at the usual frequencies of speech, 
sound has a wavelength comparable to 
the length of the vocal tract. The tract 
is open at the mouth end and essentially 
closed at the glottal end. Therefore its 
resonant frequencies correspond roughly 
to the odd quarter-wave resonances of a 
pipe 17 centimeters long. For a straight 
pipe of this length the first three reso­
nant frequencies are 500, 1,500 and 
2,500 cycles per second. 

For vowel sounds, in which the nasal 
tract is closed off, there are no additional 
resonances in this frequency range and 
thus the transmission filter operates to 
emphasize just these three frequencies. 
When the nasal tract is made part of the 
transmission system, another resonant 
pole is typically introduced at about 
1,000 cycles per second adjacent to an 
antiresonance, or "zero," also near 1,000 
cycles. The voiced sound that issues 

w N D A N D  

from the mouth is therefore a line spec­
trum that has imposed on it an envelope 
that reflects the resonances produced by 
passagc through the vocal transmission 
system. The various voiced sounds of 
speech are produced by changing the 
shape of the vocal tract, thereby chang­
ing its resonances. In a similar manner 
the unvoiced sounds are excited from a 
noise source that has a fairly broad, uni­
form spectrum. Because the source is 
typically positioned at some point along 
the tract it alters the length of pipe act­
ting as a resonance system so that the 
resonances and antiresonances now fall 
at different frequencies. Again the ra­
diated sound reflects the frequencies 
that are favored or suppressed by the 
resonant system. 

In continuous speech the formant 
resonances move around as the vocal 
tract changes shape. Because the tongue, 
the jaws, the lips and the velum have 
significant mass their accelerations are 
limited by the forces that the articula­
tory muscles can generate. Thus the vo­
cal tract changes shape rather slowly 
compared with the rate of pressure fluc­
tuations in the speech wave. When the 
speech wave is recorded in a sound 
spectrogram, which shows the changes 

T HE s u N 

SOUND SPECTROGRAM of a spoken sentence synthesized from 

printed text by a computer·controlled electronic speaking machine 
designed and built at the Bell Telephone Laboratories is shown 

at top. A comparable spectrogram for a human utterance of the 

same sentence is shown at bottom. At the present stage of develop· 

ment the machine's intelligibility is just beginning to be acceptable. 
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HUMAN VOCAL SYSTEM consists of two main parts: the vocal tract proper, an acoustic 

tube of variable cross section extending from the vocal cords to the lips, and the nasal 

tract, a secondary cavity coupled to the vocal tract proper by means of the trapdoor action 

of the velum. View at top is a median sagittal section of the entire system; views at bottom 

are a transverse section (A-A) and a vertical section (B-B) of the vocal·cord region. The 

vocal system can produce three basic kinds of sounds: voiced sounds (such as vowels), frica· 

tive sounds (such as the consonants s, sh, I and th) and plosive sounds (such as p, t and k). 
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in sound frequency and intensity with 
time, one can see the relatively slow 
rates at which formants change their 
frequency [see bottom illustration on 
opposite page]. 

Mechanical Speaking Machines 

Just as some early inventors attempted 
to build flying machines with wings that 
flapped like a bird's, others tried to build 
speaking machines by crudely duplicat­
ing the physiology of the human vocal 
tract. On the whole the second group of 
inventors had somewhat greater success 
than the first. 

One of the earliest efforts at speech 
simulation was made by Christian Gott­
lieb Kratzenstein, who won a prize of­
fered in 1779 by the Imperial Academy 
of St. Petersburg. For its scientific com­
petition that year the academy posed the 
following two questions: "( 1) What is 
the nature and character of the sounds 
of the vowels a, e, i, 0, u [that make 
them] so different from one another? 
(2) Can an instrument be constructed 
like the vox humana pipes of an or­
gan, which shall accurately ,express the 
sounds of the vowels?" 

Kratzenstein's winning solution con­
sisted of a set of acoustic resonators 
somewhat similar in form and dimension 
to the human mouth [see top illustration 
on page 52]. He activated the resona­
tors with a vibrating reed that mimicked 
the human vocal cords by interrupting 
an airstream. (Apparently Kratzenstein 
invented this particular type of reed, 
subsequently used in the harmonica.) It 
is reported that Kratzenstein's mecha­
nism imitated the five vowels "with tol­
erable accuracy." 

A machine that not only more success­
fully imitated the vowel sounds and 
several consonants but also connect­
ed speech utterances was built a dozen 
years later by Wolfgang von Kempelen 
of Vienna. His device was not taken seri­
ously by his scientific colleagues, how­
ever, because he had earlier exhibited a 
fake chess-playing machine. The "ma­
chine," which won many games, con­
cealed a legless Polish army officer 
named Worouski who was a master 
chess player. 

Von Kempelen's speaking machine 
was nevertheless a completely legitimate 
device. It had a bellows to supply air to 
a reed that in turn excited a single, hand­
controlled resonator that imitated voiced 
sounds. Consonants, including nasals, 
were simulated by four separate con­
stricted passages, which the operator 
controlled with the fingers of his other 
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MODEL OF HUMAN SPEECH PRODUCTION represents the 

sound sources for periodic voiced sounds and for aperiodic voice· 

less sounds as being linearly separable from the vocal system, 

which acts as a time·varying filter to impose its resonant character· 

istics on the sound waves generated by the broad·spectrum sources. 

According to this model, the frequency spectrum of the sound 

radiated from the mouth is the mathematical product of the source 

spectrum and the transmission characteristics of the vocal system. 

E(IUivalently, the output sound wave is the convolution of the 

source wave form with the impulse response of the vocal system. 

hand [see bottom illustration on next 
page J. 

Von Kempelen's ingenious device had 
a more far-reaching influence than he 
could have suspected. vVhen Alexander 
Graham Bell was a boy in Edinburgh in 
the 1850's, he was greatly impressed by 
a reproduction of von Kempelen's ma­
chine that had been built by Sir Charles 
Wheatstone, a maker of musical instru­
ments who later contributed to the de­
velopment of electric telegraphy. Young 
Alexander was encouraged by his father, 
who was an elocutionist, to construct a 
speaking automaton of his own. 

Assisted by his brother Melville, Alex­
ander attempted to copy the vocal or-
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gans by making a cast of a human skull. 
The boys used gutta-percha and other 
simple materials to represent the lips, 
tongue, palate, teeth, pharynx and ve­
lum. The lips were a framework of wire 
covered with rubber that had been 
stuffed with cotton batting. The cheeks 
were made of rubber; the tongue was 
simulated by wooden sections sur­
rounded by batting and covered with 
rubber skin. There was a sheet-metal box 
for a larynx and a flexible tube for a 
windpipe. A vocal-cord structure con­
sisted of a slotted rubber sheet stretched 
over metal supports. The various parts 
were activated by levers controlled from 
a keyboard. Bell recalled that the device 

1.2 
TIME (SECONDS) 

produced both vowels and nasals and 
could even be manipulated to emit a few 
simple utterances. 

More than 100 years later, even with 
the great progress in electronics and 
computational methods, there are still a 
number of speech and acoustic questions 
that are best approachcd through me­
chanical models of the vocal tract. These 
questions relate particularly to nonlinear 
properties of turbulent flow, and me­
chanical analogues can provide data 
about the location, intensity, spectrum 
and internal impedance of the sound 
sources for unvoiced sounds. All these 
factors are difficult to measure in the 
human vocal tract. 

FIRST THREE FORMANTS, or natural acoustic resonances of the 

human vocal tract, occur at frequencies of approximately 500, 1,500 

and 2,500 bertz (cycles per second). In this sound spectrogram of a 

short sentence ("Noon is the sleepy time of day") the relatively 

slow rates at which these formants change their frequency with time 

(solid black curves) are evident. The vocal tract changes rather 

slowly compared with the rate of pressure fluctuations in the 

speech wave, because the tongue, the jaws, the lips and the velum 

have significant mass and their accelerations are accordingly lim· 

ited by the forces that the articulatory muscles can generate. 

51 

© 1972 SCIENTIFIC AMERICAN, INC© 1972 SCIENTIFIC AMERICAN, INC



The ability to send spoken words over 
wires, dating from Bell's invention of the 
telephone in 1876, has provided a con­
tinuing motivation to learn how words 
are generated, how they can be electri­
cally transmitted with economy and how 
they can be synthesized with fidelity. 
Modern developments in electronic tech­
nology have therefore shifted the em­
phasis in speech synthesis from mechani­
cal and semimechanical methods to all­
electrical systems. 

Electrical Speech Synthesis 

One of the first electrical synthesizers 
that attempted to produce connected 
speech was the Voder ("voice-operation 
demonstrator"), which was exhibited at 

A E 

the New York world's fair in 1939 and a 
year later at the San Francisco world's 
fair. The Voder employed two sound 
sources: a wide-band noise source and a 
periodic buzz oscillator [see illustration 
on opposite page J. These sounds were 
modified by passing them through a 
"resonance control" box (the "vocal 
tract") containing 10 contiguous band­
pass filters that spanned the frequency 
range of normal speech. The outputs of 
the band-pass filters were modulated by 
gain controls individually operated by 10 
finger keys. Three additional keys pro­
vided a transient excitation of selected 
filters to simulate three types of plosive 
sound: t-d, p-b and k-g. The operator 
had a wrist bar for selecting either the 
noise or buzz source and a foot pedal for 

o 

controlling the pitch of the buzz oscilla­
tor. The operators who demonstrated the 
Voder at the two world fairs required a 
year or more of training, but eventually 
they learned to "play" the Voder much 
as if it were an organ or a piano, and 
they were able to produce intelligible 
speech with considerable facility. 

The Voder and related developments 
led to other analogue electronic syn­
thesizers of speech. The devices ranged 
from analogue Circuitry that duplicated 
the vocal resonances to electrical simu­
lation of the vocal tract as a bilateral 
transmission line. The efforts had the 
two motivations of gaining fundamental 
knowledge of speech production and of 
finding new ways to transmit the voice 
with high efficiency. The technological 

u 

ACOUSTIC RESONATORS somewhat similar in form and dimen· 

sion to the human mouth were devised by Christian Gottlieb Krat· 

zen stein in 1779 for the synthesis of vowel sounds. The resonators 

were activated with a vibrating reed that mimicked the human vo· 

cal cords by interrupting an air stream. Kratzenstein's novel mech· 

anism reportedly imitated the five vowels "with tolerable accuracy." 

AUXILIARY 
BELLOWS REED CUTOFF 

MORE SUCCESSFUL SPEAKING MACHINE was designed in 

1791 by Wolfgang von Kempelen. The device had a bellows to 

supply air to a reed that in turn excited a single, hand·controlled 

resonator that imitated voiced sounds. Consonants, including na· 

52 

sals, were simulated by four separate constricted passages, which 

the operator controlled with the fingers of his right hand. The 

illustration shows a reconstruction of von Kempelen's original 

speaking machine described by Sir Charles Wheatstone in 1837. 
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goal, drawing on techniques of both 
speech analysis and speech synthesis, 
was to effect a significant reduction 
in the bandwidth needed to transmit 
speech signals. 

On the fundamental side good prog­
ress continued to be made in the un­
derstanding of speech production. On 
the technological side complete band­
compression systems were devised and 
tested. The most notable early system 
was the Vocoder, invented by Homer 
Dudley at about the same time that the 
Yoder was being demonstrated. It is fair 
to say that the Vocoder spawned an 
entire new subfield of communication 
study, one having as its principal aim the 
efficien t coding and transmission of 
speech signals. The Vocoder samples the 
amplitude spectrum of a speaker's voice 
at a number of different frequencies and 
derives electrical voltages that describe 
the relatively slow fluctuations of these 
samples. It also derives a voltage that 
represents the voice pitch and whether a 
sound is voiced or unvoiced. Since only 
these slowly changing quantities are 
transmitted over the communication 
channel, they require less bandwidth 
than a normal voice channel. At the re­
ceiving end the transmitted quantities 
are used to resynthesize the original fre­
quency range of the speaker's voice. 

Although the Vocoder and its many 
relatives cannot reproduce all the subtle 
qualities of the human voice, they can 
usually indicate such things as whether 
the speaker is male or female and wheth­
er he or she has a distinctive accent. The 
Vocoder and similar systems have been 
used for a number of years in special ap­
plications where bandwidth is at a pre­
mium, but no such system has yet been 
introduced into civil telephony. In its 
transoceanic telephone facilities the Bell 
system has achieved useful savings in 
bandwidth in a different way, by a time­
division switching method. 

This system, called TASI (for Time As­
signment Speech Interpolation), exploits 
the fact that in ordinary two-way tele­
phone conversations each speaker is si­
lent roughly half the time. In addition, 
normal speech has many pauses and si­
lent intervals. A given talker therefore 
transmits a signal only 35 or 40 percent 
of the total time. In long-distance com­
munication, where amplification of the 
signal is necessary, the two-way com­
munication channels are normally four­
wire circuits-or two unilateral transmis­
sion paths. Each party has a transmit 
circuit and a receive circuit. Because of 
the relative inactivity of each talker, a 
single one-way channel is not used 60 
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VODER ("voice.operation demonstrator"), an all·electrical speech synthesizer exhibited 

at the New York world's fair in 1939, was one of the first electrical synthesizers to produce 

connected speech. The Voder employed two sound sources: a wide·band random·noise 

source and a periodic buzz oscillator. These sounds were modified by passing them through 

a "resonance control" box containing 10 contiguous band·pass filters that spanned the fre· 

quency range of normal speech. The outputs of the band·pass filters were modulated by 

gain controls individually operated by 10 finger keys. Three additional keys provided a 

transient excitation of selected filters to simulate three kinds of plosive sounds: t.d, p.b and 

k.g. A wdst bar was used to select either noise or buzz and a foot pedal to control the pitch 

of the buzz oscillator. Analogies to human speech.production components are in color. 
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or 6.5 percent of the time. When a large 
group of such connections is accessible 

. from single transmit· and receive loca­
tions, as is the case for an undersea ca­
ble, the statistical properties of the con­
versation ensemble make a significant 
amount of time and bandwidth available 
for signal transmission, and the system 
can serve a number of talkers greater 
than the number of unilateral circuits. 
The incoming transmit circuit of each 
talker is equipped with a fast-acting 
speech detector, or voice switch. vVhen 
the detector indicates the presence of 
speech on its line, an automatic elec­
tronic switch connects the line to an 
available transmit path of the TASI 
group. 

During pauses and silent intervals a 
given talker loses his priority on the 
transmit link. He is reassigned a chan­
nel-often a different one-when he 
again becomes active. The TASI switch 
must consequently keep track of who is 

talking to whom, and it must identify 
the recipient of each signal presented 
for transmission. This "message-address­
ing" information can be transmitted in 
the form of a very short identification 
signal, either before each talk spurt or 
over an auxiliary channel that serves the 
entire system. 

A limit obviously exists to the number 
of incoming signals that can be trans­
mitted by a given group of transmit 
paths before some "freeze-out," or loss 
of speech signals, occurs. Among other 
things, this limit is a function of the size 
of the cable group, the circuit signal-to­
noise ratio and the sensitivity of the 
speech detectors. Several TASI systems 
have been put into practical operation 
on undersea cables. On a 36-channel ca­
ble, for example, the effective increase 
in transmission bandwidth is roughly 
two or three times the bandwidth of the 
physical circuit. 

With the advent of digital computers, 
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low-cost integrated circuits and sophisti­
cated understanding of sampled-data 
theory, the techniques of speech analy­
sis and synthesis have acquired new at­
tracti�eness. Sampled-data theory tells 
one how to represent the behavior of 
continuous physical systems (for exam­
ple the vocal tract) in terms of discrete 
numerical operations. Computers are 
able to perform the arithmetic of these 
operations quickly and accurately; asso­
ciated memory devices are able to store 
large quantities of numbers that can 
represent speech signals. Advances in 
integrated circuitry enable one to build 
small, inexpensive, complex electrical 
components, including the digital cir­
cuits needed in computers. 

Talking Computers 

Along with these developments, and 
with the still growing understanding of 
speech acoustics, the foci of fundamental 
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SEVEN·DIGIT TELEPHONE NUMBER synthesized by a com· 

puter·controlled formant.synthesis system at Bell Laboratories is 

represented by a sound spectrogram (top) that closely resembles 

a spectrogram of the same message spoken by a human (bottom), 
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and applied research have shifted some­
what. On the fundamental side linguistic 
and semantic problems of speech are 
coming under scrutiny through the pow­
er of digital computers. On the applied 
side two notable goals have emerged. 
One is to raise the quality of Vocoder­
like systems by exploiting the complex 
digital processing made possible by low­
cost integrated circuitry. Bandwidth 
savings achieved in this way would be 
highly desirable in satellite communica­
tion, deep-space exploration and mobile 
radiotelephony. A second, and perhaps 
more compelling, goal is to provide 
voices for computers, thus opening up 
new possibilities in automatic informa­
tion services, computer-based instruc­
tion and the design of simple, inexpen­
sive terminals. If computers could voice 
their answers, as well as print them on a 
typewriter or display them on a cathode 
ray tube, their capabilities could be :.:p­
plied in many new ways. 

(SECONDS) 

(SECONDS) 

I 
2.5 

I ., 
3 

Let us consider what is required to 
give a computer a voice. Synthesis of a 
meaningful speech signal requires a de­
scription, in some form, of the vocal­
tract resonances corresponding to that 
signal and suitable sound sources for ex­
citing these resonances. A digital syn­
thesis system may therefore operate as 
follows. A random-number generator 
simulates the source for voiceless sounds; 
its variance is controlled as a function of 
time by a noise-amplitude signal. A digi­
tal counter simulates the vocal-cord 
source for voiced sounds and produces 
pulses at the required pitch frequency. 
The amplitude of the voiced source is 
altered as required by an input desig­
nated the voicing-intensity parameter. 
The two sources-one for voiced sounds, 
the other for voiceless sounds-are then 
applied to a recursive filter whose coeffi­
cients are determined by the speech 
resonances and antiresonances as they 
change with time. Three variable reso-

3 2 

3.5 

nances are typically used for voiced 
sounds and a combination of resonances 
and antiresonances for voiceless sounds. 
The digital output of the system is con­
verted to analogue form to give the syn­
thetic signal an audible form. 

The recursive filter generates quan­
tized samples, expressed in binary num­
bers, of the synthetic speech signal. The 
filter can be organized to operate digital­
ly in a number of ways. A particularly 
convenient approach is to represent the 
resonances and antiresonances individu­
ally by second-order difference equa­
tions. The recursion relations can be pro­
grammed directly in the computer that is 
doing the "talking" or they can be ac­
complished by special digital circuitry­
in effect a hardware digital filter that is 
controlled by the computer. 

The control functions that specify the 
resonances, the antiresonances and the 
excitation of the filter must be supplied 
by the computer. Two computer tech-

o 

4 

" 
4.5 

The formant·synthesis method employs a computer program that 

analyzes natural speech to obtain the variation of three formants 

and the voice pitch. The particular system used to make the top 

spectrogram is implemented on a Honeywell DDp·516 computer. 

55 

© 1972 SCIENTIFIC AMERICAN, INC© 1972 SCIENTIFIC AMERICAN, INC



niques for providing the control func­
tions are available. In one technique, 
called formant synthesis, the control 
values are measured directly from llU­
man speech and are stored in the ma­
chine. In another, called text synthesis, 
the control values are calculated solely 
from programmed knowledge of the 
speech process. 

Formant Synthesis 

The formant-synthesis method em­
ploys a computer program that analyzes 
natural speech to obtain the variation of 
three formants and the voice pitch. 

\Vhen data so derived are provided to a 
synthesizer, they produce speech that 
closely resembles the original utterance. 

Economical storage and Bexihility of 
vocabulary are achieved by storing a li­
brary of formant-coded words. Individu­
al, naturally spoken words are analyzed 
for formants and the formant functions 
so obtained are stored. Only 530 bits 
(binary digits) per second are needed to 
record the formant-coded data, where­
as about 50,000 bits per second would 
be needed to record and store the com­
plete wave form of natural speech. 
When the computer is instructed to ar­
ticulate a particular word sequence, or 

OSCILLOSCOPE DISPLAY of a model of the human vocal tract changes shape with each 

sound uttered by the associated printed·text speech synthesizer at Bell Laboratories. An 

expanded set of phonemes, with their individual pitch and duration calculated to satisfy 

the context of the message, constitutes "commands" that are given to the computer·pro· 

grammed model of the vocal tract, which simulates the shape of the actual human vocal 

tract. The photograph shown here is a multiple exposure of the actual oscilloscope display. 

56 

message, by the "answer back" program, 
it turns to its library of formant func­
tions and looks up the required func­
tions in the prescribed sequence. By 
means of a stored program it calculates 
the duration and the pitch inBection for 
each word to fit the prescribed context. 
It then calculates smooth transitions 
of the formant functions at the word 
boundaries to produce a realistic con­
catenation of the words in the message. 
Finally, the computer issues the result­
ing control functions to a digital speech 
synthesizer. 

The system described has been imple­
mented at the Bell Telephone Labora­
tories on a Honeywell DDP-516 com­
puter. In this case the speech synthesizer 
is a hardware digital filter, external to 
the computer. The program that creates 
the con trol functions for the hardware 
synthesizer runs about 10 times faster 
than is necessary to generate speech at 
the normal word rate, thus making it 
possible for one computer to serve up to 
10 external synthesizers. The system has 
been applied experimentally to the au­
tomatic generation of seven-digit tele­
phone numbers and to the synthesis of 
spoken instructions for the production­
line wiring of telephone circuits. A spec­
trogram of a typical message synthesized 
by the computer system ("The number is 
135-3201") closely resembles a spectro­
gram of the same message spoken by a 
human [see illustmtion on preceding two 
pages). 

Formant synthesis offers sufficient 
economy of storage and Bexibility of 
vocabulary to make it attractive for 
"middle-sized" vocabularies such as in­
ventory reporting, Bight information and 
computer instruction. If, however, a 
computer is expected to compose mes­
sages from encyclopedic amounts of in­
formation, a more economical storage 
system is required. This can be provided 
by the text-synthesis technique. 

Mimicking the Vocal Tract 

In text synthesis the computer stores 
a pronouncing dictionary that contains 
essentially what one finds in an ordinary 
desk dictionary: a phonemic transcrip­
tion of each word, an indication of syl­
lable stress, some rudimentary gram­
matical information (whether the word 
is a noun, a verb, an adjective and so on) 
and information about endings and de­
rived forms. The message to be con­
verted into speech is supplied as the 
printed English text. Each word is 
looked up in the dictionary, and the re­
sulting information is passed on to a 
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An alternative to the interpretations of Simpson, 
Monod, Berrill, Darlington, Huxley, Olson, etc. 

THE GOD WHO CARES 
A Christian Interpretation of Time, Life, and Man 
by HAROLD F. ROELLIG 

Places the Christian Faith in the context of a modern 
understanding of the evolving universe. A remarkable 
synthesis, the book establishes a unified view of the acts 
of God through time. It considers from a theistic 
perspective the current major theo'ries concerning the 
origin of the universe, the origin and evolution of life, 
the evolution and nature of man, and the development 
of religion from prehistoric, through Biblical, to 
modern times. 

The God Who Cares presents an understanding of 
Christianity and its unique way of life that is both fresh and faithful. 

The author, who holds a Ph.D. in geology and paleontology from 
Columbia U. and is a graduate of a Lutheran seminary, teaches geology 
at an Eastern university. A college chaplain recently wrote : " A most  
helpful contribution in the con tinual search Christians are making in  
endeavoring to fin d  a comprehensive world view." 
Cloth-bound, 176 pages, $4.50.  Buy it at your bookstore or use coupon below. 

• • • • • • • • • • • • •  MAIL COUPON TODAY • • • • • • • • • •  -;;�_� 
; THE BRANCH PRESS : 
I Box 229, Bayside, N.Y. 11361 NAME 

(Pl .... Print) • 
I Please send -- copies of The God • 

Who Cores at $4.50 each postpaid. I ADDRE S S  • • enclose p ayment in full (New York • • residents please add appropriate sales 
CITY • • tax] . I understand that I may return • • the book(s] in ten days, if not satisfied, • • for a full refund. STATE ZIP___ • 

L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  • •  _ _ _ _ _ _ _ _ _ _ _ _ _  • _ _ _  • 
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This a n n o u ncement is neither a n  offer to sel l  nor  a s olicitation of a n  offer to buy 
these secu rities. The offering is made o n ly by the Pros pectus.  

Dec e m ber 1 7, 1 9 7 1  

.240, 000 Shares 

Microwaue Semiconductor Corp. 

Common Stock 
($ .50 Par Value)  

Price $ 10.50 Per Share 

Copies of the Prospectus may be obtained o n ly from s u c h  of the 
u n derwriters as may lega l ly offer these secu rities i n  this State. 

Hauenfield Corporation New York Hanseatic Corporation 

program that incorporates linguistic and 
syntactic rules for English. In this pro­
gram a strategy is formed for the stress 
and phrasing of each sentence, pauses 
are inserted where necessary, and the 
duration and pitch of individual pho­
nemes are assigned. The result is an out­
put of discrete symbols representing the 
sequence of phonemes, with their indi­
vidual pitch and duration calculated to 
satisfy the context of the message. This 
string of symbols represents an expan­
sion of two or three times over the input 
of discrete alphabetic symbols. (Thus, 
for example, the English-text message 
"the north wind and the sun" becomes 
"4dh 4a 6n $4aw 2er 6th 6w ' qq5i 4n-
4d 4aa -n -d -dh 4a 6s 'qq5uh 6n.") 

The expanded set of symbols consti­
tutes "commands" that are given to a 
programmed dynamic model of the vo­
cal tract that simulates the shape of the 
human vocal tract. The DDP-516 com­
puter programmed for text synthesis at 
Bell Laboratories also provides an oscil­
loscope display of the vocal tract show­
ing how it changes shape with each 
sound uttered by the associated speech 
synthesizer [see illustration on page 56J. 
The shape of the vocal tract is defined 
by seven articulatory parameters. They 
assume values dictated by the expanded 
set of phonetic symbols but in respond­
ing to these discrete commands they 
impose their own time constants, gov­
erned by physiological constraints. About 
100 times per second the formants of 
the model vocal tract are computed as 
the tract deforms; the results, along 
with calculated excitation information, 
are issued to an external speech syn­
thesizer similar to the one described 
above. 

In this scheme the machine synthe­
sizes the output speech with no recourse 
to any vestige of human speech. The 
storage economy in text synthesis ap­
proaches 1,000 to one when compared 
with a facsimile recording of the speech 
wave form. Comparison spectrograms of 
synthesized speech and natural speech 
give an idea of what can be achieveu 
with text synthesis [see illustration on 
page 49J. As might be expected, the ma­
chine displays its own distinctive accent 
and the accent can be varied by chang­
ing the linguistic rules. At the present 
stage of development the machine's in­
telligibility is beginning to be accept­
able. It is "learning" the rules of speech 
generation as fast as investigators can 
formulate, quantify and interpret them 
for the digital computer. Ultimately both 
the text-synthesis technique and the for­
mant-synthesis method may provide ar­
ticulate voices for computers. 
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'1972 TORONADO. 
THERE'S NOTHING COMMON ABOUT IT. 

Its first ride is reserved for our paid critics. 
They wait expect antly as a 
Toronado goes through i ts  
f inal ,  p a i n s t a k i ng s teps  of  
preparation and inspect ion, 
Then, when i t  is  cleared for 
s h i p me n t - i t  may n o t  be 
shipped at all .  

Our p a i d  cri t i c s  h a v e  
first priority on i t .  Special 
facil i t ies have been provided 
at Oldsmobile for a complete 
reinspection - inside, outside, 
under the hood and chassis. 
And a rugged final exam by 
one of eight professional test 
d r i v e r s ,  If t h i s  cr i t i c  i s n ' t 

satisfied, that Toronado won't 
leave the plant until he is ,  

T h i s  " c r i t i c "  conce p t  i s  
r a t her  u n i q u e .  B u t  so i s  
Toronado. 

I t 's built ,  slowly and care­
fully, on its own production 
line. By people who work on 
no other cars. 

Its look and its approach 
to luxury are unique and un­
mistakable. So is  its front 
drive concept, which pulls the 
car along straight aways and 
through curves with uncom­
mon traction and ease. 

There's nothing common 
about T oronado' s concern for 

your safety, either. A long list 
of GM safety features is  pro­
vided, including an energy­
absorbing s t ee r i ng c o l u m n  
and steel side-guard beams 
in the doors. 

If you are cri t ical about 
the qual i ty and road perfor­
mance in your luxury car, 
remember w h a t  o u r  p a i d  
cri tics d o  to assure a Toronado 
will meet your expectat ions. 

OLDSMOBILE 
ALWAYS A SfEPAHEAD 
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Recording wonders in seconds 
is one of the wonders. 

; 

XR-7 FOR X- RAY CRYSTALLOGRAPHY D i ffract i o n  patte r n ,  sapp h i re 

ED- l 0  FOR PHOTOMICROSCOPY Sect i o n ,  m o u s e  k i d n e y .  l 000x I n tegrated c i rc u i t , BOx 

CU-5 FOR CLOSE-UPS C l i n i c a l  d e n t a l  record Macrophotograp h ,  bacte r i a  c o l o n i e s  

MP-3 M ULTI PURPOSE H i g h  c o n trast  copy,  c o n t i n u o u s-tone art Macrophotogra p h ,  d i od e  fractures 

P i n u s  l e af sec t i o n ,  l 00x 

I m m u n o e l ec tro p hores i s  

F i n g e r p r i n t  record .  negat ive 
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Hard COPY.  c o m p u te r  term i n a l  d i s p l ay E l ectro n i c  c o m ponents  

Gross spec i m e n ,  'i ntest i n a l  f ibroma G r a p h  for prese ntati o n ,  35m m  

What's wonderful is  

that you get a finished 

black-and-white print in 

seconds, or color in a min­

ute. Of almost any subj ect. So 

you spend less of what you can 

spare least. Time. 

Even if  a picture gets spoiled, you see it 

right away. You don't have to wait hours or days 

to find out. You simply shoot again.  Right on the 

spot. Without having to set things up all over again.  

And there's  a Polaroid laboratory camera for al­
most any applicatio n :  scientific, medical or industrial .  

