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Thisisa
soft drink bottle
before it’s born

ter it dies.

Glass. It's a natural. & §

About 73% of glass is sand — the most
common substance in the earth’s crust.

It's this natural composition that appeals
to the nation’s homemakers. They like what
glass shows them about the products they buy.
They like the purity of glass and its re-sealability.
They like the fact that glass protects the flavor
of food and beverages.

Equally important, it’s this natural
composition that makes a glass container an
ideal environmental package. It can be returned
to the earth in virtually its original form.

Of course, not all glass goes back to the
earth. But because glass is recyclable, more
and more is going back to the industry for
making new glass bottles and jars.

The glass industry is also continuing to
develop new uses for used glass such as road
paving material, construction panels, bricks,
insulation, terrazzo and reflective paints.

When you add it all up, it’s easy to see
why consumer preference for glass containers
continues to grow. In terms of its attributes, its
utility and recyclability, glass is a natural. For a
copy of “The glass container story,” write:

Glass Container Manufacturers
Institute, Dept. A, 1800 K St., NW,
Washington, D.C. 20006.
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Dodge Colt GT

Built across the ocean.
Serviced across the street.

Up until now, when you
bought a sporty little Japanese
import, you pretty much had to
rely on dealerships the imports
themselves setup inthe U.S.,
for parts and service.

But now, along comes the
Dodge Colt GT.

Sporty as you could ask for.

But,more important, the
Colt comes with a system of
ready-made U.S. dealerships.

That means when your Colt
gets to America, it’s sold and
serviced by a network of Dodge
Colt Dealers that stretches from
coast to coast.

So if you're thinking sporty,

think of it this way:
The Dodge Colt GT
comes from Japan

Dodge

...to America...
Dodge Trucks

c/o Dodge.
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Here are just a few of the 35
things that come standard on
the Colt GT: Overhead cam hemi
engine ® Four-on-the-floor
® Front disc brakes ® Reclining
bucket seats ® Adjustable
steering column e Rally striping
inside and out e Soft-rim sports
steering wheel ® Flow-through
ventilation @ Whitewall tires ®
Center console with storage bin.

CHRYSLER

MOTORS CORPORATION
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Dual.

The turntable for
people who
are very serious
about their
record collection.

There are many different types
of Dual owners.

Audio professionals want to
know about every technical feature
and nuance of Dual design and
engineering.

Newcomers to components are
usually content with the knowledge
that they have the turntable
everyone recommends as the very
finest available.

But all types of Dual owners
have one thing in common: a large
collection of records. And they know
that their records will sound better
and continue to sound good as new
no matter how often they're played.

Thus, even if equipment details
don't ordinarily interest you, we
suggest you think for a moment
about your substantial investment
in records.

Then, we think you'll want to
write for our literature, which
includes test reports from
independent test labs and an article
from a leading music magazine
that tells you what to look for

" in furntables.

i—Unifed Audio Products, Inc. _]|
120 So. Columbus Ave.

l Mt. Vernon, N.Y. 10553  Dept. SA |
| Please send me your free literature or l
| turntables, including test report reprints. |
|| Name e — 1
| Address |
l City. _ l
s —————t—

United Audio is exclusive U.S. Distribution Agency for Dual.

THE COVER

The painting on the cover shows a part of the tubing of a French horn. The
four silvery round objects at the top are the valves. The French horn, along
with the trumpet and the trombone, is a member of one of the two main
families of brass musical instruments (see “The Physics of Brasses,” page
24). The instruments in this family have a considerable length of cylindrical
tubing in the middle section and an abruptly flaring bell. The other main
family of brasses is the conical family, in which much of the tubing in-
creases in diameter from the mouthpiece to the bell and the flare of the bell
is less pronounced than it is in the cylindrical family. Among the instru-
ments in the conical family are the fliigelhorn, the alto horn and the tuba.
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University of Washington students and
Tektronix computer display terminals
are probing the secrets of sea life in an
effort to find a balance between man’s
need and the oceans’ resources.

They are research associates in the
NORFISH project of the University's
Center for Quantitative Science in
Forestry, Fisheries and Wildlife.

They have a wealth of data to draw from,
including 20 years of dusty commercial
fishery statistics. Analyzing such input
once meant hours of hand-drawn
charting and days of drifting on paper
seas. No more.

The engaging interactivity of our graphic
terminals take them from data input to
viewable charts in minutes. At the touch
of a switch, they copy the display with a
Tektronix Hard Copy Unit.

With little training they can generate
orthographic projections and 3-D
surfaces which describe the ocean
environment far more succinctly than
words alone.

Across campuses throughout the
country, our terminals are adding new
vision to medical diagnostic training,
high energy and pattern recognition
physics, biophysical waveforms and
speech therapy.

At one university, library people,

Computer graphics is bringing
to light the ecosystems of the deep.

Graphics. The mind’s eye,
for those who think tomorrow.

© 1973 SCIENTIFIC AMERICAN, INC

inspired by a cardiac diagnosis appli-
cation, are developing a Library Retrieval
System using our terminal.

Thus the ripple becomes a wave.
Applied graphics is helping teaching
and research keep more than current
on our nation’s campuses.

For an informative booklet on graphics
and Tektronix display technologies,
write: Colin Barton, Tektronix, P.O. Box
500, Beaverton, Oregon 97005.

TEKTRONIX
.



_—HP MEASUREMEN'I_'/(_IOMPUTATION: changing things for the better ———

These calculators have such special significance
for scientists and engineers that we devoted

this space to describe them in some detail. Other

new instruments and systems stemming from
our measuremen_t/Eomputation technologies are
being developed: look for them in the

coming months.

Three alternatives (two of them
brand new) to the drudgery of
paper-and-pencil mathematics.

Almost 300 years ago, Gottfried Wilhelm Leibniz
wrote, “It is unworthy of excellent men to lose
hours like slaves in the labor of calculation.” He
was right, but how could anyone avoid it then?

Today, in any field of science or engineering,
tedious manual calculation is neither wise nor
necessary because things have changed signifi-
cantly for the better, even in the last few months.
We’re convinced you should never again labor
with slide rule, tables, scratch pads and adding
machines . . . wasting your creative time getting
answers that aren’t as accurate as you’d like.

Any of the economical calculators that we
describe in this month’s message is as easy to op-
erate as an adding machine but incomparably
more powerful. All are pre-programmed to perform
not only the basic arithmetic operations but
also transcendental and statistical functions. All
calculate positive and negative numbers through-
out a 200-decade range. All automatically keep
track of the decimal point and can display answers
to the tenth significant digit.

One of the traits that sets them apart
from the recent flood of electronic calculators
is a four-register operational stack that is
solidly based on computer theory. The stack
automatically stores intermediate results obtained
during your calculations — whether they be
serial, chain or mixed chain — and brings them
back to the working register when they are needed
to complete the calculations. In plain English,
the stack relieves you of the necessity to make
scratch notes and re-enter intermediate values:
it does it for you, automatically and without error.

HP-35.
The electronic slide rule

Small enough so that you can easily carry it around
in your shirt pocket — it weighs only 9 ounces
including rechargeable battery — the HP-35 is
the original electronic slide rule introduced
a little over a year ago. It has since become the
constant companion of more than 75,000 scientists
and engineers around the world.

Due to the economies realized in this long
production run, the price of the popular HP-35 has
been reduced to $295.*

HP-35

The HP-35 is easier to use, 10 times faster and
significantly more accurate than the slide rule.
With a single keystroke and in less than a second,
it performs trigonometric (sin, cos, tan), loga-
rithmic (log x,In x, ) and other commonly used
functions (x*, 1/x,Vx, m) as well as the four
arithmetic operations. It also calculates inverse
trig functions.

In addition to its computer-like operational
stack, the HP-35 has a constant storage register
which lets you store any number and recall it
as often as you want for repeat operations, with-
out ever having to re-enter it.

The HP-35 comes with owner’s handbook,
battery pack, AC adapter/recharger, carrying case
and travel case.

HP-45.
The scientific pocket calculator

A direct descendant of the ‘“‘electronic slide rule,”
the new HP-45 packs nearly twice the computa-
tional power into the same package. The trick is
that it has a unique gold-colored “shift” key
that doubles the function of 24 of its 35 keys.
Hence it does all that the HP-35 does . . .
and then some.

The HP-45 is the first pocket calculator with
nine addressable memory registers besides
its operational stack. You can store data in each
one — any number that appears on the display —
and recall it to the working register whenever
you want. (Let your imagination picture the calcu-
lating horsepower of this feature for register
arithmetic, conversions, continued products,
payrolls...)

The HP-45 also has a 14th register, called
“Last X" in which the last input argument is auto-
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HP-45

HP-46

matically stored. You can recall this number
by pushing the “Last X" key ... then proceed to
correct it or to perform calculations with it.

There’s more. The HP-45 lets you do trig
calculations in any of three angular modes
(degrees, radians or grads) and converts angles in
any mode to degrees/minutes/seconds instantly,
and vice-versa. It lets you convert polar coor-
dinates to rectangular and vice-versa, at a single
keystroke. Add or subtract vector components
in polar or rectangular coordinates. Perform two
dimensional accumulations for vector calcula-
tions. And convert U.S. units of length, weight or
volume to metric, and vice-versa...to 10-
digit accuracy.

The HP-45 costs $395* including owner’s
handbook, quick reference guide, battery pack,
AC adapter/recharger, carrying case and
travel case.

HP-46.
The scientific printing calculator

If you need a permanent record of your calcula-
tions and don’t insist on the size and portability of
our two shirt-pocket wizards, the HP-46 was
designed especially for you.

It has all the computational ability of the HP-45
with the important addition of a printer. The
printer’'s extended set of alphanumeric symbols
lets it “talk back” to you as you perform your

HEWLETT ﬁw PACKARD

Sales, service and support in 172 centers in 65 countries.
Palo Alto, California 94304. Offices in principal cities throughout the U. S

calculations. The HP-46 prints easy-to-read
symbols with all operations you perform, and
clearly labels the results. Its printout thus
constitutes a complete permanent record.

For example, when you calculate the mean
and standard deviation of a series of numbers, the
printer lists each entry with a =+ symbol. Then,
after you push the x, s key, it prints the results, in
order: the number of entries, the calculated
standard deviation and the mean . .. each
clearly labeled.

On command, the printer will also record
the contents of the operational stack or the
9 addressable memory registers, each also clearly
labeled. Should you make a logical error in
data entry or call for an improper calculation, the
printer will make an error note with a reference
to an explanation contained in the operating
manual.

A 15-digit LED display is available as
an option.

The HP-46 costs $695* including owner's
handbook, printer paper, and carrying case.

*Domestic USA prices only.

........................................‘.
o’ 00310 ‘..
<" Mail to: Hewlett-Packard, B

1504 Page Mill Road, Palo Alto, CA 94304

want an alternative. Send me complete information on:
) HP-35 Electronic Slide Rule

) HP-45 Scientific Pocket Calculator

) HP-46 Scientific Printing Calculator

|
(
(
(

Name

Title

Company

Address

eotsssssNsRIRRRRRERE N nnua,
.
Trssssssssssssnnnnnnsn s

City - State Zip.
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LETTERS

In your April issue you published a
synopsis of the United Nations’ Demo-
graphic Yearbook’s most important re-
sults, just a month after Tomas Frejka’s
interesting article proposing a stable
world population of about 8.4 billion. It
might therefore be instructive to com-
pare the UN’s data with an empirical fit
to the then available data made in 1960
by H. von Foerster, P. M. Mora and
L. W. Amiot (Science, Volume 132,
pages 1291-1295, November 4, 1960).
The UN gives a current (1971) popula-
tion of 3.7 billion, with a growth rate of
2 percent, or an “apparent doubling
time” of 35 years. Extrapolation of the
empirical curve from 1960 to 1971
would have predicted (to within 7 per-
cent) a population of 3.32 billion, with
an apparent doubling time of 39 years,
so that the population has grown and is
currently growing at a slightly faster rate
than the empirically fitted curve. What
makes these facts alarming is that in
1960 (and still) that empirically fitted
curve, fitting data for the past 2,000
years, predicted populations far in excess
of what any reputable demographer
would risk, and in fact predicted a popu-
lation growth that is faster than any ex-
ponential. It is clear from the UN data
that no progress whatever has been
made during the past decade in slowing
the worse than cancerous growth of the
human population. Mr. Frejka’s clarion
call to complacency seems at best some-
what premature.

Sirs:

THoMAS VON FOERSTER

Department of Physics
Harvard University
Cambridge, Mass.

Sirs:

I did not, and did not intend to, advo-
cate complacency, nor did I wish to join
the alarmists. The purpose of my re-
search is to provide a realistic long-term
perspective on population growth em-
ploying up-to-date knowledge. Mr. von
Foerster misreads my paper as a propo-
sal. It is an analysis “proposing” nothing.
Surely one can try to say something
about the future without becoming an
advocate.

Whatever the reasons may be (prog-
ress and modernization, education, lack

8

of resources, environmental degradation,
“high” population density, etc.), national
populations—and thus eventually the
world population—will sooner or later
have a tendency to approximate a sta-
tionary nongrowing state. The historical
experience of the so-called developed
countries over the past 50 years seems to
support this statement. Individuals, fam-
ilies and nations strive to maximize their
welfare and they shape their behavior
(economic, educational and demograph-
ic) accordingly. The demographic be-
havior of these nations is pointing in the
direction of a rough equilibrium of
deaths and births, that is, stationarity.

What are the alternatives ahead for
the population of the world, depending
mainly on demographic trends in the de-
veloping countries?

Since presumably—in the absence of
catastrophes—mortality will continue to
decline, one can illustrate the type of fer-
tility decline that is needed in order to
stabilize world population in the 21st
century at six, eight, 11, 15 or more bil-
lion. If an eventual world population
below 10 billion is considered desirable,
the fertility decline in the developing
world has to proceed at a rate faster than
that experienced in most western Euro-
pean countries during the 19th and early
20th centuries. In several developing
countries there is evidence of such a
rapid fertility decline: Taiwan, South
Korea, Hong Kong, Mauritius, Costa
Rica, Sri Lanka and others, possibly in-
cluding the People’s Republic of China.

Should the average fertility decline of
the developing countries be at the same
rate as it was in western Europe, a world
population on the order of 15 billion
can be expected. It logically follows that
a lower rate of fertility decline or a stable
current fertility would lead to a world
population of more than 15 billion.

To label the 2 percent world popula-
tion growth rate of the 1960’s as “worse
than cancerous growth of the human
population” is a subjective value state-
ment with which some will agree and
others disagree. The facts, however, are
that owing to the precipitous mortality
decline of the past two or three decades
in the majority of the developing coun-
tries, coupled with relatively high fer-
tility, the age structure of the developing
countries’ population has been shaped in
such a way that even if fertility (the
average number of children born per
woman) does decline as fast as it did in
19th-century Europe, the world popula-
tion growth rate will remain around 2
percent per year for the rest of this cen-
tury.

Every country has to decide how im-
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portant a factor its population growth
rate is in maximizing its welfare objec-
tives. If rapid population growth is con-
ceived as a significant obstacle to de-
velopment, significant enough to create
policies and programs to cause a decline
of the growth rate or to accelerate the
decline of a decreasing growth rate, and
if the majority of the developing coun-
tries will act effectively to correct their
growth rates, then the world population
growth rate might fall below 2 percent
before the end of the century.

The alternatives are obvious but
choices are difficult to make and even
harder to put into practice. Research in-
dicates that one should expect continued
high growth rates for a few decades re-
sulting in large population numbers.
How large the eventual world population
will be depends heavily on the rate of
fertility decline: 15 billion with a tra-
ditional rate of fertility decline, less with
a faster decline or more with a slower
fertility decline.

Toxas FREJkA

The Population Council
New York
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made in America.

The four-day weekend. With your
family. Relaxing.

Or the three-day weekend. Or just
Saturdays and Sundays off. And
two weeks’ (or more) vacation with
pay. And sick leave and retirement
benefits.

Profits make possible leisure time,
art, sports, welfare payments, low-
cost government housing, foreign aid,
the fight against cancer.

Profits make possible leisure time
...and cancerresearch.

Are corporate profits excessive?
Not according to the facts.

They all come from the same
source. The free enterprise profit
system.

Lately there have been some who
argue that corporate profits are bloat-
ed, unjustified—even immoral.

Not so. After-tax corporate profits
average four cents on every gross
sales dollar, not 28 cents as the gen-
eral public is reported to believe
today.

Profits allow business to accumulate
surplus monies in good times so
it can get through bad times, with a
minimum of layoffs and other
economy moves.

Profits let people start new busi-
nesses and, in the process, create
new jobs.

80 million Americans owe theirin-

dependence to the profit system.

Profits give working Americans
more options to do something other

e tg

than work. If business couldn’t earn
profits, we’d all have to work
much longer and harder just to meet
the everyday demands of living.

Notto mention doing without those
long weekends, sick leave and retire-
ment benefits.

It's as simple as that.

International Telephone and
Telegraph Corporation, 320 Park
Avenue, New York, N.Y. 10022.

SERVING PEOPLE AND NATIONS EVERYWHERE
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Freeman Books for Psychologists

The Social Animal

ELLIOT ARONSON,

The University of Texas at Austin

“Aronson’s book is sheer intellectual delight.”
—Benbow F. Ritchie, University of California, Berkeley

“A superb book, clearly written, theory and re-
search literature well selected and lucidly explained.
Perhaps the best statement of T-groups within the
context of social psychology theory and research
available. Saul Steinberg’s drawings are excellent.
Aronson writes with passion, skill, and knowledge
of the field. A rare book in that it bridges human-
istic and behavioristic approaches.”

—Clovis Shepherd, University of Cincinnati

1972, 324 pages, 10 illustrations, paper, $3.50

Orthomolecular Psychiatry:

Treatment of Schizophrenia

Edited by DAVID HAWKINS,

The North Nassau Mental Health Center

and LINUS PAULING, Stanford University

The 30 articles in this volume explain a new method of
treating mental illness, the guiding principle of which is that
the mind’s functioning is strongly influenced by the nutri-
tional and medical state of the body. Essential reading for
all who are concerned with the field of mental health.
1973, 650 pages, 81 illustrations, $17.00

Prepublication price: $12.00, until February 1973

Neuropharmacology and Behavior
VINCENZO G. LONGO
Istituto Superiore di Sanitd, Rome

A concise but wide-ranging discussion of the chemical and
pharmacological properties, as well as the effects, of the
most important psychotropic drugs.

1972, 184 pages, 33 illustrations, cloth $6.95, paper $3.95

The Psychology of Consciousness

ROBERT E. ORNSTEIN,

The Langley-Porter Neuropsychiatric Institute,

San Francisco

This book is an attempt to reconcile two basic approaches
to knowledge: the rational and the intuitive. Central to its
theme is the concept of a bifunctional brain in man, with
the left hemisphere normally responsible for ‘linear’”
thought and the right hemisphere for ‘‘nonlinear’’ or non-
verbal thought.

1972, 230 pages, 13 illustrations, paper, $3.50

Introduction to Modern Behaviorism

HOWARD RACHLIN,

State University of New York, Stony Brook

“A lucid, accurate, well-organized, and intelligent discus-
sion of the field of animal learning which my introductory
psychology students can understand and appreciate.’”
—Martin E. P. Seligman, University of Pennsylvania, in
Contemporary Psychology, September 1971

1970, 208 pages, 76 illustrations, cloth $6.00, paper $3.25
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Selected Writings of T. C. Schneirla

Edited by LESTER R. ARONSON and ETHEL TOBACH,
The American Museum of Natural History, and

JAY S. ROSENBLATT and DANIEL S. LEHRMAN,
Institute of Animal Behavior, Rutgers University

A collection of 34 of Schneirla’s most important writings,
this volume provides further insight into his observations,
theories, methods, and experiments in comparative psychol-
ogy and animal behavior.

1972, 1032 pages, 137 illustrations, $22.50

Development and Evolution of Behavior
Essays in Memory of T. C. Schneirla

Edited by LESTER R. ARONSON, ETHEL TOBACH,
DANIEL S. LEHRMAN and JAY S. ROSENBLATT

“An important book. By maintaining the intellectual
standards that were set by the scientist whose life and work
they wished to commemorate, the contributors have served
him well.”” —Science, January 22,1972

1970, 656 pages, 30 illustrations, $12.95

Army Ants, A Study in Social Organization
T.C.SCHNEIRLA, Late Curator, The American Museum
of Natural History. Edited by Howard R. Topoff.

This synthesis of his conclusions about the behavioral
patterns of the army ants is the last work written by
T. C. Schneirla. More than the work of a great scientist
concerning one group of ants, it is an instrument for under-
standing the momentous changes that have taken place in
the behavioral sciences during the past four decades.

1971, 349 pages, 89 illustrations including 8 plates in full
color, $12.00

The Origins of Intellect: Piaget’s Theory
JOHN L. PHILLIPS, JR., Boise State College

Jean Piaget, described by The New York Times as ‘‘the
outstanding child psychologist in the world today,” has
constructed the only systematic and comprehensive theory
of intellectual development. This brief book is a nontechni-
cal, general summary of that theory.

“This is the best, most understandable short description of
Piaget’s work I’ve seen. It has the particular advantages of
not oversimplifying as well as setting the theoretical work
in a broader context.”

—Muriel King, University of Washington

1969, 149 pages, 30 illustrations, paper, $2.95

The Antecedents of Self-Esteem
STANLEY COOPERSMITH, University of California, Davis

“What background conditions, individual characteristics,
and aspects of parental treatment shape a child’s level of
self-evaluation? This orienting concern provides focus and
structure for Professor Stanley Coopersmith’s insightful and
solid contribution to the growing literature linking impor-
tant theoretical concepts and substantial empirical data
concerning aspects of self-conception. . ..the conclusions
are important in their implications for theory, child rearing,
education, and therapy.’’ —Psychiatry, May 1970

1967, 283 pages, 90 tables, $7.50

Readings from SCIENTIFIC AMERICAN

Collections of articles originally published in Scientific
American, reproduced with illustrations. Selected and intro-
duced by prominent scholars.

Perception: Mechanisms and Models

With Introductions by
RICHARD HELD and WHITMAN RICHARDS,
Massachusetts Institute of Technology

390 pages, 389 illustrations, cloth $12.00, paper $5.95

Contemporary Psychology

With Introductions by
RICHARD C. ATKINSON, Stanford University

486 pages, 441 illustrations, cloth $12.00, paper $5.95

Physiological Psychology

With Introductions by

RICHARD F. THOMPSON,

University of California, Irvine

444 pages, 422 illustrations, cloth $12.00, paper $5.95

From your bookstore or

- W. H. FREEMAN AND COMPANY

- 660 Market Street, San Francisco, California 94104

58 Kings Road, Reading, England RG1 3AA
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JULY, 1923: “At the meeting of the
National Academy of Sciences a few
days ago Dr. W. W. Campbell made
public full details of the precise and con-
clusive confirmation of Einstein’s predic-
tions by the observations of the Lick Ob-
servatory party at the Australian eclipse
of last September. Four excellent photo-
graphic plates were secured during the
eclipse, and as many more for compari-
son. Then, after the astronomers re-
turned from their journey, began the
laborious and tedious work of measure-
ment and calculation. Three of the four
pairs of plates have so far been worked
up, and each plate shows an Einstein ef-
fect, clearly and without question. The
general mean of all the results reduces to
a deflection of starlight of 1.74 minutes
at the sun’s limb, as against 1.75 minutes
predicted by Einstein.”

“If we are to believe the very logical
arguments of the World Metric Stan-
dardization Council, there exists no good
reason at all why the meter-liter-gram
system has not been adopted by the peo-
ple of the United States and Great Brit-
ain, except that deep-seated quality of
human nature which causes us all to put
our backs up and resist changes until
they are forced on us. The greatest phys-
ical obstacle to overcome is the tran-
sition from the system of machine tools.
Many American manufacturers, how-
ever, already are using the metric system
of measurements today for the produc-
tion of export articles. What remains to
be done is not so much to convince the
average man of the desirability of the
change on theoretical grounds as to
demonstrate to him that he should con-
tribute his share to making the change.”

“The application of electric traction to
the railroads of the United States is pro-
ceeding quite closely along the lines that
were predicted 15 or 20 years ago. The
public was quick to realize the grand
scale on which electrification of the
steam railroads of the country was being
commenced, and predictions were freely
made that within a decade or so steam
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would give way entirely to electricity
and the steam locomotive would take its
place in historical museums. The history
for the past 15 years has proved the truth
of these predictions. The latest develop-
ment is the decision of the Virginia Rail-
road to electrify 134 miles of their
system lying between Roanoke, Va.,
and Mullens, W.Va. The Westinghouse
Company states that this is the largest
single railroad electrification contract
that has ever been placed.”

“Sir James Dewar, whose death was
recently announced, is popularly known
to the world as the inventor of the Ther-
mos bottle. However, he was not con-
sciously working for what is thus known
but rather for something to preserve
liquid gases, with which he was experi-
menting. The use that his ‘dewar tube’
is now mostly put to came as an after-
thought, not so much of his own but of
the commercial world. With his inven-
tion he was able to liquefy hydrogen,
and he froze it at minus 438 degrees
Fahrenheit. He also isolated hydrogen,
helium and neon from the air. He died
at the age of 81 years.”

“The recent stir in the daily press
about the possibility of gasoline selling
for $1 per gallon has directed public at-
tention to the necessity of saving fuel in
every way possible. Exact instructions
for the most economic driving will vary
with the make of the truck or car, but
the following pointer will be of value to
all: In ascending a hill do not wait until
the last second to shift to a lower gear. If
you do, not only will you lose speed and
overtax your engine but also you will
consume gasoline. With more knowledge
of economic driving a considerable re-
duction can be made in the four billion
gallons of gasoline consumed each year.”

JULY, 1873: “At Canandaigua, N.Y.,
Miss Susan B. Anthony, who insisted
that she had as good a right to vote as
any man, and who did vote at the last
election, has been tried and, we regret to
say, found guilty and fined for violating
the law. Judge Hunt decided that al-
though women were entitled to the gen-
eral rights of citizens, there were certain
special privileges that the law of New
York did not give them, one of which
was the privilege of voting. The law
must, in the opinion of Judge Hunt, be
changed before our feminine fellow citi-
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zens can enjoy themselves at the ballot
box.”

“It is hardly necessary at the present
day to direct especial attention to the
relative proportion of advantages and
defects inherent in the rotary engine as
a type, nor is it here needful to draw any
contrast between it and the reciprocating
engine. The principal advantage of the
rotary engine is a positive equalization
of steam pressure on all sides of the
drum, at all times and at every point in
its revolution, so that frictional wear is
reduced to its lowest point for the main
shaft and journals. The rotary engine is
cheap, as all the parts are simple lathe
work, strictly circular, or else have flat
and straight edges easily planed. It is
compact and economical of fuel. It is
simple and the working parts are readily
accessible for repair. There are practical
difficulties, however, particularly in the
wearing of certain parts. Whereas in
the future inventors will unquestionably
seek to augment its advantages, at pres-
ent their efforts are more particularly
directed toward overcoming these dif-
ficulties.”

“Robert Wilhelm Bunsen was born on
March 31, 1811, in Géttingen, a town in
Hanover. At the age of 17 he entered the
university of his native town in order to
pursue physical and chemical studies; he
took the degree of doctor in 1833. In
1852 he was nominated professor of
chemistry in the University of Heidel-
berg, which position he still holds. We
owe to him important contributions rela-
tive to the combustion and diffusion of
gases, etc. He is also the inventor of that
wonderful instrument known as Bun-
sen’s burner. Herr Bunsen, although now
in his 62nd year, enjoys excellent health
and is still increasing in the pursuit of
his investigations.”

“Captain Douglas Galton, in an in-
teresting article in the Journal of the So-
ciety of Arts, calls attention to the need
of new inventions in devices for cooking,
whereby the great waste of fuel now ex-
perienced in the best of our stoves and
ranges may be prevented. The question
of saving fuel for cooking purposes, he
says, is even more important than econo-
my in warming, because cooking is an
operation required every day in the year,
and the waste of fuel in cooking is even
more considerable than in warming. Al-
though hundreds of stove and range in-
ventions have been made, there is still
room for a new and better series of de-
vices whose merits are to consist in their
economy of fuel.”
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THE AUTHORS

FREDERICK S. JAFFE (“Public Pol-
icy on Fertility Control”) is vice-presi-
dent of Planned Parenthood—World Pop-
ulation and director of the Center for
Family Planning Program Development.
He was graduated from Queens College
in New York with a degree in economics
and worked in journalism and public re-
lations for several years before he joined
Planned Parenthood in 1954. In addition
to writing extensively on family planning
he has served as technical adviser to the
President’s Committee on Population
and Family Planning and as special con-
sultant to the U.S. Commission on Pop-
ulation Growth and the American Fu-
ture. “As for other interests,” he writes,
“I am a tennis player and a reader, with
major interests in labor, economic and
social history.”

ARTHUR H. BENADE (“The Phys-
ics of Brasses”) is professor of physics at
Case Western Reserve University. His
work was originally in nuclear physics,
but (he writes) “about 10 years ago my
growing interest in musical acoustics,
which began with reading Dayton C.
Miller’s Science of Musical Sound and
blowing on everything in sight in the
band room when I was in high school,
swallowed up my other interests.” The
understanding of musical instruments he
and his colleagues have gained has con-
tributed to the design of commercial in-
struments. “I have made it a matter of
policy to become reasonably fluent as a
player on the various historical or na-
tional types of flute, clarinet, oboe and
so on. In the case of instruments on
which I lack fluency I can usually make
sounds of good quality note by note. All
of this makes for an interesting and
varied life as an amateur player of cham-
ber music and provides an indispensable
insight into the relative merits of the in-
struments, which has proved to be an
essential guide and reference point for
my scientific activities and a basis for
grateful appreciation of what my musi-
cal friends have to teach me.”

H. R. CLAUSER (“Advanced Com-
posite Materials”) is a consultant, writer
and teacher; he took up those activities
in 1970 after retiring from Materials En-
gineering, where over a period of almost
30 years he was successively assistant
editor, managing editor, editor and edi-
tor-publisher. His present work includes
the editorship of Research Management.
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He recently completed a term on the Na-
tional Materials Advisory Board and an
assignment with the National Commis-
sion on Materials Policy. Clauser is the
author of the book Radiography for In-
dustry and is finishing a textbook on ma-
terials. In addition he is editor-in-chief
of the Encyclopedia of Materials and
Processes.

NIELS KAJ JERNE (“The Immune
System”) is director of the Basel Institute
for Immunology in Switzerland. “All my
ancestors for several generations lived
in a small area of western Jutland,” he
writes. “My grandfather, after whom I
was named, was captain of a small sail-
ing ship that made a yearly voyage to
Mexico until he went down with his ship
when my father was five years old. My
father did not go to sea but moved
around a lot, with the result that I was
born in London and received my educa-
tion in Holland, where I obtained my
baccalaureate when I was 16. It then
took me 12 years to make up my mind
what profession to choose. When I was
28, I decided to study medicine in Co-
penhagen, with the objective of becom-
ing a village doctor. During my studies
I took on a part-time job in a scientific
laboratory, and from then on I was
trapped in science.” Among other things
Jerne has worked for the World Health
Organization, served as chairman of the
department of microbiology at the Uni-
versity of Pittsburgh School of Medi-
cine and spent three years as director
of the Paul Ehrlich Institute in Frank-
furt. “I have no interest in law, politics,
walking or collecting anything,” he
writes, “nor in motorcars, clocks or any
product of technology. Practically any-
thing else I find interesting, including lit-
erature, music and drinking good wines
in France.”

I. R. CAMERON (“Meteorites and
Cosmic Radiation”) is associate professor
of physics at the University of New
Brunswick. Born in Scotland, he re-
ceived his bachelor’s degree from the
University of Edinburgh in 1953 and
his doctorate (in nuclear physics) from
the same university in 1958. From 1958
to 1967 he was with the United King-
dom Atomic Energy Authority, working
on the physics of various types of experi-
mental nuclear reactor system. “After
nine years of working in reactor physics,”
he writes, “I felt that a change to some
completely different field would be stim-
ulating The study of meteorites is par-
ticularly interesting, since it involves ele-
ments from so many diverse fields, from
metallurgy to cosmology. My outside in-
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terests include classical music, history
and ornithology.”

WALTER GOLDSCHMIDT (“The
Brideprice of the Sebei”) is professor of
anthropology and psychiatry at the Uni-
versity of California at Los Angeles and
senior science fellow of the National In-
stitute of Mental Health. His bachelor’s
and master’s degrees are from the Uni-
versity of Texas (in 1933 and 1935 re-
spectively), and his Ph.D., which he ob-
tained in 1942, is from the University of
California at Berkeley. He has served as
editor of the American Anthropologist
and is founding editor of Ethos, a jour-
nal dealing with the interrelation of the
individual, culture and society. Gold-
schmidt is the author of five books.

PETER A. RONA (“Plate Tectonics
and Mineral Resources”) is senior re-
search geophysicist with the National
Oceanic and Atmospheric Administra-
tion; his base is the Atlantic Oceano-
graphic and Meteorological Laborato-
ries in Miami. He is also chief scientist of
the Trans-Atlantic Geotraverse, an inter-
national cooperative venture investigat-
ing the earth’s crust along a corridor be-
tween the southeastern region of North
America and the northwestern region of
Africa. The aim of the project is to gain
understanding of continental drift, sea-
floor spreading and the processes of ac-
cumulation of minerals on the sea floor.
Rona received his bachelor’s degree in
geology from Brown University in 1956
and his Ph.D. (in marine geology and
geophysics) from Yale University in
1967; as he puts it, “my formal educa-
tion spanned the revolution in the earth
sciences.” Before he joined the National
Oceanic and Atmospheric Administra-
tion in 1969 he was with the Hudson
Laboratories of Columbia University for
nine years and worked as an oil geologist
for two years.

EDWARD V. EVARTS (“Brain
Mechanisms in Movement”) is a member
of the Laboratory of Neurophysiology of
the National Institute of Mental Health.
He obtained his M.D. from the Harvard
Medical School in 1948 and received
clinical training in psychiatry and neu-
rology. It was while he was combining
his clinical work with a year of research
at the Yerkes Laboratories of Primate
Biology in Florida that he became inter-
ested in the function of the brain. “My
nonprofessional activities are swimming,
running and learning hard languages,”
he writes. “My current language of
interest is my wife’s native tongue:
Finnish.”



Anatomy of a
Nikon Camera (Part II)

Recently, we discussed the precision
with which a Nikon is put together
to make it the superb picture-taking
instrument it is. But there is still
another aspect of the way Nikon is
put together that makes it the most
versatile camera ever conceived.
We're now talking about the liter-
ally thousands of ways you can put a
Nikon together yourself by way of its
totally flexible, modular construction,
on which the Nikon system is based.

Interchangeable Lenses

There are more than forty lenses in
the Nikon system. Fourteen of them
are wide angle lenses, for use at
close quarters or to exagger-
ate perspective, including a
220° Fisheye Nikkor that act-
ually “sees” objects behind
the camera. To bring distant
objects up close, you can
choose any of fifteen
telephotos, ranging up
to 2000mm and giving
up to 40X magnifica-
tion compared with the
“normal” 50mm lens.
There are high-speed
lenses for use in the
dimmest available light
and special lenses for
extreme closeup work —even

one that corrects linear distortion
in architectural photos. You'll find
all of these and more in the Nikon
system —all sharing the exceptional
quality, the surpassing sharpness and
the magnificent color rendition that
make Nikkor lenses the overwhelming
choice of professionals.

Interchangeable Finders

Because a single lens reflex camera is
built around the finder, Nikon pays
particular attention to this aspect. It
starts with the only 100% accurate
viewing system in all of 35mm. That's
right; the Nikon F and F2 are the
only cameras whose finders show
precisely the picture area appearing
on the film—no more and no less.

e

e

To implement this unique accuracy,
there are five interchangeable finders
for the Nikon F and six for the Nikon
F2. Brilliant eyelevel prism finders.
Photomic thru-the-lens meter/finder

systems, waist-level and magnifying
finders — even one for viewing accu-
rately while wearing goggles or with
the camera in an underwater housing.

Interchangeable Finder Screens

The viewing screen is where the finder
image is formed by the camera lens
and the finder's optical system.

ful of interchangeable
screens. There are no
fewer than eighteen

in the Nikon system,
each offering practical
advantages for some
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specific application. Even if you never
use more than one, you can choose
among seven universal types to suit
your individual preference.

Interchangeable Backs

This feature is mainly for the profes-
sionals, who use more Nikons than
any other 35mm camera. If you hap-
pen to be one, you may want to re-

= place the Nikon back with one hold-

ing 250 (or even 800) exposure film
\loads for use with a motor drive.

Or. you might attach a Speed
Magny back and shoot large-for-
mat Polaroid pictures (that's right,

Using just the parts discussed so
far, you can come up with a stagger-
ing 21,600 different combinations
for your Nikon camera. And that
doesn’t include closeup equipment,
filters and dozens of other eminently
practical accessories presently in the
Nikon system, and new ones con-
stantly being developed.

Of course, no one photographer
will ever need all of it. The point is,
no matter how exotic or far-fetched
the situation may be, you're sure to
find the equipment you need in the
Nikon system.

That's versatility, Nikon style. To
find out more about it and how it can
work for you, visit your Nikon dealer.
Ask him also about the Nikon School
of Photography. Or write for detailed
literature folio 19. Nikon Inc., Dept.
SA, Garden City, N.Y 11530. Sub-
sidiary of Ehrenreich Photo-Optical
Industries, Inc. E=8
(Canada: Anglophoto Ltd., Montreal
376, PQ.)




WESTERN ELECTRIC REPORTS
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In developing the model at Western Electric’s Engineering
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.

Molding by the millions. Western Electric people produce some  End of molding cycle. At this point, the screw is stationary
8 million phones a year. Molded plastic is used for housings and  and heat is conducted into the plastic on the screw. After
many other parts. So there is a constant investigation into the the plastic solidifies, the mold is opened as shown. The
most effective way to use these materials. 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 used 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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Public Policy on Fertility Control

In the U.S. over the past dozen years policy on contraception

has been almost entirely reversed. The transformation reflects

the concern of the community with population size and poverty

s recently as 1971 Federal law clas-
A sified contraceptives among “ob-
scene or pornographic materials,”
and until a few years ago the laws of
many states restricted not only their sale
but also the dissemination of information
about them. In other words, public pol-
icy made it difficult for health profes-
sionals to dispense and for the public to
obtain advice and materials for achiev-
ing effective contraception. Now most of
the laws have been repealed and the
Federal Government has (in the Depart-
ment of Health, Education, and Wel-
fare) an Office of Population Affairs, a
National Center for Family Planning
Services and a Center for Population Re-
search. Clearly public policy on family
planning has undergone a substantial
change. How did the change come
about, and what effects has it had? I
shall discuss these questions from the
viewpoint of a participant and an ob-
server, since my principal responsibility
with the Planned Parenthood Federation
of America for more than 15 years has
been in the area of public policy.

The change of policy did not trans-
form the U.S. from a nation in which
contraception was rarely practiced to
one in which it is widespread; it has
been widespread for a long time. What
the change did do was to make it pos-
sible for increasing numbers of people to
achieve their goals relating to size of
family. As early as 1941, when the first
large-scale study of attitudes and prac-
tices in family planning was made (in

by Frederick S. Jaffe

Indianapolis by the Scripps Foundation
for Research in Population Problems and
the Milbank Memorial Fund), most
white Protestant couples were found to
practice some form of contraception at
some point in their lives to limit and
space births. In 1955, when a group
from the Scripps Foundation and the
University of Michigan made a national
survey, whites of all religious persua-
sions reported the same pattern. Both
surveys revealed significant socioeco-
nomic differences, however, in the tim-
ing of the initiation of contraception,
in employing the most effective meth-
ods and in success in controlling births.
Many couples relied on the least effec-
tive schemes for contraception, which
were folk methods or nonprescription
methods. When nonwhite couples were
sampled for the first time (in 1960, by
the Scripps group), the findings were
similar. In short, by 1960 most Ameri-
cans had a favorable attitude toward
contraception, but the effectiveness of
the methods they used varied widely.

In 1936 the sociologist Norman E.
Himes, in his book Medical History of
Contraception, characterized the meth-
ods employed by large segments of the
married population in the U.S. and west-
ern Europe as “amateur” and “back
fence” contraception. It was, he said,
“learned from friends, neighbors, child-
hood or adult acquaintances.” Accord-
ing to Himes, the problem “is not shall
we have conception control or no con-
ception control, but rather shall we dif-
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fuse the latest knowledge on scientific
contraception or encourage by indiffer-
ence and laissez-faire the use of quasi-
unreliable, quasi-harmful methods with
which many, including not a few of the
otherwise enlightened, are in the habit
of worrying along.”

The problem as Himes stated it is pre-
cisely the issue that has been at stake in
the evolution of public policy on family
planning. The issue can be restated in
ways that reveal more of its underlying
social implications. Since there are sig-
nificant differences in failure rates be-
tween the back-fence methods and the
most effective techniques, whether or
not the best methods are intentionally
diffused as a matter of public policy de-
pends on how important the society be-
lieves it is to prevent unwanted preg-
nancies and their social, economic,
health and demographic consequences.
Since there have been and still are socio-
economic differences in access to the
best methods and therefore in ability to
avoid contraceptive failures, the issue is
also related to the society’s broad poli-
cies on poverty and the prevention of
dependency. Finally, since the most ef-
fective methods are the ones whose dis-
tribution is controlled by the medical
profession and by health institutions, the
issue becomes a test of the ability of the
health system to diffuse scientific knowl-
edge and practice—a process necessary
to improve not only the control of fer-
tility but also numerous other health
practices.
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UNWANTED BIRTHS, as measured by a study done by the Office of Population Research
of Princeton University, have declined among almost all groups since 1960. The percentage
figures compare the rate of unwanted births in the period 1961 through 1965 with the rate
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(gray) and 1970 (color). These Princeton findings show a shift to more effective methods.
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The Federal and state laws that made
it difficult to dispense and obtain con-
traceptive advice and materials were
often called Comstock laws, reflecting
the far-reaching influence of the 19th-
century movement personified by An-
thony Comstock, who for many years be-
ginning in 1873 was secretary of the
New York Society for the Suppression of
Vice. The laws, even though various
court decisions helped to moderate their
impact, had a chilling effect on public
and professional attitudes and on the
policies and practices of physicians and
health institutions. For example, not
until 1955 did a national magazine pub-
lish an article that for the first time
named specific methods of contracep-
tion, and not until 1959 did a television
network have a program that mentioned
the subject. The constraints were most
apparent in the administrative policies of
Government hospitals and health agen-
cies. Even for people who did not de-
pend on publicly funded health agencies
for medical care, however, public policy
stigmatized contraceptive practice and
created obstacles to obtaining medical
contraception.

In the period from 1930 to 1950
Planned Parenthood and associated
groups mounted unsuccessful efforts to
repeal the restrictive laws. Paradoxically
the shift in public policy began not with
changes in law but with changes in ad-
ministrative policies. A major turning
point was reached in the late 1950’s with
a protracted and successful campaign
by the same groups to reverse the long-
standing but unwritten ban on contra-
ceptive prescription in the municipal
hospitals in New York City. (The prohi-
bition was typical of most Government-
operated health services at the time.) Al-
though the campaign succeeded in its
immediate objective of freeing hospital
physicians to prescribe birth control, its
major significance was in demonstrating
how much public support there was for
family planning.

In 1959, after a Presidential commit-
tee had recommended that the U.S. Gov-
ernment provide assistance on popula-
tion programs to other nations request-
ing it, discussion of public policy on
family planning became linked with dis-
cussion of the population problem. The
ensuing debate was marked by the oppo-
sition of the Catholic bishops of the U.S.
to the use of any public funds for birth-
control programs at home or abroad and
President Eisenhower’s statement of op-
position to a Government program. (He
reversed his position four years later.)

Officials of the Kennedy Administra-



tion expressed a much different view, de-
scribing in a series of speeches the Gov-
ernment’s increasing concern over the
impact of rapid population growth. The
National Institutes of Health acknowl-
edged a responsibility for supporting
basic research in reproductive physiolo-
gy that might lead to improved methods
of fertility control. The work was as-
signed to the newly formed National
Institute of Child Health and Human
Development. (Public funds, however,
played no part in the development of the

INFORMATION

oral contraceptive or the intrauterine de-
vice, which are the two methods that
revolutionized contraceptive practice
during the 1960’s. Research on these
methods was supported almost entirely
by foundations, private philanthropists
and industry.) By the end of 1963 at-
titudes in Washington had changed
enough for Congress to adopt an amend-
ment to the foreign-aid bill authorizing
the use of assistance funds for “research
into problems of population growth.” In
1965 the National Academy of Sciences

urged that family planning be made an
integral part of domestic public medical
programs and suggested that the ap-
pointment of an official “at a high na-
tional level” might facilitate Federal ac-
tion. In the same year a Senate commit-
tee began a long series of hearings on
the population problem.

The first major changes in law came
at the state level in 1965 and 1966
when, with relatively little controversy,
New York, Ohio, Massachusetts, Minne-
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poration for the US. Commission on Population Growth and the
American Future are given. The chart shows the percentage of peo-
ple in each category responding affirmatively (color) and negative-
ly (gray) to a question about birth-control information and a ques-

PERCENT

tion about birth-control materials. The information question was:
“Do you think that information about birth control should or
should not be made available by the Government to all men and
women who want it?” The question on materials was whether or
not the Government should make birth-control materials available.
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sota and Missouri repealed certain Com-
stock-era restrictions on the dissemina-
tion of contraceptive information. Bills
authorizing or encouraging public health
departments or welfare agencies to pro-
vide family-planning services at public
expense were adopted in California,
Colorado, Florida, Georgia, Illinois,
Iowa, Kansas, Michigan, Nevada, Okla-
homa, Oregon and West Virginia. The
U.S. Supreme Court, in Griswold v. Con-
necticut, struck down Connecticut’s ar-
chaic statute—the only one in the coun-
try that prohibited the use of contracep-
tives—with a ruling that married couples
have a constitutional right to practice
contraception free of state interference.
(Last year the court in effect extended
the right to unmarried people.)
President Johnson referred in his State
of the Union message of 1965 (and many
times thereafter) to the importance of
dealing with problems of population
growth and providing family-planning
services. The Department of Health, Ed-
ucation, and Welfare issued its first pol-
icy statement on family planning in
1966. The clearest statement of the ob-
jectives of U.S. domestic policy ap-
peared the same year in the President’s
special message to Congress on health
and education. The President cited fam-
ily planning as one of four health prob-
lems requiring special attention. “We
have a growing concern to foster the in-
tegrity of the family and the opportunity
for each child,” he said. “It is essential
that all families have access to informa-
tion and services that will allow freedom
to choose the number and spacing of
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their children within the dictates of in-
dividual conscience.”

The first Federal agency to move from
words to action was the Office of Eco-
nomic Opportunity, which as part of its
antipoverty program began in 1965 to
make grants to community-action agen-
cies for family-planning projects. In the
same year Federal maternity-care proj-
ects, which were designed primarily to
reduce the incidence of mental retarda-
tion among children born to low-income
women who were at high risk of bear-
ing retarded infants, enabled some city
health departments to start providing
family-planning services on a limited
basis.

Nonetheless, action tended to lag be-
hind the change in expressed policy. The
Federal role in biomedical research was
implicitly acknowledged to be inade-
quate in 1965 when the advisory council
of the National Institute of Child Health
and Human Development admonished
the agency to take the initiative in stimu-
lating increased work on problems of
human fertility, sterility and family plan-
ning. In 1967 an outside review of the
Department of Health, Education, and
Welfare found that none of the depart-
ment’s operating agencies “places high
priority on family planning or is certain
what precise functions it is expected to
carry out in this field.”

By 1967 Congress was beginning to
prod the Federal agencies. In amend-
ments to the Economic Opportunity Act
family planning was designated for spe-
cial emphasis in the antipoverty pro-
gram. Congress also amended the Social
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BIRTHRATE IN THE U.S. HAS DECLINED since 1900 except for the period following
World War II. The development and rapid adoption of two of the three most effective meth-
ods of contraception, the contraceptive pill and the intrauterine device, have been factors

in the recent decline. The third most effective method of contraception is sterilization.
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1970

Security Act to specify that at least 6
percent of the money appropriated for
maternal- and child-health programs ad-
ministered by the Department of Health,
Education, and Welfare be devoted to
family-planning service projects. The act
also required the states to offer and pro-
vide family-planning services to all ap-
propriate recipients of public assistance.
Finally, Congress amended the Foreign
Assistance Act to designate certain funds
for family-planning and population pro-
grams overseas.

During the same period a number of

state laws prohibiting abortion ex-
cept to save the mother’s life came under
challenge. Colorado revised its abortion
law in 1967, and 17 other states did so
subsequently. In January of this year
the U.S. Supreme Court changed the en-
tire abortion picture by ruling that states
could not interfere with decisions made
by a woman and her physician during
the first three months of pregnancy.

In 1968 President Johnson appointed
a Committee on Population and Family
Planning to assess the adequacy of the
Federal program. In its report the com-
mittee recommended rapid increases in
funding and strengthening of the admin-
istrative machinery for the three main
parts of the Federal program: family-
planning services at home; biomedical
and behavioral research to improve
methods of contraception and the under-
standing of population dynamics, and
assistance to family-planning programs
in developing countries. A year later
President Nixon sent to Congress a pop-
ulation message, calling for more Fed-
eral effort in all these directions and ask-
ing for the establishment of a population
commission. Legislation creating the
commission was enacted in 1970. That
same year Congress passed the Family
Planning Services and Population Re-
search Act, which put into effect a modi-
fied version of the recommendations of
President Johnson’s population commit-
tee. The act authorized $382 million for
a three-year program of services and
research.

In 1971, complying with a provision
of the act, the Department of Health,
Education, and Welfare submitted to
Congress a five-year plan; it called for a
program that would provide services to
an estimated 6.6 million women of low
or marginal income by 1975. A year later
the Commission on Population Growth
and the American Future presented its
final report, which appears likely to have
an influence on thinking in the field for
many years to come. The report rec-
ommended a broad array of health, edu-



INTRAUTERINE DEVICES, which are among the most effective
methods of birth control, include the types depicted here. They are

cation, economic and social programs to
enable the U.S. to achieve a stabilized
population in an orderly manner as rap-
idly as possible.

In sum, the change in public policy
was expressed in numerous legislative
and administrative actions at Federal,
state and local levels. It was also ex-
pressed in an enormous expansion of or-
ganized family-planning programs serv-
ing people of low or marginal income. In
1960 no more than 150 public and vol-
untary health agencies, most of them
affiliates of Planned Parenthood, oper-
ated such programs; they served about
150,000 women. By 1972 nearly 3,000
hospitals, health departments and volun-
tary agencies were providing services to
an estimated 2.6 million women in two-
thirds of the counties of the U.S. A
decade ago hardly any public money was
available for such services; in fiscal 1973
the Federal appropriation alone for
family-planning project grants was $128
million. Federal support for research
rose from close to nothing in 1962 to
$40 million in fiscal 1973. Projecting the
experience of the past few years, it ap-
pears feasible to achieve the Federal
Government’s stated goals in this area
by 1975, provided that the amount of

Federal money available continues to
rise. The future of the program is uncer-
tain, however, as a result of the Admin-
istration’s effort this year to cut down or
eliminate support of many health and
social programs, including family plan-
ning. It remains to be seen whether Con-
gress will agree.

hatever the outcome, the conse-

quences of the changes that have
already taken place can be measured by
the increasing number of people of low
or marginal income who have begun to
use modern methods of fertility control,
which is an aspect of medical care that
was previously limited mainly to people
of middle and high income. Periodic
studies by the Office of Population Re-
search at Princeton University show that
between 1965 and 1970 the historic
socioeconomic differences in patterns of
contraceptive use were considerably re-
duced. Other studies indicate that fer-
tility rates declined more rapidly in the
latter part of the decade among poor and
near-poor women than among women
above the poverty level. Indirect effects
of the policy change are less measurable
but no less significant. By supporting the
development of programs and facilitat-
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the Lippes loop (a), the Margulies spiral (b), the double coil (c),
the Birnberg bow (d), the copper T (e) and the Dalkon shield (f).

ing public discussion of fertility control
and population problems, Government
actions have stimulated professional in-
terest in family planning and the prac-
tice of effective birth control by people
of all classes. As a result the change in
public policy has begun to reverse the
effects of the historic taboos that have
surrounded contraception. The effects
are suggested by the finding of the
Princeton group that nearly three in five
couples who practice contraception now
employ the most effective methods (pills,
intrauterine devices and sterilization)
and that the incidence of unwanted
pregnancy declined 36 percent between
the first and the second half of the
1960’s.

So much for the major changes. How
were they brought about? Did the im-
petus come from within the health sys-
tem or from outside it—from the political
community, from citizens’ groups and
from the demands of individuals?

The question has no quick and easy
answer. The list of people and groups
that have worked to change public pol-
icy on family planning includes many
physicians, health leaders and profes-
sional organizations. The health ratio-
nale for family planning, which is that
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having several children in rapid succes-
sion results in abnormally high rates of
infant and maternal death and illness,
was essentially formulated a generation
ago and has been important in the policy
debate. Unfortunately it has remained
only a rationale. Most physicians did not
perceive family planning as a medical
activity and still do not, although the
best methods of contraception now
known and the new methods under in-
vestigation require close medical super-
vision.

In my view the health institutions and
the health professionals have not collec-
tively distinguished themselves in press-
ing for a change in policy or in respond-
ing to the opportunities created by the
change. I believe the primary impetus
for change has come from outside the
health system in response to two princi-
pal concerns, which are directed respec-
tively toward the rapid rate of growth
of population and toward the problems
of poverty. An essential precondition for
the change was the technology repre-
sented by the pill and the intrauterine
device, which made large-scale pro-
grams feasible for the first time. Key
roles in the process of change were
played by political leaders and by volun-
tary organizations such as Planned Par-
enthood.

SPERM FORMATION

It seems to me that three basic phil-
osophical problems are involved in the
sluggish response of the health system to
the opportunities presented by the policy
change on family planning. The first is
the protracted debate over whether
medical care should be delivered by
categories or comprehensively. Family
planning had the misfortune to come in
from the cold when the watchword in
health circles was “comprehensive.” Al-
though health leaders privately con-
ceded the difficulty, if not the impossi-
bility, of launching a new health service
without a certain amount of specialized
attention and protection, they felt com-
pelled to oppose in public any special
administrative arrangements or ear-
marked funding and to decry any form
of “freestanding” (special purpose) clin-
ic, which is the type of clinic serving a
large proportion of the people who are
involved in family-planning programs.

For years the essence of the argument

for comprehensive service has been
that it would provide the preventive care
that is now so inadequately provided
and that it would reduce the need for
acute, episodic care. Few people argue
against the desirability of such compre-
hensive services, but there are many dif-
ferences of opinion on how to achieve

BIOCHEMISTRY
OF SEMINAL FLUID

SPERM TRANSPORT

MATURATION OF SPERM

MALE REPRODUCTIVE SYSTEM is portrayed schematically to indicate points where the
reproductive process is susceptible to control. The process can also be approached by mea-
sures directed at the output of the pituitary gland and the production or the effect of steroid
hormones. Both pituitary and hormonal processes are under the control of the brain.
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them. The problem is twofold, involving
both restructuring the delivery of care
and providing individuals with concrete
opportunities to learn from experience
the benefits of preventive services.

It is clear that little such learning has
been achieved among the people who
are able to pay for visits to private physi-
cians; they continue to go to this or that
physician or specialist for treatment of
an existing illness. In contrast, a finding
that emerged in the obstetrics and gyne-
cology departments of some hospitals in
the 1950’s is of interest. It was that the
introduction of family-planning services
in postpartum clinics, which was neces-
sary because the clinics were testing new
contraceptive products, doubled the rate
of postpartum return among ward pa-
tients. A fairly simple change yielded a
considerable response from a group of
patients who had previously been char-
acterized by physicians and researchers
as “unmotivated” to seek postpartum
checkups.

On the basis of this experience and
others Planned Parenthood suggested
that if the family-planning service that
low-income people appeared to need
and want were offered, an opportunity
would be created to provide them with
other types of health care that they (like
people of higher income) did not yet per-
ceive as being needed, although health
professionals had described the services
as important. Data from computerized
reporting systems for family-planning
services show how the hypothesis has
stood up. Of the estimated 2.6 million
women served last year by organized
family-planning programs, nine in 10 re-
ceived pills or intrauterine devices, nine
in 10 had annual pelvic examinations,
eight in 10 had annual breast examina-
tions and Pap tests, six in 10 had other
laboratory procedures such as blood tests
and screening for venereal disease and
more than half had other medical ex-
aminations. In this instance a specialized
approach has worked to achieve not only
the primary purpose of the program
but also other health goals: organized
family-planning programs operated by a
variety of health and other agencies have
become the nation’s largest providers
of preventive health service to young
women of low or marginal income.

The second philosophical issue is the
related one of whether the focus of
health policy should be on quality or on
quantity. Family planning, whatever its
broad social and health consequences,
remains a relatively simple mass per-
sonal health service. The current health
system offers few rewards for either indi-
vidual practitioners or agencies to under-



take seriously the task of delivering mass
personal health services.

In the light of the information that has
been emerging recently about the de-
livery of medical care in China by “bare-
foot doctors” and their role in (among
other things) China’s extensive family-
planning efforts, I suggest that the slow
response of the U.S. health system to the
change in family-planning policy is re-
lated to the basic issue of whether a na-
tion should choose to emphasize quality
care for the few or basic core services for
the many. In the U.S. the choice has
been for the former policy, although the
nation has the resources to provide ev-
eryone with at least a minimum standard
of health care that meets basic preven-
tive and curative needs.

The third philosophical issue is what
I see as a fundamental misperception of
the family-planning problem by many
professionals in the fields of health and
social service. It is expressed by such
frequently voiced opinions as “Everyone
in the U.S. who wants birth control can
get it” and “The poor are not motivated
to use birth control because they want
large families.” Yet over the past several
years acceptance of family planning has
constantly outpaced even the most opti-
mistic assessments of what was possible.
Similar arguments have been raised
about abortion, yet in the three years
since abortion was legalized in New
York the ratio of abortions to live births,
particularly among blacks and people of
low income, has been far higher than
anyone would have predicted. Now one
hears the same arguments to explain
why so few sexually active teen-agers
appear to practice effective contracep-
tion, although it is only recently that
any organized family-planning services
have been made available to these young

people.

Since many of these debates have in-

volved services for low-income peo-
ple, I believe a major reason for the
widespread misperceptions has been the
persistence of upper-class biases about
poor people and upper-class ideologies
about the reasons for their poverty. The
academic community has had a role in
reinforcing these biases. Much of the so-
cial research done since World War I1
has emphasized differences in attitudes
among individuals and groups and de-
emphasized studies of how well or how
badly social institutions function. The
result has been a tendency to seek rem-
edies for social problems by attempting
to change or blame the victim rather
than by modifying institutions.

David Mechanic of the University of
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FEMALE REPRODUCTIVE SYSTEM offers a number of places where the reproductive
process can be controlled. They include ovulation, transport of the egg, transport of sperm,
fertilization and prevention of implantation. As is the case with the male reproductive
system, pituitary and hormonal processes are also subject to a certain degree of control.

Wisconsin recently wrote: “While it is
true that people’s responses to health
and illness are often conditioned re-
sponses to prior background and experi-
ence, the health services system has the
capacity to modify such behavior pat-
terns. It can foster dependency or en-
courage self-reliance. It can respect and
enhance the dignity of persons or con-
tribute to stigmatizing and humiliating
them. ... Barriers to medical and health
care that are a product of the way health
professionals and health care services
function are more amenable to change
than client attitudes and behavior. There
is evidence that when cost and other bar-
riers are removed from access to medical
care, and a valuable service is offered,
differential utilization of medical ser-
vices by social class largely disappears.”

That is the key hypothesis on which
Planned Parenthood’s approach to fam-
ily planning has been based. Organized
family-planning programs for people of
low or marginal income have been grow-
ing at an average annual rate of 32 per-
cent a year for five years. One can there-
fore argue that the family-planning
experience offers a confirmation of the
hypothesis and suggests its more general
applicability.

In recent years there have been in-
creasing demands for accountability in
the way the health system functions. A

© 1973 SCIENTIFIC AMERICAN, INC

variety of new ideas and approaches
have emerged; they include the creation
of provider agencies (such as free clinics)
outside the health system, the concept of
community control, the idea that health
institutions can be and perhaps ought to
be managed by professionals who are
not physicians and the notion that the
nation faces a health-care crisis that will
require drastic changes in the mode of
organizing, delivering and financing care
[see “The Task of Medicine,” by Wil-
liam H. Glazier; SCIENTIFIC AMERICAN,
April]. Whatever the merits of these ap-
proaches, each one represents an attempt
either to fashion a more rational and
accountable system or to cope with def-
icits in the current system. The family-
planning experience suggests that the
health system can be made somewhat
responsive to social goals, but it appears
to lack the internal capacity to initiate
social change or to generate the required
modifications of institutional arrange-
ments and practices. The achievement
of such goals requires sustained, focused
and systematic attention from outside
the health system—a process in which
political leaders and ordinary citizens
can play a decisive role, particularly
when their efforts can be. informed by
the judgments of even a few health pro-
fessionals with technical skill and imagi-
nation.
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THE PHYSICS OF BRASSES

A trumpet produces musical tones when the vibrations of the player’s

lips mteract with standing waves in the instrument. These waves are

generated when acoustic energy 1s sent back by the instrument’s bell

t is easy to grasp why stringed instru-
I ments make the sounds they do.

When the strings are struck or
plucked, they vibrate at different natural
frequencies in accordance with their ten-
sion and their diameter. The energy of
vibration is then transferred to the air
by way of a vibrating plate of wood and
a resonating air chamber, with the sound
eventually dying away. The musician
can vary the pitch, or frequency, of in-
dividual strings by changing their vi-
brating length with the pressure of his
fingers on the frets or the fingerboard.

The principles underlying the acous-
tics of bowed-string instruments such as
the violin or wind instruments such as
the oboe are a good deal less obvious.
Here a vibration is maintained by a feed-
back mechanism that converts a steady
motion of the bow, or a steady applica-
tion of blowing pressure, into an oscil-
latory acoustical disturbance that we
can hear. On the violin and in the oboe
different tones are produced by altering
the effective length of the string or the
air column.

Like the oboe and other woodwinds,
the brass instruments can produce sus-
tained tones. The question arises, how-
ever, of how a bugle, which is hardly
more than a loop of brass tubing with a
mouthpiece at one end and a flaring bell
at the other, can produce a dozen or
more distinct notes. Horns were fash-
ioned and played for centuries before
physicists were able to work out good
explanations of how they worked, even
though scientific attention has been di-
rected to these questions from the
earliest days. For centuries the skilled
craftsman has usually been able to
identify what is wrong with faulty in-
struments and to fix them without re-
course to sophisticated knowledge of
horn acoustics.
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by Arthur H. Benade

All brass instruments consist of a
mouthpiece (which has a cup and a
tapered back bore), a mouthpipe (which
also has a carefully controlled taper), a
main bore (which is either cylindrical or
conical) and a flaring bell that forms the
exit from the interior of the horn into the
space around the instrument. Brass in-
struments are of two main types. Those
in one family, which includes the trum-
pet, the trombone and the French horn,
have a considerable length of cylindrical
tubing in the middle section and an ab-
ruptly flaring bell. Those in the other
family, called conical, include the fliigel-
horn, the alto horn, the baritone horn
and the tuba. The generic term conical
refers to the fact that much of the tubing
increases in diameter from the mouth-
piece to the bell and the flare of the bell
is itself less pronounced than it is in the
first family. Actually all the horns called
conical incorporate a certain amount of
cylindrical tubing in their midsection.
Here I shall deal primarily with the
properties of instruments in the trumpet
and trombone family. The properties of
the conical instruments are very similar
except for being somewhat simpler
acoustically because overall they have
much less flare.

The acoustical study of waves in an
air column whose cross section varies
along its length (a “horn”) goes back to
the middle of the 18th century. Daniel
Bernoulli, Leonhard Euler and Joseph
Louis Lagrange were the first to discuss
the equations for waves in such horns
during the decade following 1760. Their
activity was a part of the immensely
rapid blossoming of theoretical physics
that took place in the years after the
laws of motion had been formulated
by Newton and Leibniz. Theoretical in-
vestigations of fluid dynamics, acoustics,
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heat flow and the mechanics of solid
objects took their inspiration from the
workaday world outside the laboratory
and the mathematician’s study. The work
of Bernoulli, Euler and Lagrange on
horns (and their similar researches on
strings) did not have much influence in
the long run on the science of acoustics
or the art of music. It was nonetheless
a part of the initial blooming of the the-
ory of partial differential equations un-
derlying nearly all physics.

The “horn equation,” as we call it to-
day, was neglected until 1838, when
George Green rediscovered it while in-
vestigating the erosion caused by waves
in the new canal systems of England.
Then the equation was buried again until
1876, when a German mathematician,
L. Pochhammer, independently derived
it for waves in a column of air and
learned the properties of its most im-
portant solutions. Neither Pochhammer
nor his equation was long remembered.
Finally in 1919 an American physicist,
A. G. Webster, published a report on the
horn equation, with the result that the
equation is commonly named for him.

Since Webster’s time interest in loud-
speakers on the part of the phonograph
and radio industries, to say nothing of
military demands for sonar gear to detect
submarines, has kept the subject of horn
acoustics in a lively state. A loudspeaker
horn must be designed to radiate sound
efficiently out into the air over a broad
range of frequencies from a small source.
A horn designed to serve as a musical
instrument has quite different require-
ments. In a musical horn the flare of the
bell must be designed to trap energy in-
side the horn, giving strongly marked
standing waves at precisely defined fre-
quencies.

It is obvious that as a wave travels into
the enlarging part of a horn its pressure



will decrease systematically, simply be-
cause the sound energy is being spread
over an ever wider front. If one extracts
this intuitively obvious part of the be-
havior of a wave in a horn from the
mathematics of the horn equation, one
is left with a much simpler equation that
is identical in form with the celebrat-
ed Schrodinger equation of quantum
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mechanics. The Schrédinger equation
shows that a particle of energy E has as-
sociated with it a de Broglie wavelength
lambda (A) that depends on the square
root of the difference between the en-
ergy and the potential energy function
V at any point in space. The “reduced,”
or simplified, form of the horn equation
shows similarly that at any point in the
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horn the acoustic wavelength depends
on the square root of the difference be-
tween the squared frequency and a
“horn function” U that depends in a
rather simple way on the nature of the
horn flare [see top illustration on next
pagel.

It is not difficult to show from the horn
equation that sounds propagate with dif-

RESONANCE PEAKS OF A TRUMPETLIKE INSTRUMENT can
be plotted (top) in terms of the impedance measured at the mouth-
piece. Impedance is defined as the ratio of the pressure set up in
the mouthpiece to the excitatory flow that gives rise to it. The im-
pedance depends on whether the sound wave reflected from the bell
of the horn returns in step or out of step with the oscillatory pres-
sure wave produced in the mouthpiece. The shape of the air column
in the trumpetlike instrument is shown at the extreme left of the
bottom part of the diagram. The curves at the right are the stand-
ing-wave patterns that exist in the air column of the instrument at

frequencies that produce the maxima and minima in the impedance
curve. The first maximum is at about 100 hertz (cycles per second),
when the reflected wave is precisely in step with the entering wave.
The small irregularities in the standing-wave pattern are produced
by the abrupt changes in the cross section of the instrument. The
first minimum comes just above 125 hertz, where the returning
wave and the incoming wave are exactly out of step with each other
in the mouthpiece of the instrument. The subsequent maxima and
minima are similarly explained. The number of nodes in the
standing-wave pattern increases by one at each impedance peak.
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GEOMETRY OF HORN FLARE largely governs the pitch and timbre of sounds produced
by horns of the trumpet and trombone family. As a sound wave travels into the flaring bell
of the horn its pressure falls steadily as the cross section of the instrument increases. A
“horn function,” U, determines how much of the acoustic energy leaves the horn and how
much is reflected back into the horn to produce standing waves inside the instrument. The
horn function (equation “a”) is approximately equal to 1 over the product of the internal
radius (R;,;) of the horn and the external radius (R,,;) at any given point. The simplified
form of the horn equation (equation “b”) gives the acoustic wavelength (\) at any point in
the horn, where f is the sound frequency and c is the velocity of sound. This velocity varies
with U and f. The horn equation has the same form as the celebrated Schrodinger equation
(c), which shows how the de Broglie wavelength (\) of a particle of energy E is related
to Planck’s constant (h) and the potential energy function ¥V at any point in space.

CYLINDRICAL SECTION |

U DROPS TO ZERO
AT JUNCTION

HORN FUNCTION (U]

TROMBONE BELL AND LOUDSPEAKER HORN are markedly different in geometry and
acoustic properties. The catenoidal shape (black curve at top) of the loudspeaker horn fa-
vors the efficient radiation of sound into the air. The flaring shape (colored curve at top)
of the trombone bell is designed to save energy inside the horn, thus generating strongly
marked standing waves at closely defined frequencies. Both the trombone bell and the loud-
speaker horn are shown attached to a short section of cylindrical pipe. The two curves at
the bottom show the horn function, U, for each horn. The catenoidal horn has a horn func-
tion (colored curve) that is low and nearly constant except for a slight falling off at the large
end, where the sound wave fronts begin to bulge appreciably. The horn function (black
curve) of the trombone bell rises steeply and falls. The higher the value of the function U,
the higher the barrier to sounds of low frequency. Sounds of higher frequency are able to
progress farther before they are reflected back by the barrier. In both cases above a certain
frequency most of the sound energy radiates over the top of the barrier, so that the bell of
the trombone loses its musically useful character and behaves like a loudspeaker horn.
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ferent speeds as they travel through re-
gions of differing horn function U. The
speed of propagation also depends on
the frequency. Another similarity be-
tween horn acoustics and quantum me-
chanics is that for frequencies below a
certain critical value determined by the
magnitude of U, the wavelength be-
comes mathematically imaginary, or, to
put it in more physical terms, the wave
changes its character and becomes
strongly attenuated. In other words, re-
gions where the horn function U is large
can form a barrier to the transmission of
waves and can therefore reduce the es-
cape of energy from within a horn to the
outside. The leaking of sound from the
horn through the horn-function barrier is
an exact analogue to the leaking of quan-
tum-mechanical waves (and therefore
particles) through the nuclear potential
barrier in the radioactive decay of the
atomic nucleus.

Let us look more closely at the dif-
ference between a musical horn and a
loudspeaker horn. A simple example of
a musical horn can be constructed by
joining a trombone bell to a piece of
cylindrical pipe. To a similar pipe one
can join a typical loudspeaker bell,
whose figure is described as catenoid.
Even if the bells are matched to have the
same radii at both ends, we find that
their horn functions are quite different
[see bottom illustration at left]. The
catenoidal bell has a horn function that
is approximately constant from one end
to the other, whereas the acoustical
properties of the horn function for the
musical horn vary from point to point.

Five years ago Erik V. Jansson of the

Speech Transmission Laboratory of
the Royal Institute of Technology in
Stockholm worked with me at Case
Western Reserve University on a de-
tailed study of air columns similar to
those found in musical horns. In this
work, which was both theoretical and
experimental, we studied bells of the
type found on trumpets, trombones and
French horns. We unearthed a number
of subtle relations between our experi-
ments and calculations that we did not
have time to clarify immediately. It is
only recently that we have had an op-
portunity to prepare complete reports
on our results. In what follows I shall
lean heavily on information gained in
our work five years ago and its later de-
velopment, and on the earlier observa-
tions of many people concerned with
acoustics or making musical horns.

In a brass musical instrument the
small end of the horn is connected to the
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player through his lips, which constitute
a kind of automatically controlled valve
for admitting air from the player’s lungs
to the horn. The opening and closing of
the valve is controlled chiefly by the
pressure fluctuations within the mouth-
piece as they act on the lips in concert
with the steady pressure from the lungs.
Therefore an initial objective is to find
the relations between the flow of air into
the horn and the acoustical pressure set
up at the input end.

Let us begin by imagining a labora-
tory experiment in which the horn is ex-
cited not by air from the player’s lips and
lungs but rather by a small oscillatory
flow of air being pumped in and out of
the mouthpiece through a fine capillary
by a high-speed pump. This small oscil-
latory flow disturbance in the mouth-
piece gives rise to a pressure wave that
ultimately reaches the flaring part of the
horn. As the wave travels down the
length of the bore of the horn some of
its energy is dissipated by friction and
the transfer of heat to the walls of the

-
IMPEDANCE-MEASURING APPARATUS uses the driver from a
horn loudspeaker as a pump to feed a flow stimulus through a capil-
lary into the mouthpiece cup of the instrument under study. A con-

trol microphone sends signals to an attenuator to ensure that the
acoustic stimulus entering the capillary remains constant. The pres-

instrument. In the flaring part of the bell
a substantial fraction of the acoustic
wave is reflected back toward the mouth-
piece while the remainder penetrates the
horn-function barrier and is radiated out
into the surrounding space. The wave
that is reflected back down the bore of
the horn combines with newly injected
waves to produce a standing wave.

If the round-trip time that the wave
takes to go from the mouthpiece to the
bell and back to the mouthpiece is equal
to half the repetition time of the orig-
inal stimulus or to any odd multiple of
the repetition time, a standing wave
of considerable pressure can build up
and result in a large disturbance in the
mouthpiece. At intermediate frequencies
of excitation the return wave tends to
cancel the influence of the injected wave.
In other words, depending on the precise
interaction between the injected wave
and the reflected wave, the pressure dis-
turbance inside the mouthpiece can be
large or small. For purposes of describ-
ing such disturbances in the mouthpiece
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sure response of the instrument, and thus its input impedance, is
detected by a second microphone that forms the closure of the
mouthpiece cup. The signal from the microphone goes to a fre-
quency-selective voltmeter coupled by a chain drive to oscillator. A
chart recorder coupled to the voltmeter plots the resonance curves.

under conditions of constant flow ex-
citation in a laboratory apparatus, en-
gineers define a quantity termed input
impedance: the ratio between the pres-
sure amplitude set up in the mouthpiece
and the excitatory flow that gives rise to
it [see illustration on page 25].

The shape of the horn controls the
natural frequencies associated with the
various impedance maxima and minima
by determining the penetration of the
standing waves into the bell. The shape
also controls the amount of wave energy
that leaks out of the horn into the sur-
rounding space. Furthermore, the kinks
in the standing wave that arise from dis-
continuities in cross section and taper
along an air column produce significant
changes in both the resonance and the
radiation properties of the bell. The in-
teraction of the kinks and the primary
shape of the air column can spell the
difference between success and failure
in the design of an instrument.

There are several ways one might
measure the input impedance, or re-
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sponse, of the air column. Conceptually
the simplest method would be to pump
air in and out of the mouthpiece through
a capillary tube at some frequency and
measure the amplitude of the resulting
pressure fluctuations in the mouthpiece
by means of a probe microphone. It is
more practical, however, to use the driv-
er of a commercial horn loudspeaker as
a pump. The motion of the driver is
controlled electronically by an auxiliary
monitor microphone that maintains a
constant strength of oscillatory flow
through the capillary as one sweeps au-
tomatically through the appropriate
range of frequencies. Between 1945 and
1965 Earle L. Kent and his co-workers
at C. G. Conn Ltd. in Elkhart, Ind., de-
veloped this basic technique to a high
degree of dependability. We often em-
ploy a modification of their technique in
our work [sec illustration on preceding
page].

In Cleveland we make use of two ad-

LOUDSPEAKER DRIVER

IMPEDANCE HEAD

DIAPHRAGM-DISPLACEMENT SIGNAL

ditional methods that have special ad-
vantages for certain purposes. The first
method, based on a device described in
1968 by Josef Merhaut of Prague, can
be applied in measurements not only on
the smaller brasses but also on bassoons
and clarinets [see illustration below]. In
Merhaut’s device a thin diaphragm forms
a closure at the end of the mouthpiece
cup and itself serves as the pump piston.
The diaphragm is driven acoustically
through a pipe that connects it to an en-
closed loudspeaker. The diaphragm mo-
tion is monitored for automatic control
by the electrode of a condenser micro-
phone mounted directly behind it. The
second method is based on a device that
was used by John W. Coltman of the
Westinghouse Research Laboratories in
investigating the sounding mechanism of
the flute. In Coltman’s device the excita-
tory diaphragm is driven directly by a
loudspeaker coil whose motion is moni-
tored by means of a second pickup coil

_ 8% __4

that is moving in an auxiliary magnetic
field [see illustration on opposite page].