They're all so simple and easy to operate, you don't 

have to be experienced in photography to use them. 
The XR-7 System is  for recording X-ray di ffraction pat­

terns.  It produces high quality prints in a fraction of the 

time required for wet-process photography. And with far 

more convenience . Exposures on Polaroid 3000-speed film 

take minutes, not hours. 

The ED- I O  is  one of the lowest-priced microscope cameras 

you can buy anywhere. But it gives you the resolution and pic­

ture quality of the expensive ones. Because they all use the 

microscope's  own optics. 

The CU-5 Close-up Camera can go anywhere. It 's  hand­

held and has a power pack to supply its own light. You don't 

have to focus. Or compute exposure settings. They are all pre­

determined. Just place the camera over the subject and shoot. 

The MP-3 Multipurpose Camera i s  really a self-contained 

photo lab. It's on its own stand, with its own lighting. It  uses 

1 3  Polaroid Land films, including color ;  black-and-white ; high 

speed ; high contrast ; line and continuous tone transparency 

films ; even one that gives you both a positive and matching 

negative in seconds. It has 5 1ens and shutter combinations.  And 

3 changeable backs for a variety of film formats. It's so versa­

tile, even Polaroid hasn't found out all it can do. 

But we know that the Polaroid system of instant photog­

raphy does what nothing else in the world can . It gives you a 

permanent record of nearly any subject in seconds. And gives it  
to you simply and easily. 

If you'd like full information, or a demonstration of any 
Polaroid lab camera, write to Polaroid Corporation,  Dept. 57-

209, 549 Technology Square, Cambridge, Mass.  02 1 39 .  In 

Canada, 3 50 Carlingview Drive, Rexdale, Ontari o .  

Convincing y o u  of the benefits of t h e  system should b e  easy. 

All you need i s  a little exposure . Pola coid@ 

Polaroid Instant Lab Cameras. 

H u m a n  l e u ke m i a ,  1 600x X·ray copy 
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THE PRESSURE OF LASER LIGHT 

The forces exerted by a focused beam of laser light are strong 

enough to push tiny particles around freely in various Inediums. 

Several applications based on this recent finding are proposed 

I
t is common knowledge that light car­
ries energy. Less obvious is the fact 
that light also carries momentum. 

vVhen we sit in sunlight, we are quite 
conscious of the heat from the light but 
not of any push. Nonetheless, it is true 
that whenever ordinary light strikes an 
object, the collision gives rise to a small 
force on the object. This force is called 
radiation pressure. 

The possibility that light could exert 
pressure goes back to Johannes Kepler, 
who in 1619 postulated that the pressure 
of light is what causes comets' tails to al­
ways point away from the sun. The cor­
puscular theory of light introduced by 
Isaac Newton made the idea of radiation 
pressure more plausible and stimulated 
many experimental attempts to measure 
it. During the 18th and 19th centuries all 
such attempts to detect the postulated 
pressure failed to reveal any force that 
could not be attributed to convection in 
the air caused by heat. In 1873 Sir Wil­
liam Crookes thought he had discovered 
radiation pressure in a partly evacuated 
chamber, only to find that he had in­
vented the radiometer. (The little ro­
tating-vane toy seen in many opticians' 
windows is a radiometer. It responds to 
the forces of molecular bombardment on 
surfaces heated by light rather than to 
radiation pressme. These thermal forces 

by Arthur Ashkin 

are called radiometric forces.) It was also 
in 1873 that James Clerk Maxwell pre­
dicted the magnitude of radiation pres­
sure based on his new theory of electro­
magnetic waves. The predicted pressure 
was extremely small for ordinary light 
sources. In Crookes's experiment, for ex­
ample, it was four or five orders of mag­
nitude smaller than the observed radio­
metric forces. 

The existence of radiation pressure, 
free of disturbing thermal effects, was 
finally demonstrated experimentally 
around the turn of the century by Ernest 
F. Nichols and G. F. Hull in the U.S. and 
by P. N. Lebedev in Russia. In both ex­
periments the radiation pressure exerted 
by a light source was detected by a twist­
ing motion of a vane suspended by a fine 
fiber in a high vacuum. The magnitude 
of the force measured in this way con­
firmed Maxwell's prediction. Comment­
ing on the subject of radiation pressure 
in his presidential address to the British 
Physical Society in 1905, John H. Poyn­
ting said: "A very short experience in at­
tempting to measure these light forces is 
sufficient to make one realize their ex­
treme minuteness-a minuteness which 
appears to put them beyond consider­
ation in terrestrial affairs." Poynting's 
view of the situation held true until just 
recently. The experiments described 

OPTICAL LEVITATION of a very small particle by means of a vertically directed beam 
of green laser ligbt is demonstrated in the photograph on the opposite page. The particle, 
a transparent glass sphere 20 microns in diameter, is shown levitated in air about a centi· 
meter above a glass plate by the 250·milliwatt beam. Although the particle is barely 
visible to the unaided eye, it scatters enough laser light to sparkle brilliantly in this ex· 
periment; the bright spikes radiating from its image in the photograph are caused by 
diffraction around the blades of the diaphragm inside the camera. Smoke was blown in 
the path of the laser beam to make it visible after it left the focusing lens (lower left) 

and was reflected upward by a prism (lower right) before entering the glass enclosure. 

The structure with the two wires attached is a piezoelectric ceramic cylinder used to vi· 
brate the particle momentarily in order to break the weak van der Waals forces holding 
it to the snrface of the glass plate. The interference pattern visible against tbe back wall of 
tbe enclosure is caused by ligbt scattered at an angle of about 90 degrees by the particle. 

here, which show that the phenomenon 
of radiation pressure does indeed mer­
it "consideration in terrestrial affairs," 
could not have been conducted before 
the invention of the laser in 1960. 

The laser has opened up new fields of 
optical research and rejuvenated old 

OI)es. The special features of laser light 
that have brought about these changes 
are its high degree of spectral purity and 
its spatial coherence. These properties 
make it possible, among other things, to 
focus a laser beam to a spot with a radius 
close to the theoretical limit of one wave­
length. Thus even with a power of a few 
watts one can obtain a light intensity 
at one wavelength that is some 10,000 
times greater than the intensity available 
from the entire visible spectrum at the 
surface of the sun! Moreover, a laser 
beam operates with a simple, mathemati­
cally perfect, well-controlled intensity 
profile called a transverse mode. The 
most useful mode has a cross section 
with a simple Gaussian, or bell-shaped, 
energy distribution. Another important 
achievement has been the development 
of tunable lasers, with which one can 
select the wavelength of the light at will. 

Radiation pressure has recently been 
reexamined in the light of these new 
laser sources and has been found to be a 
strong effect. Indeed, the forces exerted 
by laser sources have been shown to be 
large enough to move small particles 
around freely in various mediums. Ac­
celerations as large as a million g (a mil­
lion times the acceleration of gravity) are 
attainable on a continuous basis for tiny 
macroscopic particles as well as for in­
dividual atoms and molecules. These 
findings have given rise to new applica­
tions based on the physical motion of 
small particles driven by radiation pres­
sure. This rather exotic force has also 
been found to have a number of unique 
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HORIZONTALLY FOCUSED LASER BEAM is used to push 
transparent plastic spheres of two sizes, 2.5 microns and .5 micron 
in diameter, through a water·filled cell. The larger spheres are 
observed to move faster than the smaller ones (left). The motions 
of the particles are viewed from beyond the far end of the cell with 

a microscope and a filter that absorbs the laser light. It is possible 
in this way to observe the trapping of a particle at the far face of 
the cell (right 1. A sphere originally trapped at the center of the 
beam will wander off randomly when the beam is turned off and 
will return directly to the beam center when the beam is turned on 

features, some not realized before and 
some resulting from the nature of laser 
light itself. A few of the possible applica­
tions are the separation of particles in 
liquids, the optical levitation of particles 
in air and vacuum, the high-velocity 
acceleration of electrically neutral palti­
c1es, the separation of isotopes and the 
analysis of atomic beams. 

The starting point of all this work was 
simply a hunch on the part of the author 
that the radiation pressure of laser light 
could be a large effect even with the 
modest power available from continu­
ously operating lasers. The following 
simple order-of-magnitude calculation 
was made. Suppose a watt of continuous 
green laser light (with a wavelength of 
about .5 micron) is focused to a spot with 
a radius equal to the wavelength of the 
light. What is the force exerted on a 
small spherical particle of the same size 
placed at the focus? Assuming that the 
particle acts as a perfect mirror, one 
computes a force of approximately 10·a 
dyne. If the particle has unit density, its 
mass is about 10-1� gram. By Newton's 
law this result implies an acceleration of 
a million times the acceleration of gravi­
ty-obviously a large acceleration! 

Such calculations strongly suggested 
trying an experiment to move small par­
ticles with light pressure. Highly reflect­
ing metal particles were considered, but 
even with a reflectivity of 98 percent the 
residual absorption of 2 percent would 
surely cause severe heating, possibly 
even melting. Here again one is up 
against the thermal problems that were 
the bane of early experimenters. One of 
the prices of increased light intensity is 
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increased heating. The solution seemed 
clear: to use transparent dielectric (non­
conducting) particles. Although the re­
flectivity of bare dielectric surfaces such 
as glass or plastic is relatively low, the 
forces are still considerable. 

I n the following experiment, carried out 
in my laboratory at the Bell Telephone 

Laboratories, small, precisely spherical, 
transparent plastic particles made by the 
Dow Chemical Company were used. 
These spheres are customarily supplied 
in water and therefore it seemed natural 
to try the first experiments in water. Be­
sides, the high optical transparency and 
high thermal conductivity of water 
would further help to keep the particles 
cool. A few drops of water containing 
some particles were accordingly placed 
in a glass cell under a microscope and a 
green argon-ion laser beam was focused 
through the cell from below. By wearing 
special eyeglasses that absorb only the 
laser light it was possible to protect one's 
eyes and still observe the particles by 
ordinary light. The laser beam was visi­
ble anyway by virtue of a mild yellow 
fluorescence that it induces in almost 
anything it hits. Hence it turned out to 
be a simple matter to see the beam, focus 
it and manipulate it by moving the focus­
ing lens. Since the plastic spheres had 
the same density as the water, they re­
mained essentially stationary as fixed 
targets. When a vertically directed 
Gaussian-mode laser beam with a power 
of about 10 milliwatts and a diameter of 
15 microns was directed at a particle a 
few microns across, the particle began to 
rise at a constant velOCity of some 10 mi-

crons per second until it reached the top 
surface of the cell. (One expects a parti­
cle moving in a viscous medium under 
the influence of a constant force to travel 
at a constant velOCity, in accordance 
with Stokes's law.) 

So the patticles moved. Several ques­
tions remained. For example, is the mo­
tion really due to radiation pressure or is 
it due to some residual thermal effects 
such as convection or photophore sis? In 
the case of convection the en tire liq­
uid would move, carrying the particles 
along. In the case of photophoresis single 
patticles would be heated asymmetrical­
ly by the light and would as a result 
move through the surrounding medium. 

To answer these questions a second 
experiment was performed with two 
modifications. Particles of two sizes, 2.5 
microns and .5 micron in diameter, were 
used simultaneously and the beam was 
passed through the cell horizontally. 
Thus if the liquid through which the 
beam passes were heated, the liquid 
would tend to rise rather than flow along 
the axis of the light beam. Again the 
particles moved in the direction of the 
light beam, only now the larger particles 
moved rapidly past the slower-moving 
small patticles [see illustration above J. 
This observation in itself ruled out con­
vection as a cause of the motion. 

In addition it was observed that when 
a particle hit the far face of the cell, it 
remained there, seemingly trapped in 
the center of the bearn. If the beam was 
interrupted, the palticle began to wan­
der off center. If the light was turned on 
again when the particle was in the fring­
es of the light, it was immediately drawn 
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again. The laser beam in these experiments 
operates with an intensity profile (called a 
transverse mode) that has a cross section 
with a simple Gaussian energy distribution 
(colored bell.shaped curve at extreme left). 

back to the center of the beam. Similar­
ly, if a particle in the bulk of the liq­
uid was illuminated off center near the 
fringes of the beam, it was observed not 
only to move in the direction of the beam 
but also to be drawn into the center of 
the beam where the light intensity was a 
maximum [see bottom illustration on 
this page]. There seemed no escaping 
the conclusion that there was not only a 
force along the beam but also a trans­
verse force drawing particles into the 
center of the light beam. 

This observation helped to rule out 
photophoresis as the cause of the ob­
served motion of the particles. In photo­
phoresis the force on the hot side of a 
particle is larger than it is on the cool 
side and an off-center particle would be 
pushed out of the beam, contrary to 
what was observed. Also in photophore­
sis a pattially transparent particle heated 
by the beam would tend to move back­
ward with respect to the direction of the 
light, again contrary to the observation. 
(This backward motion, called negative 
photophoresis, can be readily seen if one 
shines laser light on partially transparent 
smoke particles floating in air. Its ex­
planation is based on the converging ef­
fect of light passing through the particle, 
which makes the downstream side of the 
particle the hot side.) 

It now remains to show how radiation 
pressure accounts for the observa­

tions. The magnitude of the force on the 
plastic sphere can be calculated by add­
ing the effects of all the light rays hitting 
it. Each ray, as it is partially reflect­
ed and refracted at the surfaces of the 

sphere, carries off some of the light in 
different directions and gives rise to a 
contribution to the net force. From the 
value of the force when the particle is on 
the beam axis and from Stokes's law one 
can compute the expected velocity of the 
sphere through the water. The computed 
velocity agrees with the measured ve­
locities within experimental error. This 
agreement alone indicates that no other 
large forces are operative. 

Similarly one can show how the trans­
verse components of the force act on a 
sphere located off axis in a Gaussian 
beam. Imagine a beam of light striking a 
plastic sphere that has a higher index of 
refraction than the surrounding water 
[see top illustration on next page]. Con­
sider a typical pair of light rays, a and 
b, situated symmetrically with respect to 
the center of the sphere. Disregard sur­
face reflections and consider only the 
transmitted part of each ray, since this 
usually is the strongest part and makes 
the principal contribution to the force. 
The rays are bent in such a way as to 
give rise to two forces, Fa and F b, lo­
cated along the direction of the momen­
tum changes for the rays. Since ray a is 
stronger t!Jan ray b, force Fa is greater 
than force F b, and one would expect 
a net transverse force pulling the high­
refractive-index sphere in toward the 
center of the beam, where the intensity is 
a maximum. That is what happens. 

There is an obvious extension of this 
argument. If the sphere has a lower 
index of refraction than its surrounding 
medium, forces Fa and F b would re­
verse, and such a sphere should be 
pushed out of the beam, away from the 
maximum light intensity. This also hap­
pens. After a frustrating search for 
low-refractive-index particles in a high­
refractive-index liquid it occurred to me 
to use tiny air bubbles in a viscous liquid 
such as glycerin. After all, bubbles be­
have like particles, and there is a dis-

\ "-

continuity in refractive index at the sur­
face of a bubble, so that light should 
exert a force on it. Furthermore, a bub­
ble represents the ultimate in a nonab­
sorbing particle, and it has the lowest 
possible index of refraction. Small bub­
bles of the desired size can be generated 
by using a blender to agitate glycerin 
diluted with water. When the bubbles 
are hit with a laser beam, they move as 
expected, forward and out of the light 
beam. They avoid the light, in contrast 
to the behavior of high-refractive-index 
particles. 

The picture of how the transverse 
forces arise is now complete. An impor­
tant consequence of this picture is that 
it implies one can shape light beams that 
will trap particles by radiation pressure 
alone, forming what might be called an 
"optical bottle." A high-index particle 
placed at a certain point in such a non­
material container should be in stable 
equilibrium, since any displacement 
would result in an optical restoring force. 
'When an actual light configuration of 
this type was set up in a water cell, the 
particles drifting into the fringe fields 
were sucked into the trap, where they 
remained stationary [see bottom illus­
tration on next page]. The fact that a 
particle was really trapped was demon­
strated by intercepting one beam for a 
moment. The particle pushed by the 
second beam rapidly began to escape, 
whereupon the first beam was turned on 
again. The particle then returned to the 
equilibrium point, only more slowly, 
since it was operated on by the differen­
tial restoring force. The procedure could 
be repeated many times with either 
beam being interrupted. 

Liquid has clearly proved to be a use­
ful experimental medium for studying 
radiation pressure. Liquid may also be 
the preferred medium for many appli­
cations of radiation pressure, such as 
schemes for particle separation. Differ-

CELL 
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PARTICLES ILLUMINATED NEAR THE EDGE of a Gaussian·mode laser beam are not 
only pushed in the direction of the light but also drawn toward the center of the beam. 
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INDEX OF REFRACTION of a particle with respect to its sur· 
roundings determines whether the laser beam will push it toward 
or away from the center of the beam. The top diagram shows the 
forces associated with the refraction of a pair of typical light rays 
(ll, b) as they pass through an off·center sphere that has a higher 
index of refraction than its surroundings. Force Fa is greater than 
force 1'0; therefore there is a net transverse component of force 

BEAM 1 

b 

a 

b 

toward the bea·", center. The bottom diagram shows the corre· 
sponding forces for an off·center sphere with a lower index of 
refraction than its surroundings. The refraction of the light rays 
is reversed; since Fa is still greater than F b but is now pointed 
away from the center, there is a net transverse force pushing the 
particle away from the center. In both cases Fa and F 0 have com· 
ponents pushing the sphere in the direction of the light as well. 
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"OPTICAL BOTTLE" shown in this diagram is made up of two 
opposing Gaussian·mode laser beams. Points F 1 and F 2 represent 
the foci of beams 1 and 2, that is, the points where the beam diam· 
eters are a minimum. Beyond the foci the beams spread by diffrac· 
tion. A sphere placed at the symmetry point P is in stable equi. 
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librium since any displacement results in an optical restoring force. 
At P' the transverse forces of each of the two heams push the par. 
ticles back to P. At P" the force of beam 1 decreases because of 
the spreading of that beam; heam 2 is more concentrated, how· 
ever, and hence its force increases, pushing the particle back to P. 

© 1972 SCIENTIFIC AMERICAN, INC© 1972 SCIENTIFIC AMERICAN, INC



ent particles will travel at different ve­
locities in the light beam and thus can 
be separated. I have already described 
an instance of the separation of .5-
micron plastic spheres from 2.5-micron 
spheres based only on their difference in 
size. If one wishes to separate biological 
specimens such as viruses, macromole­
cules or cells in liquid, the separation 
would depend not only on their size but 
also on factors such as the index of re­
fraction and the shape and orientation 
of the objects. Thus this approach to 
particle separation could conceivably 
be more suitable for particular parti­
cles than existing separation techniques 
based on the use of the ultracentrifuge. 
In any such application care would of 
course have to be taken to avoid exces­
sive heating. 

The preceding observations apply to 
a range of particle sizes extending from 
.1 micron to 100 microns. Accelerations 
as large as 1,000 or 10,000 g are possible 
over part of this range. Interestingly 
enough, there is no problem in observing 
particles that are small compared with a 
wavelength of light. Although they can­
not be resolved in an optical microscope, 
one can still detect the presence of even 
a Single particle by observing the light 
scattered out to the side of the main 
beam by the particle. 

T et us now consider particles in more 
L dilute mediums such as air or even 
vacuum. In these circumstances particles 
move more freely and gravity plays a 
more important role than it does in liq­
uids. In particular a demonstration of 
an optical bottle in air would in essence 
be a demonstration of optical levitation, 
where optical forces physically support 
a particle. In a sense it would be a ful­
Rllment of a search proposed in 1909 by 
Peter J. W. Debye for a situation in 
which radiation pressure was strong 
enough to neutralize gravity. The pro­
posal was part of Debye's Ph.D. thesis 
on radiation pressure. As an example of 
such a neutralization of gravity, Debye 
imagined the case of very small particles 
close to the sun. Levitation in this in­
stance would give only neutral equilib­
rium. As our experiments show, how­
ever, levitation with truly stable equilib­
rium is possible here on the earth with 
a simple optical bottle consisting only 
of a single light beam. 

Using the laser-levitation approach, a 
fraction of a watt of laser light was found 
to be sufficient to support particles about 
20 microns in diameter. The transparent 
glass sphere was placed on a glass plate 
located inside a glass enclosure, which 
served to reduce air currents. A verti-
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LEVITATION SCHEME employs a single·beam optical bottle. The vertical beam (1) 
lifts the particle off its resting place at point A and levitates it to point 8, where radiation 
pressure balances gravity. In a later experiment a variable probe beam (2)  was used to 
measure the strength of the optical restoring forces by pushing horizontally on the particle. 

cally directed beam with a power of 
about 250 milliwatts was focused on the 
sphere. The beam exerted a vertical 
force of several g on the particle. The 
object was to lift the sphere off the base­
plate. 

Unfortunately the scheme as de­
scribed did not work. The trouble was 
that small particles stick tenaciously to 
any surface by the forces of molecular 
attraction known as van der Waals 
forces. For a 20-micron particle the at­
tractive force is roughly 10,000 g. It was 
possible, however, to shake the particle 
loose with a sharp blow to the plate. This 
suggested a more controlled technique 
of breaking the van der Waals bond, 
namely acoustic vibrations. A short burst 
of acoustic energy coupled into the plate 
from a piezoelectric ceramic cylinder 
was enough to momentarily shake the 
particle loose. Once it was free light 
pressure took over and the particle 
began to rise in the diverging vertical 
beam, coming to rest at the equilibrium 
point above the plate where radiation 
pressure and gravity were equal. The 
particle was levitated! 

Since this experiment involved a par­
ticle with a high refractive index it was 
easy to give the particle transverse sta­
bility around the equilibrium point. 
Hence it is possible to achieve levitation 
with the particle at rest in a position of 

stable equilibrium. Apart from a tech­
nique based on superconducting par­
ticles, all other levitation schemes based 
on electromagnetic forces involve some 
motion of the levitated particle. In such 
schemes either the equilibrium is dy­
namic or some kind of negative feed­
back is required to correct the particle's 
position when it moves. 

Once a particle is trapped it remains 
aloft as long as the light is focused on it. 
By moving the position of the lens one 
can move the focus of the beam and 
therefore the position of the pmticle 
very precisely. A particle levitated in 
this way can be photographed by its own 
scattered light [see illustration on page 
62]. 

The levitated particle can also be ob­
served preCisely with a microscope fo­
cused directly on it. This capability was 
utilized in an interesting experiment to 
measure the strength of the optical re­
storing forces in the optical bottle. By 
hitting the particle from the side with 
a second beam it was determined how 
much power was needed to eventually 
push the particle out of the bottle [see 
illustration above]. It was found in this 
way that the transverse restoring force 
can be as high as .5 g for an off-axis par­
ticle when the vertical levitating force 
is g. 

The levitation technique thus permits 
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the precise micromanipulation of small 
particles, a capability that is useful in 
itself. For instance, just being ahlc to 
introduce a small particle and hold it still 

as a target for a high-power pulsed laser 
is important in obtaining laser-generated 

plasmas for thermonuclear research. By 
the same token the levitation technique 
is ideally suited for studying light-scat­
tering from small dielectric spheres, a 
phenomenon known as Mie scattering. 
The theory of this type of scattering, de­
veloped by Gustav Mie in 1908, bears 
on the explanation of many phenomena, 
from rainbows to the angular distribu­
tion of light scattered by refractive in­
homogeneities in passing through opti­
cal transmission mediums. By levitating 
a Single particle of known size and shape 

one can measure Mic scattering frec of 
any disturbance. 

In one demonstration of forward Mie 
scattering from the supporting laser 
beam itself it is possible to generate a 
complicated series of interference rings 
[see illustration below). These rings, 
which arise from the basic wave nature 
of light, are seen with unusual clarity in 
this case. It is also possible to use the 
spacing of the 90-degree Mie-scattering 
rings to obtain a precise measurement 
of the diameter of a particle. The reason 
is that at 90 degrees the rings essentially 
arise from the interference of two bright 
sources of known spacing [see illustra­
tion on opposite page). 

Clearly more possibilities would be 
opened up if levitation were possible in 

FORWARD MIE SCATTERING of the light from a vertically directed supporting laser 
beam by means of a levitated dielectric (nonconducting) glass sphere produces a compli. 
cated series of interference rings on a screen held at an angle above the levitated particle. 
The characteristic ring structure associated with this type of light·scattering, originally 
described by Gustav Mie in 1908, can be seen with unusual clarity in this demonstration. 
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high vacuum. High vacuum eliminates 
the viscous forces that in air damp out all 
motions. The optical forces, apart from 
a minute radiation damping, are friction­
less, and a particle set in oscillation or set 
spinning would continue in this motion 
indefinitely. Interesting inertial experi­
ments are possible in such instances, 
perhaps even experiments utilizing the 
angular, or rotational, momentum of the 
light. The main problem is how to pre­
vent Ructuations in the laser light from 
perturbing the particle. So far levitation 
down to pressures of the order of one 
torr has been achieved before the par­
ticles were lost. At a pressure of one torr 
the viscous damping is already reduced 
and oscillations due to perturbations 
build up and lead to the eventual escapc 
of the particle. Stabilization of the laser 
power and stronger optical bottles in­
volving several beams are possible and 
would allow levitation at still lower pres­
sure. A simple optical feedback system 
based on particle position or velocity, 
however, might have to be introduced 
eventually. This would be a way of si­
multaneously stabilizing laser power and 
particle position that could be made very 
sensitive. 

Another potential application of radi­
ation pressure involving high vacuum is 
the acceleration of small neutral parti­
cles to high velocity. If a high-power 
laser beam is applied to a particle, the 
particle will be accelerated rapidly along 
the axis of the beam while being trapped 
transversely by the beam. What, one 
wonders, limits the ultimate velocity at­
tainable? The answer is probably only 
the eventual melting and vaporization 
of the particle. Setting melting as the 
limit, if one knows the optical absorptioll 
coefficient of the particle, one knows 
how much light one can apply to the par­
ticle and one can calculate the final ve­
locity. The best optical glass available 
has an absorption coefficient of roughly 
3 X 10-5 per centimeter. (This number 
is important for optical communication 
through glass fibers and much work is 
currently being done to decrease it.) 
Using this value, one gets a final velocity 
of about 3 X 108 centimeters per second 
for a .5-micron particle. That is an in­
credible velocity for a macroscopic par­
ticle. If such a particle were to strike a 

target or another particle of the same 
size and velocity, one would obtain a 

pulse with a power of some 1011 watts 
for about 10-13 second. The pmticle 
would vaporize and form a plasma whose 
temperature would be some 50 times 
higher than the temperature needed for 
thermonuclear reactions in deuteri­
um. This approach might therefore be 
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of interest in thermonuclear research 
and other areas where short high-power 
pulses are important. The apparatus for 
such a particle accelerator is well with­
in present technology. Unfortunately it 
might end up almost as long as the two­
mile Stanford linear particle accelerator 
because of the need to keep the intensity 
low enough to avoid nonlinear absorp­
tion. Such an experiment would be no 
small undertaking. 

Thus far I have described the effects 
of concentrating laser light on small 

non absorbing particles with a diameter 
in the range between .1 and more than 
100 times the wavelength of the light. 
If we consider really small particles such 
as atoms, which are a few thousandths 
of a wavelength in diameter, we might 
expect negligible pressure effects, since 
waves tend to diffract around such small 
objects without much deviation. Al­
though light does generally pass through 
gases with little interaction, there are im­
portant exceptions. To appreciate these 
special cases one must resort to quantum 
theory, which is the basis of our present 
understanding of light and matter. Light, 
in addition to being a wave phenome­
non, is known to have a particulate na­
ture. A light beam is revealed as the 
sum of the irreducible units of energy 
known as photons, each with a definite 
energy and momentum. Likewise the 
atom is shown to be a resonant structure 
that can exist only in particular energy 
states. Atoms interact strongly with light 
when the energy of the photon is just 
enough to change the atom from one dis­
tinct energy state to another. This is a 
resonance phenomenon. A measure of 
the strength of the resonant interaction 
is a quail tity called the absorption cross 
section. The idea of an absorption cross 
section is based on the concept that any 
photon striking this area is absorbed. For 
atoms "on resonance" the absorption 
cross section is roughly equal to the 
wavelength squared. Since one can focus 
laser light to a spot having a theoretical 
area almost equal to the wavelength 
squared, this finding implies that a single 
atom properly placed at the focus of 
such a beam will absorb almost all the 
light ill the beam. This turns out to be 
essentially true for low intensities where 
saturation effects are absent. In any case 
resonant atoms are the most absorbent 
material known for light. This fact im­
plies large radiation-pressure effects. 

In the absorption process both the en­
ergy and the momentum of the photon 
are delivered to the atom. Consider, for 
example, a sodium atom originally in its 
ground, or lowest-energy, state, which 

BOTIOM 
REFLECTED RAY 

INTERFERENCE PATIERN 

SCREEN 

TWO SEPARATE BRIGHT SOURCES appear when a levitated particle is viewed at an 
angle of 90 degrees by its own scattered light with a microscope focused on the particle 
(top left). With a light background added behind the particle (top right) one can more 
readily see the outline of the particle and the location of the sources with respect to it. 
The diagram at bottom explains the origin of the two sources at 90 degrees. One refracted 
ray emerges close to the top of the particle, while a weaker reflected ray bounces off the 
particle somewhat above its bottom edge. These two sources interfere to give the horizon­
tally striped far·field interference pattern observed on a screen located a long distance away. 

absorbs a photon of yellow "D line" 
resonance radiation. The atom not only 
is raised to an excited state but also re­
ceives an increment in velocity of about 
two centimeters per second in the direc­
tion of the incident light. The atom re­
mains in the excited state for an average 
time, called the excited-state lifetime, 
before it returns to the ground, or ab­
sorbing, state. It does so spontaneously 
with the emission of a photon of the 
same frequency in a random direction. 
This gives another randomly directed 
impulse of two centimeters per second 
to the atom. Subsequent absorptions and 
spontaneous emissions give additional 
directed impulses along the beam fol­
lowed by random impulses. The result is 
a net force directed along the light beam. 
The effect is similar to the force a water 

hose exerts on a ball that scatters the 
stream in all directions. 