If one attaches to any one of these
excitation systems a cylindrical section
about 140 centimeters long from a
trumpet, one discovers dozens of input
impedance peaks evenly spaced at odd
multiples of about 63 hertz (cycles per
second) [see curve “a” in top illustration
on page 30]. The peaks correspond ex-
actly to what elementary physics text-
books describe as the “natural frequen-
cies of a cylindrical pipe stopped at one
end.” Because frictional and thermal
losses inside the tube walls increase with
frequency, the resonance peaks become
smaller at higher frequencies. The en-
ergy radiated from the open end of such
a pipe is only a tiny fraction of 1 percent
of the wall losses.

If one now adds a trumpet bell to the
same cylindrical pipe, the impedance
response curve is substantially altered
[see curve “b” in bottom illustration on
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SECOND TYPE OF IMPEDANCE-MEASURING DEVICE was de-

veloped by Josef Merhaut. It differs from the

on the preceding page only in the way that the flow stimulus into

the mouthpiece is controlled. Here the acoust

by a loudspeaker moves an aluminized Mylar diaphragm that in
turn pumps air into the mouthpiece. The diaphragm also acts as
one electrode of a condenser microphone to produce a signal pro-
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portional to the diaphragm’s velocity and thus proportional to the
oscillatory flow of air at the mouthpiece cup. The velocity signal
adjusts the attenuator in order to maintain constant excitation at a
particular frequency. The pressure response of the instrument is
monitored by a microphone on the cup side of the diaphragm. A
phase meter shows the relation between the phase of the input
stimulus and the phase of the pressure response of the instrument.



next pagel. The first peak is hardly
shifted at all by adding the bell, but the
frequencies of the other resonances are
lowered in a smooth progression because
the injected waves penetrate ever more
deeply into the bell before being reflect-
ed. In addition the peaks at higher fre-
quencies are markedly reduced in keight
because a growing fraction of the en-
ergy supply leaks through the bell “bar-
rier” as the frequency is increased. In
sum, the return wave in the pipe-plus-
bell system is weakened not only by
wall losses but also by radiation losses,
particularly at high frequencies. Above
about 1,500 hertz essentially no energy
returns from the flaring part of the bell.
The small wiggles in the impedance
curve at high frequencies are due chief-
ly to small reflections produced at the
discontinuity where the bell joins the
cylindrical tubing.

By comparing these curves for in-
complete instruments with the imped-
ance curve for a complete cornet [see il-
lustration on page 31] one can see at a
glance that the presence of a mouthpipe
and mouthpiece has a considerable ef-
fect on the overall nature of the input
impedance. The resonance peaks of the
cornet grow taller up to around 800
hertz, then fall away much more abrupt-
ly than the curve produced by the pipe-
plus-bell system.

Ijt us now consider how the player’s
lips control the flow of air from his
lungs into the instrument. As the play-
er blows harder and harder, the flow in-
creases both because of the increased
pressure across the aperture formed by
his lips and because his lips are forced
farther apart by the rising pressure in-
side his mouth. Equally important is
the variation imposed on the flow by
pressure variations inside the mouth-
piece, which tend to increase or decrease
the flow by their own ability to affect the
size of the lip aperture. It is this pres-
sure-operated flow control by the lips
under the influence of the mouthpiece
pressure that ultimately leads to the
possibility of self-sustained oscillation.
Let us abstract from this rather compli-
cated situation only the relevant part
of it: the alteration in net flow that is
produced by acoustical pressure varia-
tions within the cup of the mouthpiece.
As long ago as the middle of the 19th
century it was clearly understood that
it is the flow alteration due to mouth-
piece pressure that can maintain an os-
cillation.
In 1830 Wilhelm Weber described ex-
periments on the action of organ reeds
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ELECTROMAGNETIC SOURCE for projecting acoustic waves into a test instrument was
devised by John W. Coltman. The excitatory piston is directly coupled to the voice coil of
a loudspeaker. The coil in turn drives the piston with an amplitude that is ultimately de-
termined by a voltage induced in a pickup coil that is mounted on the same shaft. The
mechanism is used in an overall system similar to that used with the Merhaut impedance
head. The pressure response in the mouthpiece cup is detected by a miniature microphone.

that led him to a correct theory for the
effect of a compliant structure (the reed
or, in our case, the player’s lips) on the
input impedance of a column of air. This
effect of the yielding closure of the
mouthpiece cup provided by the lips is
quite separate from the lips” functioning
as a valve. Hermann von Helmholtz pro-
vided the next advance. In 1877 he add-
ed an appendix to the fourth German
edition of his classic work Sensations of
Tone that gives a brief but complete
analysis of the basic mechanisms by
which a pressure-controlled reed valve
collaborates with a single impedance
maximum. He found that for a given
pressure-control sensitivity (what an en-
gineer today calls the transconductance)
a certain minimum impedance value is
required. Oscillating systems of the type
analyzed by Helmholtz are found around
us everywhere. The pendulum clock is
possibly the oldest and most familiar.
The wristwatch, electronic or otherwise,
falls into this category. Every radio and
television set has one such oscillator or
more.

Engineers have studied oscillating sys-
tems intensively and have learned that
even if the alteration in flow (of what-
ever kind) that results from a given pres-
sure is not exactly proportional to the
pressure (as Helmholtz assumed for sim-
plicity in his pioneering investigation)
but varies in some more arbitrary fash-
ion, the properties of the system are not
drastically altered. The presence of such
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nonlinearity in the control characteristics
gives rise to additional frequencies at
double, triple and quadruple the fre-
quency of the basic oscillation. The net
generation of oscillatory energy from the
player’s steady muscular effort, however,
is still almost exclusively at the frequen-
cy of the impedance maximum; energy
diverted in the process to other frequen-
cies is dissipated in various ways to the
outside world.

We must now try to explain how os-
cillations in a wind instrument can take
place at not just the tallest impedance
maximum but at any one of several max-
ima belonging to an actual air column.
According to the Helmholtz theory, a
wind instrument should show a strong
preference for oscillations that take place
at the tallest of the impedance maxima.
Thus the question arises of how the bu-
gle player finds it possible to play the
notes based on lesser impedance maxi-
ma. Furthermore, one must ask how the
bugler is able to select one or another
of these peaks in accordance with his
musical requirements.

It is not in fact difficult to deal with
the problem of how the player selects
one note or another. His lips are so mas-
sive compared with the mass of the air
in his instrument that the influence of
the air column on the lips is relatively
small. The player adjusts the tension
of his lips in such a way that their own
natural tendency of vibration favors os-
cillation at the desired note, so that the
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IMPEDANCE PATTERN OF SIMPLE CYLINDRICAL PIPE 140 centimeters long shows
peaks evenly spaced at odd multiples of 63 hertz. The higher the frequency, the greater the
loss of wave energy to the walls of the pipe through friction, hence the steady decline in
the height of the peaks. Less than 1 percent of the input energy is radiated into the room.

INPUT IMPEDANCE
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ADDITION OF TRUMPET BELL TO PIPE lowers the overall height of the impedance
peaks and squeezes them together. Whereas the pipe alone produces 16 peaks in a span of
2,000 hertz, the pipe-plus-bell system compresses the first 16 peaks into a span of 1,400 hertz.
Beyond 1,500 hertz more and more of the acoustic energy leaks through the bell barrier.
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air column and the lips collaborate in
producing the desired frequency.

So far we have not said anything that
could not have been understood in terms
of 19th-century acoustics. The best ac-
count of the Weber-Helmholtz analysis
and its musical consequences was made
by a French physicist, Henri Bouasse, in
his book Instruments @ Vent, the two
volumes of which appeared in 1929 and
1930. These volumes contain what still
constitutes one of the most thorough ac-
counts of the acoustics of wind instru-
ments, encompassing the flute and reed
organ pipes, the orchestral woodwinds
and the brasses. Bouasse has left us with
a gold mine of mathematical analysis,
along with an account of careful experi-
ments done by himself in collaboration
with M. Fouché or selected from the
writings of earlier investigators.

Bouasse was quite aware of the in-
adequacy of a theory of oscillation as-
suming that all the energy production is
at the basic frequency of oscillation. He
described many phenomena observed
among the reed organ pipes and the or-
chestral woodwinds and brasses that un-
derscore the limitations of this general
viewpoint and that imply cooperation
among several air-column resonances.
Bouasse’s interest in these matters was
to serve both as a strong incentive and
as an invaluable guide when I later un-
dertook a close study of the subject. The
first fruits of this study were described
in a series of technical reports written
in 1958 for C. G. Conn Ltd.

By 1964 I found it possible to deal
well enough with the interaction be-
tween a reed valve and an air column
having several impedance maxima that
I could design and build a nonplaying
“tacet horn.” This “instrument” has sev-
eral input impedance maxima chosen in
such a way as to make them unable to
maintain any oscillation in cooperation
with a reed, even though the Weber-
Helmbholtz theory would predict the pos-
sibility of oscillation. In 1968 Daniel
Gans and I published an account of this
theory of cooperative oscillations. That
report, based on Gans’s undergraduate
thesis at Case Western Reserve, included
a description of the tacet horn and ex-
planations of various phenomena dis-
cussed by Bouasse. Since that time the
work has been carried much further in
our laboratory, particularly by Walter
Worman, who wrote his doctoral dis-
sertation on the theory of self-sustained
oscillations of this multiple type in 1971.
Although his work was focused on clari-
netlike systems, his results apply broadly
to all the wind instruments, including



the brasses. These studies were aided by
counsel from many people, in particular
Bruce Schantz, Kent, Robert W. Pyle,
Jr., and John H. Schelleng.

t is now time to see how the Weber-
Helmbholtz form of the theory had to
be modified, using the trumpet as our
example. When the musician sounds one
of the tones of a trumpet, the air column
and his lips are functioning in what we
shall formally call a regime of oscilla-
tion: a state of oscillation in which sev-
eral impedance maxima of the air col-
umn collaborate with the lip-valve mech-
anism to generate energy in a steady os-
cillation containing several harmonically
related frequency components. Worman
was able to trace out how a set of im-
pedance maxima can work together with
the air valve. The particular “playing
frequency” chosen by the oscillation
(along with its necessarily whole-number
multiples) is one that maximizes the total
generation of acoustic energy, which is
then shared among the various frequen-
cy components in a well-defined way.
Experiments with instruments as di-
verse as the clarinet, the oboe, the bas-
soon, the trumpet and the French horn
show that softly played notes are domi-
nated by the impedance maximum that
belongs to the note in the sense of Web-
er and Helmholtz. As the musician raises
the dynamic level, however, the influ-
ence of the higher resonances grows in
a definite way that is common to all the
instruments. As he plays louder and
louder, the influence of the impedance
at double the playing frequency be-
comes more marked, and for still louder
playing the resonance properties at triple
or quadruple frequencies join the regime
of oscillation one by one. A look at the
input impedance curves for a modern
trumpet will show how the peaks in a
regime of oscillation cooperate so that
the player can sound various notes on
his instrument, including even some
notes that have no peak at all at the
playing frequency [see illustrations on
next two pages]. Notes in this last cate-
gory have been known to brass players
since the earliest days and were a part
of horn-playing technique in the time of
Mozart and Beethoven. The need for
such notes was reduced, however, as the
instrument became more mechanized. In
recent years they have returned; for ex-
ample, they are sounded by musicians
who want to play bass-trombone parts
without resorting to a special thumb-
operated valve that is otherwise re-
quired. Tuba players also find the tech-

nique useful on occasion.
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IMPEDANCE PATTERN OF A 19TH-CENTURY CORNET is typical of most of the
trumpet and trombone family. The peaks grow progressively and then fall away sharply.
The cornet was made in 1865 by Henry Distin. The third and fourth impedance peaks do
not quite follow the smoothly rising pattern required for a genuinely fine instrument. The
shortcoming is due chiefly to slight constrictions and misalignments in the valve pistons.

The reader may be wondering what
happens when the valves on a brass in-
strument are depressed. Does anything
radically new happen? The answer is
no. The bell, the mouthpipe and the
mouthpiece dominate the “envelope,” or
overall pattern, of the resonance curve;
the pattern of peaks for a trumpet rises
steadily as one goes from low frequen-
cies to about 850 hertz and then falls
away and disappears at high frequen-
cies. When a valve is depressed, there-
by increasing the length of cylindrical
tubing in the middle of the horn, it mere-
ly shifts the entire family of resonance
peaks to lower frequencies but leaves
them fitting pretty much the same en-
velope.

In addition to working out the details
of the regimes of oscillation in wind in-
struments Worman gained an important
insight into the factors that influence
tone color. He was able to show that in
instruments with a pressure-controlled
air valve (a reed or the lips) the strength
of the various harmonics generated in a
regime of oscillation (as measured inside
the mouthpiece) has a particularly sim-
ple relation when the instrument is be-
ing played at low and medium levels
of loudness. Let us take as given the
strength of the fundamental component
that coincides with the playing frequen-
cy. As one would expect, that strength
increases as the player blows harder.
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Worman’s striking result is that when
the player blows very softly, there is es-
sentially no other component present in
the vibration as it is measured in the
mouthpiece, and that as he plays louder
the amplitude of the second harmonic
grows in such a way that for every dou-
bling of the strength of the fundamental
as the player blows harder, the strength
of the second harmonic quadruples. Fur-
thermore, the strength of this component
proves to be approximately proportional
to the impedance of the air column at
the frequency of the second harmonic.
Similarly, the third harmonic has a
strength that is proportional to the im-
pedance at the third-harmonic frequen-
cy, and from an even tinier beginning it
grows eightfold for every doubling of the
strength of the fundamental component.
In short, the nth harmonic has a strength
that is proportional to the impedance at
the nth harmonic of the playing note,
and that component grows as the nth
power of the fundamental pressure am-
plitude. The remarkable thing about
Worman’s observation is that it is totally
independent of all details of the flow-
control properties of the reed or the lips,
provided only that the flow is controlled
solely by the pressure variations in the
mouthpiece [see top illustration on page
34].

Let me summarize what we have
found out so far about how the tone
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IMPEDANCE PATTERN OF A MODERN TRUMPET is annotated to show what happens
when a player sounds the notes C, or G,. When he blows into the horn, a “regime of oscil-
lation” is set up in which several impedance maxima of the air column collaborate with
oscillations of his lips to generate energy in a steady oscillation that contains several har-
monically related frequency components. The regime of oscillation for the C, note involves
the second, fourth, sixth and eighth peaks in the curve. When the trumpeter plays very
softly, the second peak is dominant, but because this peak is not tall the beginner may pro-
duce a wobbly note. As he plays louder the other peaks become more influential and the
oscillation becomes stabilized. The dominant oscillation for the G, note corresponds to the
third impedance peak; since it is taller than the second peak, G, is easier than C, to
play pianissimo. As the trumpeter plays louder the tall sixth peak comes in and greatly
stabilizes the regime of oscillation, making the G, one of the easiest notes of all to play.
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REGIMES OF OSCILLATION FOR HIGHER NOTES show why they become increasingly
hard to play as one moves up the scale. G5 is still quite easy to play because its regime of
oscillation is dominated by the tall sixth impedance peak; the 12th peak makes only a
minor contribution. Cy is somewhat more difficult to play because the dominant peak of the
note is lower than the peak for G;. It takes an athletic trumpeter to reach the high E; and
higher notes. The trumpet at this point has become virtually a megaphone: the energy pro-
duction of the instrument is due almost completely to the interaction of the air column
with the lips themselves, much as the human larynx operates in producing vocal sounds.

32

© 1973 SCIENTIFIC AMERICAN, INC

quality develops as measured inside the
mouthpiece of the brass instruments.
When one plays very softly, only the
fundamental component associated with
the playing frequency is present. As one
plays louder the second, third, fourth
and still higher harmonics grow progres-
sively. If the oscillation is in the nature
of a regime involving several cooperat-
ing resonance peaks, the harmonics grow
in the simple fashion described by Wor-
man’s theorem; it is only at very loud
playing levels that his theorem fails to
give simple results. Furthermore, the
theorem shows that the strength of the
various components is proportional to
the height of the various impedance
maxima that are cooperating to generate
the tone. In other words, when one plays
rather loud, the strengths of the various
harmonics have heights that correspond
roughly to the heights of the impedance
maxima from which they draw their
chief sustenance. On the other hand,
when a tone is generated on the basis of
only a single resonance peak, as is the
case in the upper part of the trumpet’s
range, we would be able to describe the
strength of the components only if we
could specify all the details of the flow-
control characteristic.

Up to this point I have been discuss-
ing only the strength of the various har-
monics as they are measured by a small
probe microphone inside the brass in-
strument’s mouthpiece cup. What one
hears in the concert hall is, of course,
very different. The transformation from
the spectrum generated inside the
mouthpiece, where the actual dynamics
of the oscillation are taking place, into
the spectrum found in the concert hall
has to do with the transmission of sound
from the mouthpiece into the main air
column and thence out through the bell.
There are many facets to the total trans-
mission process, even without taking into
account the complexities of room acous-
tics or the complications of our percep-
tual mechanism, which does a remark-
able job of processing the great irregu-
larity of room properties to give us clear-
cut, definite impressions of the tone qual-
ity of musical instruments. I shall only
remark that the transformation of the
spectrum inside the mouthpiece to the
external spectrum has the general nature
of a treble boost. In other words, what-
ever sounds may be generated inside the
instrument, it is the higher components
that are radiated into the room [see bot-
tom illustration on page 34].

The very fact that the bell of an in-
strument leaks energy preferentially at
high frequencies has two important con-



sequences. On the one hand the leakage
enhances the relative amount of high-
frequency energy that comes out of the
horn; on the other it serves to reduce the
height of the impedance peaks at high
frequencies that lead to the weak gener-
ation of the high-frequency part of the
spectrum inside the instrument. As a re-
sult measurements made outside the in-
strument in a room do not show nearly
as much instructive detail about the dy-
namics of the entire system as measure-
ments made inside the instrument do.

Iit me conclude this discussion of the

physics of brass instruments by indi-
cating some of its implications for the
musician and the instrument maker. As
an illustration of the way physics can
help the musician, I shall quote from an
article of mine that appeared recently in
the magazine Selmer Bandwagon. In this
passage it was my intention to help
French-horn players clarify and systema-
tize their technique of placing one hand
in the bell of the instrument to enhance
certain frequencies.

“The player’s hand in the bell is,
acoustically speaking, a part of the bell.
... A properly placed hand provides...
resonance peaks out to 1,500 hertz on an
instrument that otherwise would lose all
visible peaks at about 750 hertz [see il-
lustration on page 35]. Suppose you
meet a totally unfamiliar horn (perhaps
during a museum visit when the curator
opens the display cases) and you wish to
find out quickly how well the instrument
plays. Blow a mid-range note (for exam-
ple concert F; in the bass clef) and, keep-
ing your hand absolutely flat and straight,
push it into the bell little by little until
you feel a slight tingle in your fingertips.
At this point (keeping the hand always
perfectly straight) move the hand in and
out a little until the horn sings as clearly
as possible and the oscillation feels se-
cure to your lips. Any listening bystand-
er will agree with your final choice. Keep
your hand in this slightly strained posi-
tion and blow a tone an octave or a
twelfth above the first one (say concert
F, or C;). Keeping your fingertips always
in their original position, bend the palm
of your hand so that its heel moves
toward a position more familiar to the
horn player. As you do so the tone will
again fill out and get a ringing quality to
it; also your lips will vibrate with a more
solid feel. Your hand will now be in an
excellent position for playing all notes
on this horn, although an expert will be
able to do even better after careful prac-
tice.

“Moving your straightened hand in

and out while sounding the low F allows
you to arrange to have an accurately lo-
cated second helper for the tone. The
unstopped horn works somewhat like a
trumpet playing G; above the staff,
while putting in the flattened hand
serves to set up a regime that is analo-
gous to the one which runs the trumpet’s
midstaff Cs. Bending the palm of one’s
hand while keeping the fingertips in
place will leave the resonance peaks ad-
justed so far pretty much intact, but will
make them taller (and hence more influ-
ential). This also gives rise to more peaks
at the high-frequency end of things. The
frequencies of these peaks move as the
hand is bent more, so that once again the
player has a means for tuning them for
optimum cooperation with the other
members of the regime. Trumpet players
sometimes find it interesting and tech-
nically worthwhile to adapt the horn
player’s hand technique for their own
purposes—especially for playing high
passages on a piccolo trumpet.”

It is only in the past few years that we
have begun to have an understanding of
the acoustics of mouthpieces. William
Cardwell of Whittier, Calif., has provid-
ed a good theoretical basis for dealing
with the relation of the mouthpiece di-
mensions to the tuning of the various
resonance peaks. We in Cleveland, with
the help of George McCracken of the
King Musical Instrument Division of the
Seeburg Corporation, have given atten-
tion to how the mouthpiece design con-
trols the height of the impedance peaks.
I quote again from the article for musi-
cians to indicate the practical implica-
tions of mouthpiece acoustics.

“Acoustical theory tells us that, first
and foremost, a given instrument will re-
quire that the mouthpiece have a certain
well-defined ‘popping frequency’ when
its cup is slapped shut against the palm
of the hand. In other words, the lowest
natural frequency of the mouthpiece
alone (with the cup closed) must be of
the correct value. It is this requirement
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UNUSUAL REGIMES OF OSCILLATION are associated with notes whose frequencies cor-
respond to impedances that are close to minimum values. The note C; in the bass clef is
known to musicians as the pedal tone. Its regime of oscillation is such that the second,
third and fourth resonance peaks of the trumpet sustain an oscillation that lies at a fre-

quency equal to the common difference between their own natural frequencies. Since there
is actually a loss of energy at the fundamental playing frequency for this note rather than a
gain, there is only a small amount of fundamental component in the sound, and even the
small quantity present is converted to that frequency from the higher components by way
of the nonlinearity in the flow-control characteristics of the player’s lips. The situation for
G4 is even more unusual in that the second and fourth components of the tone are the chief
source of oscillatory energy, whereas the fundamental component and the other odd har-

monics contribute virtually nothing since the impedance is minimal at their frequencies.
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TONE COLOR OF TRUMPET is related to the way harmonic frequencies make up an in-
creasing fraction of the total sound emitted as the player blows louder. The strengths of
the various harmonic components are plotted as a logarithmic scale (decibels) against the
logarithm of the strength of the fundamental component. At low and medium playing levels
each harmonic lies on a straight line whose slope is approximately equal to the serial num-
ber of the harmonic. As one plays pianissimo essentially no harmonics are present in the
vibration as measured in the mouthpiece. For every doubling in strength of the funda-
mental component the second harmonic increases from an initial tiny value by a factor of
four. Similarly, the third harmonic increases in strength by a factor of eight for each dou-
bling in strength of the fundamental, and so on. This finding corresponds to a theory de-
veloped by Walter Worman at Case Western Reserve University. At the loudness where
Worman’s relation begins to break down the player senses a change in “feel” and listeners
are aware of a change in sound. The data that are reflected in the curves were obtained with
the help of Charles Schlueter, who now plays principal trumpet in the Minnesota Orchestra.

SPECTRUM TRANSFORMATION FUNCTION
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TRANSMISSION OF TRUMPET SOUND INTO ROOM is characterized by the “spectrum
transformation function,” which indicates what fraction of the acoustic energy at each fre-
quency, as measured inside the mouthpiece, is emitted from the bell. Depending on the
level of play and characteristics of the instrument, the energy emitted usually falls within
the band plotted here. The curve has the qualitative nature of a “treble boost” because the
bell leaks energy preferentially at high frequencies. Numbers on vertical scale are arbitrary.
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that determines which of the peaks in
the trumpet’s response curve are the tall-
est. It also helps the peaks in this region
to have the proper frequencies for good
cooperation with the low-note regimes.
The second most stringent requirement
on the mouthpiece is that its total vol-
ume be correct (cup plus backbore). We
must have this volume right in order to
make the bottom two or three regimes of
oscillation work properly.”

So far I have discussed only the fac-
tors that contribute to favorable oscilla-
tion inside the horn and have said noth-
ing about the tuning of instruments in
the musician’s sense: the relation be-
tween the pitches of the various tones
that the instrument will generate. For-
tunately the requirements for good tun-
ing are almost identical with the require-
ments for favorable oscillation. It is for
this reason that the traditional musical-
instrument maker, focusing the major
part of his attention on the tuning of the
notes of the instrument, was able to de-
velop instruments that would “speak”
well and have good tone.

In more recent years, as our knowl-
edge of acoustics has grown and the
computer has become available, efforts
have been made to design good brass
instruments with the computer’s help.
Here the influence of loudspeaker acous-
tics has been great. Substantial efforts
have been made to mathematically piece
together a sequence of short loudspeak-
er-horn segments, each one intended lo-
cally to represent the shape of a work-
able brass instrument. This segmental
approach to the problem has certain
computational advantages. As we have
seen, wherever the bore of a horn has a
discontinuity of angle or of cross section
there are anomalies in the standing-wave
pattern. In spite of this fact it is always
possible in principle to find suitable an-
gles and cross sections that will place the
impedance maxima of the horn with an
accuracy that is acceptable by tuning
standards. Although instruments built in
this manner may play fairly well in tune,
they can be quite disappointing in their
musical value because of the neglect of
the more subtle cooperative phenomena
that ultimately distinguish between me-
diocrity and genuine excellence. Fur-
thermore, the ability of an instrument to
speak promptly and cleanly at the begin-
ning of a tone is extremely sensitive to
the presence of discontinuities, so that
even though these discontinuities are
arranged to offset one another in such a
way as to give an excellent steady tone,
it does not follow that the instrument
starts well. The musician must of course



have a “clean attack” as well as a clear,
steady tone.

The skillful instrument maker grad-
ually acquires an almost instinctive feel
for the subtleties of instruments, so that
he can sometimes be astonishingly quick
in the use of his empirical store of knowl-
edge to find a correct solution to a tun-
ing or response problem. Consider the
problem that such a person must solve
when he is asked to correct a trumpet
that is faulty, with the sole error being
the behavior of the tone corresponding
to C,. Let us suppose that the problem
is caused by the fourth impedance peak
(beginning from the peak of lowest fre-
quency), which is somewhat high in its
frequency. When the C, is played at a
pianissimo level, the note will be in tune,
but as the loudness increases somewhat
the note will tend to run a little sharp as
the second member of the regime (the
mistuned fourth peak) begins to show its
influence. The player will also notice
that he can “lip” the tone up and down
over a considerable range in pitch with-
out appreciable change in tone color. He
will complain that at this moderate dy-
namic level the tone “lacks center.” If he
plays louder, the influence of the still
properly tuned third and fourth mem-
bers of the regime becomes strong
enough to partly overcome the defect of
the second member. When this occurs,
the player finds that the tone once again
acquires what he calls a core, or center,
at a certain playing level, which happens
then to fall pretty well back in tune be-
cause all but one of the resonances in the
regime agree on the desired playing
pitch.

In the practical world of the instru-
ment maker or designer one often meets
instruments in which one or more notes
are “bad” in this way. It has often proved
quite difficult to correct such problems
with only instinct and experience. Once
one understands what is going on, how-
ever, it is often possible to bypass labo-
ratory measurements and diagnose the
errors with the help of carefully de-
signed “player’s experiments.” One then
uses acoustical perturbation theory to
guide the alteration of the shape of the
air column to give a desired correction.
Such corrections are made by enlarging
or reducing the cross section of the bore
in one region or more of the air column.
The problem is complicated by the need
to preserve the locations of the correctly
tuned resonance peaks while the faulty
peak is being moved.

Whether one is a physicist, a musician
or an instrument maker, one tries to
make use of any tools at hand to provide

an instrument that helps rather than hin-
ders the creative effort of music making.
At first it would seem that the computer
is ideally suited to be one of these tools
and that it could immediately be put to
work designing the perfect instrument.
As a practical matter one finds that al-
though we have a reasonable under-
standing of the goals to be achieved, the
complexity of the problem is such that it
is very difficult to specify the problem
for the computer in sufficient detail. I
have found that it is much more efficient
to start with an already existing good in-
strument developed by traditional meth-
ods and then apply the physical un-
derstanding and the technical facilities
available to us today to guide the im-
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provement of the instrument, whether it
is for an individual player in a symphony
orchestra or for the development of a
prototype for large-scale production.

In all my work I have found it always
important to keep in constant touch both
with professional players and with in-
strument makers. They provide an inex-
haustible supply of information about
the properties of instruments. They also
are a source of questions that have
proved enormously fruitful in guiding
my investigations. As the subject con-
tinues to develop it is becoming increas-
ingly possible for the results of formal
acoustical research to be translated into
useful information for the player and the
instrument maker.

FREQUENCY (HERTZ)

PLACING HAND IN BELL OF FRENCH HORN is a well-known technique for extending
the frequency range of the instrument. The curve at the top shows the input impedance re-
sponse of a valveless prototype for the B-flat half of a standard French horn when measured
without the player’s hand in the bell. There are essentially no resonance peaks above 750
hertz. If the player tries to reach a note such as G5 (783 hertz), allhe gets is a wobbly scream
because there is little or no feedback of acoustic energy from the bell of the instrument to
stabilize a note of higher frequency. Notes in the octave below G; would also be weak and
characterless for lack of a strong feedback. The curve at the bottom shows the additional
resonance peaks produced when the musician points his flattened hand into the bell until
he feels a slight tingling at his fingertips and then bends his palm slightly. The instrument
now produces peaks well beyond a frequency of 1,000 hertz, making it possible for the musi-
cian to play the note G; quite dependably and even a few higher notes when he is pressed.
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ADVANCED COMPOSITE MATERIALS

Materials in which the properties of one component enhance those

of another are steadily evolving. As the cost of exotic components

comes down, the advanced materials will show up in everyday uses

omposite materials are among the
C oldest and the newest of structural

materials. Men discovered early
that when two or more materials are used
together as one, the combination often
performs better than each of the materi-
als alone. Following this principle they
combined clay and straw to make bricks
and constructed bows of tendon, wood
and silk bonded together with glue.

Then, with some notable exceptions,
the further potentialities of composite
structures remained virtually untapped
for centuries while monolithic materials
such as iron and copper served the major
needs of an advancing technology. Even
in more recent times, with the coming of
reinforced concrete, linoleum, plaster-
board and plywood panels, composite
materials seemed somewhat ad hoc solu-
tions to specific problems and thus out
of the mainstream of materials develop-
ment and technology.

During the 1930’s and 1940’s, how-
ever, lightweight honeycomb structures,
machine parts made from compressed
metal powders and plastics reinforced
with glass fibers became commercial
realities. These developments marked
the beginning of the modern era of com-
posite engineering materials. The use of
composite materials has been steadily
growing. The consumption of fiber-rein-
forced plastics, for example, has been
increasing at the phenomenal rate of
25 percent annually. Nevertheless, the
emergence of a distinct discipline and
technology of composite materials is
barely 10 years old. It has been esti-
mated that 80 percent of all research and
development on composites has been
done since 1965, when the U.S. Air
Force launched a major effort to make
high-performance fiber composites a
practical reality.

There are two major reasons for the
current interest in composite materials.
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The first is simply the demand for ma-
terials that will outperform the tradi-
tional monolithic materials. The second,
and the more important in the long run,
is that composites offer engineers the
opportunity to design totally new materi-
als with the precise combination of prop-
erties needed for a specific task. Al-
though the new composites are usually
more costly, pound for pound, than con-
ventional materials, they can be used
more sparingly, because of their superior
properties.

There is no all-inclusive or commonly
accepted definition of composite materi-
als. In the dictionary and in everyday
usage the term “composite” refers to the
concept of something made up of vari-
ous parts or elements. If one tries to ap-
ply this general notion to the entire
structural hierarchy of materials, one
ends up encompassing most or all ma-
terials. To be meaningful, then, the defi-
nition of composites must be confined to
the macrostructural level, where one
deals with constituents such as glass
fibers, metal particles and matrixes. On
this basis a useful, although still im-
perfect, definition of composites is that
they are a mixture of macroscopic phases
that are composed of materials in a di-
vided state that generally differ in form
or in chemical composition or in both.
Contrary to a widely held assumption,
this definition does not require that a
composite be composed of chemically
different materials, although that is usu-
ally the case. The more important dis-

tinguishing characteristics of a composite
are its internal geometry and the fact
that its performance is the collective be-
havior of its constituents.

Another important distinction to be
made is that the properties of composites
may be either isotropic or anisotropic. In
contrast, conventional monolithic materi-
als are generally treated as being iso-
tropic, that is, as having property values
that are essentially constant from point
to point. The properties of composites
usually depend not only on the chemical
composition of the constituents but also
on their geometry and orientation. As a
result the properties in planes through
any point in a composite may be sym-
metrical or asymmetrical.

Major constituents used in composites

are fibers, particles, laminae, flakes,
fillers and matrixes. The matrix, which
can be thought of as the “body” constitu-
ent, gives the composite its bulk form.
The other five, which can be referred to
as structural constituents, determine the
character of the material’s internal struc-
ture. The most familiar composites con-
sist of a matrix in which is dispersed
one or more types of structural constitu-
ent. For example, reinforced concrete
consists of a stone-and-sand aggregate
and steel fibers (rods) embedded in a
matrix of Portland cement. Fiber-glass
boat hulls are constructed of glass fibers
supported by a plastic matrix. Not all
composites have a matrix, however.
Some are composed entirely of struc-

EXPERIMENTAL COMPOSITE developed by workers at the General Electric Company
was produced by the unidirectional solidification of a eutectic alloy system: a system in
which all the constituents crystallize at the same minimum temperature. The particular
composite system shown consists of tantalum carbide fibers in a nickel-chromium matrix.
The material was sectioned transversely and the matrix selectively etched away to a depth
of several microns to reveal the fibers. The magnification in this scanning electron micro-
graph, made at the G.E. Research and Development Center, is some 2,000 diameters.
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LAMINATED COMPOSITE in which the successive laminae, or
layers, are themselves fiber composites oriented at right angles to
one another is shown in this light micrograph made at a magnifica-
tion of approximately 200 diameters. The material, which is named

Thornel 50 multi-directional composite, is manufactured by the
Union Carbide Corporation. It consists of graphite fibers (red
areas) embedded in a matrix of epoxy resin (blue areas). The
graphite fibers are produced by carbonization of rayon filaments.

ENLARGED VIEW of a transverse layer of the Thornel 50 com- tions of the individual fibers and the uniform distribution of
posite shown at the top of this page reveals the irregular cross sec- the fibers in the matrix. Magnification is about 3,000 diameters.
38
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tural constituents, usually of two or
more chemical compositions. Sandwich
materials (such as plasterboard) and
metal laminates (such as the active ele-
ment of a thermostat) are constructed
entirely of laminae, or layers, which
taken together give the composite its
form.

Because the constituents are inter-
mixed there are always regions of con-
tiguity that can be considered analogous
to grain boundaries in metals. The re-
gions can be simply interfaces formed
by the surfaces in contact or they can
be interphases composed of a separate
added phase. Examples of interphases
are the coating, or coupling agent, on
glass fibers in reinforced plastics and the
adhesive that bonds together the layers
of a laminate.

It is evident that composite structures
owe their properties and behavior to two
things: the properties of the constituents
and the interactions among the constitu-
ents. Let us consider first how the prop-
erties of the constituents influence the
performance of a composite. As in the
case of monolithic materials, the chemi-
cal composition and microstructure of
the constituents are critically important.
They determine in large measure the
range of properties a composite will
have. Equally important, however, are a
number of geometrical characteristics.
The shape and size of the constituent
elements and the relative amounts of
the different constituent phases can be
varied to provide specific properties or
to achieve particular physical values.
The way the structural constituents are
distributed and arranged also helps to
determine a composite’s performance.
Constituents can be dispersed in a uni-
form pattern to provide uniform physical
properties or they can be distributed
nonuniformly to achieve an intentional
variation in properties from one region
to another. If it is desired, the structural
constituents can be oriented to provide
directional properties. It is the almost
endless opportunity to manipulate vari-
ables that makes composite structures so
extremely versatile.

Going beyond the nature and prop-
erties of the individual constituents, one
must also consider how the various con-
stituents behave collectively as a result
of their combination or interaction. This
collective, or composite, performance has
several aspects. Perhaps the simplest one
follows from the mixture rule, which
states that the quantitative value of a
given property is the sum of the values
of the constituent phases. Thus the
weight of a block of concrete is the sum
of the weights of the aggregate constitu-

OBLIQUE VIEW of a flex-fractured sample of rayon-based Thornel 50 multidirectional
composite shows the effects of the fracture on both the transverse and the longitudinal
graphite fibers. Magnification in this scanning electron micrograph is about 1,000 diameters.

ents (the sand and the stones) plus the
weight of the set cement.

This summation rule applies not only
to static properties such as weight but
also to dynamic properties such as heat
and electrical conductivity. For example,
the approximate thermal or electrical
conductivity of laminar composites can
be obtained by simply adding the con-
ductivities of the different laminae mak-
ing up the composite.

Another kind of collective output re-
sults when each of two or more constitu-
ents contributes its particular property to
the total performance. Many clad ma-
terials are composed of a low-strength
surface layer with high corrosion resist-
ance bonded to an underlayer of a
stronger material that provides structural
strength and stiffness. Many particulate
composites have been developed to ex-
ploit in this way the properties of both
plastics and metals. For example, pow-
dered iron and iron oxides are blended
with plastics to provide magnetic prop-
erties. Lead can be added to plastic
structures in order to damp sound and
vibration.

The third kind of composite output,

perhaps the most important of the
three, is an expression of the general sys-
tems principle that a whole can be some-
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thing different from the sum of its parts.
This means that the properties or func-
tions of the constituents are not inde-
pendent of one another but rather are
interdependent. To gain an understand-
ing of this principle let us see how it is
used in the design of load-bearing struc-
tural composites. Many materials, in-
cluding metals, ceramics, glass and
graphite, have a theoretical tensile
strength of up to several million pounds
per square inch. Because of imperfec-
tions, however, only a small fraction of
their strength is achieved when they are
used in bulk form. These imperfections
are of two major types. Internally they
exist as microscopic dislocations in the
crystal structure. When a material is
stressed, the dislocations can move
rapidly through it, thereby causing a
shearing effect that leads to failure. Sur-
face cracks are another source of frac-
ture. Under an applied load the stresses
tend to concentrate at tiny surface flaws,
causing local overloading that can pro-
duce catastrophic cracking. Brittle ma-
terials, although they are inherently the
strongest of materials, are most vulner-
able to this type of failure. Because of
lack of ductility even microscopic cracks
on their surface will produce cracking at
very low stresslevels.

In the past 50 years much has been
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learned about crystal dislocations and
surface imperfections and how to coun-
teract the fracture problems arising from
them. In the late 1920’s A. A. Griffith in
England showed that threadlike forms of
a material are many times stronger than
the bulk form in which materials are
generally used. This is particularly true
of brittle materials. For example, Griffith
found that glass fibers .0001 inch in di-
ameter have a tensile strength of about
500,000 pounds per square inch com-
pared with about 25,000 pounds for glass
rods that are one millimeter thick. Since
then it has been shown that even finer
fibers of glass and other materials can
exhibit tensile strength exceeding two
million pounds per square inch. It is be-
lieved extremely small diameters inhibit

the size of surface flaws and limit the di-
rections a crack may follow.

Beyond the inherent increase in
strength there is another advantage of
using a material in a divided or frag-
mented state instead of in its bulk form.
When either surface flaws or internal
dislocations lead to cracking or plastic
deformation, the movement is restricted
to a relatively small region of the ma-
terial. Moreover, the discontinuous na-
ture of a collection of fragments tends
to inhibit crack propagation and plastic
flow.

By the suitable selection of constitu-
ents one can produce composite struc-
tures that resist the various fracture
mechanisms. One of the oldest ways is
to bond together flat layers of materials.

CONTRASTING FRACTURE SURFACES of different boron-reinforced composites near
a machined notch are evaluated to reveal the causes and mechanisms of failure. In both
cases shown the boron fibers are themselves composites, since they are composed of vapor-
deposited boron on a tungsten-wire substrate. In the composite at top, which consists of
boron fibers in a titanium matrix, the fiber-matrix bond appears to be weak and there is
little evidence of matrix plasticity. In the composite at bottom, which consists of boron
fibers in an aluminum matrix, the fiber-matrix bond is evidently stronger and the matrix
exhibits plastic low. Both micrographs were made at United Aircraft Research Laboratories.
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The interfaces between the layers in the
laminar composite function as crack-
stoppers. Another approach is used in
laminar sandwich construction. Borrow-
ing from the I-beam principle, the sand-
wich facings, made of a high-strength
material, correspond to the I-beam flange
and carry the tensile and compressive
stresses. A low-density core, such as a
honeycomb structure or a foam plastic,
acting like the I-beam web, carries the
shear stresses and helps to prevent buck-
ling of the facings. This combination
of high-strength facings and a low-den-
sity core provides an extremely strong
and rigid structure. For example, for the
same rigidity under a bending load an
aluminum-faced honeycomb sandwich
weighs only a fourth as much as a solid
aluminum sheet.

The composite structures that yield by

far the greatest improvement in me-
chanical properties are those that incor-
porate finely divided materials embed-
ded in a matrix. The matrix, which is
usually much more ductile than the
structural constituent, can serve several
functions. It can carry some or all of the
applied stress. By flowing microscopical-
ly under load it can provide the medium
for evenly distributing applied stresses
to the structural constituents and for
redistributing stresses from incipient
cracks.

The structural constituents often have
two functions. They are frequently the
principal load-bearer. In addition they
can serve as barriers to the movement of
dislocations through the matrix. Particles
and fibers are the main structural-con-
stituent forms being used to exploit the
advantages of materials in a finely divid-
ed state.

The geometrical characteristics of the
structural constituents have a decisive
influence on the properties of the com-
posite. In the typical case, where the
structural constituents are the load-bear-
ers, the strength of the composite gen-
erally increases with the amount of con-
stituent in a given volume, up to a point.
In particulate composites the spacing of
the particles, which of course involves
both their diameter and their concentra-
tion, is closely related to strength prop-
erties. In fiber composites, where the fi-
bers are the load-bearing constituent,
mechanical properties in any one direc-
tion are usually proportional to the frac-
tion of the volume of the material that
is represented by the fibers oriented in
that direction. As fiber orientation be-
comes more random, strength in any one
direction decreases. Fiber diameter and
length are two other critical factors.



In general, as diameter decreases, the
strength properties of the composite tend
to improve. Moreover, long, continuous
fibers provide greater strength than short
ones.

Although particles and fibers are dom-
inant as constituents of composite ma-
terials, some interest has been shown in
flakes for achieving high-strength struc-
tures. Theoretically flake composites
have a higher modulus of elasticity, or
stiffness, than fiber composites, and their
properties are isotropic in the plane of
the flakes. Moreover, when high density
is desirable, flakes can be packed closer
together than fibers or particles. Produc-
ing flakes in the desired shape and size,
however, is difficult (except for metal
flakes). Obtaining flatness and avoiding
surface and edge flaws are other prob-
lems that are limiting the use of flakes
for high-strength structural composites.

Ijt us now consider the most recent de-

velopments in particulate and fiber
composites. There are two distinct clas-
ses of particulate composites, depending
on particle size and the fraction of the
volume represented by the particle
phase. Composites in the one class,
known as cermets, are composed of
ceramic particles dispersed in a metal
matrix. The particles are larger than one
micron and their fraction of the volume
ranges between 25 and 70 percent. In
the other class, known as dispersion-
strengthened or hardened composites,
the particles are smaller than one micron
and the volume fraction of the particle
phase does not exceed 15 percent.

In dispersion-strengthened composites
the matrix is the primary load-bearer.
The fine, hard particles serve to block
the movement of dislocations arising in
the matrix. Thus for a given matrix ma-
terial the principal factors affecting me-
chanical properties are the particle size,
the interparticle spacing and the volume
traction of the particle phase. In gen-
eral strength (particularly at high tem-
peratures) improves as interparticle spac-
ing decreases.

In particulate composites of the cer-
met type the matrix and the particles
share the load-bearing function. Al-
though the interaction of the two is com-
plex and not fully understood, the net
mechanical properties of cermets are a
function of the interparticle spacing and
the diameter of the particles and also of
the ratio of the elastic properties of the
matrix and the particles.

Cermets are produced by standard
techniques of powder metallurgy in
which the powder constituents are com-

pacted by heat and pressure. Depending

IMPACT-FRACTURED COMPOSITE viewed obliquely in this scanning electron micro-
graph consists of tough tungsten fibers (striated surfaces) in a brittle nickel-superalloy ma-
trix (pitted surfaces). The sample was tested at a temperature of 1,400 degrees Fahrenheit.

TENSION.-FRACTURED COMPOSITE viewed longitudinally in this micrograph consists
of the same two constituents: tungsten fibers embedded in a nickel-superalloy matrix. This
sample was tested at 500 degrees F. Both of the micrographs that appear on this page were
supplied by the Lewis Research Center of National Aeronautics and Space Administration.

41

© 1973 SCIENTIFIC AMERICAN, INC



on the materials involved, dispersion-
strengthened composites are produced
either by powder metallurgy or by tech-
niques involving metals in liquid or col-
loidal form, followed by cold-working to
achieve high strength levels.

Particulate composites are by no
means new. Tungsten carbide, a cermet,
has long been used as a cutting tool. An-
other cermet, tungsten thoria, has been
used as a lamp filament for more than 30
years. Composites of dispersion-hardened
aluminum and aluminum oxide, known
as SAP (for sintered aluminum powder),
are a more recent development. They are
now finding wide use because they com-
bine good resistance to oxidation and
corrosion while retaining their strength
at temperatures that would markedly
weaken high-strength aluminum alloys.
Another successful particulate composite
of this type is a dispersion of thoria in
a nickel matrix, called TD nickel. The
composite is three to four times stronger
than nickel at temperatures between 870
and 1,300 degrees Celsius. Other metals
that have been dispersion-strengthened
include copper, lead, zinc, titanium, iron
and alloys of tungsten.

The particulate composites have im-
portant virtues and will continue to see
further development, but it is the fiber
composites that have evoked the great-
est interest and development effort in the
past five years. There are a number of
reasons for this. The most important is
that thin fibers seem to offer the most
promising approach for exploiting the
ultrahigh strengths inherent in structural

materials. Moreover, materials that are
normally stiff and brittle achieve their
maximum flexibility when they are pro-
duced in the form of thin fibers. The
fiber form also lends itself to a wide
range of packing modes and geometrical
patterns, so that the engineer can design
structures to meet speciﬁc service re-
quirements.

In nature perhaps the most common
example of the reinforcing function of
fibers is found in the structure of bam-
boo, a composite in which cellulose fi-
bers are bound together in a matrix of
lignin. Practically every type of man-
made material is now being reinforced
with fibers; fiber composites are found
in such diverse objects as cafeteria trays,
pleasure boats and high-performance
rocket-motor cases. To anyone who has
followed the steady escalation of pole-
vaulting records the superiority of fiber-
reinforced poles over bamboo poles is fa-
miliar.

The exceptional requirements of high-
performance aircraft and spacecraft
have provided a major stimulus for the
development and exploitation of ad-
vanced fiber-reinforced structures. As a
class the new composites combine ultra-
high strength with an ultrahigh modulus
of elasticity. Since the new materials also
have low density, they provide extremely
high ratios of strength to weight (that is,
specific strength) as well as high ratios
of stiffness to weight (that is, specific
modulus).

The new fiber composites extend the
technology that began in the 1940’s with

glass fiber reinforced with plastics. To-
day the matrix in glass-reinforced com-
posites may be either a thermoset plas-
tic, such as polyester, phenolic or epoxy,
or any of a number of thermoplastic
resins, such as nylon, polyethylene or
polystyrene. In the past few years new
glasses have been developed with a mod-
ulus of around 15 million pounds per
square inch as compared with 10.5 mil-
lion pounds per square inch for the kind
of glass used in most commercial glass-
plastic composites. Even the higher fig-
ure, however, falls far short of the mod-
ulus of the new fibers used for reinforc-
ing composites.

The two fibers that have been under
the most intensive development for ad-
vanced composites are boron and graph-
ite. They are being embedded chiefly in
matrixes of epoxy resin and aluminum.
Epoxy-resin matrixes have a high bond
strength and toughness, but they cannot
be used for service temperatures higher
than 225 degrees C. Polyimide-resin ma-
trixes extend the service temperature an-
other 100 degrees.

The three most widely studied systems
are boron-epoxy, boron-aluminum and
graphite-epoxy. Their combination of
strength, stiffness and light weight ex-
ceeds that of any commercially available
monolithic material. Boron composites
were introduced in the early 1960,
when the Air Force undertook an inten-
sive development program. The fibers in
boron composites are themselves com-
posites. Produced by the vapor deposi-
tion of boron on a tungsten substrate, the

ORGANIC FIBER, known as PRD 49, has recently been intro-
duced by E.I. du Pont de Nemours & Company for prospective use
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in high-strength composites. Chemically the fiber material is be-
lieved to belong to the nylon family. Magnification is 975 diameters.



fibers have a specific gravity of about 2.6
(that is, about 2.6 grams per cubic cen-
timeter) and range from four to six mils
in diameter. They have a tensile strength
of about 500,000 pounds per square
inch and a modulus of nearly 60 million
pounds per square inch.

Graphite fibers, produced by the car-
bonization of rayon or acrylic fibers, av-
erage about a third of a mil in diameter
and have a specific gravity of between
1.7 and 2. For use in composites they are
generally made into a yarn consisting of
some 10,000 fibers. Depending on the
precursor fiber, graphite fibers have a
tensile strength of between 200,000 and
500,000 pounds per square inch and a
modulus of between 28 and 75 million
pounds per square inch.

Although the properties of boron and
graphite fibers are impressive, only a
fraction of the fibers’ tensile strength and
modulus is attained when they are used
as the structural constituent in a com-
posite. Even so, the composites’ specific
strength and specific modulus far exceed
those attainable in monolithic structural
materials such as aluminum, steel and
titanium. Unidirectional boron-alumi-
num composites and graphite-epoxy
composites, with a fiber content of 55
percent, have a tensile strength ranging
from 110,000 to more than 200,000
pounds per square inch and a specific
strength (whose unit is inches) of be-
tween two million and 2.5 million. Their
specific modulus (also in inches) lies be-
tween 350 million and 400 million. For
purposes of comparison, the specific
strength of high-strength aluminum is
only abont 750,000 inches and its spe-
cific modulus is about 100 million. It
is clear that the exceptional specific
strength and modulus of the boron and
graphite composites can be translated
into significant weight savings.

In addition to their superior mechani-
cal properties fiber composites offer im-
portant advantages in the versatility
with which they can be fabricated. One
of the oldest methods of fabrication is
filament winding, which involves con-
tinuously winding fibers on a mandrel
of the desired shape. The most widely
used method today, however, makes use
of multilayer lay-up techniques. Each
layer consists of composite tapes made
up of graphite or boron fibers in a matrix
of resin or aluminum foil. After the de-
sired shape is formed, heat and pressure
are applied to complete the manufactur-
ing operation. It is evident that the end
product is a laminar composite in which
the laminae are fiber composites. The en-
gineer can tailor the structure to meet
the stress pattern of the application.
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PARTICULATE COMPOSITE is represented by this electron micrograph of a sample of
dispersion-strengthened lead, produced by the St. Joe Minerals Corporation. The material
consists of a pure lead matrix strengthened by an extremely fine, uniform dispersion of
lead oxide particles. The presence of the oxide particles inhibits the growth of crystal grains
and results in a high-strength, fine-grained structure. Magnification is about 3,800 diameters.

Another fabrication method makes use
of conventional metal forms. It involves
bonding a unidirectional composite tape
to the surface of structural shapes or in-
serting composite rods into them. By
this procedure the stiffness of aluminum
shapes has been greatly increased and
weight savings of between 25 and 60
percent have been achieved.

Three-dimensional ~ weaving tech-
niques also have been developed to pro-
duce isotropic composite structures. The
three-dimensional material can be ori-
ented in a cubic array or it can be fabri-
cated in cylindrical form with fibers run-
ning in the radial, axial and circumfer-
ential directions. The cubic form of the
material provides bulk material from
which parts such as gears and bearings
can be machined. The cylindrical form
of the material can be directly woven
into such shapes as hollow spheres, cones
and ellipsoids.

Fiber composites can now also be
made by casting. They are produced by
the unidirectional solidification of eutec-
tic alloy systems: systems in which the
constituents all crystallize at the same
minimum temperature. Examples are al-
loys of aluminum-aluminum nickelide
and columbium—dicolumbium carbide.
One technique is quite similar to the
standard foundry practice of casting into
an open bottom mold resting on a cold
plate that generates a vertical directional
heat flow. The resulting casting contains
fibers or whiskers aligned in the longi-
tudinal direction. The second phase,
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with more than 30 percent of the total
volume, is composed of flakes or plate-
lets.

A]-though it is likely that boron and

graphite will dominate the field of
high-performance composites for some
years to come, a variety of other fiber
composites will probably find special
applications. Silicon carbide deposited
over boron, because of its superior com-
patibility with metals, shows promise
for use in metal-matrix composites oper-
ating in the high-temperature region of
from 815 to 980 degrees C. Boron ni-
tride, another candidate for metal-matrix
composites, combines a low precursor-
fiber cost with low density and good
high-temperature stability. Both its ten-
sile strength (200,000 pounds per square
inch) and its modulus (20 million pounds
per square inch), however, are relatively
low. Alumina, or sapphire, fibers drawn
continuously from a melt are also being
considered for use with metal and ce-
ramic matrixes because of their high-
temperature capability and chemical
compatibility.

Recently E. I. du Pont de Nemours &
Company has introduced a promising or-
ganic fiber known as PRD 49. Chemical-
ly it is believed to belong to the poly-
amide (nylon) family. Since its specific
gravity is only 1.45 and its tensile
strength is 525,000 pounds per square
inch, the fiber has a higher specific
strength than glass, boron or graphite.
Its specific modulus is five times that of
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IRREGULAR STRUCTURE of this experi-
mental eutectic composite, developed by
G.E.,, is evident in the sequence of succes-
sively enlarged scanning electron micro-
graphs shown here. The fiber material, tan-
talum carbide, is the same as in the micro-
graph on page 37; the difference in the form
of the fibers results from the use of a dif-
ferent matrix alloy, in this case pure cobalt.
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glass and is as high as some graphite
fibers.

Metal fibers with mechanical proper-
ties comparable to those of glass, graph-
ite and boron will probably find increas-
ing application in the future. For struc-
tural hardware, development is going
forward on fibers of tungsten, nickel,
beryllium and steel. There may be an
even greater potential for metal fibers in
applications such as electrically heated
devices and reinforcement for tires and
high-temperature conveyor belts.

It is generally recognized that the fi-
bers that most closely approach theo-
retical values in strength are those pre-
pared in the form of very fine single
crystals. Called whiskers, these crystals
range from three to 10 microns in diam-
eter and have a ratio of length to diam-
eter of between 50 and 10,000. Alumina
whiskers have a tensile strength of up to
three million pounds per square inch
and a modulus of 62 million pounds per
square inch. Other potential whisker ma-
terials are silicon carbide, silicon nitride,
boron carbide and beryllia.

The large-scale use of whiskers in
composite materials is still a good dis-
tance in the future. The nonuniformity
of whiskers, both in size and mechanical
properties, presents a major obstacle. In
addition practical techniques for align-
ing whiskers and incorporating them into
composites will have to be developed.
Perhaps the biggest potential for whisk-
ers is as an added constituent in con-
tinuous-fiber composites. Studies have
shown that the whiskers greatly improve
the load-transfer ability of the matrix.

As composite technology advances,
hybrid composites composed of two or
more different fiber types will be devel-
oped. Preliminary work in combining
graphite and boron fibers in an epoxy
matrix has shown that the hybrid may be
as much as 30 percent superior in modu-
lus and strength to conventional boron-
epoxy composites.

What of the future? Although the
great majority of current uses for ad-
vanced composites are in exotic tech-
nologies, the time is rapidly approaching
when high-performance composites will
appear in more mundane applications.
Under serious consideration, for exam-
ple, are the use of graphite composites
for process equipment, for self-lubricat-
ing bearings and as strong commutators
and slip rings for dynamos. In Britain
graphite-fiber composites are already be-
ing used in textile machinery. In one ap-
plication loom frames consisting of strips
of composite bonded to aluminum have
made it possible to increase the speed of
the loom by 50 percent.
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A major limitation to the wider use of
advanced composites is the present high
price of the constituent fibers. Boron fi-
bers in tape form now cost between $150
and $280 per pound. Graphite yarn in
resin-impregnated-tape form is generally
available at prices of $75 to $90 per
pound, depending on the volume pur-
chased. As is normally the case, fiber
prices can be expected to drop as de-
mand increases. It is estimated, for ex-
ample, that if the demand for boron fi-
bers should reach 100,000 pounds a
year (as some believe it will between
1975 and 1980), the price should drop
to between $50 and $75 per pound. By
1975 the production of graphite fiber is
expected to run as high as 350,000
pounds per year, at which time the price
may fall to as low as $25 to $50 per
pound.

When the price differentials between
composites and bulk materials are being
considered, a point that is sometimes
overlooked is that composites often call
for a smaller amount of material. In the
case of one aircraft component, for ex-
ample, an aluminum mill shape that
weighed 4,000 pounds was machined
and fabricated into a finished part
weighing 460 pounds. When the same
component was made of a boron com-
posite, only 227 pounds of material was
needed to produce a finished part weigh-
ing 207 pounds.

Bright as the future of composites
seems to be, there is still a great deal of
work to be done before they can achieve
a large share of their full potential. As
with all engineering materials, to make
the best use of composites one must
be able to characterize their properties
quantitatively and be able to predict
service behavior with accuracy and as-
surance. A fundamental difficulty is the
bewildering complexity of the combina-
tions of composite constituents. Even
though one may understand the struc-
tural units individually, their combina-
tions and interactions produce a vast ar-
ray of physical values. Yet it is precisely
the richness of such interactions that
provides the opportunity to design com-
posites to fit specific needs.

There is no quick, easy solution to the
complexity problem. Computers, with
their ability to handle lengthy calcula-
tions, will become increasingly helpful.
Some feel, however, that it will be neces-
sary to temper the strict analytical ap-
proach with the intuitions and insight of
the artist. Whatever the approach, it is
clear that we must develop principles
for dealing with extremely complex ma-
terials involving a hierarchy of interre-
lated structures.



Microfilm is changing man’s world.
Microfilm?

A child thinks that money put in the bank stays there physically as coins

and bills. Physically, of course, your money in the bank exists as a tiny pattern of
invisible magnetized spots on computer tape. No longer does a trustworthy old
man make entries in the ledger with a goose quill. With a good pattern of spots
you can buy a castle in Spain.

If you buy real estate in Spain or elsewhere, you probably want a piece of paper
to wave at anybody who tries to chase you off your new property. The paper provides
a feeling of security.

A piece of paper of another kind can give you a voice in our affairs and a share of our
profits. For extra security about such securities, keep them in a safe deposit box.

You are a professor. Or perhaps you aspire to professorship. It would be well to be
author of a book. Hard covers would be best. Failing that, show a list of your
journal publications. Or at least one paper of which you can send out reprints,
for goodness sake! Not all the recipients can—or even should—understand the content.

You are a student. You go to class. The prof lectures. That’s his or her role. You take
notes. That’s your role. If the prof’s viewpoint is not distinctive, who needs a prof?
Cheaper to read a book. If everybody would read the same book, the book could be
very cheap.

Ink on paper. When and where the civilized world gives it up, the reasons had better
be good ones. True, goose quills don’t last when more than one person in a hundred has
a bank account. But the magnetic spots are invisible. How well do you know those
cheery individuals behind the counter? For the assurance in recognizing by eye the work
of the hand, bankers are still our biggest microfilm customers, and they were our
first ones. A large firm of stockbrokers today uses millions of feet of microfilm a year.
The securities industry still has its troubles with the archaic traffic in ornately printed
paper. There may be a better way.

Microfilm needn’t come in long rolls on reels.
When intended more for communication than
for security and proof, small sheets of it—
microfiche—are more convenient. Convenience
is crucial. The reading devices have to be
comfortable, personal, ubiquitous. To be
ubiquitous, they must cost little. The more people
who need them and use them, the more the cost
will drop. Our name is Kodak, and we make them
and understand the principle.

Far more people are students and professors
than formerly. Elitism has diminished, but the
finding and fondling of new truths and new facets
of old truths remain the academic obligation.
Up goes the number of scholars obligated to present distinctive viewpoints. Down goes
the size of each fragmented audience that appreciates the cogency, down too small to
finance the ceremonial enshrinement with printer’s ink and far too small to pay for
color illustrations, however sadly missed.

Yet the academic enterprise will founder no more than has banking or the other
enterprises founded on paper.

Right now arrangements can be made to send us a typed discourse with color slides
or black-and-white illustrations and get back as many microfiche copies thereof as are
needed to mail out to all believed capable of appreciating it. Or to be handed to students,
who need assemble only to interact with the prof and each other, not for the archaic
purpose of taking notes. And if the intent is to contribute to the archives of knowledge,
and the content is to go through referees and editors before reaching us, that
would be just fine. In fact, the detail in the “papers” in five of the principal American
journals of chemical research is now published only in microfilm form.

If all this sets ideas spinning in a few heads, we can help pin down the best of those ideas.

Dept. 55W, Kodak, Rochester, N.Y. 14650 can supply literature (still on paper) with titles
like “Micropublishing Programs and Services,” “Micropublishing for Professional Associations,”

“Kopax EKTALITE Readers,” “Basic Guidelines for the Selection of Input Material for Color
Microfiche.”

A vessel of civilization
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With a Land-Rover,
you can rub elbows
with the natives of
New England.

Or New Guinea.

1 ."1 o Al t__.‘

A 4-wheel-drive Land-Rover is
the ideal vehicle for exploring
the backroads of Maine, New
Hampshire and Vermont. (Or any
other out-of-the-way part of the
U.S., for that matter.)

Its all-synchromesh 4-speed
transmission is equipped with a
2-speed transfer box that gives
the equivalent of 8 forward and
2 reverse gear ratios, resulting in
a full range of traction for all
kinds of surfaces.

So if your taste in travel runs
more towards the exotic, you
can book passage for your family
and Land-Rover, and explore
the wilderness of New Guinea.

Because with a Land-Rover,
your call of the wild will never go
unanswered.

For the name of your nearest
dealer call: 800-447-4700.

In lllinois call: 800-322-4400.

[BRiTisH]|
Land-Rover
Briten Leviand Motors Inc | \§
' [Leviano

STANDARD EQUIPMENT: On the new Series
11l Land-Rover we offer an all synchromesh
gearbox (4 forward speeds and reverse, plus a
2-speed transfer box, equals 8 forward, 2 re-
verse); alternator; larger capacity heater; im-
proved power brakes plus new facia and other
styling advances.

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

46

rr.»,

153

- e o . T T

A
Ul

Where the Action s

he initial publication of the Office
I of Technology Assessment and
Forecast, created last year in the
Department of Commerce, offers a fas-
cinating glimpse of the worldwide rival-
ry for technological supremacy as it is re-
flected in the activity of the U.S. Patent
Office. The publication provides a sam-
pling of technical areas of exceptionally
rapid growth and areas where foreign in-
ventors are particularly active. Thus one
learns that the share of all U.S. patents
awarded to inventors who live outside
the U.S. has climbed steadily from 17
percent in 1961 to 29 percent in 1971
and is projected to average 31 percent
over the next five years. Four countries
emerge as the leading foreign recipi-
ents of U.S. patents: Germany, Britain,
France and Japan. In 1963 they account-
ed respectively for 5, 4, 2 and 1 per-
cent of the U.S. patents issued that year.
Between 1963 and 1971 the patents
awarded to Japanese inventors increased
more than fivefold, so that today Japan
is second only to Germany in winning
U.S. patents and appears likely to over-
take Germany before 1980.

The U.S. Patent Office has more than
11 million patents on file, divided into
300 broad classes, 8,500 “technological
groupings” of roughly equal size and
85,000 subclasses. The Patent Office em-
ploys 1,200 patent examiners and last
year collected $28 million in fees. Cur-
rently 80 percent of the patents are as-
signed to organizations, including gov-
ernments; only 20 percent are retained
by individuals. As measured by patents,
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the average growth rate for all technolo-
gies is 2 percent per year.

Although the U.S. Government is cur-
rently assigned only about 2.5 percent of
the quarter-million patents issued annu-
ally, it holds between 11 and 30 percent
of all the patents in six major areas: am-
munition and explosive devices (30 per-
cent), nuclear reactions and systems (22
percent), explosive and thermic compo-
sitions or charges (17 percent), radio-
wave communications (17 percent), mis-
cellaneous electron-tube systems (14
percent) and aeronautics (11 percent).

In a listing of active areas classified
under “miscellaneous electron-tube sys-
tems” one finds, for example, an average
growth rate of 13 percent for “electron-
tube systems having means for distortion
measuring and/or correction or means
for unwanted wave-component elimina-
tion.” Under “radio-wave communica-
tions” the report lists 22 active subclas-
ses, of which 18 contain either the word
“radar” or “antenna.” These subclasses
are growing twice as fast as the average
of all technologies, and in them the U.S.
Government has been receiving up to 38
percent of all the patents issued.

The report identifies a variety of fields
in which other countries are making a
heavy research investment and collec-
tively outstripping the U.S. in obtaining
patents. For example, in three broad
areas of textile weaving (manipulation of
warp, weft and fabric) foreign inventors
have obtained 70 percent of all U.S.
patents issued in the most recent three-
year period (1969-1971). The most ac-
tive countries are Switzerland and Brit-
ain. In the open-end spinning of yarn in
the same period foreign inventors have
received 72 percent of the patents, and
it is projected that they will be obtain-
ing more than 90 percent over the next
five years. The leading countries are
Czechoslovakia and Germany. In the
production and utilization of crimped fi-
bers foreign countries have been issued
40 percent of the recent patents and are
projected to receive 80 percent; the lead-
ing country is Japan.

In the field of metal-shaping by rollers
59 percent of the patents have been go-
ing to foreign inventors; in devising tun-
neling methods foreign inventors have
been winning 69 percent of the patents.
In both areas Germany is the leading for-
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eign country. In the broad field of still
photography the patents have been
evenly divided between the US. and all
foreign countries, but in the highly ac-
tive subclass dealing with photoelectric
controls for shutters foreign countries
have been receiving 74 percent of the
patents, with Germany leading Japan in
the ratio of five to four. In the area of
photographic emulsions foreign inven-
tors have been receiving 57 percent of
recent patents and are projected to re-
ceive 75 percent in the years ahead. The
foreign leaders are Germany, Japan and
Switzerland, with Japan already far
ahead in the most recent year studied
(1971).

Among foreign countries Germany
and Japan also rank first and second in
the development of polyamide resins,
similar to nylon, in which foreign inven-
tors have recently been awarded 48 per-
cent of the patents and are projected to
receive 65 percent. Germany has also
been obtaining more patents than any
other foreign country in the synthesis of
heterocyclic alkaloid drugs (the Dutch
and the Swiss are second and third) and
in the design of electronically actuated
fuel injectors, a field in which foreign
workers have been receiving 61 percent
of the patents and are projected to re-
ceive 75 percent; Japan has recently dis-
placed France in second place.

France is the undisputed leader in the
design of tracked air-cushion vehicles, in
which foreign inventors have been re-
ceiving 49 percent of the patents and are
projected to receive more than 90 per-
cent. France is also second only to the

U.S. in inventions related to the mag- |

netohydrodynamic generation of power
(MHD); foreign workers have been re-
ceiving 49 percent of the patents in this
field and are expected to get 80 percent
over the next five years.

Japan’s strong push in electronics is
reflected in two special fields analyzed in
the report: the electronic control of mu-
sical instruments (such as electronic or-
gans) and cartridge changer systems for
magnetic recordings. Although foreign
inventors have been receiving fewer than
half . of the patents in these two fields,
the report predicts that the foreign share
will grow to 85 percent and 75 percent
respectively. In both fields Japan has far
outdistanced all competitors except for

% just as they were hundreds of years
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the U.S. The first report of the Office of
Technology Assessment and Forecast is
intended to be no more than a sample of
the various types of analysis the new of-
fice can provide on request.

Durable Custom

In recent years it has seemed that so-

cieties of men were slowly but stead-
ily abandoning the ancient custom of
punishment by death. A worldwide sur-
vey undertaken by the United Nations
indicates, however, that the death pen-
alty is still prevalent and perhaps even
becoming more so. Of 133 nations in-
volved in the survey, only nine—Austria,
Colombia, Costa Rica, the Dominican
Republic, Ecuador, Finland, Iceland,
Uruguay and Venezuela—describe them-
selves as prohibiting capital punishment.
Another 16 nations have abolished the
death penalty for all ordinary crimes but
retain it for exceptional crimes, such as
treason or killing the head of state. Those
nations are Afghanistan, Argentina, Bra-
zil, Denmark, Israel, Italy, Malta, Nepal,
the Netherlands, New Zealand, Norway,
Panama, Peru, Portugal, Sweden and the
United Kingdom. In addition three na-
tions—Belgium, Luxembourg and Nica-
ragua—still provide by law for a death
penalty but have not in fact executed
anyone for an ordinary crime for at least
40 years. Moreover, the study notes,
“many of the retentionist countries use
the death penalty so sparingly that, if
one does not maintain the division be-
tween political and ordinary crimes,
they may actually be executing fewer
people than do certain ‘abolitionist’
countries.”

An earlier UN report (in 1967) showed
that the death penalty, which has tradi-
tionally been applied in cases of homi-
cide, has been invoked increasingly for
economic and political crimes. The cur-
rent study finds that “this trend has con-
tinued.” Indeed, “a few newer types of
crime have begun to qualify in some
countries for the death penalty.” They
include hijacking and trafficking in
drugs.

According to the report, the death
penalty “is regarded by a considerable
number of governments as an efficient
or at least an acceptable way of getting
rid of certain types of problem—what-
ever the experts may have to say about
the lack of deterrent effect of this penal-
ty. Moreover, it seems clear that in most
cases governments satisfy public opinion
by using this sentence.” The UN’s posi-
tion is that, in keeping with the asser-
tions in its Universal Declaration of Hu-
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man Rights that “everyone has the right
to life” and “no one shall be subjected to
torture or to cruel, inhumane or degrad-
ing treatment or punishment,” the death
penalty ought eventually to be abolished
everywhere.

Fusion by Electron Beam

he possibility of using laser beams to

ignite nuclear-fusion reactions ap-
pears to have stimulated much new work
on a related approach: using for the
same purpose an intense beam of rela-
tivistic electrons (electrons accelerated
to speeds close to the speed of light). As
in the laser-beam method, the electron
beam would not require a “magnetic bot-
tle” to contain the ionized heavy-hydro-
gen fuel of a fusion reactor. The electrons
would be fired in short pulses, and the
fuel would be fed into the beam with
each pulse.

According to an article in Physics To-
day, work on beams of relativistic elec-
trons for fusion purposes is in progress
at the Naval Research Laboratories, San-
dia Laboratories, Physics International,
Cornell University, the Lawrence Liver-
more Laboratory, the Air Force Weap-
ons Research Laboratory, North Car-
olina State University, Maxwell Labo-
ratories and in the U.S.S.R. One problem
is focusing the beam to get the energy
density needed to achieve the fusion
temperature of some 100 million degrees
Kelvin. Another is shortening the pulses.
The time needed to ignite fusion reac-
tions is measured in nanoseconds, and
existing beam machines produce pulses
that are perhaps 10 times longer. Such
long pulses would waste most of a fusion
reactor’s input power. Reviewing the
various approaches to fusion power in
Physics Today, Richard F. Post of the
Lawrence Livermore Laboratory rates
beams of relativistic electrons as a “dark
horse.”

Plates, Plumes and Blobs

The plate-tectonic theory, which visu-
alizes the outer shell of the earth as
a mosaic of rigid plates in motion with
respect to one another and to the earth’s
interior, is now generally accepted [see
“Plate Tectonics,” by John F. Dewey;
SCIENTIFIC AMERICAN, May, 1972]. The
plates are fed by magma welling up
along their junctions at oceanic ridges;
they are somehow propelled away from
the ridges at the rate of a few centime-
ters a year; they converge with one an-
other, generally at trenches along island
arcs or continental margins, where one
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plate dives under another and is con-
sumed. The theory is far from complete,
however. Among the open questions are
the sources and nature of the upwelling
magma and the mechanism that pro-
pels the moving plates. In the past two
years efforts to answer these questions
have centered on the concept of ther-
mal plumes: great “pipelines” of plastic
rock, originating deep in the mantle be-
low the earth’s crust, that sometimes
manifest themselves at the surface as
oceanic islands. Some recent observa-
tions by Jean-Guy Schilling of the Uni-
versity of Rhode Island have made it
possible to characterize these plumes
more precisely.

The plume concept can be traced back
to J. Tuzo Wilson of the University of
Toronto, who proposed in the early
1960’s that many oceanic islands were
formed as volcanic eruptions, either over
oceanic ridges or more localized deep
sources, and were then carried away
from their source by sea-floor spreading.
In 1971 W. Jason Morgan of Princeton
University proposed that such islands
mark the breakthrough to the surface
of small fractions of a few very large
plumes; most of the volume of these
plumes, he suggested, mushroomed out
under the light crustal plates in a “thun-
derhead” pattern, providing the motive
force with which to drive the plates.
Subsequently Peter R. Vogt of the U.S.
Naval Oceanographic Office reported
evidence that the plumes do not flow
continuously but rather seem to be
turned on and off from time to time.

Until recently detailed evidence on
the nature of plume material has been
lacking. A group from the University of
Rhode Island, working on the research
vessel Trident, has recently dredged
large amounts of rock from the sea floor
along the Mid-Atlantic Ridge in the vi-
cinity of several notable “hot spots”
where major plumes are assumed to
reach the surface. One of these is on and
near Iceland, which sits astride the ridge
at the junction of the Eurasian and North
American plates. Detailed analysis of the
chemistry of the rocks makes it clear that
two very different sources of magma are
represented, according to a report by
Schilling in Nature. Along the ridge
some 500 kilometers from Iceland the
rock is from the asthenosphere, the up-
per-mantle layer immediately under the
moving plates; it is lean in certain radio-
active isotopes and in certain large ions.
Over Iceland the rock is rich in these
components; it comes from deeper in the
mantle, the origin proposed by Morgan
for his plumes. Between these two ex-
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Where the deer and the antelope play

Magazine and owners of Sangre de Cristo Ranches Inc. acquired
the Trinchera Ranch some years ago. One of the oldest of the
remaining big ranches in America, it ranks among the best known
preserves for deer, elk, game birds and other wildlife.

Located near the intersection of U.S. Route 160 and Colorado
Highway 159 just outside Fort Garland, Colorado, Sangre de
Cristo Ranches are spread over thousands of rolling acres which
rise to the towering mountain peaks of the Trinchera and Mount
Blanca.

Since Forbes Inc. began offering this section of its big ranch for
homesites, thousands of people have come from all over the nation
to see this magnificent land, to purchase their own Sangre de
Cristo Ranch.

Important guarantees backed by Forbes Magazine’s distinguished
reputation have contributed much to the Sangre de Cristo success
story. Every investor is double protected: he has twelve months
after his first payment during which he can—and is urged—to visit
his ranch. And if it doesn’t fully meet expectations, he can have
all payments promptly refunded. Or if he simply changes his mind
within sixty days of making his first payment, his money will be
returned promptly.

You can own part of this breathtaking land for just $50 month-
ly. With no interest or carrying charges, the total cost of these
five-acre ranches is just $5,000. Other Sangre de Cristo ranch sites
are available on comparable terms at prices ranging from $3,500
to $7,500. This offer presents a wonderful opportunity for long
term investment in the great southwest.

For complete details on these ranches, without obligation, sim-
ply fill in and mail the coupon below to Sangre de Cristo Ranches,
Box 2000, New York, N.Y. 10011.

SANGRE DE CRISTO RANCHES INC., is a duly registered subdivision developer in and
under the laws of the State of Colorado. This registration is not to be construed to
imply state endorsement of the subdivision.
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tremes there is a transitional zone, in
which there is a mixture of rock from the
two sources. Schilling’s impression is
that as the plates move apart the gap is
filled by a passive flow of the depleted
upper-mantle rock. The deep-mantle ma-
terial of Iceland itself, on the other hand,
has forced its way through the astheno-
sphere independently of plate separation
and in excess of what is needed to fill the
gap. That, indeed, is why the island is
there.

Schilling has more recently begun to
examine the thick piles of lava flows of
the Faroe Islands and of the Greenland
coast, which are now some 500 kilome-
ters east and west of Iceland but which
50 to 60 million years ago were over the
same source of upwelling material as Ice-
land is now. In most of the layers he finds
levels of trace elements comparable to
those on Iceland—evidence of a deep-
mantle origin. The last few flows (upper
strata), however, show an alternation be-
tween deep-mantle and asthenospheric
material. These strata, Schilling thinks,
may represent a weakening of the Ice-
land plume 50 million years ago, with
consequent invasions of rock from the
asthenosphere. The pattern suggests to
Schilling that a plume is really a succes-
sion of “blobs,” shaped like inverted
teardrops, that rise through the mantle
more like bubbles in a glass of cham-
pagne than like a steady jet.