This optical force, called resonance 
radiation pressure, has some unique fea­
tures. First, it does not keep on increas­
ing with increasing optical power but 
rather becomes saturated at a fixed maxi­
mum value that is related to the finite 
lifetime of the exci ted state for sponta­
neous emission. If the average lifetime 
is about 10.8 second, as it is for sodium, 
one might expect the atom to be capable 
of scattering at most 108 photons per 
second. Actually it can scatter only half 
that amount, for reasons associated with 
stimulated emission from the excited 
state back down to the ground state. In 
this process, which occurs at high light 
intensities, the atom is stimulated to give 
a photon back to the beam. That by it-
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GASES CAN BE SEPARATED by the resonance radiation pressure of laser light. In this 

proposed scheme the laser light acts as a pump, pushing most of the resonant gas atoms 
(colored dots) into chamber 1 without affecting the nonresonant gas atoms (black dots). 
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ATOMIC·BEAM VELOCITY ANALYZER employing resonant laser light would make it 
possible to select atoms of a particular velocity from a multivelocity beam. The resonance 
light directed radially inward toward point 0 is perpendicular to a circular orbit of radius 
R. Collector 1 detects refocused atoms of different velocity at different radii after they are 
deflected through an angle of 104 degrees. Unaffected nonresonant atoms go to collector 2. 
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self contributes negligibly to the force 
but results in an atom's spending only 
half as much time in the excited state, 
from which it can decay randomly by 
spontaneous emission. The net result, 
however, is a saturated resonance-radia­
tion-pressure force of some 100,000 g on 
the atom. 

The other unique feature of this effect 
is the need for exact resonance. Consider 
a laser beam tuned to resonance for an 
atom at rest. If the atom begins to move 
in the direction of the light because of 
resonance radiation pressure, then as a 
result of the Doppler shift it will no 
longer be in strict resonance and the 
force will decrease. 

One possible use of this force is the 
separation of gases, with light as an ac­
tual pump that operates selectively on 
resonant atoms [see top illustration at 
left]. Suppose one fills a double-cham­
bered vessel with two gases and shines 
light that is resonant with only one of 
the gases down the open pipe connect­
ing the chambers. The constant satu­
rated force on the resonant atoms causes 
an exponential pressure distribution 
along the pipe starting at some high 
value in the far chamber and falling to 
a low value in the near chamber whcn 
the system finally comes to equilibrium 
with the light force. The nonresonant 
gas remains unaffected by the light. The 
gases could thus be separated in this 
way, which is analogous to the way the 
constant force of gravity separates gases 
of varying weights into different ex­
ponential pressure distributions in the 
earth's atmosphere. With resonance radi­
ation pressure even different isotopes of 
the same atom could presumably be sep­
m'ated by virtue of the isotope shift in 
the frequency of the resonance. Separa­
tion of isotopes is often difficul t because 
of the similarity in chemical properties 
of isotopes of the same atom. 

O ther possible applications of radi-
ation-pressure techniques involve 

atomic and molecular beams. Much fun­
damental knowledge has been obtained 
from such beams by studying their de­
flection in static fields and their inter­
action with electromagnetic waves and 
other particles. It should now be possible 
using the large forces of radiation pres­
sure to optically deflect atomic beams 
through large angles and thus study 
them by a new means. One possible 
velOCity-analyzer scheme selects atoms 
of a particular velocity from a multi­
velocity beam, with resonance radiation 
focused to a point to establish a uniform 
centralized optical force Held [see bot-

© 1972 SCIENTIFIC AMERICAN, INC© 1972 SCIENTIFIC AMERICAN, INC



tom illustration on opposite page J .  Such 
a constant radial force is possible even 
though the light intensity varies with 
position owing to the saturation property 
of the force. This field has the interesting 
property that all resonant atoms injected 
at a certain point with a particular veloc­
ity refocus themselves to a point after 
being deflected by 104 degrees, but at a 
radius that depends on the velocity. 
Such large deflections free of Doppler 
shifts are possible because all the atoms 
move in orbits close to a circle passing 
through the input point. Along the circle 
the constant force of radiation pressure 
and centrifugal force exactly balance 
and no motion occurs in the direction of 
the light. The situation is analogous to 
the familiar motion of a particle rotating 
at the end of a string with constant ten­
sion. Thus if a collector is placed at an 
angle of 104 degrees, it can collect atoms 
of different velocity at different radii. 
Any nonresonant species present in the 
original beam are undeflected and pass 
to another collector. To make a velocity 
selector of this type in which a beam of 
sodium atoms emerging from a heated 
oven is bent around a radius of five cen­
timeters would require about a watt of 
resonant light. If one were to extend 
the converging light beam completely 
around the circle and add some conver­
gence to the light along the axis of the 
field, one can conceive of trapping reso­
nant atoms stably in a closed circular 
orbit [see illustration at rightJ .  Such an 
arrangement would then be, for atoms, 
the closest analogue to the optical bottle 
for macroscopic particles. The imple­
mentation of these applications of radia­
tion pressure to atoms calls for laser 
sources of sufficient power and tunabil­
ity. The rapid strides being made in 
tunable dye lasers and tunable paramet­
ric oscillators will, one hopes, make such 
experiments possible. 

Many aspects of this work have clear 
historical precedents. The recoil of the 
electron in a single high-energy photon­
electron collision, known as the Compton 
effect, is an example of radiation pres­
sure (although it is not a resonant inter­
action). In more closely related work the 
minute recoil of neutral sodium atoms 
after absorbing and emitting a single 
photon from a weak resonance lamp was 
observed by Otto R. Frisch in an ex­
tremely sensitive atomic-beam experi­
ment in 1939. The idea evidently ex­
tends back to Einstein, since Frisch 
called his achievement the observation 
of the "Einstein recoil." More recently 
evidence of resonance radiation pressure 
on a cosmic scale has been discovered 

CURVED MIRROR 
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HYPOTHETICAL APPARATUS for optically trapping resonant atoms in a stable circular 
orbit (AA ' )  would be analogous to the optical bottle for macroscopic particles. The con· 
cept is a variation of the velocity-analyzer scheme, with the converging light beam ex­
tended around the circle and with some convergence added to the light along axis of field. 

in astronomy. From observations made 
on far-ultraviolet resonance lines with 
rockets shot above the atmosphere, Don­
ald C. Morton of Princeton University 
has concluded that large quantities of 
gas are being ejected from very hot stars 
at velocities as high as 2 X 108 c;enti­
meters per second. Leon B. Lucy and 
Philip M. Solomon of Columbia Univer­
sity attribute this phenomenon to the 
fact that the resonance radiation pres­
sure of the star's intense ultraviolet ther­
mal radiation can greatly exceed gravity 
for various ionized atoms. Owing to the 
continuous nature of the thermal radia­
tion, Doppler effects do not reduce the 
driving force as the velocity of the eject­
ed atoms increases. The forces involved 
are still much less than the saturated 

forces one can hope to obtain with lasers. 
In another area G. S. Kutter and Mal­

colm P. Savedoff of the University of 
Rochester suggest an explanation of the 
origin of planetary nebulas in terms of 
radiation pressure. In their view plan­
etary nebulas (the gas clouds observed 
around mahy white-dwarf stars) are 
thought to result from flare-ups of the 
star's surface temperature. 

Clearly the history of the study of ra­
diation pressure has been closely related 
to the history of science itself. This asso­
ciation, however, is merely an example 
of how the entire structure of science is 
inextricably bound together. New knowl­
edge and techniques discovered in one 
area are inevitably related to new knowl­
edge and techniques in other areas. 

7 1  
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INTERCONTINENTAL RADIO ASTRONOMY 

The structure of quasars and of other radio sources is being 

eXaIuined with interferometers consisting of radio telescopes 

separated by distances approaching the dialueter of the earth 

Until recently the images of celes­
tial objects formed by radio tele­
scopes lacked the detail of those 

formed by optical telescopes. The reason 
is that the resolution of a telescope in­
creases with the ratio of its aperture to 
the wavelength of the received signal .  
Since radio waves are roughly a million 
times longer than light waves, it has 
been generally accepted that radio tele­
scopes are fundamentally limited to a 
poor angular resolution compared with 
optical telescopes. 

Actually this is not the case, for two 
reasons. First, the resolution of large 
optical telescopes is limited not by their 
size but by irregularities in the earth's 
atmosphere. The limit is about one sec­
ond of arc-only about 100 times better 
than the unaided human eye. At radio 
frequencies the fluctuations in the length 
of the path of the incoming Signal 
through the atmosphere are small com­
pared with the length of radio waves, so 
that the effect of atmospheric irregulari­
ties is much less important. Second, the 
radio signal or the optical signal must be 
coherent, or in phase, over the entire di­
mensions of the telescope. Coherent ra­
dio waves are much easier to manipulate 
than coherent light signals, so that radio 
telescopes can operate much closer to 
the theoretical limit of resolution than 
optical telescopes. 

The commonest form of radio tele­
scope is the steerable paraboloid, which 
typically has an aperture, or diameter, 
between 10 and 100 meters. Although 
the resolution of a given aperture in­
creases as the wavelength decreases, 
the performance begins to deteriorate 
significantly when the wavelength ap­
proaches the dimensions of the struc­
tural imperfections in the antenna. Since 
for obvious reasons the largest antennas 
have the least precise surfaces, the best 
resolution that has been obtained with 
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paraboloidal antennas does not depend 
strongly on wavelength and is about one 
minute of arc. Although it is possible to 
build more precise large antennas, it 
does not seem feasible to achieve a reso­
lution much better than .1 minute of arc 
in this way. For that reason radio as­
tronomers have turned to interferome­
try, where in effect two relatively small 
antennas act as opposite edges of a sin­
gle huge radio telescope. 

Interferometers working with light 
waves were employed for astronomi­

cal purposes as early as 1920. At that 
time A. A. Michelson and F. G. Pease 
used an instrument with two mirrors 
separated by as much as 20 feet to mea­
sure the diameter of a few bright stars. 
In the Michelson type of interferometer 
a light wave is intercepted by two sepa­
rated mirrors that reflect two beams to a 
common point, where the beams are 
combined [see illustration on page 74]. 
If the path of one beam is made slightly 
longer or shorter than the other, the light 
waves in one beam will be out of phase 
with the waves in the other. When the 
beams are combined, the two trains of 
waves will interfere both constructively 
and destructively, and if one looks at the 
combined beam, one will see a pattern 
of alternating light and dark "fringes." 
In a radio interferometer the advanc­
ing wave front from a celestial object 
simply falls on two separate radio tele­
scopes, and the signals are carried to 
a common point and compared electri­
cally. 

Attempts to extend the optical inter­
ferometer to longer baselines in order 
to obtain higher resolution have been 
unsuccessful, primarily because it is dif­
ficult to keep the light waves in the sys­
tem coherent and to maintain the align­
ment of the mirrors within a fraction of 
a wavelength. With a radio instrument 

the problems of transmitting the signals 
from each interferometer element to a 
common point are much Simpler. Thus 
two or more radio antennas can be em­
ployed to synthesize large apertures and 
achieve high angular resolution. With 
such an instrument one can determine 
not only the size and shape of discrete 
radio sources but also their precise posi­
tion in the sky. -

As the spacing of radio interferome­
ters has increased and as advances in 
technology have made it possible to 
work with shorter wavelengths, the reso­
lution obtained by radio instruments has 
steadily improved. Although many radio 
sources are well resolved by an inter­
ferometer that has a baseline about a 
kilometer long and a resolution of the 
order of one minute of arc, it was real­
ized by the late 1950's that further in­
creases in resolution would be required 
to study the structure of these sources in 
more detail and to resolve the smaller 
sources. 

It is now generally accepted that the 
radio emission of discrete sources such 
as radio galaxies and quasars is "synchro­
tron" radiation from electrons moving in 
weak cosmic magnetic fields at relativis­
tic speeds, that is, speeds close to the 
velocity of light. The energy required 
to account for the observed radiated 
power is exceedingly large, and the 
problem of the origin of this energy and 
its conversion to relativistic particles has 
been one of the most challenging in 
modern astrophysics [see "The Astro­
physics of Cosmic Rays," by V. L. Ginz­
burg; SCIENTIFIC AMERICAN, February, 
1969]. 

Soon after the discovery of galactic 
and extragalactic synchrotron emission 
it was thought that the relativistic par­
ticles might be accelerated by what is 
called the Fermi process, in which the 
electrons repeatedly bounce off moving 
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magnetic clouds that act as magnetic 
mirrors. Because head-on collisions are 
more frequent than overtaking collisions 
(as driving on the wrong side of the road 
will quickly demonstrate) the electrons 
can be accelerated up to relativistic ve­
locities. 

Estimates of the characteri stic time 
scale for the electrons to reach sufficient 
energy in this way to radiate at radio fre­
quencies range from a million to 100 
million years. The recent discovery of 
rapid variations in the intensity of some 
radio galaxies and quasars, however, im­
plies that the time scale of acceleration 
is measured in months rather than in 
millions of years. That precludes the 
possibility of any acceleration of the 
type described by Fermi. 

Initially the observations of radio gal-
axies and quasars were concentrated 

at relatively long wavelengths (near one 
meter) ,  but as techniqucs at the shorter 
wavelengths have improved there has 
been increasing emphasis on the centi­
meter and millimeter wavelengths, par­
ticularly in the U. S. and the U. S. S.R. 
Today two essentially different types of 
radio source are distinguishcd. One has 

a large angular extent and is strongest 
at the longer wavelengths. The other is 
relatively compact and is strongest at the 
shorter wavelengths. Somewhat surpris­
ingly there is no simple relation between 
the angular extent of the radio emission 
and the optical emission from galaxies 
and quasars. Compact radio sources are 
not restricted to quasars; many are iden­
tified with the nuclei of galaxies. More­
over, many quasars are large extended 
radio sources. 

The large radio sources have a com­
plex distribution of radio emission that 
typically extends over several hundred 
thousand light-years of space, corre­
sponding to angular dimensions between 
a few arc seconds and a few arc minutes. 
Many of these "extended sources" con­
sist of two or more spatially separated 
components whose dimensions are of the 
order of half of the distance between 
them. vVhere the radio source is identi­
fied with an optical object the identified 
galaxy or quasar may either lie near the 
center of radio emission or be coincident 
with one of the radio components. In 
many instances there are bright knots of 
radio emission either at the center of the 
source or within one or both of the sepa-

rated componcnts. In at least one case­
the double radio galaxy Cygnus A-each 
of the two major components apparent­
ly contains within itself a tiny double 
source. 

Although it is generally agreed that 
the relativistic particles are ejected from 
an explosion at some common origin, it 
is difficult to understand how the smaller 
components can remain intact after be­
ing ejected so far from the point of ori­
gin. Some astrophysicists have specu­
lated that what is being ejected instead 
are massive objects, which then produce 
the high-energy particles in situ either 
as the result of single or repetitive ex­
plosions or by some continuous accelera­
tion process. 

The compact radio sources are so 
small and their particle density is so 
great that, because relativistic particles 
absorb radiation as well as emit it, the 
source becomes opaque to its own radia­
t ion at long wavelengths and little en­
ergy escapes. The self-absorption cutoff 
frequency depends only on the flux dcn­
sity, on the angular size an d (weakly) on 
the magnetic-field strength. The smaller 
the source, the shorter the wavelength 
at which it becomes opaque. 

TWO RADIO TELESCOPES at the California Institute of Tech­
nology's Owens Valley Radio Observatory can be linked together 
and used as an interferometer to investigate the emission from 
celestial radio sources. The 90·foot dishes are mounted on heavy 

rails and can be moved as much as 1,600 feet apart. Moreover, this 
pair of antennas has been used with another pair at the National 
Radio Astronomy Observatory in Green Bank, W.Va., to form an 
interferometer for the simultaneous observation of two radio sources. 
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Since the compact sources are rela­
tively weak at the long wavelengths 
where most of the early observations of 
extragalactic radio sources were made, 
they remained essentially unnoticed for 
many years until sensitive receivers for 
short wavelengths became available. At 
that time, as a result of the discovery of 
radio sources that are opaque at deci­
meter and even centimeter wavelengths, 
it was realized that for "reasonable" 
values of the magnetic-field strength 
(near 10-4 gauss) the angular size of the 
opaque sources must be very small in­
deed, perhaps as small as a hundredth or 
a thousandth of a second of arc and or­
ders of magnitude beyond the resolution 
of any existing radio telescope. 

Further indirect evidence for such 
small dimensions for the opaque ra­

dio sources comes from the dramatic dis­
covery by William A. Dent in 1965 that 
the radio emission from the quasar 3C 
273 is variable. It was widely assumed 
that the radiation from any object eould 
not vary on a time scale sign ificantly 
less than the time it would take light to 
travel across the source. Otherwise the 
apparent variations would be smoothed 
out by the differences among the travel 
times for S ignals coming from different 
parts of the source. Since 3C 273 showed 
a significant change on a time scale of 

l l UGHT FROM STAR 

about a year, the dimensions of the vari­
able component were estimated to be of 
the order of a light-year or less . The 
measured red shift of 3C 273 corre­
sponds to a recessional velocity of about 
a sixth the velocity of light. The Hubble 
expansion law that relates red shift and 
distance gives the object a distance of 
about l.5 billion light-years and thus an 
angular size of less than .001 second of 
arc. 

Further studies of variable radio emis­
sion have shown that the phenomenon 
is not confined to quasars but occurs in 
the nuclei of some galaxies as well . The 
observed variations do not show any 
periodicity such as is found in many or­
dinary variable stars. Rather the varia­
tions appear to be generally in the form 
of large outbursts that may appear first 
at short wavelengths and then propagate 
with reduced amplitude toward longer 
wavelengths. The typical time scale for 
an individual outburst ranges from a few 
weeks to a few years, and in some 
sources the interval between outbursts 
is shorter than the duration of a single 
outburst. It has been concluded from 
the observed variations that there are 
repeated explosions in the nuclei of gal­
axies and in quasars that produce an ex­
panding cloud of relativistic particles 
radiating by the synchrotron process. 
Each cloud appears to be produced on a 
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LIGHT INTERFEROMETER illustrates the principle of the radio interferometer. Light 
from a distant source is reflected from the outer mirrors (A and D) to the inner mirrors 

(8 and C) and then combined at the projection screen. Moving one of the mirrors (D) 
makes one light path slightly longer than the other, shifting its light waves out of phase 

with respect to the waves that travel the other path. The two beams, when they are combined 
at the screen, will interfere with each other, creating a pattern of "fringes" (bOl/om). 

74 

time scale of only a few months and in a 
volume of space less than a few light­
months across. Initially the cloud is 
opaque at the longer radio wavelengths. 
As it expands the amount of energy es­
caping increases as the radiating surface 
becomes larger; at the same time the 
strength of the magnetiC field decreases 
and the electrons lose energy as a result 
of the expansion. 'vVhen the cloud be­
comes so tenuous that it is transparent, 
thc intensity then decreases with t ime, 
first at the shorter wavelengths and then 
at the longer ones. At the time of each 
outburst the magnetic-field strength in 
the cloud appears to be of the order of 
one gauss, about equal to the field on 
the surface of the earth. The expansion 
of the cloud causes the field strength to 
decrease rapidly until it reaches about 
10-.1 gauss, after which the relativistic 
particles appear to diffuse through a 
fixed magnetiC field. It is believed the 
continued production and diffusion of 
the relativistic particles from the com­
pact centers of activity then lead to the 
establishment of the familiar extended 
radio sources. 

The basic question, however, of the 
source of energy and how this energy is 
converted to relativistic particles re­
mains unanswered. Some astronomers 
believe that here we have reached the 
limit of conventional physics and that 
only fundamentally new theories will 
explain the seemingly fantastic energy 
output of galactic nuclei and quasars. 
Clearly the solution to the problem lies 
in being able to study these incredibly 
tiny objects in sufficient detail to un­
ravel the complex phenomenon that pro­
duces the intense radio emission.  Until 
recently, however, obtaining the re­
quired angular resolution was beyond 
the most optimistic dreams of radio as­
tronomers, since it called for interferom­
eter baselines that appeared to be un­
reasonably long. 

Longer baselines for conventional in­
terferometers were not feasible partly 
because of the increased cost of the 
cable between the interferometer ele­
ments, and partly because of the greater 
difficulty of getting right-of-way across 
roads and private property, not to men­
tion the natural limits imposed by rivers, 
mountains and ultimately oceans. A sig­
nificant improvement in resolution was 
obtained by replacing the connecting 
cables with microwave radio relay links. 
This technique was used first by Aus­
tralian and British radio astronomers to 
get baselines more than 100 kilometers 
long and a resolution of better than one 
second of arc. In order to resolve the 
compact variable sources with expected 
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RADIO INTERFEROMETER allows the rotation of the earth to 
change the distance that celestial radio emission must travel to 
each radio telescope. At a given moment a crest of the radio wave 
front may be received at one telescope and a trough at the other 
(top). The waves will be out of phase with each other and will 

interfere destructively. At a later moment rotation of the earth will 
have moved the telescopes into a position such that both will simul· 
taneously receive crests and troughs (middle). At a still later 
moment the waves will be out of phase again. Here the amount of 
rotation needed to change the phase reJations is great]y exaggerated. 
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dimensions of about .001 second, how­
ever, baselines comparable to the di­
mensions of the earth were needed. Fur­
ther large improvements in the resolu­
t ion of radio-link interferometers were 
not practical; microwave radio links are 
limitcd to l ine-of-sight operation, and 
thc installation of large numbers of re­
peater stations is costly and tec:hnic:ally 
complex. 

For many years radio astronomers had 
discussed the possibility of complete­

ly eliminating the direct electrical con­
nection between interferometer elements 
by separately recording the signals at 
each end on magnetic tape and later 
comparing the two recordings. If this is 
to be done succcssfully, two require­
mcnts must be met. The first is that the 
recordings on the two tapes must be 
synchronized so that the time when a 
given wave front is received at each sta­
tion is precisely known . The required 
precision of the time synchronization 
is approximately the reciprocal of the 
bandwidth of the recorded signal , or 
about one microsecond (one millionth of 
a second) for a typical bandwidth of one 
megahertz (one million cycles per sec­
ond) .  The other requirement has to do 
with the fact that radio telescopes re­
ceive signals that are at too high a fre­
quency to be recorded directly on mag­
netic tape. Independent local oscillators 
must therefore be used to "heterodyne" 
thc radio-frequency signal , which is 
typically several gigahertz (billion cy­
cles) , to a much lower intermediate fre­
quency (near one megahertz) so that it 
can then be recorded. If the intermedi­
ate freflucncy signals are to be corrc-

lated, the oscillators must rcmain co­
heren t over the observing time. This 
means that the relative phase change of 
the two oscillators must remain small 
over the observing period, so that the 
change in frequcncy is less than the re­
ciprocal of the recording time. For ex­
ample, at a frequency of one gigahertz 
a 100-second intcgration time calls for a 
frequency stability better than one part 
in 100 billion. 

The possibility of independent-Iocal­
oscillator tape-recording interferometers 
was considered in the U.S .S .R .  as early 
as 1961 . At that time, however, the sta­
ble frequency standards and wide-band 
tape recorders needed for high sensi­
tivity were not generally available. A 
tape-recording interferometer was first 
actually used in radio astronomy by a 
University of Florida group to study the 
dimensions of the radio storms on the 
planet Jupiter at a frequency of 18 
megahertz. The Jupiter bursts are so 
intense that an integration time consid­
erably less than a second and a band­
width of about one kilohertz give ade­
quate sensitivity. Thus a frequency sta­
bility of only one part in 100 million and 
a time synchronization of about one mil­
lisecond were sufficient to maintain co­
herence at the two ends of the inter­
ferometer, and the necessary frequency 
stability and time synchronization were 
easily provided by the time signals from 
the National Bureau of Standards sta­
tion WWV. In this way it has been pos­
sible to determine that the dimensions 
of the radio-emitting regions are less 
than . 1  second of arc, or 200 miles on 
the surface of Jupiter . This resolution is 
considerably better than the highest res-

olution in photographs made of Jupiter 
at optical wavelengths. 

The use of tape-recording intcrferome-
ters to study the much weaker radio 

emission of radio galaxies and quasars 
had to wait  until stable atomic frequen­
cy standards and high-speed tape rc­
corders were commerCially available. At 
that time two systems for tape-recording 
interferometry were developed inde­
pendently in the U.S .  and in Canada. A 
system developed by a joint Canadian 
team from the National Research Coun­
cil and the University of Toronto em­
ployed television tape recorders to re­
cord data in a four-megahertz band­
width. (The recorders were of the same 
type that is used to show an "instant 
replay" during a televised sports event.) 
A system developed by a U . S. group 
from the National Radio Astronomy Ob­
servatory and Cornell University used a 
standard computer tape-drive to record 
digital data in a 300-kilohertz band. Al­

though the Canadian system had the ad­
vantage of greater bandwidth and thus 
greater sensitivity, it required more com­
plex special equipment to synchronize 
the tapes on playback. In the American 
system the digital data were simply fed 
to a large computer, which stored and 
correlated the two data streams. A new 
system has recently been developed at 
the National Radio Astronomy Observa­
tory by Barry C. Clark and others that 
employs television tape recorders to re­
cord digital data and a special-purpose 
digital processor to correlate the tapes. 
In this way both large bandwidth and 
the convenience of modern digital data­
processing techniques are preserved. 

WORLD MAP shows some of the intederometer baselines used 
for high.resolution studies of radio galaxies and quasars. The long· 

est baseline employed so far is the one stretching across the 6,600 
miles separating Goldstone, Calif., and Tidbinbilla in Australia. 
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In these systems atomic frequency 
standards are used to provide accurate 
time synchronization throughout the re­
cordings and to maintain the frequen­
cy of the local oscillator. Although the 
atomic clocks keep sufficiently accurate 
time in the course of an individual re­
cording lasting up to many hours, it is 
first necessary to synchronize the clocks 
at the different locations .  This can be 
done by directly comparing the two 
clocks at the same location and then 
transporting one to the distant site, 
which is often inconvenient, or by ref­
erence to one of the continuously run­
ning atomic clocks kept at time bureaus 
in many countries or to the Loran C 
navigational signals that are available in 
many parts of the world. 

Synchronization of the order of one 
microsecond is required, but the initial 
synchronization need not be so precise, 
because the data can be played back re­
peatedly with different time delays until 
the interference fringes are found. In 
this way relative time delays up to 100 
microseconds can be readily searched; 
when the fringes are found, the clocks 
are synchronized after the fact to bet­
ter than one microsecond. With larger 
bandwidths, or with observations made 
at several frequencies to synthesize a 
large effective bandwidth, it is possible 
in principle to synchronize remote clocks 
in this way to an accuracy of a few nano­
seconds (billionths of a second) . 

The atomic frequency standards used 
in the earlier experiments were com­
mercially available rubidium-vapor stan­
dards with a relative frequency stability 
of about one part in 100 billion . Hydro­
gen masers have a stability of about 100 
to 1,000 times better, corresponding to 
a clock error of less than one microsec­
ond per year. These masers, however, 
are expensive, complex to operate and 
not easy to transport. Although the ru­
bidium standards are sufficiently stable 
to provide an interference pattern and 
a measurement of its amplitude, they do 
not in general have sufficient stability to 
allow the phase of the interference pat­
tern to be measured. Some experiments 
have already been made with hydrogen 
masers as frequency standards to pro­
vide improved phase stability, and it is 
expected that as masers become more 
readily available they will be routinely 
employed for the purpose of controlling 
time and frequency in tape-recording 
interferometers . 

The first long-baseline measurements 
with tape-recording interferometers 

were made in 1967 at radio wavelengths 
of 75, 50 and 18 centimeters on base-

SYNCHROTRON RADIATION, which is believed to be the source of the radio emission 
of radio galaxies and quasars, is generated by electrons spiraling at relativistic speeds (that 
is, near the speed of light) in a magnetic field. Here the lines of magnetic force are per· 

pendicular to the page (gray dots)' The electron is traveling counterclockwise and emit­
ting radiation (wavy lines) in the plane of the page. The predominant wavelength of the 
synchrotron radiation depends on energy of electron and strength of the magnetic field. 

lines across Canada and the U.S .  They 
quickly confirmed the expected small 
size of many radio galaxies and quasars . 
Although some of the objects studied 
were found to be resolved at dimensions 
of the order of a hundredth of a second 
of arc, many were still unresolved.  High­
er resolution was obviously needed. 

The baselines were rapidly extended 
in a series of cooperative intercontinen­
tal experiments conducted in 1968 and 
1969 by American, Swedish and Aus­
tralian radio astronomers . With a wave­
length of six centimeters resolutions of 
about .001 second of arc were obtained 
on the longest baselines. Still, many 
sources had components that appeared 
to be unresolved even at this extraordi­
nary resolution. The California-to-Aus­
tralia baseline was already 6,600 miles 
long, more than 80 percent of the earth's 
diameter, so that a further Significant in­
crease in the physical baseline was not 
feasible without the expensive proce­
dure of setting up stations in space or on 
the moon. 

A cheaper and simpler alternative was 
to observe at shorter wavelengths. Out­
side North America, however, only two 
radio telescopes were suitable for opera­
tion at short wavelengths and also large 
enough to provide adequate sensitivity 
for long-baseline interferometry. Both 

of these instruments are in the U.S .S .R .  
Even in the joint experiment within 

the Western countries logistical prob­
lems such as transporting magnetic tapes 
and fragile equipment and negotiating 
with U.S .  and foreign customs authori­
ties had proved to be as much of a chal­
lenge as technical considerations. These 
problems were particularly formidable 
for experiments between the U .S .  and 
the U .S .S .R . ,  since there is relatively lit­
tle exchange of advanced scientific or 
technical equipment between the two 
countries . 

The first joint interferometer experi­
ment between the U.S .  and the U.S .S .R .  
was  completed late in  1969. The instru­
ments at the two ends of the baseline 
were the 140-foot antenna at the Na­
tional Radio Astronomy Observatory in 
Green Bank, W.Va., and a new 72-foot 
precision radio telescope located on the 
shores of the Black Sea in the Crimea.  
Last spring a second experiment was 
conducted involving in addition to the 
Green Bank and Crimea telescopes the 
ultrasensitive 21O-foot radio telescope 
at Goldstone, Calif . ,  and the "Haystack" 
telescope in northern Massachusetts. 
(The Goldstone instrument is operated 
by the National Aeronautics and Space 
Administration; the Haystack one, by the 
Massachusetts Institute of Technology.)  
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More than 20 investigators from eight 
institutions in both countries participat­
ed in the second experiment, which 
included observations of interstellar 
clouds of water vapor as well as of radio 
galaxies and quasars. 

The data from the Goldstone-Crimea 
baseline obtained at a wavelength of 
3.5 centimeters give the highest resolu­
tion obtained so far in the study of ra­
dio galaxies and quasars: approximately 
.0003 second of arc. This is a very small 
angle indeed: it is equivalent to the 
angle sub tended by the height of these 
letters at a distance of about 1,500 
miles. In contrast, an optical telescope 
operating under ideal conditions can 

just distinguish an object the size of a 
man at the same distance. The measure­
ments of the water-vapor clouds, which 
were made at shorter wavelengths, give 
even higher resolution. 

The smallest physical dimension that 
has been directly measured in an extra­
galactic radio source is in the nucleus of 
the nearby radio galaxy Messier 87; it 
has an angular size of about .001 second 
of arc, corresponding to a linear exten t 
of only a quarter of a light-year. It is be­
lieved the relativistic particles that now 
fill an extensive radio "halo" more than 
100,000 light-years in diameter have 
been produced or accelerated in this 
compact nucleus by continuing or re-

LOCAL 

OSCILLATOR 

I.E IF 

CORRELATOR 

INTERFERENCE FRINGE PATIERN 

CONVENTIONAL RADIO INTERFEROMETER employs a cable to link the two tele· 

scopes, which are separated by distances of up to a few kilometers. For purposes of analysis 
the higb.frequency radio signal received from the celestial radio source must be converted 

to a lower frequency. This is done by mixing a signal from a local oscillator with the radio· 
frequency signal (denoted R.F.) to create an intermediate·frequency "beat" signal (I.F.). 
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RADIO·LINK INTERFEROMETER joins the radio telescopes by a microwave.relay link 
similar to those used for long.distance telephone transmission. The local·oscillator signal is 

transmitted to the mixers, and the I.F. signals are returned for correlation. If the I.F. signals 
from each antenna are to be coherent (in phase), the local·oscillator signal at each end must 

also be coherent and so is derived from a common source and carried to the mixers. 
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peated activity over a million years or 

more. Similar radio nuclei are found in 
other spiral and elliptical galaxies as 
well as in strong radio galaxies. 

By combining data from the various 
long-baseline experiments we have 

begun to obtain crude pictures of the 
structure of the radio nuclei and the 
compact quasars with resolutions ex­
ceeding .001 second of arc. This resolu­
tion is about 1,000 times better than is 
possible at optical wavelengths, where 
quasars and the nuclei of galaxies appear 
as only fuzzy points of light, and it pre­
sents unprecedented opportunities for 
studying the violent events in these ob­
jects in considerable detail. 

In conventional radio interferometers 
one or more antennas can be moved 
over distances of up to a few miles in 
order to obtain the number of interfer­
ometer spacings needed to reconstruct 
an image of the source. For very-high­
resolution interferometry, where the 
baselines span oceans and continents, it 
is clearly impractical to move large an­
tennas around. The observations have 
therefore been made with already exist­
ing radio telescopes at fixed locations 
throughout the world, restricting the 
range of available baselines. This gives 
rise to considerable ambiguity in the de­
tailed interpretation of the data, and so 
only crude pictures are obtained. 

For those sources that have been 
studied in some detail the structure has 
been found to be complex and generally 
lacking circular symmetry. Often there 
is a hierarchy of component sizes rang­
ing from less than .001 second of arc to 
.1 second or more in a single radio galaxy 
or quasar. In general the smallest com­
ponents are strongest at the shorter 
wavelengths, a result that can be pre­
dicted from the synchrotron theory. In 
those cases where the angular size, spec­
tral cutoff frequency and peak flux den­
sity are observed, the magnetic-field 
strength can be estimated from the syn­
chrotron theory and is typically of the 
order of 10-4 gauss .  

Many of the compact components 
appear to be spatially dissected, with a 
region of relatively low brightness near 
the middle. Although generally it has 
not been possible to decide unambigu­
ously between an elliptical ring structure 
and a double structure, in most cases the 
data appear to favor the double struc­
ture. It is a remarkable fact that this 
characteristic double structure of radio 
galaxies and quasars is apparent on an­
gular scales between .001 second of arc 
and several minutes of arc. This is a 
range of about one to 100,000 in size, 
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T APE·RECORDING INTERFEROMETER makes it possible to do 
interferometry with radio telescopes as far apart as opposite sides 
of the earth. (The microwave.relay link is practical only for anten· 
nas that are on a line of sight with respect to each other.) The in· 

termediate·frequency signals from each antenna are separately reo 
corded at each end of the interferometer system, and later the mag­
netic tapes are transported to a common location where recorded 
data are correlated in a large digital computer or a special correlator. 
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INTERFERENCE FRINGES FROM OBJECTS A AND B 

MORE SOPHISTICATED tape.recording system employs two ra· 
dio telescopes at each end of the interferometer to observe two 
sources simultaneously. One source serves as a point·source refer· 
ence to determine the phase of the other source. The phase differ· 
ence of the two interference patterns can be measured directly, in· 

dependent of any phase changes in either of the local oscillators or 
in the atmospheric path to the two antennas. In this way it is 
possible to make precise measurements of the positions of radio 
sources and to completely reconstruct the intensity distribution 
by combining observations that have been made on many baselines. 

which corresponds to linear dimensions 
measuring between less than one light­
year and several hundred thousand 
light-years . 

�though the measured angular dimen­
. sions of the individual components 
and those predicted from the self-ab­
sorption cutoff frequency are in good 
agreement with the synchrotron model, 
the rapid variations in intensity, and the 
large energies required to explain the 
powerful radiation observed from some 
quasars, are difficult to explain. For some 
time it was hoped that a more definitive 
test of the synchrotron theory would 
come from measuring the change of size 
of the variable sources, since the theory 

predicts a close relation between the 
rate of change of size and the rate of 
change of intensity. Now that data of 
this kind are available, however, the re­
sults are perplexing and raise more ques­
tions than they answer. 

It has been suggested that the indi­
vidual outbursts observed can be ex­
plained as being the result of a violent 
explosion that releases a dense cloud of 
relativistic electrons, which then radiate 
by the synchrotron process. The rapid 
variations in intensity that are observed 
in some of the radio sources require that 
the particles be accelerated to relativistic 
energies on time scales between a few 
months or less and a few years. If it is as­
sumed that the dimensions of the varia-

ble source cannot exceed the distance 
traveled by light during the characteris­
tic time scale of the variations, one can 
set an upper limit to the size of the vari­
able source. Typically this size is of the 
order of a light-year. If the distance is 
known, one can calculate an upper limit 
to the angular size and the magnetiC 
field and a lower limit to the electron 
energy. 

For relatively nearby radio galaxies 
this minimum required energy is of the 
order of 1052 ergs of relativistic particles 
per outburst. This is of the same order as 
the energy released in a powerful super­
nova explosion. In the case of the qua­
sars (assuming that their red shifts are 
associated with the expansion of the Ulli-
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RADIO GALAXY CYGNUS A, the strongest radio source in the 
sky, appears as a fuzzy spot in the center of the photograph at left, 
which was made with the 200·inch telescope on Palomar Mountain. 

Interferometer studies of the radio emission of the source indicate 

that it comes from two regions on each side of the visible object. 
The apparent structure of these regions is shown at the same scale 

verse and that they are at cosmological 
distances) the energy apparently reo 
quired in each outburst is as much as a 
million times greater, and it is very diffi· 
cult to understand how so much energy 
can be released in such a small volume 
of space and in such a short time. More­
over, it has been pointed out that the in­
tense synchrotron-radiation fields from 
the dense collection of relativistic elec· 
trons would in turn cause the electrons 
to immediately lose their energy by in­
verse Compton scattering rather than by 
synchrotron emission. Such scattering re­
sults when an energetic electron en­
counters a photon of lower energy. The 
photon gains energy and the electron 
loses it; the net result is that the electron 
energy is radiated away at shorter wave· 
lengths such as infrared radiation or X 
rays rather than by synchrotron radiation 
at radio wavelengths. 

This apparent paradox was interpret· 
ed by some investigators as evidence 
that either the quasars must be at closer 
distances than is indicated by their red 
shift, and hence their radiation field 
must be much weaker, or the radiation 
mechanism is more efficient than the 
synchrotron process .  Martin J .  Rees of 
the University of Cambridge has sug­
gested a possible alternative : the "super­
light-velocity" theory. If the radio source 
expands at a velocity close to the velOCity 
of light, then since it takes a finite time 
for radio Signals to reach an observer, 
the signal arriving from the receding 
part of the source will have originated at 
an earlier time, when it was closer to the 
point of origin, than the Signals from the 
approaching parts . Under these condi­
tions the apparent velocity of expansion 
may indeed exceed the velocity of light. 
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Thus the true dimensions of the source 
may be greater than what is given by the 
restriction that the apparent expansion 
velocity is less than the velocity of light, 
and the energy requirements, which are 
inversely proportional to the 10th power 
of the size, are much reduced. 

Evidence that this effect might be im­
portant in the quasar 3C 279 was firs t 
obtained in a series of transpacific ob­
servations made between 1968 and 1970 
by a joint team from Australia and 
the California Institute of Technology. 
Working with NASA tracking antennas 
at Goldstone in California and Tidbin­
billa in Australia as two elements of a 
long-baseline interferometer, this group 
found that a component of the source 
that had first appeared in 1966 had 
reached a diameter of about .001 second 
of arc by the end of 1969. The corre­
sponding linear diameter is about 12 
light-years , assuming that the source's 
red shift of .54 is of cosmological origin . 

Hence, as predicted by Rees, the 
apparent expansion velocity was 

about twice the velocity of light. More 
detailed measurements were made of 
3C 279 in October, 1970, by a group 
from M.LT. ,  NASA and the University 
of Maryland using a transcontinental 
baseline. These observations were origi­
nally designed to measure the gravita· 
tional bending of the radio signals from 
3C 279 as it approached the sun on Oc­
tober 8, but they showed clearly that the 
compact source in 3C 279 was complex 
and appeared to have at least two com­
ponents separated by .00155 second of 
are, or about 20 light-years . In February, 
197 1, this source was reo bserved by the 
same group and also by workers from 

the National Radio Astronomy Observa­
tory, Cal Tech and Cornell group using 
the same baseline and techniques. There 
had been a distinct change in 3C 279 in 
only four months. Again the source ap­
peared double, but the separation was 
greater by two light-years : 10 percent 
more than previously. Thus the two com­
ponents appear to be receding from a 
common point of origin with an appar­
ent velocity about three times the ve­
lOCity of light . 

Although this would seem to confirm 
the predictions made by Rees, a serious 
problem remains.  The difference in the 
Doppler shift of the two components 
should cause the approaching compo­
nent to appear much more intense than 
the receding component. Yet the ob­
served intensities of two components are 
equal to within a few percent, so that the 
effect of the Doppler shift must be ex­
actly canceled by the difference in the 
intrinsic luminosity of the two compo­
nents . This would seem to be a some­
what remarkable coincidence. 

On the other hand, the apparent 
motions may be a "searchlight" effect 
caused by the excitation of stationary 
material by a moving shock front. The 
point of contact between the shock 
front and the material may appear to 
move with almost unlimited velocity, 
like the beam of a rotating searchlight 
seen at a great distance. It is also possi­
ble that the apparent change in size ob­
served in the structure of 3C 279 may 
not be the result of component motions 
at all; it may merely reflect a change in 
the relative intensity of one or more sta­
tionary components. For example, a ring 
with a point source at the center or a 
lriple source would appear to expand if 
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in the draw ing at right. Each of the two major components contains 
within itself a tiny double source. The radio picture is based on ob· 
servations made with a one·mile radio interferometer at the Uni· 

versity of Cambridge, a 2.7 ·kilometer interferometer at the National 
Radio Astronomy Observatory and a 35·kilometer microwave·link 

interferometer also at the National Radio Astronomy Observatory. 

the intensity of the inner component de­
creased or the intensity of the outer parts 
increased. Although this is the most 
straightforward and least spectacular in­
terpretation of the data, it still leaves un­
explained the problem of the huge en­
ergy requirement, unless the distance of 
3C 279 is very much less than is deduced 
from its red shift. 

The present measurements do not dis­
tinguish between these various models, 
although it may be expected that future 
detailed observations will demonstrate 
whether or not there is actual motion of 
the individual components. Even if the 
large apparent velocities are confirmed, 
however, there will still be more ques­
tions than answers. Those who believe 
that the quasar red shifts are cosmologi­
cal can cite the super-light-velocity the­
ory to reduce the enormous energy re­
quirements, which have been one of the 
main arguments against the cosmological 
interpretation of the quasar red shifts 
[ see "The Evolution of Quasars," by 
Maarten Schmidt and Francis Bello; 
SCIENTIFIC AMERICAN, May, 197 1 1 .  
Those who believe the quasars are local 
emphasize that the apparent super-light­
velocity may be only an artifact of the 
assumption that the quasars are at great 
distances. They point out that the appar­
ent angular expansion rate, the observed 
flux densities and the rates of variation 
are similar for the nearby galaxies and 
the supposedly more distant quasars, 
and that the apparent large differences 
in the corresponding intrinsic proper­
ties are merely the result of the assump­
tion that the quasar red shifts are cosmo­
logical. 

Although measurements of the appar­
ent change in the structure of compact 

radio sources may not help to clarify this 
problem, they will determine ( 1) wheth­
er the successive outbursts that are ob­
served occur in exactly the same volume 
of space or whether they are spatially 
separated, (2) the kinematics, or me­
chanics, of the expansion and (3) how 
the magnetic field and total energy vary 
with time. With this information we may 
hope to reach a better understanding of 
the process by which violent events lead 
to the creation of intense radio sources, 
in particular a better understanding of 
the source of energy and how this energy 
is converted into relativistic particles. 

Although the sensitive long-baseline 
interferometer systems were initially de­
veloped to study the compact extra­
galactic radio sources, the technique has 
also been used to study the radio emis­
sion from interstellar clouds of hydroxyl 
radicals (OH) and water vapor. These 
clouds, which radiate like giant inter­
stellar masers, emit such powerful radio 
signals that high-resolution interferom­
eter measurements of their size can easi­
ly be made with standard high-fidelity 
audio-frequency tape recorders. All the 
observations made so far of these inter­
stellar masers, however, have been made 
with the more sophisticated wide-band 
techniques that allow the simultaneous 
measurement of several clouds (which, 
because of their high velocities in vari­
ous directions, are Doppler-shifted and 
radiate over a wide range of frequen­
cies) .  Typically the clouds are dispersed 
over a volume of the order of several 
light-years across, although the individu­
al components are as small as one astro­
nomical unit (the distance between the 
sun and the earth) .  

One of the main restrictions of tape-

recording interferometry so far has been 
the lack of sufficient oscillator stability 
to determine the phase of the interfer­
ence pattern . We have noted the im­
provement to be expected from the use 
of hydrogen masers as frequency stan­
dards. Even with infinitely stable oscilla­
tors, however, there are still problems 
created by fluctuations in the path 
length through the atmosphere at the 
two widely separated observing sites. 
Experiments are now being conducted 
with a total of four antennas to overcome 
this problem and to eliminate the effect 
of local-oscillator instabilities. In these 
double-interferometer experiments two 
antennas located at Green Bank, W.Va. 
(at the National Radio Astronomy Ob­
servatory) , and two at the Cal Tech 
Owens Valley Observatory in California 
are used to observe two sources simul­
taneously and to determine their relative 
positions. 

If phase-stable interferometry could 
be done on baselines comparable to di­
mensions of the earth, angular positions 
could in principle be established with 
an accuracy approaching .0001 second 
of arc. Such precision would make it 
possible to measure the actual motion of 
nearby galactic objects such as pulsars, 
interstellar molecular masers and those 
stars that show strong radio emission . 
The possibility of applying this tech­
nique to determining small departures 
from the uniform motion of stars that 
might be caused by the gravitational at­
traction of planets is an exciting one; it 
may offer the only direct way of detect­
ing other planetary systems in our gal­
axy. In addition, the detection of small 
apparent motions in pulsars or inter­
stellar molecular masers caused by the 
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motion of the earth around the sun (par­
allax) would allow for the first time a 
direct determination of their distance. 

Another particularly interesting appli­
cation of tape-recorder interferometry is 
the testing of the prediction of Einstein's 
general theory of relativity that an elec­
tromagnetic wave such as a radio or light 
wave that passes close to a massive body 
is deflected by the gravitational field of 
the body. The expected deflection for 
rays from a distant celestial source that 
pass close to the edge of the sun is 1.76 
seconds of arc, and many optical mea­
surements have been made of the ap­
parent positions of stars near the sun 
at the time of a solar eclipse. Although 
these measurements have shown a dis­
placement of about the magnitude pre­
dicted by the general theory, the accu­
racy of the measurements is at best of 
the order of 10  percent of the deflec­
tion. This is not good enough to distin­
guish between the predictions made by 
the general theory and competing gravi­
tational theories. 

The ability to determine relative an-
gular positions of celestial objects 

with an accuracy of .001 second of arc 
by radio interferometry offers a poten­
tial accuracy considerably better than 1 
percent. The circumstances for such an 
experiment are favorable each October, 
when the compact quasar 3C 279 is 
eclipsed by the sun. A second strong 

;S".0005 ".01 tj i: 
�".OO9-----;;. 

------'3> ".OO15 1<E- I ( "'.OEI ----------�I 

compact quasar, 3C 273, is located only 
10 degrees away in the sky and pro­
vides a convenient position reference 
for measuring the daily deflection of 
3C 279 as it passes closer and closer to 
the sun. 

Richard Sramek has conducted an ex­
periment of this type with a convention­
al interferometer at the National Radio 
Astronomy Observatory that has a base­
line of 2.7 kilometers. His results show 
a slight discrepancy from the result pre­
dicted by the general theory of relativity 
and agree better with an altemative the­
ory: the Brans-Dicke theory of gravity. 
The accuracy, however, is not sufficient 
to definitely exclude the general theory. 
Nevertheless, this is one of only a few 
experimental results in the more than 60 
years since Einstein's theory was pub­
lished that even suggest a possible dis­
crepancy, and the current opportunity 
to improve the accuracy by one or two 
orders of magnitude is an exciting pros­
pect for fundamental physics. 

An M.I.T.-NASA group has conduct­
ed extensive studies of the October 
eclipse of 3C 279 with transcontinental 
tape-recording interferometers, but so 
far no conclusive results have been ob­
tained. The joint program of the Na­
tional Radio Astronomy Observatory and 
Cal Tech utilizing two antennas at Green 
Bank and two at Owens Valley to mea­
sure the simultaneous difference in the 
positions of 3C 279 and 3C 273 is ex-

) 

QUASAR 3C 273 is seen in the photograph at top, made with the 200·inch telescope. Ex· 

tending to the right of the central image is a peculiar "jet." The drawing at bottom, which 

is not to the same scale as the photograph, shows the radio structure of the object. The num· 

bers below the drawing give the distance in seconds of arc from the center of the object on 

a logarithmic scale. The numbers above the drawing give the size of the components in 

seconds. Wavelength of the radio emission is progressively longer with distance from center. 
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pected to overcome many of the experi­
mental difficulties and may well yield a 
very preCise test of the general theory of 
relativity. 

Even when the instrumental problems 
of controlling local-oscillator stability 
and eliminating the effect of the atmo­
sphere are overcome, the measurement 
of angular positions to an accuracy of 
better than .001 second of arc will not be 
simple. At that level of precision signifi­
cant errors are introduced by unceltain­
ties in the rate of rotation of the earth 
itself, in the direction of the earth's axis 
of rotation at any one moment and in the 
relative coordinates of the antennas on 
the earth's surface. The errors in phase 
produced by uncertainties in these quan­
tities are all related, and repeated ob­
servations of a suitably selected grid of 
sources can sort out these effects with 
techniques commonly applied to optical 
astrometric measurements. When this is 
done, it will be possible to determine 
(a) positions in the sky to within .001 
second of arc, (b) the length of the day 
to within .0001 second of time, (c) trans­
continental and intercontinental baseline 
distances to within a few centimeters 
and (d) global clock synchronization to 
within a few nanoseconds. Such precise 
data will open up to radio astronomers 
an entire class of geophysical experi­
ments, including the direct measurement 
of tides in the solid earth, of continental 
drift, of variations in the rate of rotation 
of the earth and of the wobble of the 
earth's axis. 

I s there a limit to the resolution of long-
baseline interferometers, or will the 

baselines continue to extend into space, 
to the moon and beyond? Just as turbu­
lence in the atmosphere affects optical 
astronomy, so at short wavelengths will 
it affect radio astronomy. Even more im­
portant is the effect of the scattering of 
radio waves by electrons in the solar 
"wind" and in the interstellar medium, 
which become important for measure­
ments made at long radio wavelengths. 
The present evidence indicates that only 
for wavelengths less than about 10 centi­
meters can baselines much greater than 
the diameter of the earth be effectively 
used. Thus hydroxyl emission regions, 
which radiate at 18 centimeters, and 
pulsars, which radiate most strongly at 
meter wavelengths, are not likely to be 
targets for a space interferometer. 

Where the synchrotron sources are 
concemed there is a more fundamental 
limit to the maximum baseline. As we 
have noted, if the dimensions of the 
synchrotron system are below a critical 
size, the relativistic particles quickly lose 
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all their energy by inverse Compton 
scattering and so do not have time to 
radiate radio energy. This critical angu­
lar size is proportional to the wavelength 
at which the flux density is the highest. 
Since the resolution of a fixed-length in­
terferometer is inversely proportional to 
the wavelength of observation, the two 
effects cancel each other if the observa­
tions are made near the wavelength of 
maximum intensity (as they usually are 
to obtain the highest sensitivity) . The 
maximum baseline needed to resolve 
synchrotron sources is hence nearly in­
dependent of the wavelength of opera­
tion;  in fact, it is comparable to the di­
ameter of the earth for the stronger radio 
galaxies and quasars . Baselines in space 
or on the moon will therefore proba­
bly not be necessary to study even the 
smallest radio nuclei and quasars. 

The simple extension of interferome­
ter baselines is only part of the story, 
however. Many baselines of intermedi­
ate length are also required to give a 
complete picture of the complex radio 
structure observed for the radio galaxies ,  
quasars and interstellar molecular ma­
sers. Today the simple two-element ra­
dio interferometer of the 1950's has 
grown into multielement synthesis ar­
rays. Radio astronomers look forward to 
the time when many radio telescopes 
throughout the world can be l inked to­
gether to form an ultra-high-resolution 
array. 

Although radio telescopes currently 
exist that are suitable for this purpose, 
they are not at optimum locations. More­
over, in view of the great variety of other 
important problems being studied by ra­
dio astronomers throughout the world 
and the wide range of instrumentation 
being employed at different observa­
tories, it is virtually impossible to sched­
ule a large number of radio telescopes 
for observing the same object at a com­
mon wavelength. In order to obtain a 
sufficient range of interferometer spac­
ings, it may be necessary to construct a 
special global long-baseline interferome­
ter network. 

The task of collecting all the tape re-
cordings at a common location and 

correlating all possible pairs of tele­
scopes will be a formidable one. An at­
tractive solution will be to dispense with 
the tape recordings entirely and tele­
meter the data from each antenna to a 
common center by means of synchro­
nously orbiting satellites. Such a very­
long-baseline array would require a truly 
international effort, but the opportuni­
ties it would provide for both astrophys­
ics and geophysics are enormous. 
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of Volume One sold) 

From aerosols to video tape 
recording. 1 ,057 two-color drawings. 
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of appliances and machines that 
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ISOLATED SUBJECT is connected with an instrument array that 

continuously records such physiological variables as heart rate and 

blood pressure. A catheter in the subject's left arm draws samples 

of arterial blood at 10·minute intervals; these samples are analyzed 

for oxygen and carbon dioxide content and for blood acidity and 

blood·lactate level. The subject's arm is screened from his view to 

minimize the psychological effects of blood withdrawal. Each sub· 
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ject first sat quietly for an interval and then was invited to medi­

tate for a 30·minute period. At the end of the period the subject 

was asked to stop meditating but to continue sitting quietly during 

a further recording interval. Thirty·six qualified "transcendental" 

meditators from 17 to 41 years old volunteered as subjects for the 

study, which was conducted both at the Harvard Medical Unit of the 

Boston City Hospital and at the University of California at Irvine. 
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THE PHYSIOLOGY OF MEDITATION' 

Is the n1editative state that js achieved by yogis and other Far 
Eastern rnystics accOlu p ani e d by distinct physiological changes? 

A study of volunteer subjects in the U.S. indicates that it js 

br Robert Keith Wallace and Herbert Benson 

H
ow capable is the human orga­

nism of adjusting to psycholog­
ically disturbing changes in the 

environment? Our technological age is 
probably testing this capacity more se­
verely than it was ever tested in the past. 
The impact of the rapid changes-un­
precedented in scale, complexity and 
novelty-that technology is bringing 
about in our world seems to be having a 
deleterious effect on the mental and 
physical health of modem man. Some of 
the common disorders of our age, notably 
"nervous stomach" and high blood pres­
sure, may well be attributable in part to 
the uncertainties that are burgeoning in 
our environment and daily lives. Since 
the environment is not likely to grow less 
complex or more predictable, it seems 
only prudent to devote some investi­
gative attention to the human body's 
resources for coping with the vicissitudes 
of the environment. 

There are in fact several ways in 
which an individual can control his 
physiological reactions to psychological 
events. Among the claims for such con­
trol the most notable have come from 
practitioners of meditation systems of 
the East: yoga and Zen Buddhism. This 
article will review and discuss recent 
studies of the effects of meditation that 
have been made by ourselves and by 
other investigators. 

Yogis in India have long been reputed 
to perform phenomenal feats such as vol­
untarily stopping the heartbeat or sur­
viving for extended periods in an "air­
tight" pit or in extreme cold without food 
or in a distorted physical posture. One 
of the first investigators to look into these 
claims in an objective way was a French 
cardiologist, Therese Brosse, who went 
to India in 1935 equipped with a por­
table electrocardiograph so that she 
could monitor the activity of the heart. 
Brosse concluded from her tests that one 

of her subjects actually was able to stop 
his heart. In 1957 two American physiol­
ogists, M. A. Wenger of the University 
of California at Los Angeles and B. K. 
Bagchi of the University of Michigan 
Medical School, conducted a more exten­
sive investigation in collaboration with 
B. K. Anand of the All-India Institute of 
Medical Sciences in New Delhi. None of 
the yogis they studied, with more elabo­
rate equipment than Brosse had used, 
showed a capability for stopping the 
heart. Wenger and Bagchi concluded 
that the disappearance of the signal of 
heart activity in Brosse's electrocardio­
gram was probably an artifact, since the 
heart impulse is sometimes obscured by 
electrical signals from contracting mus­
cles of the thorax. (In attempting to stop 
the heart the yogis usually performed 
what is called the Valsalva maneuver, 
which increases the pressure within the 
chest; it can be done by holding one's 
breath and straining downward.) Wen­
ger, Bagchi and Anand did find, how­
ever, that some of the yogis could slow 
both hemtbeat and respiration rate. 

Reports of a number of other investi-
gations by researchers in the 1950's 

and 1960's indicated that meditation as 
practiced by yoga or Zen meditators 
could produce a variety of physiological 
effects. One of the demonstrated effects 
was reduction of the rate of metabolism. 
Examining Zen monks in Japan who had 
had many years of experience in the 
practice of deep meditation, Y. Sugi and 
K. Akutsu found that during meditation 
the subjects decreased their consumption 
of oxygen by about 20 percent and re­
duced their output of carbon dioxide. 
These signs of course constitute evidence 
of a slowing of metabolism. In New 
Delhi, Anand and two collaborators, G. 
S. Chhina and Baldeu Singh, made a 
similar finding in examination of a yoga 

practitioner; confined in a sealed metal 
box, the meditating yogi markedly re­
duced his oxygen consumption and car­
bon dioxide elimination. 

These tests strongly indicated that 
meditation produced the effects through 
control of an "involuntary" mechanism 
in the body, presumably the autonomic 
nervous system. The reduction of carbon 
dioxide elimination might have been ac­
counted for by a recognizably voluntary 
action of the subject-slowing the breath­
ing-but such action should not markedly 
affect the uptake of oxygen by the body 
tissues. Consequently it was a reason­
able supposition that the drop in oxygen 
consumption, reflecting a decrease in the 
need for inhaled oxygen, must be due to 
modification of a process not subject to 
manipulation in the usual sense. 

Explorations with the electroenceph­
alograph showed further that meditation 
produced changes in the electrical activ­
ity of the brain. In studies of Zen monks 
A. Kasamatsu and T. Hirai of the Uni­
versity of Tokyo found that during medi­
tation with their eyes half-open the 
monks developed a predominance of 
alpha waves-the waves that ordinarily 
become prominent when a person is thor­
oughly relaxed with his eyes closed. In 
the meditating monks the alpha waves 
increased in amplitude and regularity, 
particularly in the frontal and central re­
gions of the brain. Subjects with a great 
deal of experience in meditation showed 
other changes: the alpha waves slowed 
from the usual frequency of nine to 12 
cycles per second to seven or eight cycles 
per second, and rhythmical theta waves 
at six to seven cycles per second ap­
peared. Anand and other investigators in 
India found that yogis, like the Zen 
monks, also showed a heightening of 
alpha activity during meditation. N. N. 
Das and H. Gastaut, in an electroenceph­
alographic examination of seven yogiS, 
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observed that as the meditation pro­
gressed the alpha waves gave way to 
fast-wave activity at the rate of 40 to 45 
cycles per second and these waves in 
turn subsided with a return of the slow 
alpha and theta waves. 

Another physiological response tested 
by the early investigators was the resist­
ance of the skin to an electric current. 
This measure is thought by some to re­
flect the level of "anxiety": a decrease in 
skin resistance representing greater anx­
iety; a rise in resistance, greater relax­
ation. It turns out that meditation in­
creases the skin resistance in yogis and 
somewhat stabilizes the resistance in Zen 
meditators. 