The Brain Feeds Itself

Does what we eat influence the func-
tioning of the brain? Until recently
it was generally held that the brain had
the ability to take from the blood the
oxygen, glucose and whatever else it
needed at rates that were more or less
independent of the concentration of nu-
trients in the bloodstream. This view led
to the belief that the daily metabolism of
the brain is not influenced by changes in
the blood following eating or fasting.
Prolonged malnutrition, involving the
absence of one essential nutrient or more,
has, of course, been shown to cause
major changes in the developing brain
of the young, and most brain-nutrition
studies have been concerned with such
long-term effects. Now two investigators
at the Massachusetts Institute of Tech-
nology, J. D. Fernstrom and R. ]J. Wurt-
man, have demonstrated that the brain
also responds on a short-term basis to
diet-induced changes in the blood.
In a series of experiments with rats,
Fernstrom and Wurtman have shown
that the rate at which brain cells synthe-

size the neurotransmitter serotonin from
tryptophan, an amino acid, ultimately
depends on the ratio of tryptophan to
five other neutral amino acids in the
blood (tyrosine, phenylalanine, leucine,
isoleucine and valine). That ratio in turn
depends on the composition of the food
that has been recently ingested.

Rats given purified tryptophan showed
a rapid increase in tryptophan levels in
both the blood and the brain and an ele-
vation of the serotonin level in the brain
within an hour after eating. When the
rats were fed a protein diet containing
the competing amino acids as well as
tryptophan, the level of tryptophan rose
in the blood but neither tryptophan nor
serotonin in the brain was elevated. It
was this discovery that provided the clue
that the ratio of tryptophan to the other
amino acids in the bloodstream was the
controlling factor. Tryptophan is far less
abundant in food proteins than the oth-
er neutral amino acids are; hence con-
sumption of protein introduces propor-
tionately larger amounts of the compet-
ing amino acids. Paradoxically consump-
tion of carbohydrate, which contains no
tryptophan, increases the brain levels of
tryptophan and serotonin because the in-
sulin secreted in response to the carbo-
hydrate causes the concentration of the
competing amino acids to fall.

Essentially all the brain cells that con-
tain serotonin are found in the raphe nu-
clei of the brain stem. These neurous are
known to be involved in the control
of sleep, food consumption, voluntary
movements and the secretion of pituitary
hormones. Fernstrom and Wurtman pro-
pose that the serotonergic nerve cells
could function as “sensors” or transduc-
ers that convert information about pe-
ripheral metabolism into nerve signals.
This suggests a kind of closed physio-
logical circle in which food consumption
affects brain biochemistry, which in turn
affects food consumption.

Exhumed Craters
\X [ hy is the earth not covered with me-

teorite-impact craters as the moon
is? The reason is presumably that most
of the craters that were formed in the
past have been obliterated by erosion
and the dynamic processes of the earth’s
crust. There are nonetheless at least 14
good-sized craters on the Canadian
Shield, some of them dating back nearly
600 million years. According to a hypoth-
esis put forward by Brian Dent of Stan-
ford University, the reason these craters
have survived for so long is that they
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were made in ancient material that was
subsequently covered by sediments,
which were then planed off by glaciation
in comparative]y recent times to expose
the craters anew.

Dent writes in Geological Society of
America Bulletin that last year William
A. White of the University of North
Carolina proposed that the Canadian
Shield had been covered with sediment
for much of the 600-million-year peri-
od. If this was the case, it might ac-
count for certain puzzling features of the
Canadian craters. For example, most of
them seem too old and too small to have
survived. Thirteen of the 14 appear to
range in age from 150 million years to
550 million, and 10 of the 13 range in
size from 1.9 kilometers in diameter to
26 kilometers. Yet the Gosse’s Bluff cra-
ter in Australia, which is some 130
million years old and 20 kilometers in
diameter, has virtually been erased by
erosion. The survival of the Canadian
craters is consistent with the notion
that they were protected by a blanket of
sediment until they were uncovered by
glaciation.

Another puzzling feature of the cra-
ters is the distribution of their ages. A
study of the craters of the moon pre-
sented in 1971 by R. B. Baldwin indi-
cates that the rate of lunar cratering has
decreased steadily over a period of four
billion years, with the number of craters
being cut in half every 250 million years.
On this basis one would expect the oldest
and youngest craters on the Canadian
Shield to predominate; the more plenti-
ful old craters would include large ones
that would survive erosion and the less
plentiful young craters would not have
had enough time to be completely erod-
ed. In fact the craters of intermediate
age predominate, which is again con-
sistent with the hypothesis that the cra-
ters had been covered with sediment.
The older craters would have been
erased before the sediment had been de-
posited, and the younger ones would
have been removed by glaciation along
with the sediment.

Dent points out that a sample of 14
craters does not provide a firm statistical
basis for his hypothesis. Nonetheless, the
hypothesis now forms a part of the effort
to work out a rational scheme for the cra-
tering of the earth and the place of me-
teorites, large and small, in the history of
the solar system. Dent writes: “This
analysis will be proved correct or not as
further impact craters are discovered and
dated, for it presents a consistent theory
of crater preservation on the earth.”
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THE IMMUNE SYSTEM

This diffuse organ has the assignment of monitoring the identity

of the body. Its basic constituents are lymphocytes and antibody

molecules, which recognize both foreign molecules and one another

r I Yhe immune system is comparable
in the complexity of its functions
to the nervous system. Both sys-

tems are diffuse organs that are dis-

persed through most of the tissues of the
body. In man the immune system weighs

about two pounds. It consists of about a

trillion (10'2) cells called lymphocytes

and about 100 million trillion (102°) mol-
ecules called antibodies that are pro-
duced and secreted by the lymphocytes.

The special capability of the immune

system is pattern recognition and its as-

signment is to patrol the body and guard
its identity.

The cells and molecules of the im-
mune system reach most tissues through
the bloodstream, entering the tissues by
penetrating the walls of the capillaries.
After moving about they make their way
to a return vascular system of their own,
the lymphatic system [see illustration on
page 54]. The tree of lymphatic vessels
collects lymphocytes and antibodies,
along with other cells and molecules and
the interstitial fluid that bathes all the
body’s tissues, and pours its contents
back into the bloodstream by joining the
subclavian veins behind the collarbone.
Lymphocytes are found in high concen-
trations in the lymph nodes, way stations
along the lymphatic vessels, and at the
sites where they are manufactured and
processed: the bone marrow, the thymus
and the spleen.

The immune system is subject to con-
tinuous decay and renewal. During the
few moments it took you to read this far
your body produced 10 million new
lymphocytes and a million billion new
antibody molecules. This might not be
so astonishing if all these antibody mole-
cules were identical. They are not. Mil-
lions of different molecules are required
to cope with the task of pattern recogni-
tion, just as millions of different keys are
required to fit millions of different locks.
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by Niels Kaj Jerne

The specific patterns that are recog-
nized by antibody molecules are epi-
topes: patches on the surface of large
molecules such as proteins, polysaccha-
rides and nucleic acids. Molecules that
display epitopes are called antigens. It is
hardly possible to name a large molecule
that is not an antigen. Let us consider
protein molecules, which include en-
zymes, hormones, transport molecules
such as hemoglobin and the great variety
of molecules that are incorporated in
cellular membranes or form the outer
coat of viruses or bacteria.

Antigens and Antibodies

Each of the innumerable protein mol-
ecules is made up of polypeptide chains:
linear strings of a few hundred amino
acids chosen from a set of 20 amino
acids. The number of amino acids in a
large protein molecule is about equal to
the number of letters in the column of
text you are now reading, which is a
linear string of letters chosen from an
alphabet of 26 letters. Different protein
molecules have different amino acid se-
quences just as different texts have dif-
ferent letter sequences. The string of let-
ters in this column of text has been neat-
ly “folded” into successive lines. The
polypeptide chains of a protein molecule
are also folded, although not so neatly.
Their structure looks more like what you
would obtain by haphazardly compress-
ing a few yards of rope between your
hands. There is nothing haphazard, how-
ever, about the folding of a particular
polypeptide chain; the folding, and thus
the ultimate conformation of the protein
molecule, is precisely dictated by the
amino acid sequence.

The parts of the folded chains that lie
at the surface of a protein molecule make
up its surface relief. An epitope (or “anti-
genic determinant”) is a very small patch
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of this surface: about 10 amino acids
may contribute to the pattern of the epi-
tope. As Emanuel Margoliash of the Ab-
bott Laboratories and Alfred Nisonoff
of the University of Illinois College of
Medicine showed for different molecules
of cytochrome c, the replacement of just
one amino acid by another in a polypep-
tide chain of a protein frequently leads
to the display of a different epitope. The
immune system recognizes that differ-
ence and is able to check on mutant cells
that make mistakes in protein synthesis.
Not only can an individual immune sys-
tem recognize epitopes on any protein or
other antigen produced by any of the
millions of species of animals, plants and
microorganisms but also it can distin-
guish “foreign” epitopes from epitopes
that belong to the molecules of its own
body. This recognition is a crucial event,
since antibody molecules attach to the
epitopes they recognize and thereby ear-
mark the antigens (or the cells that carry
them) for destruction or removal by
other mechanisms available to the body.

Epitopes are recognized by the com-
bining sites of antibody molecules. An
antibody is itself a protein molecule
consisting of more than 20,000 atoms. It
is made up of four polypeptide chains:
two identical light chains and two iden-
tical heavy chains. A light chain consists
of 214 amino acids and a heavy chain of
about twice as many. Antibody mole-
cules are alike except for the amino acids
at about 50 “variable” positions among
the first 110 positions, which constitute
what is called the variable region of both
the light and the heavy chains. At the tip
of each variable region there is a concave
combining site whose three-dimensional
relief enables it to recognize a comple-
mentary epitope and make the antibody
molecule stick to the molecule display-
ing that epitope. Whether a combining
site will recognize one epitope or a dif-



ferent one depends on which amino
acids are located at the variable posi-
tions. If at each of 50 positions of both
chains there were an independent choice
between just two amino acids, there
would be 219 (or 103°) potentially differ-
ent molecules! The situation is not that
simple, however. The chains fall into
subgroups, within each of which there
are far fewer than 50 variable positions.
On the other hand, at some of those vari-
able positions, clustered in so-called hot
spots, the choice is actually among more
than two alternative amino acids. There
is general agreement that the differences
in amino acid sequence among antibody
molecules derive from mutations that
have occurred in the genes encoding
antibody structure.

The Recognition Problem

Smallpox being the nasty disease it is,
one might expect nature to have de-
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signed antibody molecules with combin-
ing sites that specifically recognize the
epitopes on smallpox virus. Nature dif-
fers from technology in its approach
to problem solving, however: it thinks
nothing of wastefulness. (For example,
rather than improving the chance that a
spermatozoon will meet an egg cell, na-
ture finds it easier to produce millions of
spermatozoa.) Instead of designing anti-
body molecules to fit the smallpox virus
and other noxious agents, it is easier to
make millions of different antibody mol-
ecules, some of which may fit. By way of
analogy, suppose someone makes gloves
in 1,000 different sizes and shapes: he
would have a sufficiently well-fitting
glove for almost any hand. Now imagine
that hands were a great deal more vari-
able; for example, the length of the fin-
gers on a hand might vary independent-
ly from one inch to six inches. By mak-
ing, say, 10 million gloves of different
shapes the manufacturer would never-
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theless be able to fit practically any
hand—at the expense of efficiency, to be
sure, since most of the gloves might
never find a customer to fit them. Now
be more wasteful still: have a factory
with machines capable of turning out
gloves of a billion different shapes, but
turn off 99 percent of the machines, so
that the factory actually turns out a ran-
dom collection of 10 million of the po-
tential billion shapes. You would still be
doing all right. So would your colleague
running a similar factory. Although the
two sets of gloves you and he would
make would show only a 1 percent over-
lap, each set would serve its purpose
well enough.

That is how some of us think the im-
mune system solves its recognition prob-
lem. By a more or less random replace-
ment of amino acids in the hot-spot posi-
tions of the variable regions of antibody
polypeptide chains, a set of millions of
antibody molecules is generated with

.‘.l-u

against epitopes, or small surface patches, on molecules in the sur-
face membrane of the cells. Antibodies secreted by the plasma cell
have destroyed the red blood cells in the area into which the anti-
bodies have diffused; the radius of the area of destruction is about
1/5 millimeter. The technique illustrated here has become a
standard one for measuring the immune response to an antigen.
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THYMUS

IMMUNE SYSTEM consists of the lymphocytes and the antibody
molecules they secrete. The cells and antibodies pervade most of
the tissues, to which they are delivered by the bloodstream, but are
concentrated in the tissues shown in color: the tree of lymphatic
vessels and the lymph nodes stationed along them, the bone mar-
row (which is in the long bones, only one of which is illustrated),
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the thymus and the spleen. The lymphatic vessels collect the cells
and antibodies from the tissue and return them to the bloodstream
at the subclavian veins. Lymphocytes are manufactured in the bone
marrow and multiply by cell division in the thymus, the spleen and
the lymph nodes. The relation of the blood vessels and the lymphat-
ic vessels is shown highly schematically in the illustration at right.
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different combining sites that will fit
practically any epitope well enough. As
has been demonstrated by Jacques
Oudin of the Pasteur Institute and by
Andrew Kelus and Philipp G. H. Gell of
the University of Birmingham for rab-
bits and by Brigitte A. Askonas, Allan
Williamson, Brian Wright and Wolfgang
Kreth of the National Institute for Medi-
cal Research in London for mice, in-
dividual animals make use of entirely
different sets of antibodies capable of
recognizing a given epitope.

There is one serious snag in all of this,
to which I alluded above: one’s immune
system does not seem to recognize the
epitopes on molecules and cells that are
part of one’s own body. This property,
which Sir Macfarlane Burnet called the
discrimination between self and not-self,
is often referred to as self-tolerance. You
might think that self-tolerance derived
from nature’s being wise enough to con-
struct the genes coding for your antibod-
ies in such a way as not to give rise to
combining sites that would fit epitopes
occurring in your own body. It can easily
be shown, however, that this is not so.
For example, your father’s antibodies
could recognize epitopes occurring in
your mother; some antibody genes in-
herited from your father should there-
fore code for antibodies recognizing epi-
topes inherited from your mother.

Self-tolerance, then, is not innate. It is
something the immune system “learned”
in embryonic life by either eliminating
or “paralyzing” all lymphocytes that
would produce self-recognizing antibod-
ies. An original observation of this phe-
nomenon by Ray D. Owen of the Cali-
fornia Institute of Technology was gen-
eralized in a theoretical framework by
Burnet and received experimental con-
firmation by P. B. Medawar in the
1950’s, bringing Nobel prizes to Burnet
and Medawar in 1960.

The Lymphocyte

Emil von Behring and Shibasaburo
Kitazato discovered the existence of an-
tibodies in Germany in 1890, but it was
not until the 1960’s that the structure of
antibodies was determined, through the
investigations initiated by R. R. Porter
of the University of Oxford and Gerald
M. Edelman of Rockefeller University
[see “The Structure of Antibodies,” by
R. R. Porter, ScieNTIFIC AMERICAN, Oc-
tober, 1967, and “The Structure and
Function of Antibodies,” by Gerald M.
Edelman, ScieNTIFIC AMERICAN, Au-
gust, 1970]. The two men shared a No-
bel prize last year for that work. Long
before the structure of antibodies was
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LINEAR STRUCTURE of an antibody molecule is shown schematically. The two heavy
chains and two light ones are connected by disulfide bridges. Each chain has an amino end
(NH,) and a carboxyl end (COOH). Chains are divided into variable (V') regions (color),
in which the amino acid sequence varies in different antibodies, and constant (C) regions.
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FOLDING OF THE FOUR CHAINS is suggested in this drawing based on a bead model of
the antibody molecule made by Gerald M. Edelman and his colleagues. Each bead repre-
sents an amino acid, of which there are more than 1,200. The variable regions are in color.
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known, however, antibodies had been
the subject of detailed studies. And yet
it was not known that antibodies are pro-
duced by activated lymphocytes. Even
20 years ago lymphocytes were not
thought to have anything to do with the
immune system, something that seems
odd now that they are known to consti-
tute the immune system! It was only in
the early 1960’s that the involvement of
lymphocytes was proved by James L.
Gowans and Douglas McGregor of the
University of Oxford.

Most lymphocytes (about 98 percent
of them) do not actually secrete anti-
body. They are the “small” lymphocytes,
spherical cells measuring about a hun-
dredth of a millimeter in diameter, and
they are said to be in a resting state. In
order to secrete antibody a small lym-
phocyte must first become enlarged. In
that state it can not only secrete antibody
molecules but also divide and become
two cells, which in turn can become four
cells and so on. The offspring cells con-
stitute the clone, or cell line, derived
from one small lymphocyte.

As was originally postulated by Bur-
net in 1957, the antibody molecules pro-
duced by a lymphocyte and by the cells
of its clone all have identical combining
sites [see “The Mechanism of Immunity,”
by Sir Macfarlane Burnet; SciEnNTIFIC
AMERICAN, January, 1961]. G. J. V. Nos-
sal, Burnet’s successor as director of the
Walter and Eliza Hall Institute of Medi-
cal Research in Melbourne, and his co-
workers have accumulated much of the
experimental evidence that now firmly
supports this “single commitment” of the

lymphocyte [see “How Cells Make Anti-
bodies,” by G. J. V. Nossal; SciENTIFIC
AnMERICAN, December, 1964]. The cells
of one lymphocyte clone are committed
to the expression of two particular genes
coding for particular variants of the vari-
able regions of the light chain and the
heavy chain. Already in its resting, non-
secreting state a small lymphocyte pro-
duces a relatively small number of its
particular antibody molecules, which it
displays on the surface of its outer mem-
brane. These antibody molecules are the
“receptors” of the cell. A small lympho-
cyte displays about 100,000 receptors
with identical combining sites, which are
waiting, so to speak, for an encounter
with an epitope that fits them.

When such an epitope makes contact,
the lymphocyte can either become “stim-
ulated” (respond positively) or become
“paralyzed” (respond negatively), which
is to say it is no longer capable of being
stimulated. Investigations in progress by
David S. Rowe of the World Health
Organization, working in Lausanne, and
Benvenuto Pernis at our Basel Institute
for Immunology suggest that the distinc-
tion between excitatory and inhibitory
signals may reside in differences in the
constant regions of the lymphocyte’s re-
ceptor antibody molecules. Whether a
lymphocyte will choose to respond posi-
tively or negatively can be shown to
depend on several conditions: the con-
centration of the recognized epitopes,
the degree to which those epitopes fit
the combining sites of the receptors,
the way the epitopes are presented (for
example whether they are presented

ANTIBODY MOLECULES are visible in an electron microscope when they are linked to
antigens and one another in antigen-antibody complexes. In this.micrograph, made by N. M.
Green and the late Robin Valentine of the National Institute for Medical Research in Lon-
don, rabbit antibodies are enlarged 500,000 diameters. The antigen is a short polypeptide
chain with a dinitrophenyl group at each end; the antibodies are from a rabbit that was
immunized against dinitrophenyl epitopes. The antigens (too small to be visible) link
antibodies to form polygonal complexes whose geometry derives from antibody structure.
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on molecules or on cell surfaces) and
the presence or absence of other lym-
phocytes that can “help” or “suppress”
a response. Much current experimenta-
tion aims at clarifying these complex
matters.

A stimulated lymphocyte faces two
tasks: it must produce antibody mole-
cules for secretion and it must divide in
order to expand into a clone of progeny
cells representing its commitment. Prog-
eny cells that go all out into the produc-
tion and secretion of antibody molecules
are called plasma cells. Each of them
must transcribe its antibody genes into
20,000 messenger-RNA molecules that
serve 200,000 ribosomes, enabling the
cell to produce and secrete 2,000 identi-
cal antibody molecules per second. Oth-
er cells of the clone do not go that far;
they revert to the resting state and repre-
sent the “memory” of the occurrence,
ready to respond if the epitope should
reappear. The immunological memory of
what Stephen Fazekas de St. Groth of
the University of Sydney, who is now
working in our laboratory in Basel, has
called “original antigenic sin” is remark-
ably persistent. People who are now 90
years old, for example, and had influenza
in the 1890’s still possess circulating an-
tibodies to the epitopes of the influenza
virus strains that were prevalent at that
time.

If a lymphocyte that recognizes an
epitope does not become stimulated, it
may become paralyzed. Paralysis can
occur when a lymphocyte is confronted
by very high concentrations of epitope;
this is called high-zone tolerance. David
W. Dresser and N. Avrion Mitchison,
who were working at the National Insti-
tute for Medical Research, have shown
that paralysis can also result from the
continuous presence of extremely small
epitope concentrations, below the thresh-
old required for stimulation; this is called
low-zone tolerance. We need more
knowledge of the mechanisms leading to
paralysis, not only in order to understand
how the immune system learns to tol-
erate self-epitopes but also to be able
to induce the system to tolerate organ
transplants.

Germ-Line and Soma Theories

The enormous diversity of antibodies
raises the question of the origin of the
genes that code for the variable regions
of antibody molecules. Essentially two
answers have been proposed to this
question. They are the germ-line theory
and the somatic theory. The argument of
the germ-line theory is straightforward:
All the cells of the body, including lym-



phocytes, have the same set of genes,
namely those in the fertilized egg from
which the individual arose. Therefore
genes for any antibody that an individ-
ual can make must already have been
present in the fertilized egg cell. They
are all transmitted to the individual’s
children through the germ-cell line: egg
and spermatozoa and their precursors.

The somatic theory does not accept
this approach. It is argued that the im-
mune system needs millions of different
antibodies for epitope recognition. Indi-
vidual mice of an inbred strain, all hav-
ing the same germ-line genes, have been
shown to make use of entirely different
sets of antibody molecules. The germ-
line theory implies that the set of all
these sets is represented in the genes of
every single mouse of that strain. In that
case, however, many of the genes would
seem to have no survival value for the
mouse, so that such a large number of
genes cannot arise or be maintained in
Darwinian evolution. Most antibody
genes must therefore have arisen in the
course of the somatic development of the
individual by modification of a smaller
number of germ-line genes. That is the
point of departure for several variants of
the somatic theory.

I have proposed that an inherited set
of germ-line genes code for antibodies
against certain self-epitopes. The clones
of cells expressing these genes become
suppressed except for mutant cells that,
by an amino acid replacement, display
new combining sites on their antibody
receptor molecules. These mutant cells
represent the enormous repertory of an-
tibodies that recognize foreign epitopes.
An organ that could breed such mutant
cells is the thymus gland. More than 1010
new lymphocytes arise in the thymus
every day; the vast majority of these cells
are killed in the thymus or immediately
after they leave it.

It is not possible here to discuss the
merits of these theories. That would re-
quire consideration of a large body of
experimental results, such as the explo-
rations of the genetics of immune re-
sponsiveness by Baruj Benacerraf of the
Harvard Medical School, Hugh O. Mc-
Devitt of the Stanford University Medi-
cal Center and Michael Sela of the Weiz-
mann Institute of Science in Israel.

T Cell and B Cell

All the lymphocytes that circulate in
the tissues have arisen from precursor
cells in the bone marrow. About half
of these lymphocytes, the T cells, have
passed through the thymus on their way
to the tissues; the other half, the B cells,

FUNCTIONAL TOPOGRAPHY of the antibody molecule is mapped. The end of each arm
of the Y has a combining site (p) that recognizes epitopes on antigen molecules. The anti-
body also has its own epitopes, which can be recognized by other antibodies’ combining
sites. These include allotopes (a) in constant regions and idiotopes (i) in variable regions.

<—60A—>

NO2 NO:2
®—9© — o:nN @-N/\/\/\/\/N@NOz
<——— 25 ANGSTROMS ——>

TRIANGULAR STRUCTURES in the micrograph on the opposite page are trimers, or
complexes of three antibody molecules, linked by three double-ended dinitrophenyl anti-
gens. The dimensions were worked out by Green and Valentine from electron micrographs.
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have not. This dichotomy was first dis-
covered by Henry N. Claman of the Uni-
versity of Colorado Medical School and
was characterized by Jacques F. A. P.
Miler and Graham Mitchell, both of
whom are now working with us in Basel.
It has been the subject of thousands of
investigations during the past five years.
T cells and B cells cannot be distin-
guished by their form. Only B cells and
their progeny cells secrete antibody mol-
ecules. One might think that this leaves
httle scope for T-cell function. On the
contrary, T cells appear to be all-impor-
tant. They too can recognize epitopes
and must therefore, almost by definition,
possess antibody molecules as surface

receptors, although these receptor mole-
cules have been much harder to demon-
strate experimentally than those on B
cells.

T cells can kill other cells, such as
cancer cells, and transplanted tissues
that display foreign epitopes. T cells can
also suppress B cells or alternatively can
help B cells to become stimulated by
epitopes. This “helper” function of T
cells has been repeatedly demonstrated
both in animal experiments and in exper-
iments with cells in culture. In the cell-
culture experiments, based on a tech-
nique developed by Richard W. Dutton
and Robert 1. Mishell at the University
of California at San Diego, lymphocytes
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LYMPHOCYTES, the cells of the immune system, produce antibodies. Each cell is com-
mitted in advance to the production of one specific antibody. In its resting state, as a small
lymphocyte (left), the cell displays such antibody molecules (color) on its surface as “re-
ceptors.” The advent of an antigen with an epitope that fits the combining site of this par-
ticular antibody molecule may stimulate the lymphocyte to grow, change in structure and
divide, eventually giving rise to a large number of plasma cells (right): lymphocytes spe-
cialized for the rapid synthesis and secretion of this cell line’s specific antibody molecules.

RECEPTOR ANTIBODY MOLECULES are demonstrated by a fluorescent stain in a photo-
micrograph made by Benvenuto Pernis. The cells are small lymphocytes from a patient
with lymphocytic leukemia, in which a line of lymphocytes proliferates out of control. The
receptor antibodies on the cell surfaces have epitopes in their constant regions (allotopes)
characteristic of human antibody molecules. An antibody directed against those allotopes
is prepared by injecting human serum into a rabbit. Rhodamine, a fluorescent dye, is cou-
pled to the antibodies, which are added to a suspension of the lymphocytes. The bright spots
on the cells represent fluorescent antibody bound to receptor molecules they “recognize.”
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taken from the spleen of an untreated
animal are grown in a plastic dish to-
gether with molecules or cells that dis-
play foreign epitopes. After a few days’
incubation lymphocytes that produce
and secrete antibody molecules against
the foreign epitopes can be shown to be
present in the culture by the assay meth-
od for single antibody-producing cells
[see illustration on page 53]. These anti-
body molecules are made by B cells, but
the experiment will not work if only B
cells are present. As soon as T cells are
added to the culture dish, however, the
B cells begin to respond and to produce
antibody.

The dichotomy of the immune system
into T and B lymphocytes adds a further
dimension to the conceptual framework
needed for the system’s comprehension.
That is not only an intellectual need but
also a practical one, since the immune
system is now known to be crucially in-
volved in a vast number of diseases
ranging from microbial infections and
allergies to cancer, rheumatism, auto-
immunity and many other degenerative
disorders of aging.

The Lymphocyte Network

I have mentioned two striking dual-
isms within the immune system. One is
the dichotomy of the lymphocytes into
T cells and B cells, with functions that
are partly synergistic and partly antag-
onistic. The second is the duality of the
potential response of a lymphocyte when
its receptors recognize an epitope: it can
either respond positively (become stimu-
lated) or respond negatively (become
paralyzed). It is important to realize that
the immune system displays a third
dualism, namely that antibody molecules
can recognize and can also be recog-
nized. They not only have combining
sites enabling them to recognize epitopes
but also display epitopes enabling them
to be recognized by the combining sites
of other antibody molecules. That is true
for the antibody molecules attached to
the outer membranes of lymphocytes
and serving as receptors as well as for
the freely circulating antibody mole-
cules, which can be regarded as mes-
sages released by lymphocytes.

Epitopes occur on both the constant
and the variable regions of an antibody
molecule. Since the patterns of the vari-
able-region epitopes are determined by
the variable amino acid sequences of the
polypeptide chains, there are millions of
different epitopes. The set of such epi-
topes on a given antibody molecule was
named the idiotype of that molecule by
Oudin. When antibodies produced by



animal A are injected into animal B, ani-
mal B will produce antibodies against
the idiotypic epitopes (“idiotopes”) of
the injected antibody molecules. That is
also true when A and B belong to the
same animal species and even when they
are of the same inbred strain, that is,
when they are genetically identical. Evi-
dence is emerging that, within one ani-
mal, the idiotopes occurring on one anti-
body molecule are recognized by com-
bining sites on a set of other antibody
molecules, and that the idiotopes on the
receptor molecules of one lymphocyte
are recognized by the combining sites
of the receptor molecules of a set of
other lymphocytes. We thus have a net-
work of lymphocytes and antibody mole-
cules that recognize other lymphocytes
and antibody molecules, which in turn
recognize still others.

I am convinced that the description of
the immune system as a functional net-
work of lymphocytes and antibody mole-
cules is essential to its understanding,
and that the network as a whole func-
tions in a way that is peculiar to and
characteristic of the internal interactions
of the elements of the immune system it-
self: it displays what I call an eigen-be-
havior. (Eigen in German means peculiar
to, or characteristic of. Eigen-behavior is
analogous to such concepts as the eigen-
value or eigenfrequency of certain physi-
cal systems.) There is an increasing body
of evidence for this view.

Antibody molecules are normally
present in the blood in a concentration
of about 5 X 101 molecules per milli-
liter. The total concentration of combin-
ing sites and idiotopes is therefore of the
order of 10'7 per milliliter. If the im-
mune system made use of 10 million dif-
ferent combining sites and 10 million
different idiotopes, each single variant of
these elements would be present, on the
average, in a concentration of about 1010
per milliliter. Mitchison at the National
Institute for Medical Research and Nos-
sal, Gordon L. Ada and their colleagues
at the Walter and Eliza Hall Institute
and the Australian National University,
experimenting with low-zone tolerance,
have shown that epitope concentrations
ranging for different antigens from a mil-
lion to 102 epitopes per milliliter suffice
either to suppress or to paralyze lympho-
cytes that can recognize the epitopes.
Nisonoff and his co-workers at the Uni-
versity of Illinois College of Medicine
and Humberto Cosenza and Heinz Koh-
ler at the University of Chicago have
shown that injecting into an animal anti-
bodies against an idiotype suppresses
lymphocytes that have receptors with
idiotopes recognized by those antibod-

INTERNAL ANTIBODY MOLECULES, being produced by plasma cells for secretion, are
stained in this photomicrograph and the one at the bottom of the page, also made by Pernis.
The plasma cells are from a rabbit that is heterozygous for the structural gene that de-
termines the constant region of the antibody molecule and therefore its set of allotopes, or
its allotype; that is, the rabbit inherited paternal and maternal chromosomes containing
two different determining genes. The plasma cells have been stained with two preparations
of fluorescent antibodies: one, to which a green-fluorescing stain has been coupled, is di-
rected against the paternal allotype (call it allotype 4) and the other is directed against the
maternal allotype (B). The internal antibodies in some of the plasma cells bind to the
green-staining preparation, indicating that they are antibody molecules carrying allotype A.

ies. Leonard A. Herzenberg of the Stan-
ford University Medical Center and
Ethel Jacobson in our laboratory in Basel
find that T lymphocytes recognizing epi-
topes on the receptors of B lymphocytes
can suppress those B lymphocytes.
What this adds up to is that lympho-
cytes are subject to continuous suppres-
sion by other lymphocytes and by anti-
body molecules with idiotopes or com-

bining sites that fit. Some lymphocytes
escape from suppression and divide.
New lymphocytes emerge. Others re-
main suppressed or decay. The eigen-be-
havior is the dynamic steady state of the
system as its elements interact. As the
system expands in the course of develop-
ment and later life, new idiotopes and
new combining sites emerge. The “self”-
epitopes of other tissues impinge on the

OTHER INTERNAL ANTIBODIES, in other plasma cells from the same field of the prep-
aration as the micrograph at the top of the page, stain red. They are molecules with allotype
B. Although all the rabbit’s lymphocytes and plasma cells contain both the paternal and
the maternal chromosomes, each cell expresses only one or the other constant-region gene.
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network and cause certain elements to
become more numerous and others less
numerous. In this way each individual
develops a different immune system.
Invading foreign antigens modulate
the network; early imprints leave the
deepest traces. A given foreign epitope
will be recognized, with various degrees
of precision, by the combining sites of a
set of antibody molecules, and lympho-
cytes that are committed to producing
antibody molecules of that set are then
stimulated and become more numerous.
That is not, however, the only imprint
made by the foreign epitope. The set of
combining sites that recognized the epi-
tope also recognizes a set of idiotopes
within the system, a set of idiotopes that
constitutes the “internal image” of the
foreign epitope. The lymphocytes repre-
senting the internal image will therefore
be affected secondarily, and so forth in
successive recognition waves through-
out the network [see illustration below).
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RECOGNIZING

The structural properties of the immune
system and its eigen-behavior reside in
these complex ramifications.

Immune System and Nervous System

The immune system and the nervous
system are unique among the organs of
the body in their ability to respond ade-
quately to an enormous variety of sig-
nals. Both systems display dichotomies:
their cells can both receive and transmit
signals, and the signals can be either ex-
citatory or inhibitory. The two systems
penetrate most other tissues of the body,
but they seem to avoid each other: the
“blood-brain barrier” prevents lympho-
cytes from coming into contact with
nerve cells.

The nerve cells, or neurons, are in
fixed positions in the brain, the spinal
cord and the ganglia, and their long
processes, the axons, connect them to
form a network. The ability of the axon

of one neuron to form synapses with the
correct set of other neurons must require
something akin to epitope recognition.
Lymphocytes are 100 times more nu-
merous than nerve cells and, unlike
nerve cells, they move about freely.
They too interact, however, either by di-
rect encounters or through the antibody
molecules they release. These elements
can recognize as well as be recognized,
and in so doing they too form a network.
As in the case of the nervous system, the
modulation of the network by foreign
signals represents its adaptation to the
outside world. Both systems thereby
learn from experience and build up a
memory, a memory that is sustained by
reinforcement but cannot be transmitted
to the next generation. These striking
analogies in the expression of the two
systems may result from similarities in
the sets of genes that encode their struc-
ture and that control their development
and function.
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LYMPHOCYTE NETWORK is diagrammed in an effort to indi-
cate how its steady-state (“eigen”) behavior is established and how
the network responds to an antigen. An epitope (E) on the antigen
is recognized by a set (p;) of combining sites on antibody mole-
cules, both circulating antibody and cell-surface receptors. Cells
with receptors of the recognizing set p; are potentially capable of
responding to the antigenic stimulus (arrowhead) of epitope E, but
there are constraints. The same molecules that carry combining
sites p, carry a set of idiotopes (i;). These are recognized within
the system by a set of combining sites (p3), called the anti-idiotypic
set because they tend to suppress (reverse arrowhead) the cells of
set i;. (These idiotypes i, are also found on molecules with com-
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bining sites that do not belong to the recognizing set p,; but rather
are unspecific with regard to epitope E.) On the other hand, the set
p; also recognizes internal epitopes i,, which therefore constitute
an internal image of the foreign epitope E. In the steady state, mole-
cules of the internal image tend to stimulate cells of set p, and thus
to balance the suppressive tendency of the anti-idiotypic set. When
the foreign antigen enters the system, its stimulatory effect on rec-
ognizing set p, allows cells of that set to escape from suppression.
(The same thing happens to unspecific cells of the parallel set p,.)
The resulting immune tesponse to the antigen is modulated by the
buffering effects. of many more sets of combining sites and idio-
topes (right), which have a controlling influence on the response.
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With a Polaroid portrait identification card, a
glance tells you whether the person and the picture
are the same. But an ID card should do more than
match faces; it should suit the conditions of use.

For that reason we've developed all sorts of ways
to make our ID cards more convenient for both
the user and the issuer.

In addition to our standard cards (A and B)—
carried in pocket, purse, or wallet—we have others
with more sophisticated functions.

For instance, there’s a card (C) which can be
punch-coded. A computer reads it just as accu-
rately as you match a picture to a face.

We have badges (D) with a clip for attachment
to outerwear. They have regular or extra-large
portrait areas.

We have a card (E) which can be encoded to act
like a key. Slipped into an electronic device, it
allows access to secure areas, parking lots, etc.

Polaroid ®

There’s nothing like a

But there’s a lot more to a:

We have a new credit card (F) combining a
magnetic stripe with a portrait and an embossed
name and number. Its another way of encoding
information securely for automatic banking
transactions.

Chances are we have an ID card that will
exactly fill your needs.

Security starts with the card itself.

The Polaroid ID card is highly secure. It’s lami-
nated with a clear, tough plastic which becomes
integral with the card.

The card works so well that more than 6000 or-
ganizations all over the world use it. You'll find
our ID cards in industry, universities, research and
computer centers. They're used as credit cards and
drivers’ licenses.

People like to carry them. They like having their
own color portrait, and they like being able to
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ortrait for an ID card.

ID card than a portrait.

rove who they are.
They carry them with confidence.
Credit cards, for example. Before the portrait,
1any people were afraid to carry them around.
ut now, with the portrait, a lost or stolen credit
ird is no longer a serious problem.
You can’t forge a face.

A handy system for making cards.

Any organization can produce its own ID cards
asily and quickly with a low-cost Polaroid ID-3
and Identification System.

It can be carried around like a suitcase, so you
an take it from one branch of your organization
» another. An operator can be trained to run it in
few minutes.

With an ID-3, you can immediately issue per-
1anent ID cards to all your employees. If any-
ody blinks, you can make a new card on the spot.

The Polaroid 2-Minute ID System.