We decided to undertake a systematic 
study of the physiological "effects," 

or, as we prefer to say, the physiological 
correlates, of meditation. In our review 
of the literature we had found a bewil­
dering range of variation in the cases and 
the results of the different studies. The 
subjects varied greatly in their medita­
tion techniques, their expertise and their 
performance. This was not so true of the 
Zen practitioners, all of whom employ 
the same technique, but it was quite 
characteristic of the practice of yoga, 
which has many more adherents. The 
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state called yoga (meaning "union") has 
a generally agreed definition: a "higher" 
consciousness achieved through a fully 
rested and relaxed body and a fully 
awake and relaxed mind. In the endeav­
or to arrive at this state, however, the 
practitioners in India use a variety of 
approaches. Some seek the goal through 
strenuous physical exercise; others con­
centrate on controlling a particular overt 
function, such as the respiratory rate; 
others focus on purely mental processes, 
based on some device for concentration 
or contemplation. The difference in tech­
nique may produce a dichotomy of phys­
iological effects; for instance, whereas 
thos� who use contemplation show a de­
crease in oxygen consumption, those who 
use physical exercise to achieve yoga 
show an oxygen-consumption increase. 
Moreover, since most of the techniques 
require rigorous discipline and long train­
ing, the range in abilities is wide, and it 
is difficult to know who is an "expert" or 
how expert he may be. Obviously all 
these complications made the problem of 
selecting suitable subjects for our sys­
tematic study a formidable one. 

Fortunately one widely practiced yoga 
technique is so well standardized that 
it enabled us to carry out large-scale 
studies under reasonably uniform con-
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EFFECT OF MEDITATION on the suhjects' oxygen consumption (black) and carbon di· 

oxide elimination (color) was recorded in 20 and 15 cases respectively. After the subjects 

were invited to meditate both rates decreased markedly (colored area). Consumption and 

elimination returned to the premeditation level soon after the subjects stopped meditating. 
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ditions. This technique, called "transcen­
dental meditation," was developed by 
Maharishi Mahesh Yogi and is taught by 
an organization of instructors whom he 
personally qualifies. The technique does 
not require intense concentration or any 
form of rigorous mental or physical con­
trol, and it is easily learned, so that all 
subjects who have been through a rel­
atively short period of training are "ex­
perts." The training does not involve de­
votion to any specific beliefs or life-style. 
It consists simply in two daily sessions of 
practice, each for 15 to 20 minutes. 

The practitioner sits in a comfortable 
position with eyes closed. By a system­
atic method that he has been taught, he 
perceives a "suitable" sound or thought. 
Without attempting to concentrate spe­
cifically on this cue, he allows his mind 
to experience it freely, and his thinking, 
as the practitioners themselves report, 
rises to a "finer and more creative level 
in an easy and natural manner." More 
than 90,000 men and women in the U.S. 
are said to have received instruction in 
transcendental meditation by the orga­
nization teaching it. Hence large num­
bers of uniformly trained subjects were 
available for our studies. 

What follows is a report of the de­
tailed measurements made on a group of 
36 subjects. Some were observed at the 
Thorndike Memorial Laboratory, a part 
of the Harvard Medical Unit at the Bos­
ton City Hospital. The others were ob­
served at the University of California at 
Irvine. Twenty-eight were males and 
eight were females; they ranged in age 
from 17 to 41. Their experience in medi­
tation ranged from less than a month to 
nine years, with the majority having had 
two to three years of experience. 

During each test the subject served as 
his own control, spending part of the ses­
sion in meditation and part in a normal, 
nonmeditative state. Devices for con­
tinuous measurement of blood pres­
sure, heart rate, rectal temperature, skin 
resistance and electroencephalographic 
events were attached to the subject, and 
during the period of measurement sam­
ples were taken at 10-minute intervals 
for analysis of oxygen consumption, car­
bon dioxide elimination and other pa­
rameters. The subject sat in a chair. After 
a 30-minute period of habituation, mea­
surements were stmted and continued 
for three periods: 20 to 30 minutes of a 
quiet, premeditative state, then 20 to 30 
minutes of meditation, and finally 20 to 
30 minutes after the subject was asked 
to stop meditating. 

The measurements of oxygen con­
sumption and carbon dioxide elimination 
confirmed in precise detail what had 
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been reported earlier. Oxygen consump­
tion fell sharply from 25 1 cubic centi­
meters per minute in the premeditation 
period to 2 1 1  cubic centimeters during 
meditation, and in the postmeditation 
period it rose gradually to 242 cubic 
centimeters. Similarly, carbon dioxide 
elimination decreased, from 2 19 centi­
meters per minute beforehand to 187 
cubic centimeters during meditation, 
and then returned to about the premedi­
tation level afterward. The ratio of car­
bon dioxide elimination to oxygen con­
sumption (in volume) remained essential­
ly unchanged throughout the three peri­
ods, which indicates that the controlling 
factor for both was the rate of metab­
olism. The reduction in metabolic rate 
(and hence in the need for oxygen) dur­
ing meditation was reflected in a de­
crease, essentially involuntary, in the 
rate of respiration (off two breaths per 
minute) and in the volume of air 
breathed (one liter less per minute). 

For the measurement of arterial blood 
pressure and the taking of blood samples 
we used a catheter, which was inserted 
in the brachial artery and hidden with a 
curtain so that the subject would not bc 
exposed to possible psychological trau­
ma from witnessing the drawing of blood. 
Since local anesthesia was used at the 
site of the catheter insertion in the fore­
arm, the subject felt no sensation when 
blood samples were taken. The blood 
pressure was measured continuously by 
means of a measuring device connected 
to the catheter. 

vVe found that the subjects' arterial 
blood pressure remained at a rather low 
level throughout the examination; it fell 
to this level during the quiet premedita­
tion period and did not change signifi­
cantly during meditation or afterward. 
On the average the systolic pressure was 
equal to 106 millimeters of mercury, the 
diastolic pressure to 57 and the mean 
pressure to 75. The partial pressures of 
carbon dioxide and oxygen in the mte­
rial blood also remained essentially un­
changed during meditation. There was a 
slight increase in the acidity of the blood, 
indicating a slight metabolic acidosis, 
during meditation, but the acidity was 
within the normal range of variation. 

Measurements of the lactate concen­
tration in the blood (an indication of 
anaerobic metabolism, or metabolism in 
the absence of free oxygen) showed that 
during meditation the subjects' lactate 
level declined precipitously. During the 
first 10 minutes of meditation the lactate 
level in the subjects' arterial blood de­
creased at the rate of 10.26 milligrams 
per 100 cubic centimeters per hour, 
nearly four times faster than the rate of 
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RAPID DECLINE in the concentration of blood lactate is apparent following the invita· 

tion to start meditating (colored area). Lactate is produced by anaerobic metabolism, main· 

ly in muscle tissue. Its concentration normally falls in a subject at rest, but the rate of 

decline during meditation proved to be more than three times faster than the normal rate. 
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RAPID RISE in the electrical resistance of the skin accompanied meditation (colored 
area) in a representative subject. The 15 subjects tested showed a rise of about 140,000 ohms 

in 20 minutes. In sleep skin resistance normally rises but not so much or at sueh a rate. 
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decrease in people normally resting in a 
supine position or in the subjects them­
selves during their premeditation period. 
After the subjects ceased meditating the 
lactate level continued to fall for a few 
minutes and then began to rise, but at 
the end of the post meditation period it 
was still considerably below the pre­
meditation level. The mean level during 
the premeditation period was 11.4 milli­
grams per 100 cubic centimeters, during 
meditation S.O milligrams and during 
post meditation 7.3 milligrams. 

How could one account for the fact 
that lactate production, which reRects 
anaerobic metabolism, was reduced so 
much during meditation? New experi­
ments furnished a possible answer. These 
had to do with the rate of blood Row in 
meditating subjects; the explanation they 
suggest appears significant with respect 
to the psychological benefits that can be 
obtained from meditation. 

In studies H. Rieckert conducted at 
the University of Tiibingen, he reported 
that during transcendental meditation 
his subjects showed a 300 percent in­
crease in the Row of blood in the forearm. 
In similar measurements on our subjects 
we found the increase in forearm blood 
Row to be much less: 32 percent. Still, 
this increase was interesting, and it of­
fered an cxpl an ation of the relatively 

large decrease in blood-lactate concen­
tration. The main site of lactate produc­
tion in the body is the skeletal muscle 
tissue. Presumably the observed accel­
eration of blood Row to the forearm mus­
cles during meditation speeds up the de­
livery of oxygen to the muscles. The re­
sulting gain in oxidative metabolism may 
substitute for anaerobic metabolism, and 
this would explain the sharp drop in the 
production of lactate that accompanies 
meditation. 

The intriguing consequence of this 
view is that it brings the autonomic ner­
vous system further into the picture. In 
a situation of constant blood pressure 
(which is the case during meditation) the 
rate of blood Row is controlled basically 
by dilation or constriction of the blood 
vessels. The autonomic nervous system, 
in turn, controls this blood-vessel be­
havior. One element in this system, a 
part of the sympathetic nerve network, 
sometimes gives rise to the secretion of 
acetylcholine through special fibers and 
thereby stimulates the blood vessels to 
dilate. Conversely, the major part of the 
sympathetic nerve network stimulates 
the secretion of norepinephrine and thus 
causes constriction of the blood vessels. 
Rieckert's finding of a large increase in 
blood Row during meditation suggested 
that meditation increased the activity of 
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NO SIGNIfICANT CHANGE was observed in nine subjects whose arterial blood pressure 

was recorded before, during and after meditation. Systolic pressure (top), mean pressure 

(middle) and diastolic pressure (bottom), however, stayed relatively low throughout. 
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the sympathetic nerve network that se­
cretes the dilating substance. Our own 
finding of a much more modest enhance­
ment of blood Row indicated a different 
view: that meditation reduces the activ­
ity of the major part of the sympathetic 
nerve network, so that its constriction of 
the blood vessels is absent. This interpre­
tation also helps to account for the great 
decrease in the production of lactate dur­
ing meditation; norepinephrine is known 
to stimulate lactate production, and a re­
duction in the secretion of norepineph­
rine, through inhibition of the major 
sympathetic network, should be expect­
ed to diminish the output of lactate. 

Whatever the explanation of the fall 
in the blood-lactate level, it is clear that 
this could have a beneficial psychologi­
cal effect. Patients with anxiety neurosis 
show a large rise in blood lactate when 
they are placed under stress [see "The 
Biochemistry of Anxiety," by Ferris N. 
Pitts, Jf.; SCIENTIFIC AMERICAN, Febru­
ary, 1969]. Indeed, Pitts and J. N. Mc­
Clure, Jr., a co-worker of Pitts's at the 
Washington University School of Medi­
cine, showed experimentally that an in­
fusion of lactate could bring on attacks 
of anxiety in such patients and could 
even produce anxiety symptoms in nor­
mal subjects. Furthermore, it is signifi­
cant that patients with hypertension 
(essential and renal) show higher blood­
lactate levels in a resting state than pa­
tients without hypertension, whereas in 
contrast the low lactate level in transcen­
dental meditators is associated with low 
blood pressure. All in all, it is reasonable 
to hypothesize that the low level of lac­
tate found in subjects during and after 
transcendental meditation may be re­
sponsible in part for the meditators' thor­
oughly relaxed state. 

O ther measurements on the meditators 
confirmed the picture of a highly re­

laxed, although wakeful, condition. Dur­
ing meditation their skin resistance to an 
electric current increased markedly, in 
some cases more than fourfold. Their 
heart rate slowed by about three beats 
per minute on the average. Electroen­
cephalographic recordings disclosed a 
marked intensification of alpha waves in 
all the subjects. We recorded the waves 
from seven main areas of the brain on 
magnetic tape and then analyzed the 
patterns with a computer. Typically 
there was an increase in intensity of slow 
alpha waves at eight or nine cycles per 
second in the frontal and central regions 
of the brain during meditation. In sev­
eral subjects this change was also accom­
panied by prominent theta waves in the 
frontal area. 
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To sum up, our subjects during the 
practice of transcendental meditation 
manifested the physiological signs of 
what we describe as a "wakeful, hypo­
metabolic" state: reductions in oxygen 
consumption, carbon dioxide elimination 
and the rate and volume of respiration; 
a slight increase in the acidity of the 
arterial blood; a marked decrease in the 
blood-lactate level; a slowing of the 
heartbeat; a considerable increase in skin 
resistance, and an electroencephalogram 
pattern of intensification of slow alpha 
waves with occasional theta-wave activ­
ity. These physiological modifications, in 
people who were practicing the easily 
learned technique of transcendental 
meditation, were very similar to those 
that have been observed in highly trained 
experts in yoga and in Zen monks who 
have had 15 to 20 years of experience in 
meditation. 

How do the physiological changes dur­
ing meditation compare with those in 
other relaxed states, such as sleep and 
hypnosis? There is little resemblance. 
\Vhereas oxygen consumption drops rap­
idly within the first five or 10 minutes of 
transcendental meditation, hypnosis pro­
duces no noticeable change in this meta­
bolic index, and during sleep the con­
sumption of oxygen decreases apprecia­
bly only after several hours. During sleep 
the concentration of carbon dioxide in 
the blood increascs significantly, indi­
cating a reduction in respiration. There 
is a slight increase in the acidity of the 
blood; this is clearly due to the decrease 
in ventilation and not to a change in 
metabolism such as occurs during medi­
lation. Skin resistance commonly in­
creases during sleep, but the rate and 
amount of this increase are on a much 
smaller scale than they are in transcen­
dental meditation. The electroencephalo­
gram patterns characteristic of sleep are 
different; they consist predominantly of 
high-voltage (strong) activity of slow 
waves at 12 to 14 cycles per second and 
a mixture of weaker waves at various 
frcquencies-a pattern that does not oc­
cur during transcendental meditation. 
The patterns during hypnosis have no re­
lation to those of the meditative state; in 
a hypnotized subject the brain-wave ac­
tivity takes the form characteristic of the 
mental state that has been suggested to 
the subjcct. The same is true of changes 
in heart rate, blood pressure, skin resist­
ance and respiration; all these viscer­
al adjustments in a hypnotized person 
merely reHect the suggested state. 

It is interesting to compare the effects 
obtained through meditation with those 
that can be established by means of oper­
ant conditioning. By such conditioning 
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DECREASES OCCURRED in respiratory rate (black) and in volume of air breathed (col. 

or) during meditation. The ratio between carbon dioxide expired and oxygen consumed, 

however, continued unchanged and in the normal range during the entire test period. 
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animals and people have been trained to 
increase or decrease their heart rate, 
blood pressure, urine formation and cer­
tain other autonomic functions [sec 
"Learning in the Autonomic Nervous 
System," by Leo V. DiCara; SCIENTIFIC 
AMERICAN, January, 1970]. Through the 
use of rewards that act as reinforcers a 
subject is taught to make a specific vis­
ceral response to a given stimulus. This 
procedure and the result are quite dif­
ferent, however, from what occurs in 
transcendental

·
meditation. vVhereas op­

erant conditioning is limited to produc­
ing specific responses and depends on a 
stimulus and feedback of a reinforcer, 
meditation is independent of such assist­
ance and produces not a single specific 
response but a complex of responses that 
marks a highly relaxed state. 

The pattern of changes suggests that 
meditation generates an integrated rc­
sponse, or reflex, that is mediated by the 
central nervous system. A well-known re­
flex of such a nature was described many 
years ago by the noted Harvard phYSiolo­
gist Walter B. Cannon; it is called the 
"fight or flight" or "defense alarm" reac­
tion. The aroused sympathetic nervous 
system mobilizes a set of physiological 
responses marked by increases in the 
blood pressure, heart rate, blood flow to 
the muscles and oxygen consumption. 
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The hypo metabolic state produced by 
meditation is of course opposite to this in 
almost all respects. It looks very much 
like a counterpart of the fight-or-flight 
reaction. 

During man's early history the de­
fense-alarm reaction may well have had 
high survival value and thus have be­
come strongly established in his genetic 
makeup. It continues to be aroused in all 
its visceral aspects when the individual 
feels threatened. Yet in the environment 
of our time the reaction is often an anach­
ronism. Although the defense-alarm re­
action is generally no longer appropriate, 
the visceral response is evoked with con­
siderable frequency by the rapid and 
unsettling changes that are buffeting 
modern society. There is good reason to 
believe the changing environment's in­
cessant stimulations of the sympathetic 
nervous system are largely responsible 
for the high incidence of hypertension 
and similar serious diseases that are 
prevalent in our society. 

In these circumstances the hypometa­
bolic state, representing quiescence rath­
er than hyperactivation of the sympa­
thetic nervous system, may indicate a 
guidepost to better health. It should be 
well worthwhile to investigate the pos­
sibilities for clinical application of this 
state of wakeful rest and relaxation. 
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CONSUMPTION OF OXYGEN is compared in three different circumstances: during hypo 

nosis (color), sleep (black) and meditation (light color). No significant change occurs 

under hypnosis. One study shows that oxygen consumption is reduced by about 8 percent 

after five hours' sleep. Meditation brings twice the reduction in a fraction of the time. 
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INFANTICIDE, involuntary or otherwise, is a repeated motif in 

William Hogarth's "Gin Lane," a study of the evils of intemper. 

ance in 18th.century England. In the foreground a baby boy falls to 

his death as his intoxicated mother loosens her hold on him in 

order to take a pinch of snuff. At far right a second baby is quieted 

92 

with a glass of gin, which at the time was commonly used as a tran· 

quilizer. Meanwhile a drunken cook (center background) seems to 

be oblivious to a dying infant who has somehow become impaled 

on his spit, and no concern is being shown about another infant 

who rests on the ground by the open coffin that awaits his mother. 
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Checks on Population Growth: 1750-1850 

In this period the population of Europe nearly doubled, but without 

certain checks it (vould have grown even more. There is Inuch evidence 

that the checks were the widespread practice of celibacy and infanticide 

I
n the span of a mere 100 years, be­

tween the 1750's and the 1850's, the 
population of Europe nearly doubled. 

Why? Midway through the period Thom­
as Malthus declared in his famous essay 
that human fecundity was so great that, 
if the population grew unchecked, it 
would increase much faster than the 
means of subsistence. But Malthus never 
for a moment supposed that the popula­
tion would grow unchecked. There were 
at all times and in all places restrictions 
on its increase, so that whereas human 
numbers constantly tended to press on 
the means of subsistence, and a substan­
tial part of the population was therefore 
doomed to live in misery on the verge of 
starvation, ultimate disaster was always 
forestalled. 

The primary checks on population 
growth recognized by Malthus and by 
several of his predecessors in the field of 
population theory were those age-old 
scourges war, famine and disease. In the 
days when armies lived off the country­
side, little remained for the inhabitants 
to eat. Furthermore, the filthy army en­
campments were breeding grounds for 
disease, with the result that epidemics 
usually followed in an army's wake. Of 
course, war was not the only cause of 
famine and disease; crop failures were 
frequent. Such failures were usually lo­
cal, but in the days when transportation 
was difficult, famine relief was all but 
impossible. The local population was 
reduced to eating roots, bark and even 
grass, and many starved to death. 

Disease tended to follow along trade 
routes, settling primarily in the unsani­
tary towns. Visitations of the plague 
came at intervals of 10 years, the worst 
epidemics often carrying off from a fourth 
to a third of the population. As late as 
1720 a severe outbreak of the plague in 
southeastern France left 40,000 dead out 
of a total of 90,000 in Marseilles, the 

by William L. Langer 

corpses being piled in the streets for lack 
of men to remove them. 

Along with the plague went other le­
thal diseases. For example, only about 
four in every 100 persons failed to con­
tract smallpox, a hideous illness that 
chiefly afHicted children in the first year 
or two of life. Smallpox was fatal in about 
one case in seven; in the latter part of the 
18th century it was the cause of 10 per­
cent of all deaths. In an expanded ver­
sion of An Essay on the Principle of Pop­
ulation, published in 1806, Malthus not­
ed: "The small-pox is certainly one of the 
channels, and a broad one, which nature 
has opened for the last thousand years, 
to keep down the population to the level 
of the means of subsistence." 

Plague and smallpox were undoubted­
ly the greatest killers, although tubercu­
losis and typhus were not far behind. 
Viewing the pre-Malthusian period as a 
whole, one can understand that humanity 
lived in constant dread of war, famine 
and disease, and that this terrible trio en­
sured a steady and substantial check on 
population growth. As Malthus noted, 
pestilence can sweep off thousands and 
tens of thousands. Then "gigantic famine 
stalks in the rear, and at one mighty blow 
levels the population with the food of the 
world." 

M althus recognized that in addition to 
the three major levelers there were 

other "active and able ministers of de­
population," among them such sexual ir­
regularities as promiscuous intercourse, 
violation of the marriage vow and im­
proper alts to conceal the consequences 
of illicit connections. He did not, how­
ever, attempt to describe or analyze the 
role played by these lesser influences. 
Neither, for that matter, did the many 
writers who in the wake of the Essay 
participated in the Malthusian contro­
versy. It is my purpose here to examine 

more closely some of the supplementary 
checks on population growth and to at­
tempt an evaluation of their importance. 

Marriage customs, particularly the 
prevalence of celibacy, must have been 
important subsidiary checks on popula­
tion growth, but the subject is an elusive 
one. There were plainly many variables, 
and our knowledge of European mar­
riage in the prestatistical period is both 
scant and unreliable. This much is cer­
tain: the rate of marriage fluctuated ev­
erywhere in constant response to eco­
nomic conditions. A good harvest would 
invariably produce a rich crop of mar­
riages, and lean years were marked by a 
sharp decline in new unions. 

It can also be said that in general Eu­
ropeans of the 18th century were marry­
ing at a later age than before. For exam­
ple, David J. Herlihy of the University 
of Wisconsin has determined that in late 
15th-century Florence more than 90 per­
cent of some 400 upper-class women 
whose marriage records he examined had 
married before the age of 20; 50 percent 
of them were married at the age of 16. 
Exact data for the 18th century are mea­
ger, but it is probably not far from the 
truth to say that men then married at an 
average age of 28 or 29. Women married 
at 25 or 26, and a large proportion of the 
population never married at all. The late­
ness of marriage among women meant 
that their period of fertility was reduced 
by perhaps a third, so that the custom 
had a significant effect on population 
growth. 

It should be kept in mind that well 
into the 19th century marriages for love 
were the exception rather than the rule 
in Europe. Wherever property was in­
volved the marriage contract was a busi­
ness deal concluded by the heads of the 
families, often with little or no reference 
to the desires of the marriage partners. 
Moreover, many upper-class men were 
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FOUNDLINGS' PROTECTOR, the retired English sea captain 

Thomas Coram, won royal backing for a home for deserted chilo 
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dren that opened ils doors in 1741. He is depicted here coming on 

one of the many ahandoned infants whose plight so concerned him. 
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reluctant to malTY at all, according to 
Malthus, because of "the facility with 
which they can indulge themselves in . . .  
illicit intercourse. " 

Even where the law of primogeniture 
was not in effect, the nobility strove to 
maintain their estates intact through in­
heritance by a single individual. The 
bulk of the estate usually went to the el­
dest son, who provided for his mother 
and, if possible, for his sisters. His broth­
crs, if he was willing to finance their edu­
cation, went into the professions. Other­
wise they went into the church or the 
army, in which case they remained single 
unless they were able to woo and wed an 
heiress; contemporary literature exploit­
ed this theme almost ad nauseam. 

The upper classes restricted marriagcs 
other than their own. One of the chief 
employment opportunities for women in 
this era was domestic service; even well 
illto the 19th century people of decided­
ly modest means still employed two or 
more servants, and the staff of a great 
manor house of the nobility might num­
ber in the fifties. Usually well treated 
and well paid, the servants had no desire 
to marry, so that many thousands of 
women were withdrawn from the ranks 
of childbearers. Moreover, on large es­
tates, particularly on the Continent, the 
consent of the master was required for 
marriage. A landowner was further able 
to control the population of his holdings 
by refusing to build cottages for the new­
ly married or even by destroying such 
tenant hOUSing as existed, thus forcing 
the inhabitants to seek shelter elsewhere. 
In the British Isles at the end of the 18th 
century, one eminent historian has writ­
ten, "there was throughout the country 
an open war on cottages." John McFar­
lan, a Scottish parson, bitterly denounced 
"the barbarous policy of some country 
gentlemen who will not suffer the poor 
to malTY, lest they should breed a race 
of beggars to be supported by the par­
ish. " This practice, Sir Frederick Eden 
noted in The State of the POOl', was "the 
greatest difficulty under which the poor 
laboured. " 

C
elibacy seems to have been even more 

common on the Continent than in 
England. The evidence, which is admit­
tedly sparse, suggests that among wom­
en of childbearing age in France 30 to 
40 percent remained unmarried and that 
only some 40 percent of men founded 
families. Many unmarried men took ref­
uge in the military or the clergy; the 
spinsters might take up an aunt's role in 
a brother's household or enter domestic 
service. Many writers of the time were 
concerned for the future of France; a 

modern authority speaks of an 18th-cen­
tury cl'ise de nuptialite. 

As in England, the nobility on the 
Continent controlled the marriages of 
serfs and other estate workers. Condi­
tions in the Baltic duchies of Mecklen­
burg provide a classic example. Many of 
the most intelligent and attractive young 
women were kept in the manor houses 
as unmarried servants. The young men 
were generally conscripted for the army 
at the age of 22 and obliged to remain 
single for the six years of their service. 
In addition, the numbers of the poorer 
population were held in check by an in­
tentional shortage of housing. 

Trade and craft guilds, wherever they 
still retained power, used their influence 
and authority to forestall or postpone the 
malTiage of workers. Even the journey­
men who had completed their lengthy 
training were rarely given permission by 
the guild masters to marry, unless the 
prospective bride was the widow of a 
master or an un marriageable daughter. 
A great many journeymen therefore nev­
er married at all. 

Still another factor making for reduced 
fertility was the trade in mercenary sol­
diers that was so popular during those 
times. For centuries the cantons of Swit­
zerland had done a thriving business in 
hiring out their young men to serve long 
enlistments in the armies of France, 
Spain, the Netherlands and various Ital­
ian states. Only a few of these men evcr 
returned home and married; the mor­
tality in war was heavy. It has been esti­
mated that over the years the mercenary 
system did away with 35 to 40 percent 
of the natural increase in the Swiss popu­
lation. There were still 20,000 Swiss mer­
cenaries in the French army in 1748 and 
another 20,000 in the Dutch forces. In 
the course of the 18th century the Swiss 
cantons, with a total population of only 
1.5 million or so, are thought to have lost 
500,000 men on foreign battlefields. 

Another significant check on popula­
tion growth was provided by the legal 
restrictions imposed on marriage by a 
number of European states, the German 
principalities in particular. In the 18th 
century all governments wanted as large 
a population as possible because it was 
believed that the power of a state de­
pended largely on its human resources. 
The resources they sought, however, 
were sturdy, industrious farmers and 
skilled artisans. Not wanting paupers, 
governments were constantly inventing 
schemes to get rid of the poor or at 
least to prevent them from multiplying. 
The overpopulated German states led in 
the effort to legally restrict or even pre­
vent marriage among the poor. The most 

far-reaching laws were those of 'vVurt­
temberg, a region that suffered from 
chronic population pressure. A series of 
decrees, beginning in 17 12, required 
official approval of every marriage. Each 
prospective husband had to give proof 
of his ability to support a family; the re­
quirement effectively denied paupers the 
l'ight to marry. 

Most of these restrictions were aban­
doned in the turmoil of the NapoleoniC 
period. They were reintroduced and rein­
forced early in the 19th century as Eu­
rope was seized by fear of overpopula­
tion and alarmed by the growing army 
of paupers. A number of Swiss cantons 
and all German states except Prussia and 
Saxony adopted marriage regulations of 
varying degrees of harshness. Almost 
without exception these required a pro­
spective husband to demonstrate that 
he had not received poor relief during 
the preceding three years, that he had 
learned a trade and was now employed, 
t hat he had a domicile and that he was 
a person of good character. Administra­
tion of these ordinances was left entirely 
to local authorities and no leniency was 
shown the poor. 

In 'vVurttemberg, where in 1830 therc 
was one malTiage to every 12 1 inhabi­
tants, the rate by 1854 had fallen to one 
in 236. Yet eminent German economists 
defended such restrictive legislation on 
the grounds that no one had the right to 
produce children whom he was unable 
to support and who thereby became 
the responsibility of the rest of the popu­
lation. 

In England much the same position 
was taken by Malthus, by the chairman 
of the Poor Law Commission, Nassau W. 
Senior, and even by John Stuart Mill. 
Senior actually ordered an inquiry into 
the malTiage regulations of other states 
and evidently considered the introduc­
tion of similar measures in England. So­
cial unrest was so great, however, and 
the agitation by William Cobbett and 
others against making marriage a luxury 
was so violent that only a hint of such a 
policy crept into the New Poor Law of 
1834: male and female paupers who 
were admitted to workhouses were to be 
kept rigorously separated, even if they 
were man and wife, to forestall the prop­
agation of more paupers. 

Whether temporary or permancnt, 
voluntary or enforced, celibacy was 
clearly a factor that limited population 
growth in precontraceptive times. Equal­
ly Significant, if not more so, were the 
methods employed to dispose of unwant­
ed children. Plato and Aristotle, and oth­
er ancient authors as well, accepted abor­
tion and advocated infanticide as neces-
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Parliament was 500,000 pounds sterling, 
and in 1760 the policy was abandoned. 
ThencefOith only London children were 
accepted at the Foundling Hospital, and 
those in limited numbers. In the country­
side foundlings were again assigned to 
the parish workhouses, which Jonas Han­
way, a governor of the Foundling Hospi­
tal, called "slaughter-houses of infants" 
because the mortality was well-nigh to­
tal. In order to save trouble and money 
parish officers assigned the infants to 

TOTAL (THOUSANDS) 
20 paid nurses, who were universally de­

tested and nicknamed "killing nurses" or 
"she-butchers" because no child ever es­
caped their care alive. MORTALITY RATE was high among abandoned infants raised in English parish work· 

houses. Of nearly 500,000 christened between 1728 and 1757, more than 60 percent had died 

by age two. The graph shows christenings (gray) and deaths (color) in 1730, 1740 and 1750. 

sary means of ridding society of infants 
who were deformed or diseased, and as 
a means of regulating the size of the 
population. It is also well known that the 
exposure of newborn children was prac­
ticed by many societies, even in recent 
times. What is not so generally realized 
is the extent to which infanticide con­
tinued to prevail in Western civilization. 
In England as late as 1878 about 6 per­
cent of all violent deaths could be classed 
as infanticides. 

The matter was not publicized be­
cause the Christian churches regarded 
it with abhorrence, denounced it along 
with abortion, contraception and other 
sexual practices, and induced Western 
governments to declare abortion and in­
fanticide forms of murder punishable by 
death in a variety of unpleasantly imagi­
native ways. Nonetheless, and among the 
poor in pmticular, babies were often un­
welcome and in any case were easy to 
replace if it was so desired. We can nev­
er know how many women were given 
dangerous drugs to induce abortion or 
how many babies were murdered in the 
first days of life. These crimes wert! easy 
to commit and difficult to prove. Because 
the culprits were rarely discovered, even 
the harshest penalties-such as death by 
drowning or burial alive-had little deter­
ren t effect. 

T
he easy methods of committing in-
fanticide included dosing the baby 

with gin or opiates; starvation and stran­
gulation were often resorted to, and cases 
of a skull broken by a hairbrush were by 
no means unknown. A simple and popu­
lar method was "overlaying," or smother­
ing an infant who shared a bed with his 
parents. No doubt this occurred unin­
tentionally when the parents were drunk 
or careless, but it happened so often that 
in some countries parents were forbidden 
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to have small children sleep in the same 
bed with them. Of all procedures the 
most unobjectionable was simply to leave 
the infant at some church entrance or in 
a secluded doorway, in the hope that per­
haps someone would rescue him. Most 
of these abandoned children died quick­
ly of exposure or starvation. 

In the 18th century it was not an un­
common spectacle to see the corpses of 
infants lying in the streets or on the 
dunghills of London and other large 
cities. Thomas Coram was only one of an 
increasing number of humanitarians who 
found this situation shocking and dis­
gusting. A retired sea captain, Coram 
spent 17 years of his life enlisting the in­
terest of influential ladies, who finally 
joined him in a petition to the king to 
establish a sanctuary "to prevent the fre­
quent murders of poor, miserable infants 
at their birth [and) to suppress the inhu­
man custom of exposing new-born in­
fants to perish in the streets." 

When Coram's London Foundling 
Hospital was finally opened in 1741, it 
immediately became evident that he had 
underestimated the need. The pressure 
of applicants was so great that women 
fought at the hospital gates. Eventually, 
in 1756, Parliament undertook to pro­
vide the Foundling Hospital with funds 
on the understanding that all children 
who were offered would be accepted. A 
basket equipped with a bell was to be 
hung outside the gate, so that a baby 
could be left without the mother's being 
seen, let alone questioned. 

The policy of open admissions com­
pletely swamped the Foundling Hospi­
tal; in the first four years nearly 15,000 
children were accepted. It was impos­
sible to find enough wet nurses for such 
a number and thousands died in early 
infancy; only 4,400 of the foundlings 
lived to reach adolescence. The cost to 

Infanticide in one form or another 
steadily increased in England during the 
19th century. The statement of Richard 
Carlile, one of the early advocates of 
birth control, that "it is a question if in­
fanticide ever prevailed in any country 
more than in our own" went unchal­
lenged. Because the culprits were rare­
ly discovered, only a few cases reached 
the courts. The defendants were usually 
let off with a light sentence; indeed, one 
of the London coroners, Edwin Lankes­
ter, testified that he had never known of 
a woman's being punished for killing her 
baby, no matter how flagrant the circum­
stances. Public sympathy was definitely 
on the side of desperate women, mostly 
servant girls made pregnant by their em­
ployer or destitute workers forced to re­
sort to unofficial prostitution; deserted 
by the men involved, they were left to 
deal as best they could with unwanted 
children. "It is unhappily true," wrote 
the physician William B. Ryan in 1862, 
"that infanticide is not looked upon in 
the same light as other murders by the 
public generally .... There is no crime 
that meets with so much sympathy, often 
of the most ill-judged kind." 

A thick volume of newspaper clip­
pings can be found in the library of the 
Harvard Law School, most of them from 
the London press in the years 1861-
1863. Together with the extensive report 
of the Select Committee on Protection of 
Infant Life in 1871, the clippings pro­
vide appalling evidence of the frequency 
of infanticide in those times. Scores of 
accounts tell of dead infants found in riv­
ers, canals and drains or lying under the 
bushes in parks and fields. Coroners' re­
ports show that between 1855 and 1860 
inquests were held on 3,900 dead chil­
dren in the London area, most of them 
newborn. In 1,120 instances the finding 
was murder; in 904 others it was "acci­
dental" suffocation. In the 18 months 
ending in June, 1862, inquests were held 
on 5, 113 dead children throughout En­
gland and Wales. The finding was mur-
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der in 902 cases, 297 of them in London. 
In 1862 one of the coroners for Middle­
sex stated infanticide had become so 
commonplace "that the police seemed to 
think no more of finding a dead child 
than they did of finding a dead cat or a 
dead dog." The Morning StaT (June 23, 
1863) declared that infanticide "is posi­
tively becoming a national institution"; 
the Morning Post (September 2, 1863) 
termed it "this commonest of crimes." 

Quite possibly the majority of child 
murders were perpetrated through baby 
farms. Though the term "baby farming" 
hardly antedates Gilbert and Sullivan's 
H.M .5. Pinafore, the institution itself was 
doubtless of long standing. Women in 
the factory towns, working outside the 
home and in no position to care for a 
child, entrusted their infants to hired 
nurses-baby farmers-who usually cared 
for their charges by putting them to sleep 
with narcotics. Many of them never re­
awakened. Godfrey's Cordial, a concoc­
tion of opium, treacle and sassafras, was 
a great favorite. In Coventry it sold at 
the rate of 10 gallons a week-enough 
for 12,000 doses. In 1870 two baby 
farmers were brought to trial after 16 of 
their charges had been found dead. In 
the same year the bodies of 276 infants 
were collected in London alone. Under 
pressure from a newly founded group, 
the Infant Life Protection Society, Par­
liament in 1872 finally passed an act re-
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quiring baby farms to have a special li­
cense and to maintain full accounts of 
their admissions and deaths. 

Infanticide on the Continent was as 
prevalent as it was in England. Great ef­
forts were made in France and other 
Catholic countries to master the prob­
lem. More than half a century before the 
Foundling Hospital opened in London, 
Vincent de Paul, the great promoter and 
organizer of charities and missions, had 
interested the ladies of the French court 
in the plight of unmarried mothers and 
the related problems of infant exposure 
and infanticide. He was able to found 
the H6pital des Enfants Trouves, and 
in due course he secured financial aid 
from the government, which saw in the 
care and rearing of abandoned boys an 
eventual source of manpower for the 
army and navy. 

Before the end of the 18th century 
similar institutions had been opened in 
all the major cities of the Continent. In 
St. Petersburg, Catherine the Great es­
tablished one of the largest and most lav­
ish foundling centers in 1770 and en­
couraged the ladies of the court to make 
it their favorite charity. At all these hos­
pices, as at the London Foundling Hos­
pital, the pressure of numbers rose rapid­
ly until in the late 18th century (which 
may fairly be called the golden age of 
seduction) they were hopelessly over­
burdened with applicants. It is said that 
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some 500 sages femmes were engaged in 
baby farming in Paris alone, and that 
even so babies continued to be left in 
alleys and doorways. 

A traffic grew up in transporting in­
fants from the provinces to Paris; the 
practice persisted in spite of numerous 
decrees forbidding it under heavy penal­
ty. At Valenciennes, for example, a num­
ber of contractors made a business of col­
lecting newborn babies from midwives 
and carting them to Paris. The trip took 
several days and the infants received no 
care; hence only exceptional ones sur­
vived to reach their destination. As late 
as the middle of the 19th century the 
Rouen police reported the case of a wom­
an who between 1843 and 1860 carried 
a total of 192 babies to Paris in a basket 
with compartments that would hold four 
or five at a time. In her later years, keep­
ing up with technological advances, she 
traveled by railroad; this not only short­
ened her travel time but also enabled her 
to reach the Paris hospice at about mid­
night, a good hour for discreet abandon­
ments. 

The literature on the foundling insti­
tutions of Paris and other cities is volu­
minous and scholarly, but it is now al­
most entirely forgotten. It reveals a pre­
cipitous rise in the number of foundlings 
late in the 18th century and early in the 
19th. In France as a whole there was an 
increase of more than 300 percent in less 
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HALF·CENTURY RECORD of child abandonments in France 

shows a fourfold increase between 1784 and 1835. Much of the rise 

in the decades after 1811 is attributable to Napoleon's decree of 

that year that encouraged many to abandon their legitimate issue. 
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than 40 years: from a total of 40,000 en­
fants t1"Ottves in 1784 to 138,000 in 1822. 
In Paris between 1736 and 1750 about 
4,000 babies a year were taken in; in 
1765 the figure was 5,000, and in 1780 
it was between 6,000 and 7,000. 

Napoleon, at the height of his power, 
determined to make another effort to 
check the exposure and murder of un­
wanted babies by making their disposal 
not only simple but entirely anonymous. 
On January 19, 181 1, he decreed that 
hospices be set up in every French de­
partment and if possible in every ar­
rondissement. Each hospice should have 
an entrance with a revolving box and a 
bell, so that the person who left the child 
could do so without being seen by those 
inside. 

The system was so alluring that it led 
many parents to abandon legitimate chil­
dren. Indeed, it is thought that between 
a fourth and a third of the children left 
at such hospices were offspring whose 
parents either could not or would not 
support them. By 1830 some 270 re­
volving boxes had been installed in 
French hospices. They were well patron-

ized. In a single decade (1824- 1833) 
336,297 infants were consigned to the 
French hospices and local authorities 
were staggering under the burden of ex­
pense. 

Needless to say, the mortality among 
the infants was heavy. Many of them 
were half-dead when they arrived; the 
rest had to be crowded into ill-ventilated 
qualters and fed as best the hospice 
could manage. To find enough wet nurses 
was impossible, so that the large majority 
of the infants had to be sent to the prov­
inces for nursing. In the course of being 
transported, often over long distances 
and without proper care, most of the 
foundlings died. 

The abundance of information on this 
overwhelming social problem leaves no 
doubt that late in the 18th century and 
early in the 19th fully 80 percent of the 
foundlings died in their first year, most 
of them in the first days of life. The Rouen 
records show that mortality in the hos­
pice there regularly reached and at times 
exceeded 90 percent. Conditions were 
somewhat better in Paris. There in 18 18 
the Hopital des Enfants Trouves took in 

CLERICAL RESCUER of foundlings in the 17th century was the later canonized Vincent 

de Paul, shown here as imagined by a 19th·century painter, Nicholas Monsiau, in the course 

of retrieving babies who had been left to perish in the streets of Paris. With the aid of the 

ladies of the French court, Vincent opened one of the first foundling shelters in Europe. 
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4,779 babies. Of these, 2,370 died in the 
first three months and another 956 with­
in the first year, so that the birth-through-
12th-month mortality was less than 70 
percent. The three winter months, says 
one commentator, regularly produced "a 
veritable hecatomb." 

There was no mystery about these 
matters. Mothers who left their babies in 
the box knew that they were consigning 
them to death almost as surely as if they 
dropped them in the river. The general 
public was understandably appalled. Na­
poleon's well-intentioned decree amount­
ed in practice to the legalization of in­
fanticide. One writer suggested that the 
hospices post a sign declaring "Children 
killed at government expense." 

It seems reasonable in the light of this 
painful record to conclude that infanti­
cide, covelt or flagrant, was at least as 
important as celibacy in checking popu­
lation growth from the middle of the 
18th century to the middle of the 19th. 
It is also evident that a marked change 
of attitude with respect to children, par­
ticularly the newborn, took place there­
after. What was then commonplace now 
seems intolerable cruelty. Yet the earlier 
attitude is not beyond understanding. 
The newborn bear little resemblance to 
more mature human beings or even to 
year-old children. Strong maternal feel­
ings evidently are aroused only on the 
second or third day after giving birth, 
when nursing begins. Thus it is not sur­
prising that among so many people at so 
many different times in history the dis­
posal of unwanted babies has been ac­
cepted as a matter of course. In Europe 
from 1750 to 1850, at any rate, infanti­
cide persisted in spite of all the denun­
ciations of the church and all the penal­
ties of the law. 

Studies of celibacy and infanticide as 
checks on population growth are reveal­
ing, yet they have contributed little to 
an understanding of the phenomenal up­
surge in European population that be­
gan about 1760 and that must certainly 
be ranked among the most portentous 
developments in modern history. The 
Europe of 1850, with a population of 
some 265 million, was clearly a very dif­
ferent place from the Europe of a cen­
tury earlier, with a population of about 
140 million. The explanation of this pro­
found transformation has proved to be 
an intractable problem. 

I
f one considers the major checks to 

population growth, it is indisputable 
that in the century between the Napo­
leonic Wars and World War I interna­
tional conflicts were less frequent, less 
widespread and less lethal than they 
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EVILS OF EXPOSURE (left) are contrasted with the benefits of 

foundling care (right) in a drawing presented by Hogarth to Co· 

ram; it was printed as an engraving at the head of the subscription 

roll for Coram's foundling home. Three victims of exposure are 

visible: a naked baby by a bush (left foreground), a swaddled 

child (background) being put down by his mother, and another 

child, whose grieving mother kneels in tears nearby, sheltered in 

the arm of a foundling.home official. The scene among the found· 

lings is one of industry: the girls are engaging in domestic tasks; 

boys' work parties are equipped for farming or duty at sea. 

had been before that time. Famine too 
was less frequent and less severe as 
communications and transportation im­
proved. Contrary to the general view, 
there were also significant advances in 
medical science and sanitation, particu­
larly in dealing with the greatest killer 
after the disappearance of the plague: 
smallpox. The inoculation of children by 
the hundreds of thousands with the 
smallpox virus late in the 18th century 
and the vaccination of millions more 
with cowpox following the discoveries of 
Edward Jenner in 1798 provided a sub­
stantial measure of immunity to the dis­
ease. This must have substantially re­
duced the rate of infant mortality, which 
was a large part of total mortali ty. 

Meanwhile subsidiary checks such as 
celibacy and infanticide remained in 
force. Government restrictions on mar­
riages among the poor continued in ef­
fect in many German states until they 
were outlawed by the North German 
Confederation in 1868. Parental controls 
over marriage continued even into the 
20th century. Moreover, the exposure, 
abandonment and murder of infants con­
tinued to increase along with the growth 
in population, and foundling hospitals 
were presently consuming almost half of 
local government income. Yet it seems 
clear that checks on population growth 
that had served their purpose for centu-

ries suddenly proved inadequate to stem 
the rising tide. How could this be so? 

If Malthus was right in arguing that 
population tends always to rise to the 
level of available subsistence, one should 
perhaps seek the answer to this question 
in some fundamental change in the Eu­
ropean food supply that made possible 
the feeding of more than 100 million 
new mouths, no matter how poorly. Such 
a change did in fact take place roughly 
in concurrence with the European "pop­
ulation explosion." In the middle of the 
18th century two imports from America 
-the potato and maize-began to be cul­
tivated as field crops, the first in northern 
and central Europe and the second in 
southern Europe. 

B
oth plants are exceptionally nutri-

tious, easy to grow and rich in yield. 
Ireland, which pioneered the cultivation 
of the potato, became the classic exam­
ple of a country where people married 
at an early age and raised a family of six 
or even eight (plus a pig) on a diet con­
sisting almost exclusively of potatoes. By 
late in the 18th century the same regi­
men had been adopted in other thickly 
populated parts of Europe. In Flan­
ders, in the Rhineland, in southwestern 
Germany and in Switzerland, wherever 
landholdings were highly fragmented, 
large families of poor people subsisted 

on the produce of puny potato patches. 
Overall the new field crops resulted in 
an increase of 25 to 30 percent in the 
food supply available even to the low­
est social classes; the sudden expansion 
in human numbers followed. In the long 
run two other factors-the development 
of industrialism and emigration on a 
huge scale-relieved Europeans of the 
widespread fear of overpopulation. 

This thesis, it must be admitted, has 
not yet been generally accepted, possibly 
because it appears too simple and prob­
ably because it has not been adequately 
explored. Economists and demographers 
like to work with statistics, and they are 
reluctant to deal with problems of the 
prestatistical age. They will wrestle man­
fully with the scant data that can be ex­
tracted from parish registers and similar 
records in an effOlt to determine biIth 
and death rates, but they can find no 
statistics on the production of pota­
toes or maize, and they remain highly 
skeptical of the value of literary evi­
dence. 

It is thus left to the historian, accus­
tomed as he is to working with frag­
mentary material, to make what he can 
of the evidence. UnfOltunately historians 
have for the most part ignored popula­
tion problems; many are still reluctant 
to accord a decisive influence to the low­
ly potato. 
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MATHEMATICAL GAMES 
Dr. MatrL'r poses SOlne heteroliteral puzzles 

Ivlzile peddling perpetual motion in Houston 

by Martin Gardner 

o speculators about perpetual motion, 
how many r;ain chimeras haue you creat­
ed in the like quest? Go and take Y01tr 
place with the seekers of gold! 

-LEONARDO DA VINCI 

X
tartling letter from Bing Soph, an 

old friend now living in Houston, 
arrived in my mail early last Au­

gust. Soph informed me that an elderly 
man from Wales, calling himself Llewel­
yn Hooker, Jr., had created a consider­
able stir in Houston with his claim to 
have invented a perpetual motion ma­
chine. A small working model of the 
device was on display in the lobby of 
the plush Shamrock-Hilton Hotel, where 
Hooker and his pretty assistant, Miss 
Jacquelyn Jones, were selling stock for 
the Hooker Dynamaforce Corporation. 

Soph enclosed the company's hand­
somely printed prospectus. It outlined 
Hooker's scheme to build a gigantic 
dynamaforce generator on the Houston 
Ship Channel. Not only would dynama­
force provide cheap, unlimited power 
for the area; it also would cut the na­
tion's air pollution in half as soon as the 
clean dynamaforce motor replaced the 
dirty internal-combustion engine. The 
prospectus contained no pictures of 
Hooker or Jones, but Soph had men­
tioned that the tall, bearded Hooker had 
green eyes and a prominent nose, and 

that Miss Jones's attractive features were 
unmistakably Eurasian. 

I had little doubt that Hooker and 
Jones were none other than the notorious 
numerologist Dr. Irving Joshua Matrix 
and his half-Japanese daughter Iva, but 
I spent the next hour shufHing around 
the letters of LLEWELYN HOOKER, JR., to 
see what else they might spell. Dr. Ma­
trix had a liking for anagrammatic ali­
ases. The hunch paid off. The letters 
spelled JOHN WORRELL KEELY, a Phila­
delphia carpenter whose late-19th-cen­
tury "Keely motor" was the most suc­
cessful perpetuum mobile swindle in 
American history. 

I stuffed some clothes into two cloth 
traveling bags and telephoned for a 
plane reservation. Shortly after four the 
next afternoon I stepped from the hot, 
humid air of Houston's Main Street into 
the cool lobby of the Shamrock. Frank 
Lloyd Wright is said to have remarked 
when he first entered this lobby: "Now 
I know what the inside of a jukebox 
looks like." For me, an ardent Oz buH', 
it was like walking into the palace of the 
Emerald City: thick green carpeting, 
garish green colors everywhere, includ­
ing the Kelly-green uniforms and the 
pillbox hats of the busy bellhops. 

It was Dr. Matrix and Iva all right, al­
though both pretended not to know 
me. "Yes, indeed," Dr. Matrix muttered 
through a bushy Karl Marx beard, his 
emerald eyes glittering with mild sur­
prise. "I see your column now and then. 
Do you think Scientific American would 
be interested in an article on dynama-

force?" He ignored a guffaw from a stout 
man standing behind me, who was weilr­
ing cowboy boots and a Stetson hat, long 
hair, sideburns and a large steer's-head 
belt buckle with bright mby eyes. I 
learned later that he was a prominent 
physicist from the Houston Space Cen­
ter. 

"Show \[r. Gardner our modcl, J. J.," 
said Dr. �latrix. 

I va led me by the hand into a small 
alcove behind the table where she and 
her father had been sitting. "Please don't 
give us away," she whispered. "And will 
you join us for dinner at seven?" 

The working model, submerged in a 
square, vertical tank of water about two 
feet on each side and 10 feet high, was 
turning rapidly. Attached to a Hexible 
and hollow belt of plastic were 10 air­
tight cylindrical glass chambers, each 
holding a heavy mbber ball that was free 
to slide with the force of gravity [see il­
lustration on opposite page J. The vol­
ume of air inside the belt and chambers 
as a whole obviously remained constant. 
Because the balls on the right com­
pressed the air, sending it into the cham­
bers on the left where falling balls creat­
ed suction, it was clear that the cham­
bers on the left displaced more liquid 
than those on the right. The result was 
a strong buoyant force on the left that 
caused the belt and the two wheels to 
spin perpetually clockwise. 

"Isn't it elegant?" said Iva, grinning 
like the Cheshire cat. She told me that 
Mrs. Bloomfield Moore, widow of a Tex­
as oilman, had already invested half a 
million dollars in the project. Dr. Matrix 
soon hoped to get the same amount from 
Miss Ima Hogg, a Houston socialite and 
daughter of a cattle millionaire who was 
once governor of Texas. 

We dined in the Shamrock's Pavilion 
restaurant, which overlooks the hotel's 
enormous swimming pool. Iva spoke lit­
tle while Dr. Matrix and I conversed. 

"I like your touch," I said, "of putting 
'up' and 'dn' on the piston chambers. It 
reminds me of a gravity wheel C. L. 

®B C@ E F G H(DJ K L M N 0 P O@S T U V@X Y0 
> 9 > 4 --------:� 

~ 
9 < �------4< 

W I Z A R 0 

~ 
The alphabetical symmetry of "wizard" 
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Stong once pictured in his 'Amateur Sci­
entist' department. The wheel had 9's 
on the down side. They outweighed the 
6's they became on the up side." 

"Nine has remarkable inversion prop­
erties," said Dr. Matrix, nodding. "Mel 
Stover, a 'vVinnipeg numerologist, has 
pointed out that in Roman numerals 9 
changes to 11 when turned over, but 9 
in the binary system-lOOl-doesn't 
change at aU. It also stays the same if 
you write it like this." 

Dr. Matrix removed a large gold pen 
from his striped seersucker jacket. With 
its felt tip he wrote on my notepad: 

"Marvelous!" I exclaimed after turn­
ing the pad around. 

"Nine and 6, of course, are the digits 
that made 196 1 the year that is the same 
upside down. You might try this on your 
readers. It was sent to me by Althur Hall 
of Pinner in England. What invertible 
past year has the largest time lapse be­
tween itself and its inverse?" 

"Let's see," I mumbled. "The differ­
ence between 1,968 and 8,961 is . . .  h'm 
. .. 6,993." 

"You can do much better. The an­
swer, by the way, is unique and natural­
ly it tums out to be an important date in 
world history." He paused while the 
waiter served us green tea. Three young 
men at a nearby table seemed to be 
studying the geometric pattern on Iva's 
hot pants. 

"I was not surprised," Dr. Matrix went 
on, "to read in one of your columns 
about Arthur C. Clarke's denial that he 
intended HAL to stand for IBM." [HAL 
was the name of the spaceship computer 
in the film 2001: A Space Odyssey. If 
each letter of HAL is moved forward one 
letter in the alphabet, it becomes IBM. 

This curious fact had been disclosed by 
David B. Eisendrath, Jr., in his lively 
column in Photo Methods for Industry, 
October, 1970.] 

Dr. Matrix continued: "Unintended 
correlations of this sort are common­
place. Mary Scott, a member of the In­
temational Wizard of Oz Club, recently 
observed that a one-step word shift of 
N.Y., the home state of L. Frank Baum, 
produces OZ." 

"By Glinda, so it does! Does the word 
\vizard' have any numerological signifi­
cance?" 

"Everything does," sighed Dr. Matrix, 
while Iva's black eyes smiled at me over 
her teacup. "The word has a fantastic 
symmetry." 

Dr. Matrix lettered the alphabet and 

dn 

up 

dn 

up 

Dr. Matrix' dYllamajorce generator 
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circled the first letter at each end, then 
the fourth letter from each end and then 
the ninth letter from each end [see illus­
tration on page 100]. They were the let­
ters of "wizard." 

"Need I call your attention," he 
added, "to the fact that 1, 4 and 9 are 
the first three square numbers?" 

"I think, my dear papa," Iva said, 
"that Gardner would like another prob­
lem his readers could work on." 

Dr. Matrix tugged on his beard. 
"Have you noticed the high probability 
that a randomly selected pair of English 
words will have at least one letter in 
common? Red, orange, yellow, green, 
blue, purple and white all share the let­
ter E, but black, the absence of color, 
does not. Peter Wexler of the University 
of Essex discovered that the English 
name for every integer, starting with 
zero, shares a letter with the next-largest 
integer. Zero and 1 share E, 1 and 2 
share 0, 2 and 3 share T, and so on to 
infinity. There's a line in Longfellow's 
Evangeline, 'Warm by the forge within 
they watched the laboring bellows.' It 
contains all the letters in 'Henry Wads­
worth Longfellow.' Are you aware that 
three young rock stars with ] in their 
names-Brian Jones, Jimi Hendrix and 
Janis Joplin-all died in 1970, and that 
Jim Morrison died in 197 1, in the ] 
month of July?" 

"And the problem?" Iva asked impa­
tiently. 

It proved to be a large class of prob­
lems. The idea, Dr. Matrix explained, is 
to look for rare and speCial examples of 
what Los Angeles numerologist David 
L. Silverman calls a "heteroliteral" pair 
of names. These are names with no letter 
in common. Silverman found, for exam­
ple, that only one of the 50 states is 
heteroliteral with respect to its capital. 
Readers might enjoy searching for it. 
While doing so they may also discover 
which letter-there is only one-is not in 
the name of any state. 

What is so rare, Silverman once asked 
Dr. Matrix when the two met at a nu­
merological convention in San Francis­
co, as a Friday in June? Silverman 
meant: What is the only other heterolit­
eral day-month pair? 

"But back to numbers," said Dr. Ma­
trix. "Perhaps your readers can quickly 
determine the only letter not in the name 
of any number from zero through 100, 
yet in the name of every number greater 
than 100 and less than 200." 

After I finished jotting all this down I 
asked Dr. Matrix if he had any numero­
logical predictions about the 1972 presi­
dential election. Dr. Matrix declined 
comment. He did, however, show me a 
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brain teaser from Arthur Hall concern­
ing the digits of 1972. Plus and minus 
signs, and parentheses, are easily com­
bined with 1972 to obtain expressions 
equal to 1, 10, 50 and 100: 

1+9-7-2=1 
19 - 7 -2 = 10 

(1 + 9) (7 -2) = 50 
1 + 97 + 2 = 100 

Using only signs for addition, subtrac­
tion, multiplication and division (paren­
theses and brackets are also allowed), 
how can 9, 7 and 2 each be expressed? 
The sequence of the four digits in 1972 
is not to be disturbed, nor may any digit 
be used as an exponent. 

Iva consented to an evening prowl 
through the muggy streets of downtown 
Houston. I thanked Dr. Matrix for hav­
ing grabbed the tab, and while we 
pumped hands I said: "It's only fair to 
warn you that I'm wrestling with my 
conscience. Your dynamaforce-Iet's face 
it-is a colossal dynamafarce. " 

"Nevertheless," he replied gravely, 
"like Galileo's earth, the thing does 
move." 

''I 'm sure the local police would like 
to know who you really are." 

"You have a point there," said Iva, 
pointing to my head. 

"I couldn't possibly fail," said Dr. 
Matrix, "to disagree with you and Iva 
less." 

It took me several blocks to figure out 
what that meant. I spent the night bat­
tling my superego. Fortunately no deci­
sion had to be made. Next morning, 
while I was having breakfast with Soph, 
Hooker and J. J. were seen entering their 
black Cadillac and speeding off without 
paying their hotel bill. The dynamaforce 
model was found to have a tiny battery­
driven motor cleverly concealed inside 
its base. 

Early that afternoon I carried my lug­
gage through a jam of people, detec­
tives, reporters and photographers and 
stepped out of the Shamrock's air-con­
ditioned lobby into a sunbaked inferno. 
Heat waves shimmered over the spotless 
concrete. The traffic on Main Street was 
heavy, and this brought to mind a letter 
from a reader, George E. Mallinson, who 
pointed out that the initials of Charles 
A. Reich, the author of The Greening of 
America, spell CAR-that complicated 
non green mechanism whose engine has 
become such a sooty albatross around 
the neck of the world. 

Low in the eastern sky, over the oil 
refineries and chemical factories border­
ing the Houston Ship Channel, floated a 
brownish haze, a baleful by-product of 
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Apple tree after the winning chop 

20th-century seekers of black gold. It 
was a haze that would take more than 
dynamaforce to dissipate. 

The first problem last month was to 
explain how the winning strategy in 

a chessboard version of nim is affected 
by allowing players to move their count­
ers backward. The answer: It has almost 
no effect. If the loser retreats, the winner 
merely advances his opposing counter 
until the number of spaces separating 
the two men is the same as before. This 
preserves the status quo, leaving the 
basic strategy unaltered. The winner 
never retreats and, since the chessboard 
is finite, the loser's retreats must even­
tually cease. This variation of the game 
has been attributed to D. G. Northcott 
and is known as Northcott's nim. 

How the various parts (graphs) of 
John Horton Conway's Hackenbush 
Homestead are transformed, as ex­
plained last month, into apple trees, then 
trees and labeled is shown in the illustra­
tions on the preceding two pages. The 
graphs have weights of 15- 1- 1-4-1, 
therefore the Homestead's nim sum is 
10. The only way the first player can re­
duce this Grundy number to zero is by 
lowering the apple tree's weight to 5. 
"The tree trunk supports two branches 
of 8 and 6," Conway writes, "and these 
must be changed to 2 and 6, or 8 and 
12, to have nim sum 4. Clearly we must 
choose the left branch. Climbing the 
tree, we discover that there is a unique 
winning move-chop the twig bearing 
the highest apple on the tree." 

This chop lowers the tree's weight 
(the value of its trunk) to 5 [see illus­
tration above]. The graphs now have 
weights of 5- 1- 1-4-1, which have a 
nim sum of zero. 