You can use different background colors to color-
code the employee’s function, work area or secur-

ity clearance.
Security starts with the ID-3. It’s
the basis of entire security systems. |
We’'d like to demonstrate it in
your own office or factory.
We'll put your portrait on i 8
card and let it speak for itself.| =
For more information ora
demonstration, write to :
Polaroid Corporation,Dept.
57-255, 549 Technology
Square, Cambridge, Mass.
02139. Or you can call
collect (617) 864-6545. '
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Meteorites and Cosmic Radiation

Before a meteorite falls to the ground it has been bombarded in

the vacuum of space by cosmic ray particles. The nuclear products

of this bombardment are clues to the history of the solar system

ne of the most interesting ques-
O tions of astrophysics is: How did

the solar system form out of a dif-
fuse cloud of interstellar dust and gas?
Another interesting question is: What is
the nature and origin of cosmic rays, the
high-energy particles that crash into the
earth’s atmosphere after having traveled
through space for millions of years at
speeds close to the velocity of light? An
intriguing link between the two ques-
tions is provided by meteorites. Meteor-
ites are samples of the primordial mate-
rial of the solar system. These samples
were subsequently bombarded by cos-
mic rays for long periods of time in in-
terplanetary space. The study of the ef-
fects of that bombardment has yielded
a wealth of information not only about
the cosmic radiation but also about the
meteorites themselves.

Meteorites are solid bodies that are
large enough to survive their journey
from interplanetary space through the
earth’s atmosphere to the earth’s surface.
Before they encounter the earth they
have circulated in interplanetary space
for periods ranging from some tens of
thousands of years to as much as two
billion years. Until samples of the moon
were brought back by the Apollo astro-
nauts meteorites were the only extrater-
restrial material available for close ex-
amination. The geological processes that
complicate the interpretation of the his-
tory of the rocks in the earth’s crust do
not apply to meteorites, whose composi-
tion has remained essentially unchanged

by L. R. Cameron

since the solar system came into being
some 4.5 billion years ago.

For the investigator of meteorites the
basic challenge is deducing the history
of the meteorites from a bewildering
abundance of evidence. The richness of
the problem is indicated by the sheer
variety of types of meteorite. The two
main classes are the stony meteorites and
the iron meteorites. The stony meteorites
consist mainly of silicates, with an ad-
mixture of nickel and iron. The iron me-
teorites consist mainly of nickel and iron
in various proportions. A smaller class is
the stony-iron meteorites, which are in-
termediate in composition between the
other two. Stony meteorites are in turn
divided into two groups: the chondrites
and the achondrites, according to wheth-
er or not they contain chondrules, spher-
ical aggregates of iron-magnesium sili-
cate. Within each group there are fur-
ther subdivisions based on mineralogical
and chemical composition.

Early attempts to explain the origin of
meteorites were of necessity based on
their structural and chemical properties.
The degree to which meteorite types are
chemically differentiated suggests that
they were formed in the interior of par-
ent bodies that were large enough for
the heat generated by the decay of radio-
active elements to melt iron and allow
it to sink into the core of the body. The
material of the stony meteorites would
then have risen toward the surface of
the body, where the variety of tempera-
ture and pressure conditions would have

ETCHED SECTION OF TAZEWELL METEORITE was photographed at a magnification
of 45 diameters in an investigation by Joseph I. Goldstein of Lehigh University and Harvey
Yakowitz of the National Bureau of Standards. The regular linear pattern, known as a Wid-
manstétten figure, is characteristic of iron meteorites. The details of the figure depend on the
chemical composition of the material and the rate at which it cooled. They yield information
on the probable size of the parent body in which the meteorite material was initially formed.

© 1973 SCIENTIFIC AMERICAN, INC

produced the observed range of struc-
ture and composition. Since the meteor-
ites that fall on the earth range in mass
from a few grams up to 50 tons, we have
to postulate that there was one cata-
strophic collision or more between the
parent bodies, producing fragments that
circulate in space for long periods before
they are captured by larger bodies such
as the earth.

It is possible to estimate the radius of a

typical parent body from the rate at
which it cooled from its original molten
condition. That rate can be deduced
from the detailed metallurgical structure
of the nickel-iron in iron meteorites [see
illustration on opposite page]. The cool-
ing rate in the central region of the par-
ent bodies at the time they solidified
seems to have been between one degree
and 10 degrees Celsius per million years.
These rates in turn correspond to parent
bodies ranging in radius from 50 to 200
kilometers.

There is much speculation about the
source of the heating that gave rise to
the initially high temperatures of the
parent bodies. The conversion of gravi-
tational energy, which is the basic source
of heat in the early history of a massive
body such as a star, can be discounted.
It is quite inadequate to heat to a melt-
ing temperature a body whose radius is
a mere few hundred kilometers. More-
over, the decay of the naturally radioac-
tive elements found on the earth today
is much too slow either to provide the
amount of heat required or to allow the
observed rate of cooling. Uranium 238,
for example, has a decay half-life of 4.5
billion years. We must therefore con-
clude that the source of the heat that
melted the parent bodies of meteorites
was some radioactive element, now ex-
tinct, that was synthesized in the orig-
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SPALLATION occurs when a fast particle of the primary cosmic
radiation (dark color) strikes the nucleus of an iron atom (gray)
in a meteorite. The nucleus ejects a spray of neutrons and protons;
the residual nucleus (black) is termed the spallation product. The
spray of neutrons and protons forms a flux of secondary cosmic

inal nuclear processes that gave rise to
the material from which the solar system
formed. Such an element would need to
have a half-life so short that no trace of
it is found today. The most likely can-
didate is the isotope aluminum 26, which
has a half-life of 740,000 years. Because
of the relatively brief period for which
such a short-lived radioactive element
could exist in sufficient quantity to pro-
vide a useful heat source, we can con-
clude that the condensation process that
formed the parent bodies of meteorites
must also have started within a relatively
brief period (less than 10 million years)
after the end of the nuclear synthesis
that created the elements of the solar
system.

How long ago did the condensation
process take place? To answer that ques-
tion we can make use of the same radio-
active-isotope dating techniques that
have been widely applied for determin-
ing the ages of rocks on the earth. The
simplest in principle, and the first to be
applied to meteorites, is the uranium-
helium method. The two naturally oc-
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curring isotopes of uranium, uranium
235 and uranium 238, decay successive-
ly into other radioactive elements until
they finally end up as nonradioactive iso-
topes of lead. For both U-235 and U-238
several of the decays involve the emis-
sion of alpha particles, which are nuclei
of helium. The decay of the original
uranium therefore leads to a buildup of
helium (provided that the mineral is
sufficiently cool to retain the gas).

\Vhen the parent bodies of meteorites

were first formed, their temperature
was so high that the helium simply dif-
fused away and was lost. As the parent
body cooled, however, it eventually
reached a temperature below which the
helium could no longer escape by diffu-
sion. The quantity of helium present in
a given meteorite sample will therefore
be a function of both the concentration
of uranium and of the time that has
elapsed since the parent body solidified.
Measurement of the relative concentra-
tions of helium and uranium thus en-
ables us to estimate this time.
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ray particles (light color). These lower-energy particles strike oth-
er nuclei deeper within the meteorite, giving rise to other spall-
ation products (open circles). By measuring the concentrations
of the various spallation products within the meteorite one can de-
termine how long it has been exposed to the cosmic radiation.

Measurements made with this meth-
od and similar ones lead to the conclu-
sion that the parent bodies of meteorites
were created about 4.5 billion years ago.
The actual ages of meteorites based on
the retention of helium, however, show
a very large spread. Most of this effect
can be explained by the fact that some
helium was lost from the meteorite dur-
ing its subsequent history, as a result ei-
ther of collisions or of heating during a
close approach to the sun. Such a loss of
helium, of course, gives rise to apparent
ages that are lower than the true ages.
On the other hand, many of the early
measurements of helium gave ages that
were anomalously high, some greatly
exceeding the age of the oldest terres-
trial rocks known. In 1947 Carl A. Bauer
of the Harvard College Observatory
showed that the energetic cosmic rays
bombarding meteorites would produce
significant quantities of helium. It was
this “cosmogenic” helium, in addition to
the radiogenic helium produced by the
decay of uranium, that had produced
spuriously long ages for some meteorites.



The presence of cosmogenic helium in
meteorites was confirmed by F. A.
Paneth and his collaborators at the Uni-
versity of Durham in 1952. Since then a
large number of cosmogenic elements
have been measured in meteorites. The
interpretation of the results has led to
interesting conclusions about the history
of meteorites after the breakup of their
parent bodies. To understand the effects
of cosmic rays on meteorites we must
now consider some of the properties of
the radiation itself.

'Fhe primary cosmic radiation consists

of particles, mainly protons, that have
energies extending up to the enormous
value of 1020 electron volts. (By way of
comparison, the energies of the alpha
particles or beta particles that are emit-
ted in normal radioactive decays are in
the range of a few million electron volts.)
In addition to the protons the radiation
contains smaller numbers of heavier par-
ticles: the nuclei of elements more mas-
sive than hydrogen. The relative abun-
dance of these nuclei decreases mark-
edly with increasing mass.

The enormous energies of cosmic rays
are a clue to their origin. They imply
that the radiation is generated in cata-
clysmic events, such as supernova explo-
sions, that release gigantic amounts of
energy in both our galaxy and others.
The lively current interest in such phe-
nomena has led to a major effort to mea-
sure the properties of cosmic radiation.
The study of the effects of cosmic rays
on meteorites can thus make a valuable
contribution in several areas.

When a fast cosmic ray particle strikes
the nucleus of an atom in a meteorite, it
typically ejects several neutrons and pro-
tons together with some of the pi mesons
representing the attractive forces that
hold the nucleus together. The remain-
der of the energy of the bombarding par-
ticle is shared among the neutrons and
protons left behind in the nucleus. One
or more of these particles may subse-
quently “evaporate” out of the nucleus.
The end result is that the struck nucleus
is transformed into a nucleus of a dif-
ferent element, which may be either ra-
dioactive or stable. The process is called
spallation, and the residual nucleus is
called a spallation product. A meteorite
that has been exposed to cosmic radia-
tion as it orbited in space will contain
minute amounts of a variety of radio-
active elements, which can be identified
by their half-lives and by the character-
istic radiation they emit.

The primary particles of the cosmic
radiation can penetrate matter for only

a relatively short distance. Therefore
the material in the interior of the par-
ent bodies is completely shielded from
the radiation; only a surface layer rep-
resenting a negligible fraction of the
total volume is affected. From the in-
stant that two parent bodies collide,
however, the meteorites in the debris of
the collision are exposed to the cosmic
radiation and the spallation products
begin to build up in them. The process
continues until the meteorite falls to the
earth, after which it is shielded from the
cosmic radiation by the earth’s atmo-
sphere. The period of time from the
start of the meteorite’s exposure to the
cosmic radiation to the moment it is cap-
tured by the earth is known as the expo-
sure age.

Measured exposure ages range from
some tens of thousands of years up to
two billion years. The most obvious way
to arrive at an exposure age is simply to
measure the concentration of some sta-
ble spallation product and then to divide
this value by the rate at which that nu-
cleus is produced. Such a procedure is
more complicated than it sounds. Calcu-
lating the production rate of a given
spallation product is difficult because the
rate depends on, among other things, the
composition of the particular meteorite,
the difference in mass between the orig-
inal nucleus and the nucleus of the spal-
lation product, and on the intensity and
distribution in energy of the bombarding
particles. The energies and intensity of
the radiation depend, in turn, on the me-
teorite’s orbit and the depth to which the

radiation penetrates into the object.
Even when samples of meteorites are
bombarded with protons in laboratory
accelerators to standardize the calcula-
tions, an appreciable uncertainty re-
mains in the prediction of the rate at
which individual spallation products are
formed.

We can avoid many of the difficulties
involved in calculating absolute produc-
tion rates by comparing the concentra-
tions of two different spallation products
of approximately the same mass. The
ratio of the production rates of these two
nuclei can be estimated much more ac-
curately than the individual rates be-
cause many of the uncertainties cancel
themselves. If one of the chosen nuclei
is radioactive, the concentration of that
element will eventually reach a constant
level where the rate at which it is pro-
duced is exactly balanced by the rate at
which it radioactively decays. If the
half-life of the nucleus is short, this equi-
librium condition will be reached fairly
soon after the start of the irradiation. If
the other product is stable, its concen-
tration will build up steadily as a func-
tion of the time of irradiation. The ratio
of the concentrations of the two spalla-
tion products will therefore be a direct
measure of the period for which the me-
teorite has been exposed.

Many determinations of exposure age
have been made with the mass spec-
trometer, which can measure the tiny
amounts of rare gases produced by spal-
lation. Another technique calls for gam-
ma-coincidence spectrometry. Here the
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TYPICAL SPALLATION REACTION involves a high-energy cosmic ray proton striking a
nucleus of sulfur 34 (1), which consists of 16 protons (color) and 18 neutrons (black).
When the cosmic ray proton collides with the nucleus, it ejects a spray of four protons and
three neutrons (2). The remaining nucleus is left in an excited condition. It eventually rids
itself of the excess excitation energy by emitting two more neutrons (3). The final spallation
product is a radioactive nucleus of aluminum 26, which has a half-life of some 740,000 years.
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meteorite sample is placed between two
detectors, each of which will produce an
electric pulse when a gamma ray emitted
by the sample strikes it. The system is
particularly well suited for measuring a
radioactive isotope that decays by emit-
ting a positron, or positive electron. The
positron slows down rapidly and encoun-
ters a negative electron. The particles
annihilate each other, giving rise to two
gamma rays that go off in opposite direc-
tions. For a small sample placed sym-
metrically between the two detectors
there is a fairly high probability that one
of the gamma rays will be detected in
the first detector just as the other is de-
tected in the second. The detectors are
connected to a coincidence analyzer that
will give an output pulse only when it re-
ceives two input pulses of the right mag-
nitude within a very short time interval.
The chance of such an event’s happen-
ing accidentally as a result of the two
detectors’ simultaneously recording un-
related gamma rays from radioactive im-
purities is very small. Therefore the sys-
tem is highly selective for the radiation
being emitted by the meteorite sample.
Gamma-coincidence spectrometry has
the additional advantage of not destroy-
ing the sample. In other methods the
sample must be dissolved.

Several groups, such as the one led by

Edward Anders of the University of
Chicago, have measured the concentra-
tion of radioactive isotopes in a large
number of meteorites. These measure-
ments enable us to analyze the distribu-
tion of exposure ages with a statistically
significant number of observations. The
analysis yields some interesting clues
about how the different classes of mete-
orites originated. The age distribution

measured by H. Voshage of the Max
Planck Institute for Chemistry for some
60 iron meteorites shows a “clustering”
effect suggesting that the majority of
them originated in three or four major
collisions of parent bodies at specified
times during the past billion years [see
top illustration on page 70]. James R.
Arnold of the University of California
at San Diego and others, working with
computer models of the solar system,
have shown that exposure ages of the
order of those observed for the iron me-
teorites are consistent with the intervals
that would be expected to elapse before
meteorites that had been produced by
collisions happened to be captured dur-
ing a chance encounter with the earth.
Such models assume that the parent
bodies collided within the belt of aster-
oids that lies between the orbits of Mars
and Jupiter.

The exposure ages of the stony mete-
orites, however, are from one to two or-
ders of magnitude less than those of the
iron meteorites. Several ingenious hy-
potheses have been advanced in the at-
tempt to explain this difference. One
possibility is that the number of stony
meteorites in the asteroid belt is high
enough to ensure that the meteorites that
do not happen to encounter the earth
within a relatively short time after they
are formed are destroyed by colliding
with other meteorites. This mechanism
would limit the lifetime of meteorites
and would cut off the distribution of
ages that are observed on earth. The
drawback to this hypothesis is that it
assumes an improbably high density of
debris in the asteroid belt.

Harold C. Urey of the University of
California at San Diego had suggested
that some of the chondritic stony me-
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GAMMA-COINCIDENCE SPECTROMETRY is one technique for
analyzing radioactive isotopes produced in meteorites by the bom-
bardment of the cosmic radiation. It is particularly well suited for
measuring an isotope that decays by emitting a positron (positive
electron). When the positron encounters a negative electron, the
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teorites might be part of the debris eject-
ed from the surface of the moon as the
result of meteorite collisions. There are
various objections to this hypothesis,
among them the fact that the samples
brought back by the Apollo expeditions
have now shown that the lunar material
is quite different in composition from the
chondritic meteorites.

In 1959 Fred L. Whipple and Edward
L. Fireman of the Harvard College Ob-
servatory proposed an alternative expla-
nation for the absence of stony mete-
orites of long exposure age. The mete-
orite during its time in space is being
continuously eroded by interplanetary
dust and gas. Whipple and Fireman ar-
gued that stony meteorites would erode
much more quickly than iron meteorites.
The result would be that stony meteor-
ites that were not captured by the earth
within a certain period would be com-
pletely destroyed by erosion, whereas
the iron meteorites would be relatively
unaffected.

It is theoretically possible to detect
the existence of such space erosion by
comparing the various estimates of the
exposure age of a single meteorite on
the basis of the measured ratios of radio-
active isotopes with widely different
half-lives. For an isotope with a short
half-life the radioactive atoms present
at the time the meteorite fell to the earth
would have been created by the cosmic
rays bombarding it over a relatively short
period toward the end of its exposure,
since the atoms created earlier would all
have decayed. For a stable spallation
product or one of long half-life, however,
the radioactive atoms present would
have been created essentially over the
total exposure age of the meteorite. If
we assume that there is a significant
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particles annihilate each other, giving rise to two gamma rays that
go off in opposite directions. For a small sample placed symmetri-
cally between two crystal detectors there is a fairly high probability
that one of the gamma rays will be detected in the first detector
just as the other is detected in the second. The interaction of a



amount of space erosion, many of the
stable or long-lived atoms present would
have been produced at a period when
the meteorite was much larger than just
before it fell to the earth. The cosmogen-
ic production rate in its interior would
therefore be relatively low, owing to the
effective shielding from cosmic ray bom-
bardment provided by the meteorite’s
large volume. The result is that the mea-
sured concentration of the long-lived iso-
tope would be lower with respect to the
short-lived isotope than it would have
been if the radius of the meteorite had
not decreased over its exposure age, that
is, if there had been no space erosion.

At the present time the evidence for a

significant amount of space erosion
seems to be inconclusive. David E. Fish-
er of the University of Miami has shown
that an erosion rate of .2 millimeter per
million years is sufficient to resolve dis-
crepancies in estimates of the exposure
ages of eight iron meteorites. On the
other hand, the observed ages of stony
meteorites require an erosion rate some
50 times greater: of the order of one
centimeter per million years. A space-
erosion rate of that magnitude would
imply that many of the stony meteorites
had been large enough during the early
part of their exposure for their interior
to have been subjected to a relatively
high flux of neutrons, which build up ap-
preciably as secondary products of the
cosmic ray bombardment inside mete-
orites of large volume. The buildup of
neutrons would in turn have led to the
production of larger concentrations of
isotopes such as argon 38 (which is
formed by the capture of neutrons) than
are observed. Moreover, evidence from
the tracks of cosmic ray particles in me-

teorites has cast doubt on the existence
of a space-erosion effect with the mag-
nitude assumed by some. It is clear that
more work is needed before the expo-
sure-age distribution of the stony mete-
orites can be satisfactorily explained.

One of the factors that complicate the
determination of exposure ages is that
the rate at which the various spallation
products build up depends on their
depth below the surface of the meteorite.
We must always bear this in mind when
we compare the exposure ages obtained
by independent measurements on sepa-
rate fragments of a given meteorite. In
order to create spallation products whose
masses differ significantly from the mass
of the original nucleus, the bombarding
particles must be highly energetic. Spal-
lation products of this type therefore
tend to be concentrated in the outer re-
gions of the meteorite, which are sub-
ject to direct bombardment by the high-
energy primary particles of the cosmic
radiation. The flux of high-energy pri-
mary particles decreases rapidly with
depth as the particles dissipate their en-
ergy by generating a flux of lower-ener-
gy secondary particles. The secondary
particles are still effective in producing
spallation, but they can only form prod-
ucts whose mass is not very different
from the mass of the original nucleus.
The flux of secondary particles initially
increases with depth, and the rate at
which it creates spallation products is at
a maximum at depths of between 10 and
20 centimeters below the surface of the
meteorite. Thereafter the production
rate drops off gradually with depth as
the energy of the secondary particles
dissipates.

The relatively low concentration in
the surface region of spallation products

created by the low-energy secondary rlux
is counterbalanced to some extent by the
low-energy cosmic rays emitted by the
sun, which enhance the production of
those spallation products. Both effects
are difficult to measure accurately, since
an appreciable amount of the meteorite’s
surface material is lost by heating when
the meteorite travels at high speed
through the earth’s atmosphere. This
process is known as ablation. By measur-
ing the concentration of a given radio-
active isotope and determining contours
of equal concentration, it is possible to
reconstruct the original shape the me-
teorite had before entering the atmo-
sphere, thereby yielding information on
the magnitude of the ablation.

So far I have been discussing how mea-

surements of cosmogenic effects can
be interpreted to yield information about
meteorites and the history of the solar
system. These same measurements can
also be utilized to study possible varia-
tions in the intensity of the cosmic ray
particles themselves, with respect either
to a time in the past or to the meteorite’s
position in the solar system. For exam-
ple, it is known that the intensity of the
flux of cosmic rays falling on the earth
varies in an 1ll-year cycle owing to the
cyclic magnetic activity of the sun. The
sun’s magnetic field deflects incoming
charged particles away from the solar
system, and thus the minimum of the
cosmic ray intensity coincides with the
maximum of the solar activity.

The flux to which a meteorite is ex-
posed while circulating in its orbit will
vary with the same 11-year period. The
concentration of a cosmogenic radioac-
tive isotope with a long half-life (such as
aluminum 26, with its half-life of 740,-
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gamma ray with one of the crystals produces a flash of light, which
is amplified by the photomultiplier attached to the crystal to pro-
duce an electric pulse. The pulses travel through the circuit to a
coincidence analyzer that produces an output pulse only when it
receives two input pulses of the right magnitude within a very
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short time interval. If a random gamma ray is detected (left), the
coincidence analyzer does not allow the pulse to pass and no count
is registered on the scaling unit. On the other hand, if two gamma
rays are detected (right), the coincidence analyzer emits a pulse
and scaling unit records it as a decay event from meteorite sample.
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EXPOSURE AGES FOR IRON METEORITES, that is, the lengths of time that the mete-
orites have been exposed to the cosmic radiation, tend to cluster around certain values.
These values are assumed to correspond to the times of several major collisions between
large parent bodies in the solar system. The debris from these collisions is the meteorites.
This chart is based on the work of H. Voshage of the Max Planck Institute for Chemistry.
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EXPOSURE AGES FOR STONY METEORITES show a more continuous distribution
than the ones for the iron meteorites. Moreover, the ages themselves are much lower. One
possible explanation is that older stony meteorites have been destroyed by “space erosion.”
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000 years) will be essentially unaffected
by the 11-year cycle. The atoms present
at any one time will have been produced
by the exposure of the meteorite to the
cosmic ray flux integrated over a period
of the order of a few million years. On
the other hand, the current concentra-
tion of a product with a short half-life
(such as sodium 22, whose half-life is
only 2.6 years) will be strongly influ-
enced by the flux to which it has been
exposed over the past two or three years,
since the sodium 22 that was formed at
times much earlier will have decayed
away.

Fireman took a number of meteorites
and compared the measured ratio of the
concentration of sodium 22 with respect
to aluminum 26 at the time of their fall
with the theoretical values predicted on
the basis of the known magnitude of the
11-year variation in the flux of cosmic
rays at the distance of the earth from the
sun. He found that the measured varia-
tion in the ratio of the two elements was
less than the predicted variation. The
finding indicates that the amplitude of
the variation is less at the position of the
meteorites’ orbits (which are generally
about twice as far from the sun as the
earth is) than it is at the position of the
earth’s orbit.

Knowledge of the ratios of short-lived
and long-lived cosmogenic isotopes in
meteorites is of course much more use-
ful if the orbit of the meteorite is well
known. In recent years various recording
networks have been set up to photo-
graph the incandescent trails of incom-
ing meteorites so that accurate estimates
of their trajectories can be made. So far
only two trajectories have actually been
measured by this method. The more re-
cent was the trajectory of the Lost City
meteorite, which fell in Oklahoma on
January 3, 1970. The photographic ob-
servations made it possible to find the
meteorite very quickly, with the result
that various workers could measure the
concentrations of quite a number of cos-
mogenic radioisotopes with widely dif-
fering half-lives. By correlating these
measurements with the known orbit of
the meteorite, we now have more infor-
mation about how the intensity of the
cosmic radiation varies with distance
from the sun.

Fireman and his co-workers deter-

mined the ratio of the two cosmogenic
radioactive isotopes argon 37 and argon
39, which are produced by very similar
processes in the spallation of iron nuclei.
The half-life of argon 39 is 270 years; the
half-life of argon 37, 35 days. Therefore

the concentration of argon 39 was indica-



tive of the mean cosmic ray intensity
over the average radius of the meteor-
ite’s orbit, whereas the concentration of
argon 37 was related to the cosmic ray
intensity over the previous month or two,
when the meteorite was close to the
earth’s orbit. The measured ratio of the
two argon isotopes differed greatly from
what might have been expected if the
cosmic ray intensity had been the same
at both locations. It was clear, in fact,
that the intensity of the cosmic radiation
at the mean radius of the meteorite’s
orbit was considerably greater than it
was at the orbit of the earth. This result
is particularly useful because various in-
strumented space probes, such as Mari-
ner 4, that had directly measured the
gradient of the cosmic ray intensity in
space had given conflicting results.

Measurements of radioactivity in-
duced by cosmic rays have been recently
supplemented by an important new tech-
nique that can be applied to a rich vari-
ety of problems ranging from the dating
of archaeological remains to investiga-
tions of sea-floor spreading. This is the
technique of detecting the tracks left in
solids by fast subatomic particles, origi-
nally pioneered by R. L. Fleischer, P. B.
Price and R. M. Walker at the Research
and Development Center of the General
Electric Company [see “Nuclear Tracks
in Solids,” by R. L. Fleischer, P. B. Price
and R. M. Walker; SCIENTIFIC AMERI-
caN, June, 1969]. A strongly charged
particle, such as one of the heavier nu-
clei in the cosmic radiation, leaves a
more or less permanent trail of ionization
damage along its track when it passes
through a dielectric (electrically insulat-
ing) material.

The region close to the track is left in
a condition of high chemical reactivity.
A mineral crystal in a meteorite that has
been exposed for long periods to the cos-
mic radiation will therefore contain a
fossil record of the damage left behind
by the heavier particles. Fleischer, Price
and Walker showed that if the crystal is
immersed in a suitable etching agent,
such as hydrofluoric acid, the agent will
attack the crystal preferentially along
the trails left by the particles and will
form tracks that can be seen in a micro-
scope.

A relatively light particle such as a
proton does not cause enough ionization
damage to produce etchable tracks in
natural minerals. It turns out that only
massive nuclei, which constitute a mi-
nute fraction of the cosmic radiation, can
be detected in this way. This fact makes
the method ideal for studying the heavy
component of the cosmic radiation, since
most other methods suffer from back-
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DEPTH IN CENTIMETERS

RATE OF FORMATION of spallation products depends on the depth to which the cosmic
rays penetrate. Sodium 22 is produced from iron only by high-energy cosmic rays; its pro-
duction drops rapidly with depth below the meteorite surface (bottom curve) as the flux
of primary cosmic ray particles decreases. Cascade of lower-energy secondary particles
reaches maximum between 10 and 20 centimeters below the surface. Production rate of man-
ganese 54 (top curve), a spallation product of secondary particles, reaches maximum 20
centimeters below the surface, then drops off as flux of lower-energy particles is absorbed.

ground interference from the vastly more
numerous lighter components. (Let me
note in passing that the lighter compo-
nents do give rise to etchable tracks in
dielectrics of lower sensitivity than min-
eral crystals, such as certain plastic mate-
rials. Some interesting data have come to
light in the examination of, among other
things, the plastic helmets of the Apollo
astronauts following their exposure to
the cosmic radiation during their walks
on the moon.)

Analyzing the tracks found in meteor-
ites requires great care, because the
tracks from the passage of cosmic ray
particles must be distinguished from the
tracks arising from other sources. Me-
teorite crystals containing uranium, for
example, show tracks from the spontane-
ous fission of uranium 238. In this case
the two fragments of the fissioning
nucleus recoil in opposite directions
and produce ionization damage. When
Fleischer, Price, Walker and their col-
laborators were investigating fission
tracks, they found that the number of
spontaneous fission tracks was much
greater than could be explained by the
concentration of U-238 in the sample.
They suggested that the additional
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tracks had been produced by an extinct
radioactive isotope: plutonium 244. This
isotope, like the more familiar members
of the uranium and thorium series, would
have been produced in the nuclear
processes that gave rise to the material
of the solar system. Because of its short
half-life, however, it would by now have
decayed to undetectable proportions.

There are still other sources of tracks.
Although the light particles of the cosmic
radiation are not themselves massive
enough to leave an etchable track, they
can collide with nuclei in the meteorite
and cause either spallation or fission.
Both of these events can lead to the re-
coil of fairly massive nuclei, which may
leave a detectable track.

1I these kinds of tracks have certain
characteristics that make them dis-
tinguishable from the tracks of genuine
cosmic radiation. The tracks of cosmic
ray primaries, for example, differ from
those arising from spontaneous fission in
that their density is independent of the
local concentration of uranium in the
sample under study. Moreover, the num-
ber of tracks from the cosmic radiation
decreases rapidly with depth below the
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surface of the meteorite. This fact can be
used along with the contours of the
equal concentration of radioactive iso-
topes to reconstruct the shape of the me-
teorite’s surface before it entered the
earth’s atmosphere and thus to yield in-
formation on the amount of ablation the
meteorite suffered.

The density of the tracks in the sur-
face region of the meteorite can also be
utilized to estimate the extent of the
erosion in space. If the rate of erosion is
high, the density of the tracks near the
surface of the fallen meteorite will be
low, because during the early part of the
meteorite’s history its subsurface region
would have been shielded by a consider-
able depth of material that was later
eroded away. Price and his co-workers
examined the density of tracks in the
surface region of the Patwar meteorite.
Their results imply that there is an upper
limit to the rate of space erosion of about
one millimeter per million years. That
rate is much less than had been sug-
gested was necessary to explain the
discrepancies in the estimates of the
exposure ages of stony meteorites de-
termined from cosmogenic radioactive
isotopes of differing half-lives.

Another feature of particle tracks is
that the ionization damage tends to dis-
appear through annealing when the min-
eral is heated above a certain tempera-

LOST CITY METEORITE

ORBITS OF THE TWO METEORITES whose trajectories have
been observed by photographic recording networks show that they
originated in the asteroid belt between Mars and Jupiter. The Lost
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ture. Hence it is possible to estimate the
rate at which the parent body of the me-
teorite cooled. The initial temperature of
the parent body is too high to retain the
potential tracks produced by spontane-
ous fission of uranium or plutonium with-
in it. As the body gradually cools, how-
ever, the various mineral crystals in it
will fall below the critical temperatures
at which the radiation damage is elimi-
nated by annealing, and each mineral
will begin to accumulate a permanent
record of tracks. Each mineral is char-
acterized by its own critical temperature
for retaining the tracks, and these tem-
peratures can be determined in the lab-
oratory. The minerals with the higher
critical temperatures will therefore show
a greater track density with respect to
the concentration of uranium 238 within
the meteorite. The track density can be
correlated with the concentration of ura-
nium in the different mineral crystals; it
is this procedure that yields an estimate
of the rate at which the parent body
cooled.

Fleischer concluded from such a study

that the parent body of the meteorite
known as the Toluca iron meteorite
cooled at a rate of about one degree C.
per million years. That rate corresponds
to a body with a radius of some 200
kilometers. It was also clear from his re-
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sults that the great majority of the tracks
had been formed by the spontaneous
fission of plutonium 244 rather than of
uranium 238. The very fact that this
relatively large quantity of plutonium
was still present at the time when the
parent body solidified, in spite of its
short half-life, confirms the hypothesis
that the interval that elapsed between
the final nuclear synthesis of the mate-
rial of the solar system and the time
when the planets were formed was much
shorter than the total time the solar sys-
tem has existed.

One of the most useful characteristics
of the particle tracks is that the length of
the track produced by a high-energy cos-
mic ray nucleus traveling through a min-
eral crystal is a function of the charge
carried by the nucleus. The statistical
distribution of track lengths therefore di-
rectly indicates the proportions of the
different nuclei present in the radiation.
The long exposure times of the meteorite
crystals not only allow statistically sig-
nificant numbers of tracks to accumulate
but also afford an opportunity of discov-
ering whether or not there have been ap-
preciable variations in the intensity of
the various components of the cosmic ra-
diation over the exposure age of the me-
teorite. M. Maurette and his collabora-
tors at Washington University concluded
from measurements of track densities in

PRIBRAM METEDRITE

JUPITER |

City meteorite is the more recent of the two; it fell in Oklahoma
on January 3, 1970, and was recovered quickly enough so that vari-
ous workers could measure half-lives of many spallation products.



the Saint-Séverin chondrite that the in-
tensity of the component of heavy par-
ticles in the cosmic radiation averaged
over the 12-million-year exposure age of
the meteorite was essentially the same as
itis at present.

Since the length of the track in the
solid depends on the electric charge of
the particle, such tracks can be used in
the search for “superheavy” elements in
the cosmic radiation. With the exception
of the recently discovered plutonium
244, no element whose nucleus has a
charge greater than that of uranium has
been found in nature, although heavier
elements can be produced artificially in
particle accelerators or nuclear reactors.
The reason that transuranium elements
do not exist in nature is that as the num-
ber of protons and neutrons in the nu-
cleus increases, the positively charged
protons repel one another so strongly
that the nucleus becomes very unstable
and decays rapidly either by spontane-
ous fission or by emitting an alpha par-
ticle. Superimposed on this general trend
toward instability, however, is an oppos-
ing tendency toward greater stability
when the numbers of protons and neu-
trons in the nucleus are close to certain
“magic numbers.” These numbers cor-
respond to the complete closure of the
shells in which the particles within the
nucleus are arranged. It has been sug-
gested that an “island of stability” may
exist for elements with about 110 pro-
tons. Nuclei in this region might be ex-
pected to have half-lives of up to as
much as 100 million years.

Peter H. Fowler and his co-workers at
the University of Bristol found the first
experimental evidence suggesting that
a superheavy nucleus might exist in the
cosmic radiation. They discovered a very
densely ionized track in special photo-
graphic plates flown in a high-altitude
balloon. Their identification of the track
was not totally conclusive, however, and
a number of workers have since searched
for definite evidence of tracks left by
transuranium nuclei in meteorites and in
lunar rocks brought back by the Apollo
astronauts. Several unusuallylong tracks,
which may have been made by super-
heavy nuclei, have been found. The
search is vigorous, since proof that super-
heavy elements exist would be of great
interest to theoretical nuclear physicists.
It would confirm their methods for pre-
dicting the properties of nuclei. More-
over, the presence of relatively short-
lived nuclei in the cosmic radiation
would throw light on how the cosmic
ray particles diffuse through the galaxy
and also help in deciding to what extent

NUCLEAR TRACKS in a crystal of the Fayetteville meteorite, which show up as the thin,
short dark lines, were formed by the nuclei of iron and some heavier elements. They were
photographed at a magnification of 60,000 diameters with a high-voltage electron microscope
by David J. Barber and P. Buford Price, Jr., of the University of California at Berkeley.
To reveal similar tracks to a microscope working at visible wavelengths, the crystal would
have to be etched with a reagent such as hydrofluoric acid or hot sodium hydroxide. The
tracks resulted when the crystal was bombarded by cosmic radiation from solar flares early
in the history of the solar system, before the crystal had become part of a meteorite. The two
dark bands diagonally crossing the photograph are not tracks but crystallographic features.

the radiation originates within our own
galaxy or reaches us from more distant
regions of the universe.

As we have seen, an enormous range of

information may be stored in a few
cubic centimeters of meteoritic material.
Within the past several years this infor-
mation has been supplemented in a most
exciting way by the results of the study
of the material brought back from the
moon. The lunar samples have certain
advantages over meteorites. For exam-
ple, interpreting the concentrations of
radioactive isotopes in meteorites in
terms of variations in the cosmic ray in-
tensity is complicated by the difficulty of
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distinguishing between the effects of
space and the effects of time, since in
general the orbit of the meteorite is not
known. The spatial uncertainty is re-
moved in the case of the moon, whose
orbit is known with high precision. An-
other advantage of the lunar material is
that it contains a record of the effects of
low-energy cosmic rays, which penetrate
a very short distance below the surface.
In a meteorite this record is destroyed by
ablation during passage through the
earth’s atmosphere. The study of the
cosmic radiation both in meteorites and
in lunar material, and the comparison of
the results, should yield some interesting
facts over the next few years.
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The Brideprice of the Sebei

In this African culture getting a bride costs a man a substantial

fee in cattle, cash, clothing, pots, tobacco, milk, beer and other

commodities. To what extent is the transaction strictly economic?

economic aspects, but in some so-

cieties those aspects seem more ex-
plicit than in others: the bride or the
groom brings some form of dowry to the
altar or the groom pays a substantial fee
to the family of the bride. The two trans-
actions, it should be noted, are not
equivalent: the dowry assists the new
couple whereas the brideprice benefits
only those the bride is leaving. The pre-
vailing anthropological view of bride-
price is that the transfer of goods to the
family of the bride cannot properly be
regarded as a purchase. Many have even
wanted to avoid the term brideprice en-
tirely. In general anthropologists have
argued that the goods are a “prestation,”
which has been defined as the act of
paying in money or service what is due
by law or custom. Pointing out that men
do not buy a wife in order to make a
profit (although in one society they are
reported to occasionally resell a wife),
they have gone so far as virtually to
deny that the transaction is in any sense
economic. To test the proposition that
the transaction is economic an observer
might undertake to see if the society he
is studying perceives brideprice trans-
actions in the same way that economic
transactions are perceived among us.
He would note the attitudes brought to
the negotiation, the terms used, their
compatibility with the terminology in
other kinds of haggling, and so on. Such
an approach, however, is beset by two
difficulties: How in fact does the society
in question actually perceive brideprice
transactions? And exactly how are “eco-
nomic” transactions defined in our own
society?

A different approach to the question
can be made. It requires only that the
observer determine whether the mar-
riage obligations of the society being
studied are susceptible to straightfor-

It is well known that marriage has its
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ward economic analysis. Will or will not
a body of data relating to the marriage
contract yield findings that make sense
in terms of economic decision making?
With such a procedure it is not neces-
sary that the investigator know if the so-
ciety perceives its marriage obligations
as being essentially economic ones. The
question is no longer whether or not the
marriage contract is an economic trans-
action. Instead the observer asks a sim-
pler question: To what extent are the
social choices dependent on economic
considerations as distinct from matters
of sentiment?