I promised to report on later results 
concerning the Halma problems of last 
October. The only improvement on 
one of the transfer problems was made 
by James Stuart (who gave no address), 

Katsumi Takemura of Yokohama and 
Seiichi Fusamura of Kyoto. They low­
ered the moves for a diagonal transfer 
of the three-by-three array, on the order-
7 board, from 13 to 12. Octave Leven­
spiel, a physicist at Oregon State Uni­
versity, tackled the problem of trans­
ferring 10 counters from a triangular 
field on a Chinese-checkers board (its 
121 cells are in the form of a six-pointed 

star) to the directly opposite triangular 
field. He found a 27-move solution, with 
palindromic symmetry, which surely 
must be minimaL 

The three-move solution given in No­
vember for the Halma solitaire problem 
involving the order-4 array on an order-
6 board apparently not only is funda­
mentally unique for ending on one of the 
central cells but also seems to be the 
only three-move solution that eliminates 
all but one counter when this last count­
er can end anywhere on the board. 
When the order-4 square is at the center 
of a standard eight-by-eight chessboard, 
a pretty four-move solution puts the last 
counter on a comer of the board. And 
there is a hard-to-find four-move solu­
tion, found by George Groth of Chicago, 
that leaves four counters at the comers 
of the order-4 square when it is centered 
on the order-6 field. 

Groth also sent the following results: 
The order-5 array (on the order-7 board) 
has four-move solutions that end on any 
cell originally occupied; the order-6 for­
mation (on the order-8 board) has six­
move solutions to any cell formerly oc­
cupied, and a five-move solution to the 
board's comer, and there are two-move 
solutions for the order-3 array that place 
the last counter on any cell of the order-
5 board's border. 

John W. Harris of Santa Barbara, 
Calif., was the only reader to send re­
sults for the order-7 array on the order-9 
Japanese chessboard. He found a solu­
tion, to the center cell, in seven moves. 

An unexpected solution, albeit a fat 
one, of the old T-puzzle given in Novem­
ber was discovered by Manuel R. Pablo 
[see illustration below]. 

Pablo's solution to the T.puzzle 
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THE AMATE DR SCIENTIST 

Conducted by C. L. Stong 

W
hen a moving object is photo­
graphed in ordinary light by 
time exposure, the resulting 

image is more or less blurred . Usually 
such photographs are of little interest to 
experimenters even though the fuzziness 
of the image varies with the amplitude 
of the movement. A comparable photo­
graph made with coherent light, how­
ever, yields an accurate measurement of 
the displacement of the object. For ex­
ample, a photograph of a vibrating tun­
ing fork that is made with the coherent 
light of a helium-neon laser can be used 
for determining to less than a thousandth 
of an inch the amplitude of movement 
of the tines . 

Displacements can be measured by 
making a double exposure of an object 
on a single sheet of film. One exposure 
is made before the object moves and 
one is made after it moves . The tech­
nique, which is known as speckle inter­
ferometry, can also be used to map lo­
cal deformations in stressed mechanical 
parts such as the components of tele­
scope mountings, seismometers, optical 
benches and similar devices. Ulrich 
Kapf of Fleischmanllstrasse 7 in t..1unich 
explains the procedure as follows: 

"Speckle interferometrv resembles 
cOllventional holography in some re­
spects but is much simpler to do . LeRoy 
D. Dickson has presented in these col­
umns several ingenious hints for reduc­
ing the sensitivity of holographic appa­
ratus to vibrations [see "The Amateur 
Scientist"; SCIENTIFIC AMERICAN, July, 
1971]. Nevertheless, good holograms are 
not easy to make . In contrast, a reason­
ably careful beginner who undertakes an 
experiment with speckle interferometry 
can expect success on the first try . 

"The technique is based on the speck­
ling or granularity that appears when 
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laser light is reflected by a dull surface 
such as a painted wall, a sheet of white 
paper or a roughened piece of metal . 
The uniform illumination produced by 
an incoherent source, such as an incan­
descent lamp, is replaced by a pattem 
of dazzling granules when a coherent 
source is used . Each speckle marks a 
point of constructive interference be­
tween waves of coherent light . The 
speckles are of high contrast . The di­
ameters of the speckles vary statis­
tically, but the mean diameter is deter­
mined by the resolving power of the 
optical system with which the speckles 
are observed and is approximately equal 
to the product of the aperture of the 
pupil of the eye (in the case of a camera, 
the focal ratio, or f number) multiplied 
by the wavelength of the light. The 
wavelength of the coherent light emitted 
by a helium-neon laser is 6.33 X 10-7 
meter (6,330 angstroms) . 

"The pattern of speckles is caused bv 
lhe diffuse surface texture of the object . 
vVhen the surface is displaced at a right 
angle to the direction from which it is 
viewed, the pattern of speckles moves 
with it, much as if the speckles were 
minute spots of paint. The pattern call 
be recorded on photographie film as a 
double image . The amplitude of the dis­
placement can be determined hy exam­
ining the pattern of speckles . 

"vVith these principles in mind, one 
begins the experiment by flooding an ob­
ject with the expanded beam of a heli­
um-neon laser. The object might be a 
simple metal clamp similar to the one 
shown in the accompanying illustration 
[top of page 108]. The object can be 
supported by any reasonably stationary 
base, such as a brick. The beam of laser 
light can be expanded into a cone with 
a lens that has a focal length of somc 
four to eight millimeters . I use a 40-
power objective lens from a microscope, 
but a simple plano-convex lens will 
work as well . The distance between the 
laser and the object is not crucial, but it 
should be adjusted so that the conc of 
coherent light floods all parts of the ob­
ject. The lens can be held in position hy 

any improvised support that is reason­
ably rigid. The camera is placed at a dis­
tance where the sharply focused image 
of the object occupies a substantial por­
tion of the photographic negative. The 
negatives should be of the high-resolu­
tion type. I use four-by-five-inch AgFa 
Cevaert Scientia plates, which are sim­
ilar to Eastman Kodak 649F plates. 

"My exposures are made with a studio 
camera. After the camera has been fo­
cused the aperture is set at a focal ratio, 
or f stop, that varies according to the re­
solving power of the photographic emul­
sion and is equal to 1 divided by the 
product of the resolving power of the 
emulsion multiplied by the wavelength 
of the coherent light. (The resolving 
power of the emulsion is specified by the 
manufacturer . ) 

"The exposure interval is determined 
bv flooding the object with laser light 
and measuring the intensity with a com­
mercial exposure meter. Make the first 
cxposure.  Displace the object or other­
wise altcr its position in whole or in part 

. at a right angle to the direction of the 
camcra. \Vith an object such as tIlt' 
clamp used ill my experiment the metal 
can be warped by heating one side of 
the device with a small torch. The sec­
ond exposure is thcn made on the same 
negativc . Thc negative records two dis­
placed hut otherwise identical patterns 
of speckit·s. The negative is developed 
and fixed accdrding to the procedure 
rccommcnded hy the manufacturer. 

"Thc developed plate resembles an 
ordinary photographic negative, but the 
exposed area shows speckles . To detect 
the displaecment and measure its am­
plitudc the experimenter must analyze 
the complex speckle pattern illto its local 
components by means of a Fourier trans­
form. Do not be dismayed by the pros­
pect of having to carry out this math­
ematieal procedure with paper and 
pencil . It can be accomplished bv an 
inexpensive analogue computer: a sim­
ple lens . 

"To lIlakc the analysis support the 
film ill the vertieal plane bv an impro­
viscd elamp and direct the laser beam 
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Ulrich Kopf's apparatus for making speckle interferograms 

Fringe p((lterns indicating large displllcement (left) lind small displacement (right). 
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Arrangement for examining the holographk interferogram 

through part of the image. Intercept the 
transmitted beam by the transformation 
lens adjusted to focus an image on a 
distant screen [see bottom illustration 
at left J. The image consists of parallel 
fringes of light and shade. The spacing 
of the fringes varies inversely with the 
displacement of the object at the point 
on the negative through which the laser 
heam is transmitted. 

"Measure the distance d between any 
pair of adjacent fringes. It is easy to cal­
culate from this known distance the 
displacement s of the object. The cal­
culation includes the wavelength of the 
laser light (I), the focal length of the 
transformation lens (f) and the magnifi­
cation of the photographic image (m) . 

Usually the image is smaller than the 
objcct, hence the magnification is rep­
resented by a fraction. To determine the 
magnification divide the width of the 
image, as measured with a ruler, by the 
width of the object. The amplitude of 
the displacement is calculated by means 
of the formula s = I X f / m X d. 

"In my experiment with the metal 
clamp the laser beam was directed 
through the image at two points: the 
upper corner, where maximum displace­
ment was expected, and at the thin edge 
on one side [see illustrations on preced­
ing page J. Fringes associated with the 
upper corner of the part were spaced 
6 X 10-3 meter apart. Fringes associated 
with the thin edge measured 3.8 X 10-2 
meter. The focal length of my transfor­
mation lens was 3 X 10-1 meter and the 
magnification of the image was .7. The 
displacement of the upper right comer 
of the clamp was therefore 6.33 X 10-7 
X 3 X 10-1/ .7 X 6 X 10-3 = 46 X 10-6 
meter, or .0018 inch. The displace­
ment of the edge of the clamp was 
similarly calculated: 6.33 X 10-7 X 3 X 
10-1/ .7 X 3.8 X 10-2 = 7 X 10-6 meter, 
or .00028 inch. 

"The method is particularly easy to 
apply in the case of vibrating objects 
such as a tuning fork because the motion 
can be photographed by a single expo­
sure. The amplitude of vibration can be 
measured throughout the length of the 
vibrating part by directing the laser 
beam through the photographic nega­
tive at a series of points. The laser need 
not be adjusted for operation in a single 
mode, as in making holograms, but can 
oscillate simultaneously in many trans­
verse modes. Local deformations in an 
object that is stressed but not moved be­
tween two exposures are measured by 
scanning the photographic negative with 
the laser beam and monitoring the 
changing fringe distances and directions . 
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"Displacements occur at right angles 
to the direction of the fringes. Inciden­
tally, if the transformation lens is re­
moved, the fringes can still be observed 
provided that the diameter of the beam 
is less than the fringe separation ." 

A warning: Laser light is hazardous, 
particularly to the eye. Nevel' look into 
the beam. \,yhen you are using a laser, 
confine the beam and all targets within 
an opaque housing . 

Roger Baker (Box 7854, University of 
Texas Station, Austin, Tex . 78712) 

submits a simple apparatus for viewing 
images formed by infrared radiation. In 
principle his device resembles the Czer­
ny evaporograph that was developed 
at the University of Frankfmt before 
World War II. In the Czerny apparatus 
a lens of rock salt focuses an image in 
infrared radiation on the blackened side 
of a plastic membrane that is enclosed 
in a sealed box from which air can be 
pumped. Rays from the lens enter the 
box through a window of rock salt. Vola­
tile oil in a heated container at the bot­
tom of the box condenses on the oppo­
site surface of the membrane in the form 
of a transparent film of iridescent color. 
Local differences in the temperature of 
the membrane induced by the focused 
radiation cause the oil to evaporate from 
the film non uniformly. 

"The evaporation alters the thickness 
of the oil film in a pattern that corre­
sponds to the image, which then appears 
in contrasting color . The colored image 
can be observed visually or photographi­
cally. An exposure of about 10 seconds 
registers the image of a human being 
after sunset at a range of 100 yards. Im­
ages can be erased by altering air pres­
sure inside the box and thus controlling 
the rate at which oil is exchanged be­
tween the reservoir and the membrane. 
Baker's evaporograph is much simpler to 
construct and operate. He discusses it as 
follows: 

"The device consists of a wide­
mouthed jar partly filled with ink­
stained water and closed by a diaphragm 
of thin plastic of the kind used for wrap­
ping food. Like the Czerny evaporo­
graph, the device can be used to record 
and display images formed by heat . 
Water vapor condenses on the inner sur­
face of the plastic cover. The opaque­
ness of the condensation varies with its 
thickness and hence with the tempera­
ture of the plastic. An image in infrared 
radiation that is focused in the plane of 
the plastic becomes visible in the con­
densation as a negative image when 
viewed against the background of wa-

1 

plastic film 
blackened 
on thi �' ;;de )r:::;.:!' 

>�� � 
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jar of tepid 
water covered 
with a stretched 
plast ic film 

image of 
lights above 

Roger Baker's evaporograph 

ter colored with ink. The image can be 
erased by tipping the jar to wash away 
the condensation. 

"The sensitivity of the film to small 
changes in temperature varies with the 
way the device is used. For maximum 
sensitivity I partly fill the jar with a mix­
ture of black ink and water at room tem­
perature and let it stand until the tem­
perature of the solution reaches equi­
librium with that of the room. I then 
cool the metal handle of a kitchen knife 
or a rodlike piece of metal in ice water 
and pass it slowly across the top of the 
jar about an inch above the plastic. Cur­
rents of cold air flow down from the 
metal and cool the plastic to form an 
even coating of condensation. The tem­
perature of the film changes only slightly 
because heat liberated by the condens­
ing vapor is largely absorbed by the 
plastic. 

"As in the case of photographic emul­
sions the denSity of the condensed film 
of water droplets varies with both tem­
perature and time. For example, a film 
of plastic that is cooled one degree Cel­
sius for one second will condense a given 
amount of water . The same amount of 
water would condense if the film were 
cooled .1 degree C. for 10 seconds or 10 
degrees C. for .1 second. Conversely, the 
identical quantity of water will evapo­
rate from the plastic if the temperature 

is raised .1 degree C. for 10 seconds or 
.01 degree for 100 seconds . 

"The film tends to oppose any change 
in temperature . The sensitivity of the 
device to temperature changes in either 
direction can be demonstrated by coat­
ing the film as described and passing a 
finger lightly but rapidly across the top 

chilled penny 

warm 
water 

1 mage of a cool penny 
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o/e" fiberboard 
or wood 

Chromatograph simulator made by Ray Parman, Jr. 

of the plastic. You can hardly stroke the 
plastic quickly enough to avoid making 
a visible streak across the fogged sur­
face where the flow of heat from your 
finger evaporated the water. 

"Removing heat from the plastic simi­
larly encourages condensation. Drop a 
cool penny or something like it on the 
plastic. If the plastic is stretched tightly, 
like the head of a drum, and is inclined 
slightly, the coin may bounce rapidly 
across the surface. Each bounce will de­
posit an image of the coin, including 
many details of the bas-relief. 

"The condensation will store an im­
age for 10 minutes or more if the room 
temperature is fairly constant, although 
the droplets gradually increase in size. 
As the droplets grow, color will appear 
as a result of optical refraction. The 
vividness of the color depends somewhat 
on the angle from which the image is 
observed. 

"The plastic film is transparent and 
therefore relatively insensitive to infra­
red radiation. The sensitivity can be in­
creased by covering it with a second film 
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that has been blackened on one side 
with a coating of soot. I deposit the soot 
by wrapping a clear sheet of wet plastic 
tightly around a smooth bottle filled 
with ice water and passing it through 
the flame of a candle. The layer of water 
between the plastic and the glass in­
creases the transmission of heat through 
the layers and prevents the plastic from 
reaching its melting temperature. Pin­
holes will appear in the plastic if it over­
heats . The smoked plastic is stretched 
across a supporting ring, such as a small 
embroidery hoop, and placed black side 
up over the jar . Air pressure in the jar 
causes the plastic cover to bow upward 
slightly, which ensures intimate contact 
between the two films. 

"I have recorded impressions of dis­
tant incandescent lamps and other hot 
objects by focusing the rays on the 
blackened film with an ordinary magni­
fying glass. The image is observed by 
removing the blackened film. The im­
ages have not been of high quality. Glass 
is rather opaque to infrared radiation. I 
cannot afford a lens of rock salt. 

"A concave mirror with a reflecting 
front surface would work well. I tried to 
make one of gold resinate, but it cracked 
as a result of my impatience during the 
firing procedure. Still, the method is 
sound. Gold resinate is available from 
dealers in ceramic supplies. A brilliant 
front-surface mirror can be made by 
flowing a thin layer of the resinate over a 

clear concave lens and baking it. Inex­
pensive lenses of this type up to two and 
a half inches in diameter are available 
from the Edmund Scientific Co., Bar­
rington, N.J .  08007. 

"Flow a puddle of the resinate over 
the clean glass. Drain off the excess by 
letting the glass stand coated side down 
on a paper towel. Dry the coating under 
a 100-watt desk lamp or an equivalent 
heater . As the coating dries, carefully 
remove the bead of resinate from around 
the edge of the lens. Bake the resinate 
by wrapping the lens loosely in alumi­
num foil and heating it to approximately 
500 degrees C. Cool slowly. For a bak­
ing oven I use a covered skillet on a 

stove. A void my mistake of uncovering 
the lens before it has cooled to room 
tempcrature!" 

� the beginning of this century the 
Russian botanist Michael Tswett 

performed an experiment that was des­
tined to revolutionize the technique 
of separating mixtures of organic sub­
stances into their pure constituents. He 
extracted a mixture of plant pigments 
with petroleum ether and poured the 
solution into a glass tube that had been 
firmly packed with calcium carbonate. 
As the fluid trickled through the ad­
sorbent powder each pigment migrated 
at a characteristic rate. Ultimately the 
moving pigments separated into dis­
tinctly colored zones. By continuing to 
pass solvent through the powder Tswett 
could wash the zones completely through 
the column and recover the pure com­
pounds sequentially. In Tswett's words: 
"Such a preparation I term a chromato­
gram, and the corresponding method, 
the chromatographic method." 

Tswett explained that a characteristic 
force of attraction exists between the 
particles of each pigment and the parti­
cles of calcium carbonate. As a result 
some pigments are strongly adsorbed by 
the calcium carbonate and others are 
adsorbed less strongly. Thermal agita­
tion periodically dislodges the adsorbed 
particles from the powder. Dislodged 
particles are swept downstream, read­
sorbed, dislodged again and so on. A 
particle that is weakly adsorbed is dis­
lodged more frequently than one that is 
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strongly adsorbed. It therefore migrates 
through the calcium carbonate at a pro­
portionately higher net velocity than 
the more strongly adsorbed particle. As 
Tswett anticipated, the chromatograph­
ic technique has been applied for sepa­
rating organic substances of all kinds. 

To assist students in visualizing the 
mechanism of chromatographic analysis 
at the molecular level, Ray Parman, Jr., 
of Central State University in Edmond, 
Okla., recently developed an apparatus 
that displays by analogy a greatly mag­
nified version of the action in two di­
mensions . The apparatus consists of an 
inclined trough with a flat bottom that 
is studded with a pattern of protruding 
brads in hexagonal array [see illustra­
tion on opposite page J. The trough func­
tions as the adsorption column. The par­
ticles to be separated consist of steel 
balls in two or more sizes. As the balls 
roll down the trough they collide with 
the protruding brads at a frequency de­
termined by the diameter of the balls 
and the spacing of the brads. The effect 
is analogous to periodic adsorption. The 
smaller balls participate in fewer colli­
sions than the larger ones and so migrate 
at a higher net velocity. As in Tswett's 
apparatus, the balls become segregated 
in zones and emerge from the bottom of 
the trough in lots according to size. 

Parman's trough is 36 inches long and 
two inches wide. It is made of hard 
fiberbDard 5/8 inch thick. As a guide for 
placing the brads Parman glued graph 
paper to one side of the strip and coated 
the paper with clear varnish. Brads were 
driven into the strip on centers spaced 
one centimeter apart. Alternate rows 
were staggered by five millimeters. Par­
man used 3/4-inch brads driven verti­
cally so that 7/16 inch was exposed. 
Strips of masking tape 3/8 inch wide 
were woven between brads at the edges 
of the array to form the sides of the 
trough. A few brads were omitted from 
the pattern at the top of the array to 
prevent the balls from jamming as they 
enter the column. 

A supplier of balls can be found in 
larger communities by referring to the 
classified telephone directory under 
"Bearings ." Parman experimented with 
balls of four sizes: 1/4, 7/32, 5/32 and 

3/ 32 inch in diameter. The quarter-inch 
balls cost two cents each; the smaller 
balls were one cent each. At a brad 
spacing of one centimeter the cleanest 
separations are observed with a mixture 
of 1/4-inch and3/32-inch balls. A batch 
of approximately 20 balls can be proc­
essed at one time without overloading 
the column. 

AFRICAN SAGA 
This is not only 0 brief, easy-la-read introduction to African history, but 

an attempt to correct some of the misconceptions held about Africa 
and her people. Stonlake· Somkonge begins his account with the origins 
of man and develops the history through the story of various nations and 

empires, up to and including the slave trade of the 17th and 18th cen­
turies and colonialism. A fascinating account by a distinguished black 
historian. Cloth, $5.50; paper, $2.95 

A timely and engrossing examination of environ­

mental problems offers a unique approach to stem­
ming the tide of man's senseless de·struction of 
natural resources. The two most common views of 
man's relation to nature-the inclusionist and ex­
clusionist-are explored in depth along with the 
ethical and moral considerations involved. Includes 
views of loren Eiseley, Rachel Carson, Teilhard, Har­
vey Cox, and others. Frederick Elder. $3.95. 

HOW IT STARTED 
This delightful book is a fascinating collection of entertain­
ment and information for all who wish to share in the wonder 
of discovering "how it started." Over 300 brief descriptions 
listed under fifteen headings explain the origins of usual 
and unusual things-Hanging a Horseshoe Over the Door, 
Barbed Wire, Perpetual Light, etc. Illustrated with line draw­
ings. Will appeal to all ages. Webb Garrison $4.95 
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"What The World of Mathematics lacked, this book has."-Science Fortnightly 

" • • •  the best answer in print to what mathematics contains both on the elementary 
and advanced levels." -Professor Morris Kline, New York University 

• 1,125 pages • 3 volumes, handsomely bound and slipcased 
• 1ncludes 20 chapters on 20 prime subject areas by 18 out­
standing Soviet mathematicians • Published in cooperation 
with the American Mathematical Society and the M.l.T. Press 

And with your FREE 3·volume set, all these important books to choose from at low member prices: 
(Retail prices light - member prices bold) 

78410. SLAUGHTER THE ANIMALS, POISON 
THE EARTH. Jack Olsen. Unforgettable portrait 
of wildlife and its wanton destruction. $6.95/$5.95 

37890. CHILDREN AND SCIENCE. Lazer Gold­
berg. A must for parents and educators. Provides 
youngsters the opportunity and motivation, says 
the author, to teach themselves. $6.95/55.95 

36770. THE BORN-EINSTEIN LETTERS. Forty 
years of fascinating correspondence between two 
of history's supreme geniuses. $8.50/$6.95 

85060. ULYSSES AIRBORNE. Mauricio Obregon. 
The Odyssey relived by airplane. Filled with stun­
ning pictures. $8.50/$6.95 

44190. ELEMENTARY PARTICLES AND 
THEIR CURRENTS. Jeremy Bernstein. Brilliant, 
unified treatment of the elementary particles. 

$12.00/$8.50 
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68960 PHYSICS AND BEYOND. Werner Heis­
enberg. Takes you behind the scenes into the elite 
company of the creative men who unraveled the 
secrets of quantum mechanics and the theory of 
relativity. $7.95/$6.75 

48790. FOSSILS IN AMERICA. Jay Ellis Ran­
som. Convenient guide for the amateur fossil col­
lector. Contains a complete list of fossil sites in 
the United States plus handy tips, basic working 
equipment, and an ingeniously simplified fossil 
identification and classification system. $8.95/$7.25 

68730. PHYSICS OF THE EARTH. Frank D. 
Stacey. A brilliant new volume in the science of 
geophysics incorporating all of the revolutionary 
changes in this most fundamental of sciences. 

$11.95/$7.95 

37530. CHEMICAL EVOLUTION. Melvin Cal­
l'ill. Nobel laureate's major work emphasizes the 
transition period in the earth's history between 
the appearance of nonliving molecules and those 
molecular aggregates which must be called "liv­
ing." $9.00/$6.95 

44350. ELEMENTS OF CARTOGRAPHY: Third 
Edition. Arthur H. Robinson and Randall D. 
Sa/e. Covers choice of scale and projection, flow 
maps, vector maps, graduated symbol maps, prob­
lems of three-dimensional rendering, as well as 
the arts of design and lettering. $10.95/$8.50 

56320. INTRODUCTION TO CALCULUS AND 
ANALYSIS. Richard Courant and Fritz John. An 
up�to�date introduction, stressing the interaction 
between mathematical analysis and its applica­
tions, as well as the reciprocity between differen� 
tial and integral calculus. $11.95/$8.50 

45510. ENVIRONMENT, POWER AND SOCI­
ETY. Howard T. Odum. Applies systems analysis 
LO today's challenging ecological problems. 

$9.95/$7.75 

86010. THE VOCABULARY OF SCIENCE. 
Lance/at Hogben, F.R.S. A mine of information 
on the Latin and Greek roots of the universal 
language of science. $6.95/$5.95 

79940. THE SPECTRA AND STRUCTURES OF 
SIMPLE FREE RADICALS. Gerhard Herzberg. 
Molecular fragments known as free radicals exist 
everywhere. Spectroscopy is the most powerful 
tool for studying them and Gerhard Herzberg is 
synonymous with its development. $11.00/$8.50 

46650. EXCURSIONS IN GEOMETRY. C. Stan­
ley Ogilvy. Delightful ramble down the byways of 
geometry. $6.00/55.25 

61330. THE MATHEMATICAL SCIENCES: A 
Collection of Essays. America's most distinguished 
mathematicians discuss the scope and applications 
of modern math. $8.95/$6.95 

40040. THE CONCEPTUAL DEVELOPMENT 
OF QUANTUM MECHANICS. Max Jammer. 
An outstanding exposition of the century's most 
revolutionary theory. $12.50/$8.95 

56350. INTRODUCTION TO GEOMETRY, Re­
vised Edition. H. S. M. Coxeter. Urbane, uncon­
ventional, witty-a modern classic. $10.95/$7.95 

69930. POPULATIONS, SPECIES AND EVO­
LUTION. Ernst Mayr. A sweeping exposition of 
the theory of evolution - complete with latest 
refinements. $10.00/$7.75 

32530. ALGEBRA. Saunders MacLane and Gar­
rett BirkhoD. A fresh presentation of the famous 
"functional" approach. $11.95/$8.50 

37180. CALCULUS OF VARIATIONS WITH 
APPLICATIONS. George M. Ewing. This far­
ranging, computer-and-application-oriented treat­
ment of variational theory is beautifully precise. 

$10.00/57.75 

50110. GENETICS OF THE EVOLUTIONARY 
PROCESS. Theodosius Dobzhansky. A completely 
rewritten 4th version of the classic Genetics and 
the Origin of the Species. $10.95/$8.50 

84130. THERMAL PHYSICS. Charles Kittel. A 
revolutionary treatment of an all-important field. 

$10.95/$8.50 

70070. PRINCIPLES OF HOLOGRAPHY. 
Howard M. Smith. The first unified and complete 
treatment of this newest of sciences, holography 
-lenseless, three-dimensional photography. Cov­
ers the history, theory, practice, and applications. 

$9.95/$7.50 

37560. CHEMICAL APPLICATIONS OF 
GROUP THEORY: Second Edition. F. Albert 
Cattail. Brilliant revision of a trail-blazing work 
to include the latest developments in the field. 
Bridges mathematics and chemistry to provide a 
coordinated approach to an important analytical 
tool. $12.00/58.95 
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by Philip "lorrisol1 

T
IlE FACE OF TilE DEEP, by Bruce 
C. Heezen and Charles D. Hol­
lister. Oxford University Press 

($25). The surface of the moon is in plain 
view. Deficient gravity means no air, but 
we can bring our own, and the vacuum 
is no impediment to photons. Thus we 
know the moon well; men have mapped 
it in detail and have walked and driven 
across its plains. The abyss of the sea, 
with a surface area as big as eight or 
nine moons, is close at hand. But it is 
guarded by matter: gravity has clothed 
it with a Huid shield, at crushing pres­
sures up to hundreds of atmospheres. 
Seawater is scarcely a translucent screen; 
our brightest Hash lamps, dangling at 
the end of three or four kilometers of 
cable alongside a 35-millimeter camera 
in its pressure case with an inch-thick 
window, illuminate an area the size of a 
bed sheet. This striking book, the loving 
and eloquent work of two pioneers in 
the field and an up-to-date textual guide 
to the deep-sea Hoar (the title seems 
ambiguous), is an "illustrated natural 
history of the visible abyss." Almost 
nothing here lies under the sun; it is a 
new world, a world ice-cold and dark, 
not at all that sunlit and colorful shallow 
sea margin so wonderfully and newly fa­
miliar to divers and film makers. 

It is only about 20 years since our 
cameras first saw the Hoar of the abyss. 
For a longer time we have fished up 
samples, the ooze and its creatures here 
and there encountered by our blind 
grappling. A couple of hundred thou­
sand photographs now record the abyss, 
at some 2,000 stations over the whole of 
the seven seas. About 600 photographs 
are shown here, with one color sequence 
(mainly marking the shift from the 
white, buff and green of the shallower 
ooze, colors lent by the rain of micro­
scopic shells of surface organisms, to the 
chocolate of the fine inorganic red clay 
of the terrestrial basement, where pres­
sure and time slowly dissolve the last 

BOOKS 
The depths of the ocean, how the idea 
of galaxies evolved and other lnatters 

limy residues of life). Here is archaeolo­
gy: an amphora with a skull is shown be­
low four kilometers of the eastern Medi­
terranean. A newer beverage jar, meant 
for Coca-Cola, shows up more than five 
kilometers deep off Cape Hatteras. The 
"shell-buried cables creep" across the 
photographs, immobile conduits of in­
formation. There is change too; every­
thing falls, and in the end falls to the 
deep. Rocks and pebbles are rafted to 
sea on impermanent ice and sink, dust 
is wind-borne, volcanoes strew their ash; 
even meteorite debris is microscopically 
present in samples. There are currents, 
slow and inexorable, and swift cata­
strophic landslides that can shear cables, 
cut canyons and build submarine fans 
of talus. The "ribs of the solid earth," the 
outpouring of volcanic material along 
the great rifts that accompanies the drift 
of the continents, are not on the scale of 
these photographs; they can be made 
visible either by maps or by the happy 
accident that they come ashore in Ice­
land and East Africa, where photogra­
phy-subaerial, not submarine-can ex­
hibit the great faulted landscape. There 
is mineral wealth: black manganese. Ion 
by ion the manganese nodules grow, 
delicately layered, the size of potatoes 
and cannon balls, strewn over entire 
landscapes of the abyss, to comprise "the 
largest mineral deposit on this planet." 
\Ve cannot hope to mine them as fast as 
they grow, deep in the ocean, far from 
land, in the coldest waters and below the 
most desert surface waters. 