I undertook this second approach in

1961-1962 while working among the
Sebei, a Southern Nilotic people who
live on the northern slopes of Mount El-
gon in Uganda. I collected information
on brideprice contracts negotiated by 79
men in the years between 1910 and
1960. Normally my informant was the
married man himself, but in a few cases
it was the father of the groom. My in-
formants were drawn from two contrast-
ing environments in the Mount Elgon
area. The data on 29 of the marriages
came from Sasur, a Sebei farming com-
munity situated in the well-watered Sipi
district at the western end of the Elgon
escarpment. It is an area of intensive hoe
agriculture largely devoted to raising ba-
nanas and coffee. The data on the other
50 marriages came from Kapsirika, a Se-
bei pastoral community in the drier
plains district of Ngenge below the
mountain to the north, where the econ-
omy is dominated by cattle herding [see
illustration at left on opposite page].
Thus the men of Sasur are predominant-
ly farmers and the men of Kapsirika
are predominantly herders. The brides
sought by the men of both communities
came not only from these and other
districts in the Sebei region but also
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from kinsmen across the border in Kenya
and even from linguistically unrelated
tribes.

I asked each of my informants to tell
me the total amount he had contracted
to pay as a brideprice: how much he had
paid immediately and how much was
promised for payment later. I also asked
whether the union was the man’s first
marriage or a later one, what the bride’s
place of origin was, whether or not she
had been married previously and who
had negotiated the contract. I have no
reason to doubt the essential accuracy
of the responses I received. Brideprice
negotiations are important social events.
The contract is reached by means of for-
mal bargaining conducted in the pres-
ence of witnesses. Large quantities of
valuables are transferred, and the details
of the contract are neither secret nor pri-
vate. Some of my informants may, how-
ever, have understated the proportion of
a brideprice that remained to be paid;
a man might well be reticent on this
subject.

As the total number of contracts indi-
cates, I obtained more responses from
the herders of Kapsirika than from the
farmers of Sasur. This was partly be-
cause polygamous marriages are twice as
common among the pastoralists. The 50
Kapsirika responses represented more
than half of the married households in
that community, whereas the 29 Sasur
responses came from little more than a
third of the married households. I do not
believe the imbalance in responses has
distorted the data. A more serious po-
tential flaw is the small size of my total
sample. It should be made clear that my
conclusions relate only to the Sebei. Al-
though statistical details on the actual
brideprice payments elsewhere in Afri-
ca are not available, it is known that
there is great variation in the attitudes,
social expectations, legal rights and in-



dividual duties associated with such pay-
ments. Whether what applies to the Se-
bei applies to any of their immediate
neighbors in closely related cultures, let
alone to other African peoples, is beyond
the scope of this discussion.

The central dynamic in Sebei social
history stems from developments in the
19th century or earlier. Principal among
them was a gradual shift from a primar-
ily pastoral economy to one that has be-
come increasingly involved in the raising
of garden crops. Exactly when the shift
began is uncertain, but it continued after
the 19th-century European colonization
of East Africa. This historical change is
reflected in economic and social varia-
tions among the Sebei today that are
largely responses to differences in en-
vironment. As I have mentioned, the
area of hoe agriculture is at the western
end of the Elgon escarpment. The Sebei
who live to the east of this area are pro-
gressively less concerned with crops,
whereas on the semiarid plains lying to
the north of the mountain herding con-
tinues to be the principal livelihood.

]'j(e many other African cattle keepers,

the Sebei are organized into clans
that reckon kinship in terms of male de-
scent. This is to say that clan relatives
are counted on the father’s side rather
than the mother’s. The clan relationship
is of great psychological importance to
the Sebei in a number of contexts. For
example, although clan authority is not
involved in the marriage-contract nego-

tiations, considerations of clanship do af-
fect the choice of a marriage partner.
Furthermore, the clan has a vital inter-
est in the institution of marriage. Only
through legal unions and the offspring
they produce can clan continuity be as-
sured, and continuity of the clan is a
major social goal.

Every Sebei woman and almost every
Sebei man gets married. Although today
a number of divorced Sebei women live
alone and get along quite well, they are
viewed as being unusual. They are some-
what resented by the men and, I sus-
pect, are envied by the other women be-
cause they have escaped male domina-
tion. The essence of Sebei marriage is
the husband’s concern with procreation.
And it is this concern with the acquisi-
tion of descendants, reflected at the clan
level, that is the essence of the bride-
price contract. The payment establishes
a legitimate claim by the husband’s clan
on the progeny of his marriage. The
compelling demand for the husband to
legitimize the clan’s claim is the reason
why, even when a man inherits his
brother’s widow or marries a much
divorced woman, there will be at least
a token brideprice payment: the transfer
of a single head of cattle to the woman’s
family. It is a basic Sebei belief that im-
mortality depends on having descend-
ants. Marriage is thus a truly central
element in the personal history of the
Sebei, and having progeny is of the
greatest importance to both marriage
partners.

The socially preferred form of mar-
riage among the Sebei is polygyny, in
which a man can have more than one
wife at a time. A man normally first mar-
ries when he is in his early or middle
20’s; a woman, when she is younger than
20. The young man’s father is expected
to provide the brideprice for his son’s
first marriage; he also negotiates the
marriage contract. The father may help
with his son’s subsequent marriages, but
he is not socially obligated to do so, and
it is the son who usually negotiates the
later marriage contracts. Although Sebei
men are much in favor of polygyny, the
practice is far from universal. During the
period of my study only 17 percent of
the Sasur men had had more than one
wife at a time. Polygyny was twice as
common among the Kapsirika men, but
more than 60 percent of them were
monogamous. Even this limited number
of polygynous marriages makes women
scarce among the Sebei.

The Sebei marriage contract is essen-
tially an agreement between two men:
the prospective groom or his father on
the one hand and the father of the pro-
spective bride on the other. Other par-
ties—particularly brothers, mothers and
mothers” brothers on the bride’s side—
have legitimate interests in a prospective
marriage and a potential stake in the out-
come of contract negotiations. In princi-
ple, however, the choice of the marriage
partner is entirely in the hands of the
two men; even the prospective bride
often has no say in the matter. I found

KAPSIRIKA HERDSMAN, a member of one of the two groups in
the brideprice study, drives his cattle out to graze. In brideprice
contracts a standard value for cattle is 100 shillings ($14) a head.
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SASUR FARMING WOMEN, members of the other group in the
brideprice study, prepare a hillside for planting. Bananas are
Sasur’s main crop, but corn and root crops are also cultivated.
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SEBEILAND lies on the northern slope of Mount Elgon, an extinct volcano in Uganda
near the Kenya border north of Lake Victoria. The Sebei population is about 35,000.
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ESCARPMENT on the northern slope of Mount Elgon lies generally between 5,000 and
7,000 feet above sea level. To the west, in the well-watered Sipi region, bananas are the main
crop. Eastward on the escarpment the banana crop is replaced first by grain and then by
animal husbandry. The plains north of the mountain lie below 4,000 feet; there animal
husbandry predominates. Data on brideprice were collected in an agricultural community,
Sasur in the Sipi district, and in a pastoral community, Kapsirika in the Ngenge district.
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a good deal of evidence that this not
only had been true in the past but also
was to a large extent true today, al-
though efforts are now made to prevent
the forcing of women into unwanted
marriages.

Nowadays there is a prelude to many,
if not most, Sebei marriages in the
form of a period when the young man
and woman simply live together, an ar-
rangement that English-speaking Sebei
call “elopement.” There is no stigma at-
tached to these liaisons, although it
seems to be considered more genteel if a
contract has been arranged beforehand.
One way of establishing such a liaison,
now on the decline but frequent in the
past, is abduction. A kind of mock cap-
ture also seems to have been a way of
establishing a liaison for a couple who
faced opposition to the marriage by one
father or both. Whatever the mode
of choice, the “elopement” relationship
must eventually be legitimized by a
transfer of goods from the groom’s side
to the bride’s. This means that in most
instances there is a bargaining session
sometime after the liaison is established.
In contract negotiations the principal
spokesman for the bride’s side is not her
father, the person whose interests are
paramount, but a neighbor who enjoys
a quasikinship (called latyet) with the
father. The spokesman for the groom
may be his father, a brother or the groom
himself. The interested parties meet in
the bride’s community, preferably at the
house of the bride’s mother. Relatives of
both parties, including senior women,
may be present during the negotiations.
The women generally remain silent
throughout, although they may object at
the end or demand the special compen-
sation of a goat or a cow for some past
insult from the groom or his clansmen.
Although a Sebei man will, if he is
asked, quote an average brideprice, the
brideprice reached in any one negotia-
tion can fluctuate widely from the aver-
age. I have found, both when observing
a negotiating session and when discuss-
ing the problems involved in negotia-
tions with grooms and their representa-
tives, that the groom’s side approaches
the session anxiously, fearful of “defeat”
by the demands of the bride’s side.

The pattern of give-and-take in a ne-
gotiating session requires that the bride’s
side make a demand that the groom’s
side either accepts, rejects or attempts to
negotiate further. The procedure is for
the neighbor first to make a demand for
cattle, setting out a tally for each animal.
When the number of cattle has been
agreed on by the two parties, they put



the tallies aside and bring out others to
represent the demand for sheep and
goats, following the same procedure.
Next they usually turn to cash, then in
no set order to the various other kinds
of goods that the bride’s father has de-
termined to seek. When each of the
items has been agreed on, that is the
final contract, although the father may
also request a gift or demand a “fine”
that is not part of the contract at all.

Yet the contract does not constitute a
binding agreement at this stage, as it
would with us. In principle either party
can withdraw from the agreement at any
time up to a particular point in the ac-
tual marriage ceremony. They may not,
however, open negotiations to alter
the agreement. Nor may either party en-
ter into a marriage-contract negotiation
with anyone else. Such an action is pro-
hibited until the provisional contract is
voided, and I have never heard a Sebei
complain of either party failing to ob-
serve this rule.

lgrideprice is the largest single outlay

of goods that an ordinary Sebei
makes in his lifetime. In proportion to in-
come that outlay is close to the rule-of-
thumb calculation of what an American
spends in buying a home, ordinarily in
our society an individual’s greatest single
capital outlay. In terms of the specific
items involved cattle were a good part,
and usually the largest part, of the bride-
price in all 79 marriage contracts. Other
kinds of livestock also changed hands in
nearly all the marriages: goats in 72 of
them and chickens in more than half.
Some payment of cash was included in
almost 90 percent of the contracts, and
70 percent called for the delivery of beer
and tobacco. Minor consumable items
figured in fewer than 12 percent; among
them were kerosene for lamps, home-
distilled gin and milk.

The Sebei brideprice always includes
at least one head of cattle. At one time it
also always included in the class of per-
sonal effects an iron bracelet and an iron
hoe blade for the bride’s mother. This
tradition is weakening today; hoe blades
appeared in fewer than 60 percent of the
marriage contracts and bracelets in few-
er than half. Four other kinds of per-
sonal effects—blankets, coats, lengths of
cloth and aluminum pots—first began to
be included in the marriage contracts in
the 1920’s. They seem to have been im-
mediately popular; blankets appeared in
75 percent of the contracts and coats,
cloth and pots in at least half. Less pop-
ular personal items, all introduced after
the 1920’s, included men’s robes, iron
pans, mosquito nets and kerosene lamps.

BRIDEPRICE NEGOTIATION, called “breaking the sticks,” is conducted at the home of a
Sebei bride’s mother. Tallies spread by the representative of the bride’s father show how
many items of different kinds the bride’s family expects to receive. The groom’s representa-
tive (arm extended) may accept or refuse the demand or seek to reduce it. Cattle are the
first items to be negotiated. Originally the bride’s father kept possession of the tallies, re-

turning them to the groom one by one as each item of the brideprice was delivered.

The Sebei make a distinction between
the goods included in the negotiated
contract and gifts. Gifts may be request-
ed by the father of the prospective bride,
and the prospective groom may feel
strongly obligated to give them, but the
gifts are not part of the brideprice. I
have restricted my analysis to recognized
brideprice items. The “fines” frequently
levied against the groom for some action
of his clansmen are not regarded as part
of the brideprice and must be paid sepa-
rately. They have therefore not entered
into my calculations.

As the priority given them indicates,
cattle are certainly the central element
in the Sebei brideprice and were prob-
ably the original element. At least one
animal should be transferred in order to
make a marriage legal. Goats are also
regularly included in the contract. Orig-
inally the transfer consisted of a single
ram intended for the bride’s mother’s
brother; now as many as six or eight
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goats are paid. Beer, milk and perhaps
tobacco appear to be as traditional as
the iron bracelet and the hoe blade, but
the other consumables and personal ef-
fects are later additions to the list. Kero-
sene as a consumable, and the lamps to
burn it in, first appeared in a 1951 mar-
riage contract; home-distilled gin was
first mentioned in 1955. The inclusion
of some cash in the contract is by now
all but traditional; it began in 1914
when the currency of East Africa was
still the rupee.

To undertake an economic analysis of
Sebei marriage contracts it is necessary
to translate the value of the goods into
money values. I have used the East Af-
rican shilling (with an exchange value of
seven shillings to the U.S. dollar) as my
unit of currency; Uganda has its own
currency today but the shilling was still
in use at the time of my fieldwork. I
asked my informants to estimate the
value of brideprice items that the groom
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NUMBER OF CATTLE in the contracts of 29 Sasur husbands and 50 Kapsirika husbands
from 1910 to 1960 is seen in the graph. The Sasur (color) consistently gave fewer cattle.
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TOTAL BRIDEPRICE paid over the same 50-year period more than doubled for Kapsirika

men and almost tripled for Sasur men (color). Slump in the 1930’s reflects world depression.
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had to purchase in terms of current
prices. In some instances the informant
might remember the exact price he had
paid for some particular item; if he did,
I used the actual value in my calcula-
tions. It soon became evident that a
standard of expected quality existed. For
example, in the course of the bargaining
the bride’s father might express a wish
for a coat or a pot of better quality or
larger size than was standard, and he
would agree to pay the difference in
cost himself.

I assigned to all cattle a standard val-
ue of 100 shillings per head, in spite of
the fact that Sebei cattle vary widely in
price and that cattle selected for trans-
fer under a marriage contract are not all
the same quality. I chose this figure be-
cause it is a substitution the Sebei make
whenever they choose to make a money
payment in lieu of some of the agreed-on
cattle, as they occasionally do. I arrived
at the shilling value of goats and sheep
through the same process of utilizing
standard Sebei substitutions. I find fur-
ther evidence that brideprice cattle are
thought to have a uniform and standard
value: no Sebei man ever attempted to
explain a seemingly high or low bride-
price by referring to the quality of the
brideprice cattle he had contracted to
transfer.

The prices of consumable goods were
harder to determine. For beer there
was an established price of eight shillings
per debe (four imperial gallons), so that
I was able to establish money values by
estimating the number of debes repre-
sented by my informants’ counts of pots
or sacks of beer. (The Sebei dry the fer-
mented grain mash on large flat sheets
in the process of beermaking. Such
“dried beer” can be kept for several
weeks, and sacks of it can be used for
brideprice payments.) I have estimated
a similar unit value for gourds of tobac-
co or milk. On balance I think my fig-
ures are a reasonable estimate of the
1962 shilling value of the various bride-
price items.

Prices, of course, have changed great-
ly over the 50 years covered by the
brideprices on which I gathered infor-
mation. It is manifestly impossible to
establish these changes with accuracy,
but fortunately it is not necessary. My
use of uniform prices throughout the pe-
riod produces an evaluation in what
economists call “constant” shillings. A
steady reduction in the exchange value
of the shilling over the same period,
however, presents a greater problem. To
adjust the values so that they reflect this
inflationary factor is at best a highly
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BRIDEPRICE GOODS fall into four categories: livestock (cattle

in particular), consumable items such as beer, personal effects such

technical procedure, fraught with inac-
curacies. I have chosen not to attempt
it, and the reader should be warned that
my analyses dealing with the rise in the
brideprice over a period of time and with
changes in the proportion of various
classes of goods are all influenced by
this factor to an undetermined extent.
Over the 50-year period the lowest
brideprice paid by any of my 79 in-
formants was 288 shillings ($33) and
the highest was 2,943 shillings ($420).
The number of cattle stipulated in the
contracts ranged from one to 17. The
average value of the cattle was $192;
the average number of cattle, 6.65 head.
It is meaningless, however, to consider
the total dollar value of the contracts or
the dollar value of the cattle transferred
except as these values relate to the Sebei
economy. I therefore offer some mea-
sures by which the meaning of these
payments can be understood. When an

1920
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CONSUMABLES

1960 | 1920 ' 1930

ordinary peasant works for others or
works as a common laborer for the gov-
ernment, he receives two shillings per
day. If he worked full time (which very
few of them in fact do), his annual in-
come would be about 600 shillings. A
not very different average figure—643
shillings—was arrived at by inquiring of
my informants what they had received
in cash through sales and employment
in the preceding year. Thus we can see
that the brideprice paid by the Sebei
in the later years of my analyses (around
1,600 shillings in the 1950’s) is equiva-
lent to about 30 months’ income for the
average Sebei, exclusive of what he pro-
duces for home consumption. The bride-
price is also high when it is considered in
terms of an individual’s capital assets.
Land is the main capital among the Sa-
sur farmers, but because its value is dif-
ficult to calculate my capital-value com-
parison is confined to Kapsirika men.
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1960 | 1920 | 1930 | 1940

CASH

1950 | 1960

as pots and blankets, and cash. Over 50 years the cash part of the
brideprice has grown larger and the personal-effects part smaller.

The value of the average Kapsirika herd-
er’s stock in 1962 (calculated at 100
shillings per head of cattle and 18 shil-
lings per goat) was 2,159 shillings
($308). This means that an average
brideprice of about 1,600 shillings
($229) equaled nearly three-quarters of
a Kapsirika man’s total capital value.

he decades between 1910 and 1960

witnessed a gradual long-range eco-
nomic improvement among the Sebei.
At the turn of the century they had
been struck by the triple disaster of
drought, disease and European rule.
For example, early in the 1900’s cattle
were so scarce that some Sebei herders
were forced to make do with goats and
sheep. As time passed, however, the
goods that enter into brideprice con-
tracts gradually became more abundant.
Under these circumstances economic
theory calls for an increase in the average
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brideprice payment. A review of com-
munity marriage records decade by dec-
ade shows that the average number of
cattle included in Sebei brideprice pay-
ments has more than doubled over the
half-century [see top illustration on page
78]. This trend has been strongest among
the Kapsirika herdsmen. Between 1910
and 1920 the average number of cattle
paid by a Kapsirika groom was 2.4 head;
by 1951-1960 the number had risen to
9.1. In the 1910-1920 period the bride-
price paid by the farmers of Sasur in-
cluded an average of 2.3 head of cattle.
These payments too increased as the
years passed, but they leveled off at
about six head of cattle in 1951-1960.
Like the price of cattle, the total bride-
price paid was higher in the pastoral
community than in the farming one. The
trends, however, are parallel. The total
brideprices paid by grooms in both com-
munities by then had nearly tripled.
Brideprice payments can thus be seen to
reflect the growing prosperity over the
half-century, as would be expected in
terms of economic theory.

This relation between brideprice and
prosperity would appear to be reflected
in the slight decline in brideprice evi-
dent in the 1930’s, particularly among
the Kapsirikans. I believe this is not a
statistical artifact but a response to the
worldwide depression during the 1930’s.
For example, the proportion of cattle in
the total brideprice increased during the
same period. Such a shift decreased the
groom’s expenditure of money, in terms
both of cash and of store goods pur-
chased, and simultaneously increased his
expenditure of a commodity internal to
the Sebei economy: cattle. Because my
presentation of brideprice data assigns a
constant value to each head of cattle, the
effect of this shift in proportions is
masked. My informants have told me in
other connections that the price of cattle
was very low in the 1930’s. Furthermore,
if the data were adjusted to reflect the
increased purchasing power of cash at
the time, the decline in brideprice would
be even larger.

There is another way of perceiving the

influence of economic factors as they
are reflected in brideprice: the differ-
ences in payment demanded in the two
communities. We have already seen that
the price is consistently higher in Kap-
sirika than in Sasur. Why should this be
so? It cannot be argued that the Kap-
sirikans are economically better off; it is
not possible to obtain the information by
which such a relative prosperity can be
measured. It is true, and significant, that
the pastoral peoples pay a larger propor-
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tion of the total brideprice in cattle,
whereas the farmers, who have more
cash thanks to the production of coffee,
a marketable crop, pay more of their
brideprice in money. That, however,
would not account for the larger total
payments in Kapsirika.

To answer this question we must turn
to another aspect of Sebei marriage pat-
terns: the relative prevalence of polygy-
ny. Although the men generally feel that
plural wives are desirable, only a few of
them actually have more than one wife.
Yet this very fact makes women scarce.
Significantly there is no such thing as an
old maid in Sebei. The more polygynous
marriages there are, the more difficult it
is to get a wife. As a measure of this
scarcity it is best to think in terms of the
number of women in the community who
are currently married as a ratio to the
number of men who are currently mar-
ried. In a monogamous society the ratio
should be 1:1. For Sasur the figures are
117:100; for Kapsirika they are 151:
100. Thus the frequency of polygynous
marriages has driven the price higher

KAPSIRIKA MAN
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O
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S KENYA SEBEI WOMAN
K KITOSH WOMAN

G GISU WOMAN

BRIDEPRICE DATA for the 79 Sebei mar-
riages between 1910 and 1960 appear in the
graph at right. Vertical position of each cir-
cle shows the total value of the brideprice
contract in shillings; numeral within the
adjacent cattle symbol shows the number of
cattle specified in the contract. (If the sym-
bol is colored, cattle were seized in a raid.)
The general rise in brideprice over the 50-
year period is readily apparent, as is the dif-
ferential between the brideprices for first
and subsequent wives. Marriages of Kap-
sirika men and Sebei-speaking women from
Kenya, in 1926 and 1946 were marked by
higher-than-average brideprices for those
days. The Kapsirika men who married
Kitosh women in 1944 and 1950, however,
were leaders of a trend toward higher prices.
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and the men of Kapsirika must pay a
larger brideprice than the men of Sasur.

Why are Kapsirikans more given to
polygyny than the men of Sasur? Essen-
tially the reason is also economic. Polyg-
yny is more suited to the pastoral form
of economic endeavor than it is to farm-
ing. The acquisition of extra wives by
the farmers of Sasur is made difficult by
the limited availability of land, where-
as such limitations do not apply to cat-
tle keeping. The grazing land is open to
all who have cattle.

Although I do not have information
on the rates of polygyny throughout Se-
bei, I do know that the districts vary
with respect to the relative importance
of cattle keeping and farming. In gen-
eral farming is more important in the
west and becomes less so as one moves
eastward across the escarpment; it is
least important down on the plains
where Kapsirika lies. In general the
brideprice varies in conformity with this
change. As I have noted, the men in-
volved in these contracts all lived in ei-
ther Sasur or Kapsirika, but the women
came from all parts of Sebei. When I
examined the brideprice paid for these
women, I found that there was a sig-
nificant correlation between the relative
importance of cattle keeping in the area
and the average payment made for wom-
en who came from these districts. The
brideprice is affected by both the resi-
dence of the man and the place from
which the woman comes. The more pas-
toral the residence, the higher the de-
mand.

here is another effect of this differ-

ence in polygyny that points to eco-
nomic expectation. Women from farm-
ing areas tend to marry men in pastoral
areas much more often than in the re-
verse direction. The Sebei themselves
recognize this in a saying: “Women
marry to the east” I was never sure
whether they meant by this an idealized

standard of propriety or a recognition of
reality, but it would seem to be the
latter.

To observe this effect we must return
to the marriages of the two communities.
In Sasur 25 of the 29 marriages were
within the Sipi district in which Sasur
lies; one bride was from a neighboring
tribe farther west (where farming is even
more intense and a very low brideprice
was demanded), and only three came
from the east. In contrast, in Kapsirika
only eight of the 50 marriages were with-
in the plains district. Women married
into the area from all parts of Sebei, and
even from tribes outside Sebei. There
were eight brides of Kapsirika men who
came from the Sipi district, where Sasur
is located.

A closer look at the marriages that
involve these two districts—Ngenge, in
which Kapsirika lies, and Sipi, in which
Sasur is located—gives further evidence
that the location of both parties is rele-
vant to the final outcome of the contract.
There were 25 marriages in which a Sa-
sur man took a wife from the surround-
ing Sipi district; the average brideprice
of these marriages was 1,192 shillings.
There were eight marriages in which a
Kapsirika man took a bride from the sur-
rounding Ngenge district; the contract
called for an average of 1,677 shillings.
That is a difference of more than 40 per-
cent. There were also eight marriages in
which Kapsirika men married women
from Sipi; the brideprice was 1,336 shil-
lings. That is about halfway between,
as would be expected. Significantly there
were no Sasur men in my sample who
obtained a bride from Ngenge.

There is no standard of east-marrying
propriety among the Sebei-speaking res-
idents of Kenya, or for that matter
among the Kitosh of Kenya, a Bantu-
speaking group that has provided brides
for Kapsirika grooms. Seven Kapsirika
men have married Kitosh women and
12 have married Sebei-speakers from
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FARMERS PAY LESS FOR BRIDES and receive less for daughters, and when their chil-
dren intermarry, the brideprice is low. The opposite holds for herdsmen: in such marriages
the average brideprice is high. The price is intermediate when herders marry farmers’
daughters. Marriages in the other direction are rare; none of them appeared in the sample.
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Kenya. The Sebei are conscious of the
upward trend in brideprice over the
years, and in their view one of the in-
fluences affecting this trend is the rela-
tively high cost of wives from Kenya.
The average brideprice of the seven
Kitosh marriages was 1,719 shillings
($246). Kapsirika men recognize that
the Kitosh price is high and that most
of it is paid in cattle; their awareness
suggests a rather sensitive appreciation
of brideprice differentials. In the same
general way they complain that the
Sebei-speakers from Kenya have also
contributed to the rise in brideprice.
That is not true on the record; the aver-
age brideprice for a Sebei-speaking Ken-
yan is 1,357 shillings, or only $3 more
than the average that a Kapsirika groom
pays for a farmer’s daughter from the
Sipi area. Nonetheless, taking a longer
view, the fact is that some marriages be-
tween the Sebei and their Kenyan kins-
men were among the very first to raise
brideprices in general [see ilustration
on preceding two pages]. In this sense
the Sebei perception is quite accurate.

What happens in the negotiations
that take place after the man and wom-
an are already living together? Put your-
self in the place of the bride’s father and
consider what you would do. On the one
hand you know that the young man is
committed and perhaps you could ask
for a higher brideprice; on the other your
daughter is also committed to the man
and therefore you are constrained not to
interfere with her wishes. It offers an al-
most classic opposition between the rule
of economics and the sway of sentiment.
The Sebei assert that under these cir-
cumstances the man will have to pay a
higher price.

My data support this Sebei contention
to some extent, but the differences do
not meet tests of statistical significance.
Of the 49 Sebei marriage contracts ne-
gotiated from 1950 to 1960, 16 were ar-
ranged after an elopement. Seven of the
elopements involved Sasur grooms; the
average brideprice paid after the event
was some 340 shillings higher than
the brideprice paid by six other Sasur
grooms who negotiated their contracts
in advance. The nine Kapsirika men who
eloped with their bride also paid more
than the 33 who had negotiated in ad-
vance, although not as much more as the
Sasur men. In any event the higher cost
of elopement averaged 8 percent above
the cost of the more conventional mar-
riage procedure.

In the 1940’s and 1950’s there was a
method of settling the brideprice after
an elopement without recourse to con-



tract negotiations. The father and broth-
ers of the eloped girl simply raided the
groom’s cattle kraal and drove off what
they considered an appropriate number
of cattle in lieu of a formal brideprice
payment. There were five such raids be-
tween 1946 and 1957. All involved Kap-
sirika men; this was to be expected be-
cause Sasur men do not have kraals full
of cattle. It is instructive to examine the
outcome of the raids in detail.

Two of the raids took place in the
1940’s, when the average Kapsirika
brideprice was 1,595 shillings. In one
raid the number of cattle driven off was
10, or a nominal 1,000 shillings” worth;
subsequent bargaining raised the bride-
price to 1,476 shillings. In the other raid
13 cattle were driven off, and there were
no subsequent negotiations. By the time
of the raids in the 1950’s the average
brideprice had increased slightly. In
two of the raids 15 cattle were taken;
no negotiations followed. In a third raid
12 cattle were driven off; the father of
the bride subsequently asked for an
additional payment of 300 shillings, and
his request was honored. The five in-
cidents suggest that both parties to a
marriage keep in mind a model of what
is appropriate in the way of a brideprice
and are quite sensitive to fluctuations in
brideprice value.

Many aspects of raiding are advanta-
geous. One is that the groom ends up
paying a somewhat below-average bride-
price. This, I believe, reflects the realities
of the situation rather than any error in
calculation. The man who raids his son-
in-law’s kraal gets possession of his cat-
tle immediately rather than after what
may be a considerable delay. Since the
selection of the cattle is in his hands, he
may also end up with superior animals.
The son-in-law too may find being raid-
ed an advantage, although he has no real
choice in the matter. Many grooms chafe
at the numerous small demands normally
involved in contract negotiations; some
even say they would prefer to pay more
in cattle and less in other goods, as the
men who marry Kitosh women do, just
to rid themselves of the nuisance of mi-
nor obligations.

On economic grounds alone, leaving
aside considerations of sentiment,
the brideprice of a Sebei divorcée should
be lower than the brideprice of a pre-
viously unmarried woman. The reason is
that the interest in progeny is the major
Sasur motivation for marriage. My data
support this notion. Four Kapsirika men
and two Sasur men were among those
who married divorcées between 1953
and 1961. None of the women was her
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PLURAL WIVES, which the Sebei believe to be more costly than first wives, did not com-
mand consistently high brideprices. Contracts for 24 second wives averaged lower than the
contracts for 41 first wives. Third or subsequent wives, however, commanded a higher aver-
age brideprice than either first or second wives, although individual prices varied widely.

second husband’s first wife. The two who
married the Sasur men were local wom-
en; both became second wives. One, who
was married in 1957, had been married
several times before. Her father request-
ed only a token payment of 226 shillings
($32), the lowest payment in the entire
sample. Two of the divorcées who mar-
ried Kapsirika men were also second
wives; the other two became third and
fourth wives respectively. Only one of
the four was a local woman; two were
Kenyan kinfolk and the fourth was a
Kitosh.

Omitting the multiple divorcée, the
average brideprice for the other five
wives was 1,131 shillings, compared
with the average Sebei brideprice of
1,568 shillings during 1951-1960. I en-
countered only one divorcée marriage
contract with a brideprice that met or
exceeded the average brideprice for a
first wife, and the example was scarcely
normal. A Kapsirika man had been in
the process of negotiating a contract with
the father of a girl from the Bukwa dis-
trict, a pastoral area, when the girl
eloped with another man. She later broke
off the liaison and married the Kapsirika
suitor; he paid her father a brideprice of
2,064 shillings. Because of her earlier
elopement, the man she married con-
sidered her a divorcée. The price that
her father was able to ask and that her
suitor paid suggests, however, that her
status as a divorcée was only nomi-
nal. On balance, then, it appears that
the brideprice for divorcées is reduced
among the Sebei just as economic theory
would predict.
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Although the incidence of polygyny
raises the general level of the brideprice,
it does not necessarily follow that the
payment for a second wife is higher than
the payment for others. Indeed, there is
no economic theory that might explain
the differential price for the second,
third and additional wives as against
first wives except the law of diminish-
ing returns—and this quite clearly is not
the Sebei attitude. Sebei men say that
the price paid for second and subse-
quent wives is higher than the price
paid for first wives. Although the data do
notbear out this contention, they do sug-
gest some interesting relations between
brideprice and wife order. Of the 79
Sebei marriages contracted between
1910 and 1960, 41 were between a
groom and his first wife. Of the total 23
grooms were Kapsirika men and 18 were
Sasur men. The average first-wife bride-
price was 1,366 shillings. Two dozen
marriages, 10 Sasur and 14 Kapsirika,
were with second wives; 14 more mar-
riages, all but one involving Kapsirika
husbands, were with third or subsequent
wives. The average second-wife bride-
price was 1,177 shillings; the average for
a third or subsequent wife was 1,522
shillings. It is evident that men paid less
for second wives than for first wives. The
ranks of the second wives, however, in-
clude four divorcées. What is the av-
erage second-wife brideprice after the
less expensive divorcées are eliminated?
It rises from 1,177 shillings to 1,249, but
the higher price is still more than a whole
cow’s value less than the price of a first
bride. The Sebei contention that all plu-
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ral wives are high-priced is obviously
mistaken. The pattern is rather that the
price of the second wife is low and the
price of the third wife is high.

The misconception is explainable if
we remember that it is not the husband
but the husband’s father who pays the
brideprice for a first marriage, whereas
it is usually the husband alone who
meets the cost of subsequent unions.
Now, there is a good deal of social pres-
sure on a Sebei man to take a second
wife. A Sebei husband therefore tends
to enter a second marriage when he still
can scarcely afford it. Under these cir-
cumstances it is only natural that he
looks for the lowest contract he can find;
at least one Sebei man candidly admitted
to me that the motives of economy lay
behind his marriage to a low-priced sec-
ond wife.

Social pressure is not so great when it
comes to taking subsequent wives. Such
unions usually do not occur until the hus-
band is older and has acquired more
wealth. Since he can afford a higher
brideprice, the father is in a better posi-
tion to demand more than he could get
from a younger man. He may also be
taking advantage of his daughter’s re-
luctance to enter into such a marriage.
In general—not universally—Sebei wom-
en prefer young suitors. A few polygy-
nous suitors are more anxious simply to
possess a third or fourth wife than to

marry any particular woman, and such
men will seek out low-cost contracts. As
a result such plural marriages, although
they are on the average more costly than
first marriages, show a wide range of
individual brideprices. Among the 14
marriage contracts for a third or subse-
quent wife that are included in my data
are three of the four highest brideprices
and two of the lowest paid by Sebei
grooms during the entire 50-year period.

’Fo test the thesis that third and fourth

marriages are to a large extent pre-
rogatives of the wealthy I analyzed the
economic position of 27 Kapsirika men
who had entered into marriage contracts
between 1950 and 1960. The questions I
asked were whether the value of the
man’s cattle was above or below the
mean for Kapsirika men in general, and
whether the size of his cash income was
above or below the Kapsirika mean.
Eleven of the marriage contracts were
for first marriages; 10 of the men’s cattle
holdings and nine of the men’s cash in-
comes were below the mean. That is of
course no impediment to a union; the
obligations of men contracting a first
marriage are met by their fathers. Seven
of the contracts were for second mar-
riages; all seven men were close to the
mean in both livestock holdings and cash
income. Of the six contractors of third
marriages only two were below the mean

NUMBER OF MARRIAGES

1 2 3 4 5 6 7

8 9 10 11 12 13 15 17

NUMBER OF CATTLE

COMPARISON of numbers of cattle stipulated in Kapsirika (gray) and Sasur (color) mar-
riage contracts demonstrates that the herders barter livestock more freely than the farmers.
The number of cattle granted was most often six. The greatest number in any Sasur bride-

price was one contract for eight; 22 Kapsirika contracts include that many cattle or more.
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in cash income and only one was below
the mean in cattle, whereas all three con-
tractors of fourth marriages were above
the mean in both economic categories.
Evidently, regardless of the brideprice
paid, third and fourth marriages largely
involve only well-to-do Sebei men.

An aspect of negotiated agreements
among the Sebei that is different from
contractual obligations in Western so-
ciety is that none of the contracts in-
corporates a time clause. Yet the Sebei
are quite aware of the cost of delay; they
regularly trade a bullock for a heifer that
is to be delivered at some future but in-
determinate date, recognizing that the
heifer is much more valuable than the
bullock. This failure to include a time
clause is as true of contracts concerning
a brideprice as it is of other exchanges,
and Sebei discussions suggest that one
question in the mind of every prospec-
tive bride’s father during negotiations is
whether or not his son-in-law will meet
his contract obligation with reasonable
promptness. This concern is not with-
out foundation. I found that only four
among 39 Sebei whose marriages were
contracted after 1950 had discharged
their contract obligations in full by 1961.
The average unpaid balance was 24 per-
cent of the total value. The Sasur farmers
were worse offenders than the Kapsirika
herders in this respect; the average un-
paid balance of seven Sasur contracts
made after 1950 amounted to more than
34 percent of the brideprice, whereas
the average of unpaid Kapsirika balances
over the entire decade was only 18 per-
cent. If I had added to the 1951-1960
Kapsirika marriages the three whose
brideprice had been collected on the
spot by raiding the groom’s cattle kraal,
the average unpaid balance among the
pastoralists would have dropped to 11
percent.

he Sebei brideprice shows wide vari-

ations over a 50-year period that are
evidently responses to situational factors
of an essentially economic kind. For ex-
ample, the long-term rise in brideprice is
related to a gradual increase of prosper-
ity among the Sebei following the dark
days at the turn of the century. When
the growth reached a plateau during the
1950, the rise in brideprice tended to
level oft.

Another example of the influence of
situational factors is the finding that
brideprice in areas rich in cattle is con-
sistently higher than in cattle-poor areas.
The differential is true not only when the
bride’s area is cattle-rich but also when
the groom’s area is. Cattle-poor grooms
who marry within their own area pay the



least brideprice. Grooms from a pastoral
area who marry within the area or who
take their brides from other herders pay
the highest brideprice. Finally, men from
a pastoral community who take their
brides from a farming area pay an in-
termediate price. When one also takes
into account the effect of deferred pay-
ment of the brideprice, a practice that
is most prevalent in agricultural areas,
the differential between the brideprice
in cattle-rich communities and that in
cattle-poor ones is further increased.

An earlier liaison between the bride
and the groom creates a situation that
reduces the husband’s bargaining power.
As a result an after-the-fact brideprice is
higher than one negotiated in advance
because the bride’s father is able to take
advantage of his position to increase his
demands. In contrast to this state of af-
fairs, a divorced woman commands only
a reduced brideprice. That is not merely
because personal items and goods for
consumption are largely eliminated from
a divorcée’s marriage contract nor is it
only because divorced women are never
taken as first wives. Rather it is at least
in part because childbearing is a para-
mount consideration in Sebei marriage,
and a divorced woman, part of whose
period of fertility has been expended
during a prior marriage, is of reduced
value to her second spouse.

The fact that polygynous men pay less
for second wives than for first ones but
usually pay a premium for third and sub-
sequent wives also reflects economic cir-
cumstances. The price of a first wife is
met by the husband’s father, but the hus-
band himself pays for subsequent wives.
Men take second wives when their eco-
nomic status is no more than average;
third and subsequent wives are general-
ly taken only by older and more affluent
men.