The abyss is inhabited, by animals 
that live on the rain of debris, that mine 
the ooze for the residue of a sunlit life 
far above. The dominant animals are 
ooze-grazing herbivores, the sea cu­
cumbers, known outside the zoologist's 
shelves as a Chinese delicacy. They are 
mostly mouse-sized, although some are 
as big as cats. With their cousins the 
brittle stars, and a variety of rarer in­
vertebrates, they people the bottoms, 
"cattle gently grazing on bacterial pas­
tures." See them here by ones and twos, 
by droves. Most of the pictures show no 
beasts but rather display the tracks, bur­
rows and furrows, and the intricate 

droppings of the many creatures of that 
dark and grass less plain. Some fishes 
feed on these grazers; some toothed 
whales dredge the bottom with slack 
lower jaw, occasionally to catch a cable 
and drown entangled. 

Altogether the volume is a lasting 
and remarkable novelty; other books 
have given us some samples of the work 
and told much of the technical story. 
This big book is the first compendious 
and accessible work; it also displays hu­
mor and poetry, from Pooh to Pope. 

If romance is not dead, these scien­
tists will try to bait some cameras aHoat 
in mid-water in order to attract the ex­
traordinary giant squid, known to be 
there but never pictured alive. You can 
see a rare big sleeper shark in deep wa­
ter, the largest trophy yet taken by the 
baited "monster cameras" or spied from 
the little submersibles. There is big 
game still to hunt in the dark miles 
down. One footnote (they are generally 
a rich lode) warns us to expect no living 
fossils on the bottom. "It appears that 
the deep sea has undergone a marked 
cooling during the last 100 million years" 
and is by no means a particularly stable 
environment for life. The existing fauna 
represents more the recent penetration 
of a variety of forms from the shallower 
seas into the depths than the survival 
of a strange and primordial fauna of the 
abyss. 

A'l ORIGINAL THEORY OR NEW Hy-
POTHESIS OF TIlE UNIVERSE, 1750, 

by Thomas Wright of Durham. A fac­
simile reprint together with the first pub­
lication of A Theory of the Universe, 
1734, with an introduction and tran­
scription by Michael A. Hoskin. Mac­
donald, London, and American Elsevier 
Inc., New York ($32). THE DISCOVERY 

OF OUR GALAXY, by Charles A. vVhitney. 
Alfred A. Knopf ($10). Immanuel Kant, 
a struggling, if precocious, private tutor, 
read a semipopular monthly published in 
Hamburg. Out of a book review in that 
journal he first conjectured the geometry 
of our universe as we see it now: an 
unending archipelago of starry islands, 
within one of which we ourselves dwell. 
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(Kant's own book was discussed in this 
space a couple of years ago from the 
paperback edition issued by the Uni­
versity of Michigan Press.) 

The book that Kant read about was 
vVright's, now presented in handsome 
facsimile "with upwards of Thirty Grav­
en and Mezzotinto Plates, By the Best 
MASTERS." Wright was a carpenter's son, 
apprenticed as a boy to a clockmaker 
but even then a passionate student of 
astronomy. He became a private teach­
er of navigation, then surveyor, map 
maker and teacher to the gentry, with 
great success in projects such as "a 
Large Horizontal Dial for Lord Vis­
count Middleton . . .  Lady Middleton . . .  
study ye use of ye Globes. " He wrote 
several texts on astronomy, but he most 
delighted in elaborate graphics; he has 
left us, among much else, an unpub­
lished folio "exhibiting . .. the various 
rising and setting of the Sun to all parts 
of the World" with "near 200" original 
diagrams and 500 representations of the 
sun. He published a vast chart (only two 
copies are known to survive) covering 
24 square feet, and a companion book, 
Clavis Coelestis, the key to the heavens. 
In the present volume, whose drawings 
and diagrams of both real and fanciful 
skies are always striking and occasional­
ly darkly and richly beautiful, he dis­
cusses the earth within the solar system 
and the solar system within the Rxed 
stars. Even among the stars he sees or­
der, a great starry ecliptic plane forming 
the Milky Way. It was this proposal of 
order that impressed Kant. Wright him­
self preferred a model of a huge shell of 
stars, one among many such shells scat­
tered through inRnite space, each sur­
rounding some supernatural yet grav­
itating Eye of Providence. This blend of 
geometry and theology is characteristic 
of all his work. His learned editor takes 
pains to deny Wright any real credit for 
the Rrst conjecture that our galaxy is a 
disk of suns, ungenerously stressing 
Wright's theological bent and his geo­
metric inconstancies. Dr. Hoskin, whose 
depth of study of Wright's books and 
manuscripts is unmatched, brought out 
of hiding a few years back a second vol­
ume in which \Vright recanted, plaCing 
the earth within a solid sky in which the 
stars were volcanoes! Earlier, however, 
Wright had touched our truth quite 
plainly; the consistent mind of Kant saw 
what hint to pursue and what wild vision 
to ignore. 

Kant's insight-the cosmos of island 
Milky Ways-was not received within 
astronomy. It remained a dubious ro­
mance of enormous spaces until our 
own times. The world view we hold to-
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day became uniformly accepted only 
with the work of men and women such 
as Harlow Shapley and Henrietta Lea­
vitt, Robert Trumpler and Edwin Hub­
ble. In The Discovery of Our Galaxy 
Professor Whitney, a Harvard astrono­
mer with a gift for adroit and engaging 
prose, recounts the story in a volume of 
documented narrative whose freshest 
pages tell of results and ideas put for­
ward only a couple of decades back. It 
was Shapley, a man of irrepressible en­
ergy and wit, who about 1920 Rrst 
placed our sun in the suburbs of the 
Milky Way, choosing the great spheroi­
dal system of the globular clusters as the 
framework of our galaxy. But he was 
wrong tenfold about the scale of the 
Milky Way, and he did not admit exter­
nal galaxies. The regularly pulsing Ce­
pheid variable stars Henrietta Leavitt 
had recognized in the Clouds of Magel­
lan gave him too large a distance for the 
large cloud; we know now that there is 
more than one species of Cepheid vari­
able. This was one false clue. There were 
two others: the erroneous detection of 
motion in the spiral nebulas, and the 
unhappy accident that in 1885 the Great 
Nebula in Andromeda, the nearest big 
spiral, produced a supernova far too 
bright to be a normal nova outside our 
galaxy. No one had realized that the 
rare supernovas could in fact be as 
bright as an entire galaxy. Whitney, a 
student in the later years of Shapley's 
department at Harvard, holds that Shap­
ley, "an ambitious young man, " could 
foresee no new achievement to cap his 
scaling of the Milky Way; he held that 
the spirals were "secondary creatures, 
and to measure them would be mere 
denouement." "So he became a public 
man [who] reached beyond science." 

It was Hubble, Rrst master of the 
100-il)ch telescope on Mount vVilson, 
who established the universe of galaxies 
and that uniform expansion called the 
Hubble law. He too was an unusual per­
sonality: a showman. A boxer of almost 
professional caliber, a three-letter man 
in college, a Rhodes scholar, he passed 
the bar examination but after only a year 
of practice decided "to chuck the law for 
astronomy." \·Vrites \Vhitney: "He knew 
how to strike a pose. " We live in his 
expanding universe, one solution of the 
cosmological form of the gravitational 
equations of Einstein. 

Whitney has chosen excellent period 
diagrams and quite beautiful modern 
sky photographs, darkly bled off the 
mat pages, to enrich his book. It is a 
book for the general reader, demanding 
little background in science, here and 
there using analogy to make a basic con-

cept familiar (not always without strain). 
The epilogue is very up to date, with 
disarmingly low-keyed accounts of such 
wonders as quasars, black holes and 
Seyfert galaxies. For Whitney the uni­
verse is unorthodox all according to 
Hoyle; we shall see. He is preparing a 

full biography of Hubble, a book eager­
ly to be awaited. 

EAST AFRICAN MAMMALS: AN ATLAS 

OF EVOLUTJON IN AFRICA, VOLUME 

I, by Jonathan Kingdon. Academic Press 
($35). This singularly handsome book is 
visually without a peer among many 
years of publishers' output in science. 
The designer, Tagelsir Ahmed, has giv­
en us a volume of the right size and 
weight, with generous margins and pa­
per that is neither slickly whitened nor 
blurringly rough. He has justly fulRlled 
the terms of the work. The book is the 
work of an artist-scientist; "the drawings 
and maps are a fundamental part, " and 
the "prime stimulus for the drawings . . .  
has been the contemplation of physical 
beauty in mammals; this is a reward in 
itself. " 

Our reward is the hundreds of maps 
and pencil sketches in an entire gamut of 
styles, and a number of striking pages of 
paintings in color, like so many designs 
by artists of the School of Paris. Across 
many a page climb and crawl and pos­
ture dozens of quick-drawn pottos or 
pangolins, reminding the reader of the 
sketchbooks of the old masters. There 
are Rne-lined and careful representa­
tions of the bony skeleton of man and 
gorilla, detailed studies of musculature 
(even one overlay), marginal drawings 
and softened renderings of the silky­
haired colobus monkey, skulls, faces and 
sequenced drawings of the jump of a 
galago, like a strip of motion-picture 
Rim. There is a silhouette of the bridge 
across the Firth of Forth, to compare 
with the skeletons of quadrupeds. There 
are small, elegant renderings of the trees 
of savanna and thicket, of hardpan and 
multistoried rain forest, like old engrav­
ings of cities seen from the waterfront. 
One can look at chromosomes and elec­
trophoresis patterns of the serum pro­
teins in man and chimpanzee, and co­
ordinate nets with primate-skull proRies 
superposed on the warp. The "red, white 
and blue" genital display of the vervet 
monkey and the white nose and red tail 
of other forms are presented in com­
parison studies, with the aim of tracing 
the origins of these striking signal 
schemes. Maps abound, informed with 
the personal graphic alphabet of one 
sensitive draftsman-artist, mapping the 
range of a band of 80 chimpanzees or 
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THE CHOICE IS YOURS. You can 
make the answer simple or com­

plex. Common place or extraordi­
nary. Definite or infinite ... If you 
enjoy seeing possibilities where 
others don't, if you take great plea­
sure in the unexpected, join us. 

The Science Fiction Book Club 
will introduce you to some uniquely­
gifted authors who will delight you 
with startling vision. Writers who 
can look at a dot or a pebble and see 
a universe of sub-atomic particles. 
Who can speculate on the incredible 
number of inter-dependent cells that 
make up a human body and envision 
whole planetary life forms intercon­
nected the same way. 

What is it? 
A black dot, circle, 

sphere, neutron, 
planet, tunnel opening, 
eye pupil, hole, 
cosmos? 

Who foresaw things like nuclear 
power, supersonic jets, computers, 
space probes, and moon walks long 
before they happened. Today's sci­
ence fiction authors are recounting 
some of the most fascinating, enter­
taining adventures you'll ever want 
to experience. 

Any 3 Books for just lO¢ 
Just 1O¢ will bring you any three 
books described on this page. 

With them comes your enrollment 
in The Science Fiction Book Club. 

You get the very best in science 
fiction for the astonishingly low price 

of $1.49 a book, plus shipping and 
handling. (Occasional extra-value 
selections are slightly more.) You 
agree to take only four selections or 
alternates in the coming year. All 
are handsome, hard-bound, full­
length editions of science fiction's 
newest, most exciting discoveries, 
and they're described each month in 
the club's inviting bulletin, Things 
To Come. So join the great adven­
ture. We'll start you off with three 
books of your choice for just 1O¢, (to 
help cover shipping), and even bill 
you later. Send today for some of the 
most thrilling books you've ever 
read. 

The coupon is all you need. 

EXTRA FREE GIFT 
with trial membership 

Two sensational classics in one volume by 
Edgar Rice Burroughs. The Gods of Mars and 
The Warlord of Mars. Both complete novels, 
each part of Bu rroughs' famou s Martian Serie s. 

---------------
6155. Str anger in a 
Strange Land by Rob· 
ert A. Heinlein. He 
knew the Martian love 
secret-and it spelled 
his doom. Pub.ed.$6.95 

7955. Prelude to Mars 
by Arthur C. Clarke. 
Two complete novels, 
Sands of Mars and 
Prelude to Space, 16 
short stories, by the 
sci·fi "colossus." Pub. 
ed. $6.75 

6205. Child hood's End 
by Arthur C. Clarke. 
Mankind's last genera­
tion on earth. "Wildly 
fantastic!" - Atlantic. 
Pub. ed. $4.50 

--�� Science Fiction Book Club 30-S107 I 
Dept. AL-382, Garden City, N.Y. 11530 

Please accept my application for membership in the Science 
Fiction Book Club and send me the 3 books whose numbers I have 
writt.en in the boxes below. Bill me just 10c (to help cover ship­
ping) for all 3. My extra gift, Edgar Rice Burrough's The Gods 
of Mars and The Warlord of Mars, will be included FREE with 
trial membership. 

I I 
I 
I 
I I I I I I I I I 

6429. Stand on Zanzibar 
by John Brunner. Stun­
ning novel. 1970 Hugo 
winner, of life in U. S. 
100 years from now. 
600 pages. Pub. ed. 
$6.95 
6007. A Treasury of 
Great Science fiction, 
ed by Anthony Boucher. 
2 volume set. 1,000 
pages. Counts as one 
book. Pub. ed. $5.95 
6130. A T i m e o f  
Ch anges b y  Robert 
Silverberg. Brilliant 
novel of strange planet 
where human beings 
must despise t hem­
selves and "I" and 
"Me" become filthy 
obscenities. 
6015. A l o n e  Against 
Tomorrow by Harlan El­
lison. The field's most 
honored writer plunges 
into 20 dark and won­
derful dreams of to· 
morrow's alienation. 
Pub. ed. $6.95 

6346. Sturgeon IsAlive 
and Well. , . 1971 Neb­
ula Award novelette 
"Slow Sculpture" plus 

I�s 
o��e����J��! �l��� 

geon. Pub. ed. $4.95 

3558. Fu ture Shock by 

2790. Science Fiction 
Hall of Fame I. 26 
"winners." chosen by 
Sci-Fi Writers of Amer­
ica. Ed. Robert Silver· 
berg. Pub. ed. $7.95 
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;'E����t�� : t"-

reading for those ... �l 
committed to control· �I.\ 
ling their destinies." );" ��6

.
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6221. The Foundation I. 
Trilogy by Isaac Asi· , 
mov. The ends of the !' 
galaxy revert to bar· '" 
barism. Pub. ed. $1 0.50 ' 

2295. The Robot Novels :', 
�r ���ac

gr!����r c;;a� i 
tions, the emotionally 
charged "The Caves of ' 
Steel" and "The Naked 
Sun." Pub. ed. $5.90 

About every 4 weeks, send me the club's bulletin, Things to 
Come. describing the 2 coming Selections and a variety of Alter­
nate chOices. If I wish to receive both Selections, I need do 
nothing; they will be shipped to me automatically. Whenever I 
don·t want 1 of the 2 Selections or prefer an Alternate, or no 
book at all. I will notify you by the date speCified by returning 
the convenient form always provided. 
I need take only 4 Selections or Alternates during the coming 
year. and may resign any time thereafter. Most books are only 
$1.49, plus a modest charge for shipping and handling. Occa­
sionally. extra-value Selections are slightly higher 
NO-RISK GUARANTEE: If not delighted. I may return the en­
tire introductory packag-e within 10 days. Membership will be 
canceled and I will owe nothing. 

��s ------------1 ---1 1 MISS Print name 

�===---------� __ �III ADDRESS 

CITY ,---Ill �ST�A�TE�------------------------�Z�I�P I 10m" "" """ 1 
�-----------------------� 

Book Club editions are sometimes reduced in size, but they are all full-length, hard-cover books you will be proud to add to your permanent library. 
Members accepted in U.S.A. and Canada only. Canadian members will be serviced from Toronto. Offer slightly different in Canada, 
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the human population of all East Africa 
compared with the prevalence of the 
tsetse fly and the reliability of 20 annual 
inches of rain. 

Kingdon has a clear grand aim: he 
seeks to make an agreeable, broad and 
complete inventory and introduction to 
all the mammalian species of East Afri­
ca, the region where a million years or 
so ago our own species emerged among 
a rich and diverse mammalian fauna. 
This volume, the first of three, is largely 
concerned with the primates (including 
Homo and other hominids) "and the 
peculiar interest their habits excite. " 
Since it is the first volume, it has a set 
of introductory chapters as background, 
treating the vegetation and the general 
environment, the perspective of the long 
past of geologic time and the founda­
tions of the anatomy of mammals. The 
author is caught up in the life of field 
and zoo-"I have kept [the Zanzibar 
galagosJ over long periods"-but he is 
no stranger to the talk, books and jour­
nals of mammalogists. Indeed, it is thc 
very catholicity of the content of his 
graphics, with his ability to subtly match 
style and content, that gives his book its 
unique beauty. There is a bibliography 
of some 600 titles. 

Primates are the stars of Volume I, 
but the anteaters, the aardvark and the 
dugong complete the work. Was the 
Egyptian god Set a tube-snouted aard­
vark, devouring the moon each month? 
Will the giant pangolin survive? This 
beast, feeding on the termites whosc 
mounds it rips open, is threatened by 
the "purveyor of charms. " The over­
lapping horny scales, a specialized pro­
tective armor that may make up a third 
of the weight of the animal, are popular 
love charms among the women of Bu­
ganda. Bury one suitably under a man's 
doorstep and he is "incapable of deny­
ing his woman's wishes and he will, un­
der the influence of this scale, buy her 
new dresses or indulge any other of 
her desires; naturally these are popular 
charms." A whole pangolin skin is worth 
a small fortune. 

This is a work of analysis, the pencil 
seeking "to extract from the complex 
whole some limited coherent pattern" 
for the mind and the eye. Because the 
author is an artist he delights the eye; 
because he is a scientist he goes beyond 
form and the present to tease out the 
origins, context and interpretation of 
form. The second volume will cover the 
little animals of East Africa, which are 
the least known; the third volume will 
treat the large mammals of the region, 
with a speCial effort to bring out infor­
mation relevant to the eventual use of 
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those showy large ungulates as meat­
yielders for man. The work as a whole 
is a luxurious wonder for both the pos­
sessor and the user. 

T I;\IES OF FEAST, Tll\!ES OF FA MINE : A 
HISTORY OF CLIMATE SINCE THE 

YEAR 1000, by Emmanuel Le Roy La­
durie. Translated by Barbara Bray. 
Doubleday & Company, Inc. ($10). Pro­
fessor of history at the University of 
Paris, this author brings the credentials 
of a distinguished economic historian. 
The book he published just before this 
one (which appeared first in Paris in 
1967) was on the Languedoc peasantry. 
lIe is one of those specialists in docu­
ments "who burrow among archives." 
His quarry there now is a sound his­
toriography-tested, systematic, detailed 
and authentic-for the fine structure of 
climatic change. The climatologists have 
their ice cores and their thermometer 
records, and there is a long and inglori­
ous tradition of zealously misapplying 
clues to past climate in explanations of 
human history. What Professor Ladurie 
seeks in this book is to restore the his­
torian's interest in climate for itself, in a 
document-based history of climate: not 
overstated, not crudely cyclical and not 
ignorant of the physical clues. 

He pursues the entire topic, present­
ing what amounts to a valuable critique 
and summary of many lines of work. 
For instance, he gives in one of 19 ap­
pendixes a set of graphs making visual 
the data, first gathered in a conference 
held at Aspen a decade ago, of some 50 
chronological series, such as wheat prices 
in Barcelona and the flowering dates of 
the cherry trees in central Japan. His 
own work centers on two sources of data. 
One is the manuscript dates of the wine 
harvests of Avignon back 500 years, 
which he stumbled on in a "huge pile ot 
harvest dates collected by Hyacinthe 
Chobaut, raj self-effacing Avignon 
archivist [who J was one of the true pio­
neers of the scientific history of Euro­
pean climate. " It has been shown that 
there is an extraordinary detailed inverse 
correlation, extending throughout the 
19th century, between the number of 
days after September 1 when the wine 
grapes are brought in and the mean mea­
sured local summer temperatures. The 
other source is the records of the little 
alpine villages at the foot of the glaciers. 
In a private archive in Chamonix, for 
example, we read that in April, 1600, a 
notary on the Italian side of Mont Blanc 
had a visit from one Jacques Cochet, 
who lived near the glacier named Mer 
de Glace. The French villagers had sent 
Cochet across the ridge to inquire if the 

parishioners of Italian Courmayeur had 
yet asked the Pope in Rome to pray for 
the withdrawal of the glacier. They had 
not done so, nor had the glacier drawn 
back. Three hamlets near there were 
destroyed between 1600 and 1610; the 
alpine people were in a panic, one ob­
server wrote in 1616, from "a great and 
horrible}lacier of great and incalculable 
volume. 

There was a "little ice age, " a high 
tide of ice, from just before 1600 up 
until 1850 or so. The period glacial­
terminal landscapes reproduced here 
display it eloquently. What these small 
but real changes show-"the worsening 
of the winters" from 1550 on-seems to 
come from a mean temperature drop of 
only about one degree Celsius. From 
1850 to 1950 there was a similar phe­
nomenon, only in the other sense; it 
was an "amelioration" of climate that 
may now be reversing again. It is these 
modest variations that are the most like­
ly objects of the historian's inquiry. 

This is a richly documented, even 
rather crowded book. Its auxiliary ap­
paratus, like that of many French works, 
is not easy to operate. For its intellec­
tual synthesis of historical scholarship 
and physical science, however, it is no­
table. Its readability, warmth and con­
structively skeptical tone mark it as the 
product of a genuine historian, who 
knows the strengths and the limitations 
of how we learn from our fragmentary 
record of the past, whether from parish 
journal or tree ring, isotope ratio or mo­
raine debris. 

P 1l0TOCl\APllIC ANATO:\IY OF TIlE I-Iu-
. MAN BODY, by Chihiro Yokochi. Uni­

verSity Park Press ($12.50). From Rem­
brandt van Rijn to Somerset Maugham 
and beyond artists have perceived that 
the anatomical scalpel cuts two ways. 
As the blade probes the cadaver, so it 
searches the emotions of the student. To 
be sure, shared rational knowledge of 
the mechanism of the body unites phy­
sicians, but they are bound even more 
into a kind of caste by the residual feel­
ings of their long afternoons among the 
ruins of the dead. Today we have an 
old and brilliant tradition of medical il­
lustration, in artful paintings and sharp 
photographs, that amounts to a kind 
of paper commentary on the dissecting 
room, both for the sake of art and for 
the practical end of supplementing or 
replacing that costly and dramatic room 
with the slab tables. 

The general reader cannot expect to 
pass the discriminating judgment of the 
art critic or the medical pedagogue. For 
sheer vivid impact, however, this new-
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ly Englished version of a successful Jap­
anese atlas of anatomy, now 15 years 
old, is unmatched. Intended largely for 
paramedical students, nurses and tech­
nicians, it presents both in sharp mono­
chrome and strong color photographs, all 
blood red and fat yellow, a review of the 
general structure of the body. Most of 
the specimens are freshly prepared, not 
pieces long held in the preserving flu­
ids before dissection and photography. 
There are also radiographs and photo­
graphs of the living, and some magnified 
shots, diagrams and sequential sections, 
to gloss the main theme of direct, salient 
images of the dozen systems of the body 
teased out and whole. 

THE SCIENCE OF MATTER: A HISTORI-

CAL SURVEY, selected readings edited 
by M. P. Crosland. Penguin Books 
($4.95 ). A HISTORY OF MEDICINE, select­
ed readings edited by Lester S. King. 
Penguin Books ($5.75). These two pa­
perbound anthologies present fresh and 
attractive, if somewhat staccato, ex­
cerpts from the entire range of their re­
spective domains. The Science of Mat­
ter offers more than 160 samples, aver­
aging a couple of pages each; A History 
of Medicine, a thinner volume, wider in 
scope and somewhat more conventional, 
gives us a couple of dozen readings some 
10 or 12 pages in length. The edito­
rial comment is helpful and readable 
throughout. Matter is examined through 
the eyes of its students from Aristotle 
to C. N. Yang, usually, although not al­
ways, in citations of contemporaneous 
work. In 1654 Walter Charleton esti­
mated the size of atoms by the volume 
of air rendered pungent by a grain of 
frankincense; the number of atoms in 
the volume was at least 1018. Forty years 
later Edmund Halley reckoned that the 
gold layer on gilded drawn silver wire 
was less than a fifth of a micron thick, 
and "even in this exceeding thinness, 
very many of those atoms may still lie 
one over the other." 

The medical anthology begins with 
Hippocrates and Galen and ends with a 
1967 paper reporting the experience of 
a couple in Indiana whose gold wed­
ding bands induced a long-lasting ir­
ritation of the skin of the fingers. It 
turned out the gold had been reworked 
from radon-containing gold implants 
used in tumor therapy. 

These books are enjoyable, but they 
are not cheap. It is too bad the pub­
lishers could not at that price include 
more graphic material. A few line dia­
grams begin to enliven the atomic text, 
but there is nothing in the medical vol­
ume save words. 
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TWO IMPORTANT 

BOOK ANNOUNCEMENTS 

Second Edition 

Population 
Resources 
Environment 
Issues in Human Ecology 

PAUL R. EHRLICH 

and ANNE H. EHRLICH 

Stanford University 

A new Publication 

The Evolution 

"The new parts of this book cover many important matters, 
and this second edition is even better than the first. 

To spend three or four days reading it is to be introduced 

to the part of today's news that will determine what the 
world will be like tomorrow. It is more than a book - it is 

an education." 
- Nathan Keyfitz, Professor of Demography, University of California, 

Berkeley, and Past President, Population Association of America 

The extensively revised and completely updated second 
edition of the most comprehensive text in environmental 

studies; an indispensable guide for student, scientist, and 

concerned citizen. 

Publication: March 1972 

of Economic Society 
An Introduction to Economics 

MARTIN GERHARD GIESBRECHT 

Wilmington College 

• 
-

"I have read this book with great pleasure. Professor 

Giesbrecht writes with a remarkably easy, fluent style, 
which is very rare in the economics profession. The 

arrangement and the content of the work strike me as 

admirable. This historical approach keeps the interest of 

the reader throughout, and I know of nothing else in the 

field that has this kind of breadth and sweep. In other 

words, the book is a real prize." 
- Kenneth E. Boulding, University of Colorado, and Past President, 

American Economics Association 

A basic text for a short course in introductory economics; 
excellent supplementary reading for majors' courses 

and interdisciplinary courses; an engrossing and enlight­

ening introduction for the layman. 

Publication: March 1972. 340 pages, cloth $7.95, paper $3.95 

From your bookseller or from Dept. F 

W. H. FREEMAN AND COMPANY 
660 Market Street, San Francisco, California 94104 

58 Kings Road, Reading, England RG1 3AA 
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A new theory called plate 
tectonics is revolutionizing 
our understanding of the planet 
we call home. 

It provides the first adequate 
explanation of the mountains 
that have awed man for 
centuries ... and the volcanos 
and earthquakes that have 
filled him with terror. 

• 

on In 

We of the CIBA-GEIGY 
Corporation family are proud 

, 
• 

to present this great advance in 
fundamental scientific knowledge, 
from the very frontiers 
of geological research in: 

"The Restless Earth" 
A Public Broadcasting Service 
Color Special 
Produced by NET 
February 28, 1972 

Check local television listings 
for time and station. 

elBA-GEIGY 
Ardsley, New York 10502 
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It doesnt matter who you are. 
You cant get a Chrysler Imperial 
that hasnt had a shakedown 
in Detroit traffic. 

Nobody, but nobody gets an unused Imperial. 
Every Imperial that Chrysler builds gets 
somewhere between twelve and fifteen miles 
put on it before it ever gets delivered. If 
there are any problems, Chrysler wants to 
find them before you do. 

Each car is checked on city streets and free­
ways, in all kinds of traffic conditions. The 
test dri vers listen for wind noise and check 
for rattles. They even inspect under the 
car: Things like the fuel line and brake 
line. There's a check sheet with more than 
200 items that gets filled out on each car. 
Believe me, if it's not right, they don't want 
you to have it. 

Comin� through with the 
kind of car America wants. 

That's their slogan this year, 
and I think they're living 
up to it. 

I've seen the way they 
build the 1972 Chryslers. 
And believe me, they want 
these cars to last longer and 
perform better than any car 
they've ever built before. 

Your Chrysler-Plymouth 
dealer can let you take an 
Imperial out for a road test 
of your own. You'll see what 
I mean. 
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Now, 
flat flexible cable 
lives up to its name. 
Ten years ago flat flexible cable 
tantalized engineering minds. 
It offered tremendous advantages over 
conventional wiring. All of them ob­
vious. It weighed less. Was compact. 
Strong. And it avoided confusion in 
multiple wire hookup. The run of pos­
sibilities was dazzling but it stood short 
on practicality. 
The problem was connecting the .060" 
wide x .003" thick copper paths to other 
parts of equipment circuitry. And to 
make the connection easily, reliably 
and quickly. And in such a way that 
the copper path wouldn't break off 
once the supporting insulation was 
removed. 
We solved the problem by leaving the 
insulation on. 
Our technique was essentially one of 

AMP 
INCORPORATED 

Two-piece 
board-edge 

with retention clip 

Pre-curled 
"window shade" 
option on cable 

Cable·to­
strip 

receptacle 

insulation displacement under very 
tight tolerances. We applied the same 
technology to terminating the con­
ductor and created a connection with­
out piercing it. The result-an electri­
cal/mechanical connection that is as 
strong and flexible as the cable itself. 

Today, we supply connectors and 
terminating machines for flat cable as­
sembly production in customer's plants, 
or we provide finished assemblies to 
customer specifications, ready for in­
stallation in equipment. 

In the technology of electrical/ elec­
tronic connections we're at the fore­
front of continuing change for the 70's. 
For more views from our vantage point 
send for our brochure, "Decade of the 
70's". Write. AMP Incorporated, Harris­
burg, Pa. 17105. 

One-piece 
board-edge 

connector 
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