In all these ways, then, economic con-
siderations are important to the decision-
making processes whereby Sebei men
seek a wife or accept a husband for their
daughter. This is a significant finding on
more than one count. It demonstrates
something about Sebei attitudes toward
marriage and toward interpersonal rela-
tions in general. Furthermore, it indi-
cates that when the corpus of transac-
tions among this tribal people is sub-
jected to economic analysis, it can yield
meaningful results. The analysis not only
identifies a number of the elements that
enter into Sebei decision making but also
demonstrates that most of their percep-
tions about the actions they take are
realistic.

Under no circumstances should the
fact that Sebei brideprice contracts are
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RANGE OF BRIDEPRICES in Kapsirika (gray) and Sasur (color) marriage contracts
indicates that a value between 1,300 and 1,400 shillings was the most common. More than
half of the Kapsirika contracts were above this level and more than half of the Sasur con-
tracts were below. Some Sasur brideprices nonetheless were high ; six topped 1,800 shillings.

susceptible to economic analysis lead us
to conclude that marriage among the
Sebei is purely and simply economic.
Social factors also enter into the deter-
mination of brideprice; these are dif-
ficult if not impossible to quantify, but
they are nonetheless real. I still hear the
echo of the Sebei man who said to me
about a particularly costly contract: “It
was a very high price, but I wanted her
very much.” As the data indicate, the
Sebei brideprice may vary much more
within a single year than economic con-
siderations alone can possibly account
for. I have seen Sebei men fret and
worry about “what I will be charged”
(to use their idiom) in a contract nego-
tiation. I have also seen a bride’s father
withdraw one of the tallies set out by his
negotiator, thereby refusing to ask as
high a brideprice as he might. No one
who has seen these things can doubt that
many social sentiments enter into Sebei
marriage negotiations.

Al even more compelling reason why

the Sebei marital pattern should not
be considered exclusively economic is
that the pattern operates within a frame-
work of definitions that are clearly cul-
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tural in nature. An example is the Sebei
sentiment that the transfer of at least one
cow to the bride’s family is required to
legitimize a marriage. The transfer rep-
resents the formal claim on the part of
the husband’s clan to possession of the
progeny arising from the marriage. To be
sure, a transfer of cattle is an act with a
quantifiable economic outcome. Yet at
the same time it is an act firmly founded
on legal expectation and social definition.
Similar social definitions appear again
and again throughout Sebei marriage ac-
tivities. Not the least of these is the mu-
tual respect that the son-in-law and the
father-in-law are bound to show toward
each other and that each exhibits in a
number of ways. In summary, the fact
that Sebei brideprice is susceptible to
economic analysis tells much about the
Sebei but does not tell the whole story.
To believe it does is to underestimate the
complexity of human motivation. With
this caveat in mind it is nonetheless fair
to say that, however much sentiments or
emotions may enter into a Sebei man’s
desire to marry, he must at the same time
face the economic realities of Sebei so-
ciety and make his choice of marriages
within an economic context.
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Plate Tectonics and Mineral Resources

The concepts of continental drift and sea-floor spreading provide

clues to the location of economically important minerals such as

oil and metals. These clues have already led to promising deposits

scientific revolution is in progress
A that over the past five years has
already changed our understand-
ing of the earth as profoundly as the Co-
pernican revolution changed medieval
man’s understanding of the solar system.
The Copernican revolution entailed a
fundamental change in man’s world
view from an earth-centered planetary
system to a sun-centered one and led to
the development of modern astronomy
and the exploration of space. The cur-
rent scientific revolution entails a funda-
mental change in man’s world view from
a static earth to a dynamic one and pres-
ages comparable benefits. Some of the
benefits may even be economic. The im-
plications of the new global tectonics for
mineral resources, particularly the min-
eral resources of the ocean floor, are only
now beginning to emerge.

At present the only undersea mineral
resources that certainly have economic
value are the vast oil and gas reserves
found under many continental shelves
and continental slopes, gravel, sand,
shells and placer deposits on the conti-
nental shelves, various other minerals
buried under the continental shelves in
specific relation to adjacent continental
deposits, and fields of manganese nod-
ules that blanket large areas of the deep-
sea floor. Even this limited knowledge is
remarkable in the light of the difficulty
that was encountered in obtaining it.
Consider how much we would know
about the mineral deposits of the con-
tinents if our sampling procedure were
limited to flying in a balloon at an alti-
tude of up to six miles and suspending
a bucket at the end of a cable to scrape
up loose rocks from the surface of the
land. What are the chances that we
would find the major known ore bodies,
which generally underlie areas of less
than a square mile?
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Yet this farfetched analogy accurately
describes man’s present capacity for
sampling the sediments and rocks of the
ocean bottom, utilizing a variety of cor-
ing, drilling and dredging devices low-
ered from ships through the water col-
umn over an area twice as large as that
of the continents. Averaged over the
world’s oceans, the distribution of ocean-
floor rocks that have been sampled to
date is only about three dredge hauls per
million square kilometers!

In recent years every major discovery

of a hidden mineral resource has been
anticipated by a theoretical vision. For
example, once field geologists realized
that there was a definite association be-
tween the type of sedimentary structure
termed an anticline and accumulations
of oil, they knew where to drill and the
rate of discovery of oil deposits acceler-
ated accordingly. In the same way the
right conceptual framework can be used
to extend man’s limited direct knowledge
of resources of the ocean basin toward a
realistic appraisal of their potential. The
test of the value of such a conceptual
framework is how well it explains what
one sees and predicts what one does not
see.

The old conceptual framework of a
static earth held that the continents and
ocean basins were permanent features
that had existed in their present form
since early in the 4.5-billion-year history

of the earth. Only the most accessible
continental mineral deposits were dis-
covered, largely by trial and error, with
little understanding of why or where
they existed. The recent change to a con-
ceptual framework based on a dynamic-
earth model, in which continents are
constantly moving and ocean basins are
opening and closing, is leading toward
a better understanding of the global dis-
tribution of mineral deposits in both
space and time.

The basis of the new conceptual
framework is the theory of plate tecton-
ics, the essentials of which have already
been reported in SCIENTIFIC AMERICAN
[see “Plate Tectonics,” by John F. Dew-
ey; May, 1972]. “Tectonics” is a geologi-
cal term pertaining to earth movements.
The movements in question involve the
lithosphere, the rigid outer shell of the
earth, which is of the order of 60 miles
thick. The lithosphere, which behaves as
if it were floating on an underlying plas-
tic layer, the asthenosphere, is segment-
ed into about six primary slabs, or plates,
each of which may encompass a conti-
nent and part of an adjacent ocean basin
[see top illustration on page 89].

The boundaries of the lithospheric
plates are delineated by narrow earth-
quake zones where the plates are mov-
ing with respect to each other. Three
types of boundary are recognized. One
type, called a convergent plate bound-
ary, is where two adjacent plates move

TROODOS MASSIF on the island of Cyprus, the site of economically important mineral
deposits that originated at a divergent tectonic-plate boundary, stands out clearly as the
dark-colored mountainous region in the middle of the satellite photograph on the opposite
page. The photograph was made recently from an altitude of nearly 600 miles by a multi-
spectral camera system on board the first Earth Resources Technology Satellite (ERTS 1).
Region is believed to be a slice of oceanic lithosphere that was formed by the process of sea-
floor spreading from a submerged mid-oceanic ridge and was subsequently thrust upward.
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SMALL VEIN OF PURE COPPER was discovered in a core sample of sedimentary rock
obtained by the Deep Sea Drilling Project some 350 miles southeast of New York City. The
copper vein, the horizontal reddish structure in this longitudinal section of a piece of the
original core, is about half an inch long. It was found in sediment about 65 feet above the
volcanic basement rocks under the lower continental rise at a water depth of 17,000 feet.

METAL-RICH CORE, collected from the Atlantis II Deep, one of the hot-brine pools lo-
cated along the axial valley of the Red Sea at a depth of about 6,600 feet below sea level,
represents the most concentrated submarine metallic sulfide deposits known. The muddy
sediments containing the sulfide minerals fill the Red Sea basins to a thickness estimated at
between 65 and 330 feet. The deposits are saturated with (and overlain by) salty brines con-
sidered to be the hydrothermal solutions from which the sulfide minerals were precipitated.
The photograph was made by David A. Ross of the Woods Hole Oceanographic Institution.
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together and collide or where one plate
plunges downward under the other plate
and is absorbed into the interior of the
earth.

The second type of boundary, called
a divergent plate boundary, is where
two adjacent plates move apart because
new lithosphere is added to each plate
by the process of sea-floor spreading.
The new lithosphere, which moves more
or less symmetrically to each side of the
divergent plate boundary, acts like a
conveyor belt, carrying the continents
apart in the motion that has become
known as continental drift. The dual
existence of convergent boundaries
where lithosphere is destroyed and di-
vergent boundaries where lithosphere is
created implies that the diameter of the
earth is not changing radically.

The third type of tectonic-plate
boundary is the parallel plate boundary,
where two adjacent plates move edge to
edge along their common interface.

'I,'[ydrothermal mineral deposits, that

* is, mineral deposits formed by pre-
cipitation from solutions, constitute a
major part of our useful metallic ores on
the continents. Economically the most
important types of hydrothermal deposit
are the sulfides, in which various metals
combine with sulfur to precipitate from
the hydrothermal solution. About a year
ago Frederick Sawkins, a geologist at the
University of Minnesota, pointed out
that most of the sulfide deposits of the
world are located along present or for-
mer convergent plate boundaries where
an oceanic lithospheric plate plunges
under the margin of a continent (includ-
ing the continental shelf) or under a
chain of volcanic islands. The proces-
ses that concentrate the sulfide depos-
its along convergent plate boundaries,
which are at present only partly under-
stood, involve mineralizing solutions that
emanate from the plunging lithospheric
plate, which melts as it is absorbed into
the interior of the earth.

Metallic sulfide deposits along con-
vergent plate boundaries include the
Kuroko deposits of Japan, the sulfide ore
bodies of the Philippines and the de-
posits extending along the mountain
belts of western North America and
South America (the Coast Ranges, the
Rockies and the Andes) and from the
eastern Mediterranean region to Paki-
stan. Gold-bearing deposits are not sul-
fides but often accompany sulfide min-
erals. The majority of gold deposits in
Alaska, Canada, the southeastern U.S.,
California, Venezuela, Brazil, West Af-
rica, Rhodesia, southern India and
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southeastern and western Australia oc-
cur in rocks that can be associated with
former convergent plate boundaries.

Divergent plate boundaries are
formed by the spreading of lithospheric
plates in the central portions of ocean
basins. The Red Sea and the island of
Cyprus in the Mediterranean Sea pro-
vide important clues to the potential of
metallic sulfide deposits at divergent
plate boundaries.

The Red Sea, the product of a diver-
gent plate boundary developing be-
tween the African plate and the Eura-
sian plate, provides an accessible natural
laboratory for the study of mineral proc-
esses associated with divergent plate
boundaries. About five years ago the
richest submarine metallic sulfide de-
posits known were found in three rather
small basins along the center of the Red
Sea at a depth of about 6,600 feet below
sea level. The sulfide minerals are dis-
seminated in sediments that fill the ba-
sins to a thickness estimated at between
65 and 330 feet. The top 30 feet or so
of sediment, which has been explored
by coring the largest of the basins, has
a total dry weight of about 80 million
tons, with average metal contents of 29
percent iron, 3.4 percent zinc, 1.3 per-

TROODOS

cent copper, .1 percent lead, .005 per-
cent silver and .00005 percent gold. The
deposits are saturated with (and over-
lain by) salty brines carrying the same
metals in solution as those present in the
sulfide deposits. The salty brines are
considered to be the hydrothermal solu-
tions from which the sulfide minerals are
precipitated. It remains controversial
whether the brines are being charged
with minerals from volcanic sources un-
der the Red Sea or from sediments with
high copper, vanadium and zinc con-
tents adjacent to the basins where the
metallic sulfide deposits are found [see
“The Red Sea Hot Brines,” by Egon T.
Degens and David A. Ross; SCIENTIFIC
AMERICAN, April, 1970].

"T"he Red Sea represents the earliest

- stage in the growth of an ocean ba-
sin: the stage where a divergent plate
boundary rifts a continent in two. The
most advanced growth stage of a diver-
gent plate boundary is the mid-oceanic-
ridge system, a 47,000-mile undersea
mountain chain that extends through all
the major ocean basins and girdles the
globe. The mid-oceanic-ridge system has
not been adequately sampled to deter-
mine whether or not concentrations of
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CLOSE CORRESPONDENCE between the layered sequence of rocks in the Troodos Massif
(left) and that of the oceanic lithosphere (right) is evident from this comparison. The geo-
logical structure of the Troodos Massif was determined directly from rock outcrops; the

structure of the oceanic lithosphere was determined indirectly by seismic-refraction tech-
niques. The sulfide ore bodies of the Troodos Massif are in the upper portion of layer made
up of extrusive volcanic rocks. Pillow shapes form when volcanic lava cools on the sea floor.
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metallic sulfides comparable to the Red
Sea deposits are present at sites along
its crest or in basins in its flanks. Mea-
surements of the distribution of heat
emanating from mid-oceanic ridges and
of the chemical alteration of ridge rocks
indicate that seawater forms a hydro-
thermal solution by penetrating fissures,
dissolving minerals from rocks underly-
ing the ridges and precipitating those
minerals in concentrated deposits.

A limited amount of sampling indi-
cates that hydrothermal processes are
actively concentrating metals from vol-
canic sources underlying mid-oceanic
ridges. Sediments on active mid-oceanic
ridges are generally enriched in iron,
manganese, copper, nickel, lead, chro-
mium, cobalt, uranium and mercury,
with trace amounts of vanadium, cad-
mium and bismuth. The concentrations
typical of sediments covering wide-
spread areas on mid-oceanic ridges are
not economic, but much higher concen-
trations exist locally.

Metallic sulfides are found in rocks
dredged from the Indian Ocean Ridge.
In addition small veins of pure copper
have been recovered by the Deep Sea
Drilling Project at several sites. At the
crest of the Ninety East Ridge near the
Equator in the Indian Ocean, for exam-
ple, veins of copper are found in vol-
canic rocks overlain by 1,440 feet of
sediment at a water depth of 7,380 feet.
Some 350 miles southeast of New York
City a small vein of pure copper and
clusters of copper crystals have been
discovered in sediment about 65 feet
above the volcanic basement rocks un-
der the lower continental rise at a water
depth of 17,000 feet [see top illustration
on page 88].

A specimen of manganese 1.7 inches
thick recently dredged from a water
depth of about 12,000 feet in the median
valley of the Mid-Atlantic Ridge by the
Trans-Atlantic Geotraverse of the Na-
tional Oceanic and Atmospheric Ad-
ministration has particular significance.
The composition, form and thickness of
this manganese sample, which accumu-
lated at a rate about 100 times faster
than the manganese in nodules, indicates
a hydrothermal origin and demonstrates
that hydrothermal mineral deposits are
actively accumulating at certain diver-
gent plate boundaries in ocean basins.
Because the sea floor is supposed to
originate by spreading from mid-oceanic
ridges, a mineral deposit on a mid-oce-
anic ridge would be expected to extend
in a linear zone from the ridge across the
ocean basin to the adjacent continental
margin if the depositional process is a



continuous one [see illustration on next

pagel.

At this point in man’s exploration of the
oceans it would seem to be too much
to expect that it would be possible to
make detailed observations on an eco-

nomically important metailic sulfide de-
posit that originated at a divergent plate
boundary on a submerged mid-oceanic
ridge. Yet such a deposit is known and
has been extensively studied. The Troo-
dos Massif on the island of Cyprus is
interpreted as being a slice of oceanic

lithosphere that was formed by the proc-
ess of sea-floor spreading from a mid-
oceanic ridge and was subsequently
thrust upward to its present position [see
illustration on page 87]. The composi-
tion and layered sequence of rocks that
constitute the Troodos Massif are the

ISLAND OF CYPRUS has been famous for its mineral wealth since
Phoenician times. The principal ore bodies are in the uppermost
volcanic layers of the Troodos Massif, the total extent of which

is indicated by the dark-colored area. The hatched area repre-
sents sediments, including alluvium. A geological map of a portion
of the Troodos igneous complex (small rectangle) is shown below.
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GEOLOGICAL MAP of aregion that lies along the northern fringe
of the Troodos Massif is based on studies that were undertaken by

the Geological Survey of Cyprus. The map shows outcrops of extru-
sive volcanic rock that incorporate bodies of metallic sulfide ore.
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same as those known to underlie the
seabed.

Cyprus has long been famous for its
mineral wealth. The mining of copper
(for which the island is named) was an
important industry in Roman and even
in Phoenician times. The brilliant green
stains of copper sulfides on ancient mine
tailings have attracted modern prospec-
tors. Between 1965 and 1970 the aver-
age annual exports amounted to about a
million tons each of iron pyrites, chro-
mite and gypsum, about 150,000 tons of

copper pyrites and 100,000 tons of cop-
per concentrates. The estimated value of
the mineral products exported from Cy-
prus in 1970 amounted to $30 million.
The principal ore bodies are in the
uppermost volcaniclayers of the Troodos
Massif. It has been uncertain whether
the Troodos sulfide-ore bodies originated
before the upthrust of the Troodos Mas-
sif or afterward. In the first instance the
ore bodies would be representative of
the seabed. In the second the ore bodies
would be attributed to special condi-

INCIPIENT MID-OCEANIC RIDGE

METALLIC
MINERAL ;
DEPOSIT —_/

HYDROTHERMAL MINERAL DEPOSIT (color) formed in a hot-brine pool on the axis
of a mid-oceanic ridge would be expected to extend in a linear zone from the ridge across
the ocean basin to the adjacent continental margins as the ocean basin progressively widens
(from top to bottom) as a consequence of sea-floor spreading from the mid-oceanic ridge.
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tions unrelated to the seabed. The sul-
fide deposits are clearly related to the
voleanic rocks in which they occur. Re-
cent studies reveal that iron-rich and
manganese-rich sediments interlayered
with the volcanic rocks and associated
with the ore bodies of the Troodos Mas-
sif are chemically identical with those
metal-enriched sediments found on ac-
tive mid-oceanic ridges, indicating that
both the sediments and the ore bodies
were formed on the sea floor by hydro-
thermal processes.

The Troodos ore bodies may provide
the first firm evidence on the nature of
metallic sulfide deposits in ocean basins.
The Skouriotissa ore body, for example,
is roughly elliptical in plan view, mea-
sures approximately 2,000 feet long by
600 feet wide and is lens-shaped in cross
section. Its estimated mass is six million
tons. The average composition of the ore
is 2.25 percent copper (ranging to great-
er than 5 percent), 48 percent sulfur and
43 percent iron.

The Mavrovouni ore body is also
roughly elliptical in plan view, measures
approximately 1,000 feet long by 600
feet wide and forms a lens that attains a
thickness of 800 feet in cross section. Its
estimated mass is greater than 15 million
tons. The average composition of the ore
is 4.2 percent copper, 48 percent sulfur,
43 percent iron, 4 percent zinc, .25
ounce per ton gold and .25 ounce per
ton silver.

Sediments underlying the Skouriotissa
ore body, presumably a disintegration
product of the pyrite in the ore body,
contain 2.12 ounces of gold per ton and
12.96 ounces of silver per ton. Exposed
patches of metallic oxides indicate the
presence of the ore bodies under the
mountainous surface of the Troodos
Massif. The Skouriotissa ore body is ex-
ploited by underground shafts and the
Mavrovouni ore body by strip-mining.

What kind of target for exploration
would a Troodos ore body make if it
were submerged under thousands of feet
of water on the crest or flank of a mid-
oceanic ridge? It is unlikely that any of
the present exploration methods would
be capable of detecting the ore body.
The resolution of present geophysical ex-
ploration methods will have to be im-
proved in order to detect such an ore
body under the sea. Both the exploration
methods and the engineering develop-
ment involved will be costly.

The prerequisites for the accumulation

of petroleum consist of a source of
organic matter to generate the petro-
leum, a natural reservoir to contain it



and a trap to concentrate its fluid and
gas constituents. Petroleum is hydro-
carbons derived from the remains of
plants and animals. As the progenitor of
the petroleum, the organic matter must
accumulate in an environment where it
is preserved. The preservation of organic
matter is favored by an environment that
is toxic to life (so that the organic matter
is not consumed as food) and deficient in
oxygen (so that the hydrocarbon is not
decomposed). How do conditions favor-
able to the accumulation of petroleum
relate to convergent and divergent plate
boundaries?

Convergent plate boundaries where
the oceanic portion of a lithospheric
plate plunges under the margin of a
continent are characterized by the pres-
ence of a deep-sea trench running along
their length. A system of deep-sea
trenches runs along the entire western
margin of North America and South
America where the Pacific lithosphere is
plunging under the continents. In addi-
tion to a deep-sea trench, chains of vol-
canic islands are present along some con-
vergent plate boundaries; they are lo-
cated between the trench and the con-
tinent. There are many such chains of
volcanic islands at the western margin of
the Pacific, including the Aleutians, the
Kuriles, Japan, the Ryukyus, the Philip-
pines and Indonesia. Other such chains
are the Marianas, the South Sandwich
Islands and the West Indies. The island
chains divide an ocean basin into smaller
basins partially enclosed between the is-
lands and the adjacent continent; such
basins include the Bering Sea, the Sea of
Okhotsk, the Sea of Japan, the Yellow
Sea, the East China Sea and the South
China Sea.

Both the marginal trenches and the
volcanic-island chains create a habitat
that is favorable for the accumulation
of petroleum in several respects. First,
the trenches and island chains act as
barriers that catch sediment and organic
matter from the continent and the ocean
basin. Second, the shape of the trenches
and the small ocean basins acts to re-
strict the circulation of the ocean, so that
oxygen is not replenished in the seawa-
ter and organic matter is preserved.
Third, the accumulation of sediments
and the geological structures that de-
velop as a result of the deformation of
the sediments by tectonic forces provide
reservoirs and traps for the accumulation
of petroleum. According to Hollis D.
Hedberg of Princeton University, “these
marginal semienclosed basins constitute
some of the most promising areas in the
world for petroleum accumulation.”

AT AN EARLY STAGE of continental drift the Atlantic was a sea with its circulation re-
stricted by the surrounding continents. As in the present Red Sea, conditions in the At-
lantic Sea favored the preservation of organic matter and the deposition of rock salt, lead-
ing to the formation of petroleum accumulations under the present continental margins.

The development of divergent plate
boundaries may also create a habitat fa-
vorable for the accumulation of oil, a
finding that would open immense possi-
bilities for petroleum resources in the
deep ocean basin. When a divergent
plate boundary develops under a conti-
nent, the continent is rifted in two and
the continental fragments are carried
apart on a conveyor belt of new litho-
sphere generated at the divergent plate
boundary. As the two continental frag-
ments move apart, a sea forms between
them. The surrounding continents act
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as barriers to restrict the circulation of
the sea. As a result organic matter is pre-
served and, if the evaporation of the sea-
water exceeds its replenishment, layers
of rock salt are deposited along with the
organic matter. As the continental frag-
ments continue to move apart and to
subside along with the adjacent sea floor,
the restricted sea becomes an open
ocean. The layers of organic matter and
salt are buried under sediments. The
organic matter subsequently develops
into petroleum (by processes that are
only partly understood) and the salt
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forms into dome-shaped masses that act
to trap the petroleum.

The Red Sea is an example of a re-
stricted sea formed at an early stage of
development of the divergent plate
boundary along which Arabia is rifting
from Africa. Layers of rock salt up to
17,000 feet thick and organic muds have
been found under it. Along both the
eastern and western margins of the
North Atlantic and the South Atlantic
apparent salt domes have been discov-
ered extending seaward from continental
shelves to continental rises in water
depths of up to 16,500 feet. The occur-
rence of these salt domes in the deep
Atlantic indicates that at an early stage
of continental drift the Atlantic was a
sea with its circulation restricted by the
surrounding continents in their positions
at that time [see illustration on preced-
ing pagel.

Like the present Red Sea, conditions
in the Atlantic Sea favored the preser-
vation of organic matter and the deposi-
tion of rock salt. As the Atlantic widened
in response to the symmetric creation of
new lithosphere by sea-floor spreading
from the Mid-Atlantic Ridge, the At-
lantic Sea became an ocean and the or-
ganic matter and salt were buried under
sediments, forming the present margins
of the Atlantic Ocean. It is reasonable
to expect that petroleum accumulations
will extend seaward under the conti-

nental shelf, the continental slope and
the continental rise to water depths of
about 18,000 feet along large portions
of both the eastern and western margins
of the North Atlantic and South Atlantic.
Petroleum may likewise be found in
other ocean basins that have grown
through the stage of a restricted sea by
sea-floor spreading.

In short, the patterns of mineral dis-

tribution that are emerging from the
conceptual framework provided by the
new global tectonics will clearly help
to guide man’s search for new mineral
deposits. Hydrothermal processes have
concentrated the majority of known
metallic sulfide ore bodies along con-
vergent lithospheric plate boundaries
originally at continental margins. Hydro-
thermal processes are also active at di-
vergent plate boundaries from initial
stages (represented by the metallic sul-
fide deposits accumulating in the Red
Sea) to advanced stages (represented by
the metal concentration in sediments on
mid-oceanic ridges and by possible
metallic sulfide deposits of the Troodos
Massif type). The Troodos Massif metal-
lic sulfide ore bodies provide an actual
example of the type of deposits that can
be expected in sea-floor rock generated
by mid-oceanic ridges. The confirma-
tion and economic evaluation of metal-
lic sulfide deposits of the Troodos Massif

PACIFIC PLATE
PACIFIC OCEAN

METALLIC MINERALS

type in ocean basins await technological
advances in marine exploration methods.

With regard to petroleum, convergent
plate boundaries create conditions that
form accumulations in small ocean ba-
sins and deep-sea trenches marginal to
continents. Divergent plate boundaries,
on the other hand, create conditions that
favor the development of oil accumula-
tions extending from the continental
shelf into the deep ocean basin under
the continental rise.

The global patterns of mineral distri-
bution that are emerging from such
models can be expected to accelerate
the discovery of resources not only on
the seabed but also on the continents.
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ROLE OF PLATE BOUNDARIES in the accumulation of mineral
deposits is exemplified in this sequence of cross-sectional views of
the development of the South Atlantic Ocean. The position of
Africa is assumed to be stationary throughout the sequence of cross
sections. In stage 1 a single ancestral continent, called Pangaea, is
rifted into two continents (South America and Africa) about a di-
vergent plate boundsry. In stage 2 the oceanic crust created by the
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process of sea-floor spreading from the divergent plate boundary
(a precursor of the Mid-Atlantic Ridge) rafts South America west-
ward and is compensated for by the consumption of oceanic crust at
a trench (a convergent plate boundary) that develops to the west of
South America. Thick layers of rock salt, organic matter and me-
tallic minerals accumulate in the Atlantic Sea during this early
stage of continental drift. In stage 3 continued sea-floor spreading
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from the Mid-Atlantic Ridge widens the Atlantic into an ocean,
rafts South America westward over the trench, reversing the incli-
nation of the trench and producing the Andes mountain chain as a
consequence of the deformation that develops at the convergent
plate boundary along the western margin of South America. Metal-
lic minerals that are melted from the Pacific plate as it plunges un-
der South America ascend through the overlying crustal layers and

AFRICA

are deposited in them to form the metal-bearing provinces of the
Andes. Meanwhile in the Atlantic Ocean metallic minerals con-
tinue to accumulate about the Mid-Atlantic Ridge. Salt originat-
ing in the thick layers of rock salt that have been buried under the
sediments of the continental margins rises in large, dome-shaped
masses that act to trap the oil and gas that are generated from
the organic matter that was preserved in the former Atlantic Sea.
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BRAIN MECHANISMS IN MOVEMENT

The highest brain functions are generally thought to be mediated

in the cerebral cortex. In the control of the muscles, however,

the highest function may be served by centers deeper in the brain

he traditional view of the brain is
I that the highest level in its hierar-
chical organization is in the cor-
tex, or outer part, of the cerebrum. It
turns out that this is not true for the
brain’s motor functions: the control
and integration of muscular movements.
Brain research has gradually revealed
that the motor area of the cerebral cor-
tex is actually at a rather low level of the
motor control system, not far removed
from the muscular apparatus itself.
Structures lying deep below the cortex
are at a higher functional level of the
system, as judged by their position in the
neural chain of command that initiates
and controls movement. The implication
of these findings is that the primary func-
tion of the cerebral motor cortex may
not be volition but rather the refined
control of motor activity.

The current era of research on how
the cerebral cortex controls movement
began some 100 years ago with the
studies of the British neurologist John
Hughlings Jackson. Reasoning from the
abnormal movements present in epilepsy
and from the normal movements absent
in apoplexy or stroke, he proposed that
the brain was a sensory-motor machine
divided into different centers for the co-
ordination of sensation and movement.
From the symptoms of stroke patients
and the anatomical site of the blood clot
or burst vessels that caused the symp-
toms he concluded that the part of the
cerebral cortex most directly concerned
with movement lay in the territory sup-
plied by the middle cerebral artery. Ex-
perimental evidence for Jackson’s theory
was provided by Gustav Theodor Fritsch
and Eduard Hitzig of Germany, who in
1870 reported that the electrical stimu-
lation of a region in one cerebral hemi-
sphere of a dog caused the contraction
of muscles on the opposite side of the
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dog’s body. In 1874 Roberts Bartholow,
an American physician, demonstrated
that electrical stimulation of the cortical
area proposed by Jackson as the site of
motor control produced muscular con-
traction. That area is now called the mo-
tor cortex.

Jackson also devoted much study to
focal epilepsy, a condition where con-
vulsive movements are restricted to one
part of the body, for example the thumb.
He proposed that the localized move-
ments result from excessive nerve dis-
charges in localized areas of the cortex
and that these discharges in turn give
rise to localized muscular contractions
without the volitional participation of
the patient. Such localized epileptic at-
tacks are now called Jacksonian epilepsy.

"l’he discovery that muscular contrac-

tion could be produced by the electri-
cal stimulation of a small region of the
cerebral cortex came as a great surprise
to the neurologists of that time. Before
the work of Jackson, Fritsch and Hitzig
it was generally believed that the highly
convoluted cerebral cortex of man was
involved in the generation of thoughts
rather than of movements. The cerebral
cortex was viewed as being man’s high-
est organ of thought, and it was assumed
that subcortical, or lower, centers were
responsible for muscular contractions.
Indeed, the intellectual climate of the
day made it necessary for Fritsch and
Hitzig to state that “contrary to the opin-
ions of Flourens and most investigators
who followed him, the soul in no case
represents a sort of total function of the
whole of the cerebrum, the expression of
which might be destroyed by mechani-
cal means in toto, but not in its individ-
ual parts. Individual psychological func-
tions...depend for their entrance into
matter, or for their formation from it,
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upon circumscribed centers of the cere-
bral cortex.”

Between 1900 and 1920 Charles S.
Sherrington, the foremost neurophysiol-
ogist of the time, applied the technique
of electrical stimulation to study how
the cerebrum controlled movement. Al-
though he made important discoveries
with this procedure, he recognized its
limitations: the movements produced by
the electrical stimulation of the brain
are nonvolitional, resembling the move-
ments of epilepsy more than the move-
ments of normal motor activity. Sher-
rington saw the need for new tech-
niques, and he wrote that experiments
leading to an understanding of the nor-
mal functioning of the cerebral motor
centers would require “combining the
methods of comparative psychology with
the methods of experimental physiolo-
gy ... to furnish new data of importance
toward the knowledge of movement as
an outcome of the working of the brain.”

The psychophysiological approach ad-
vocated by Sherrington was not feasible
for nearly 50 years because of technical
problems. As a result knowledge of the
cerebral motor processes greatly lagged
behind that of the cerebral sensory proc-
esses. One difficulty in studying volition-
al movement arose from the necessity of
having the active participation of the ex-
perimental subject; that precluded the
use of an anesthetized animal. Research
on sensory processes moved ahead rapid-
ly because sensory functions could be
tested in such an animal. For example,
the physiology of visual receptors could
be studied in anesthetized animals but
the physiology of eye movements could
not, since such studies required animals
capable of perception, attention and co-
ordinated motor function.

Part of the problem was solved in the
1920’s when physiological psychologists
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RECORDINGS OF THE ACTIVITY of single nerve cells in the
brain are obtained while a monkey performs a learned task in this
specially designed “primate chair” in the author’s laboratory at the
National Institute of Mental Health. The monkey’s head is painless-
ly immobilized so that the microelectrode in the brain does not
change position during the experiment. The monkey has been

JUICE SUPPLY

SIGNAL BOX

trained to move the vertical rod by flexing its wrist when a light in
the signal box comes on. If it makes the required movement within
a specified time, it receives a reward of fruit juice through the tube
in its mouth. Signals from the microelectrode implanted in the
brain, along with data from the signal box and transducers con-
nected to the vertical rod, are fed into a computer for analysis.
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MICROELECTRODE ASSEMBLY consists of a fine platinum-iridium wire attached to a
hydraulically actuated piston. A stainless-steel cylinder permanently attached to the mon-
key’s skull provides access to the brain. The bolts on the sides of the skull are also perma-
nently implanted. They are attached to clamps during the experiment to prevent head
movement. After the electrode assembly is bolted to the cylinder the electrode is lowered by
pumping oil into the inlet on the right and raised by pumping oil into the inlet on the left.

FRONTAL
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CENTRAL SULCUS

SYLVIAN FISSURE

OCCIPITAL
CORTEX
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BRAIN STEM

CEREBRAL CORTEX of a monkey’s brain is depicted with the motor cortex, which con-
trols muscular movement, in color. Electrical stimulation of the points indicated on the
motor cortex causes involuntary contraction of the corresponding group of muscles on the
opposite side of the body. Damage to an area of the motor cortex usually results in paraly-
sis of the muscles controlled by that area. The frontal eye field is involved in eye movements.
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developed techniques for conditioning
animals to execute certain movements
that could be systematically modified
and that could be readily observed and
recorded in the laboratory. The greatest
stumbling block was finding a way to re-
cord the electrical activity of individual
nerve cells in the brain of unanesthetized
animals. Cerebral nerve cells are ex-
tremely small, and in order to record
their electrical discharges a microelec-
trode must be placed within about 50
microns of the membrane of the nerve
cell. In addition the microelectrode has
to remain in position even when the ani-
mal moves. Some 15 years ago Herbert
H. Jasper of the Montreal Neurological
Institute worked out techniques for re-
cording the activity of individual nerve
cells in animals executing learned move-
ments. His contribution consisted in
miniaturizing the system for positioning
the microelectrode in the brain. The en-
tire apparatus he developed can be at-
tached to the animal’s skull, so that head
movements do not displace the record-
ing electrode [see top illustration at left].

The cerebral motor cortex was long
the focal point for research on how the
brain controls muscular movements, but
today neurophysiological studies are
concerned with the cerebellum and the
basal ganglia as well [see illustrations on
opposite page]. The objective of current
research is to elucidate how these three
interconnected parts of the brain—the
motor cortex, the cerebellum and the
basal ganglia—act together to control
movement.

It is known that damage to the motor
cortex causes paralysis but that damage
to the basal ganglia or to the cerebellum
produces abnormality rather than aboli-
tion of movement. For example, symp-
toms of Parkinson’s disease, a neurologi-
cal disorder resulting from damage to
the basal ganglia, include active features
such as tremor and muscular rigidity and
negative features such as slowness in the
initiation of movement and loss of the
usual facial expression of emotions. The
severity of the motor disorder depends
not so much on what muscles are used as
on how the muscles are used. A high-
velocity movement can sometimes be
carried out almost normally by a Parkin-
sonian patient who in the next moment
may have great difficulty initiating a
slow movement with the same muscles.

Damage to the cerebellum produces
an abnormality of movement that is al-
most the opposite of the abnormality
caused by damage to the basal ganglia.
With a cerebellar disorder muscular
tremor is most severe during voluntary
movement and least marked when the



muscles are at rest. It seems clear that
the three motor control centers are func-
tionally interdependent. But in what
temporal order do they become active,
and what aspect of movement does each
control? These are questions that record-
ings of the activity of single nerve cells
in the brain during the movement of spe-
cific muscles can help to answer.

One of the first microelectrode studies

involved determining the time at
which nerve cells in the motor cortex of
monkeys discharged when the monkey
executed a simple hand movement. The
monkey was trained to depress a tele-
graph key and to watch for the ap-
pearance of a light, which came on at
unpredictable times. If the monkey re-
leased the telegraph key within 350 mil-
liseconds or less after the light came on,
it was rewarded with a few drops of
fruit juice. By simultaneously recording
both the brain-cell discharges and the
muscle discharges, it was found that cells
in the motor cortex became active prior
to muscular contraction. This, together
with the known anatomical connections,
indicates that cells in the motor cortex
are components in the circuit that initi-
ates the motor response.

Immediately adjacent to the motor
cortex is the sensory cortex, which re-
ceives inputs from nerve endings in the
skin and the joints. Recordings from
nerve cells in the sensory receiving area
showed activity after rather than before
the initial muscular contraction, indicat-
ing that although these cells may play a
part in guiding movement on the basis of
feedback, they are not in the circuit that
initiates the first muscular contraction.
The sensory cortex is not the only region
of the brain with strong inputs from pe-
ripheral receptors concerned with motor
control. The cerebellum, for example, re-
ceives powerful inputs from the vestibu-
lar apparatus, which senses the equilib-
rium of the body, and from muscle re-
ceptors. It was commonly believed that
the major role of the cerebellum was
regulation of movement in response to
feedback from the muscles after they
had begun their contraction. It therefore
came as a surprise when W. Thomas
Thach, Jr., of the Yale University School
of Medicine discovered that changes in
cerebellar activity occurred prior to
movement. Then Mahlon DeLong of the
National Institute of Mental Health ex-
tended the studies to the basal ganglia
and found that nerve cells in that region
also become active in advance of muscu-
lar contraction.

The discovery that all three motor re-
gions discharge prior to movement has

| MOTOR CORTEX

THALAMUS

BASAL GANGLIA

SPINAL CORD —

MUSCLE |

BASAL GANGLIA receive inputs from a wide area of the cerebral cortex and send signals
to the motor cortex by way of the thalamus. When the functioning of the basal ganglia
is impaired, faulty signals (broken colored lines) pass to the motor cortex and cause pos-
tural disturbances, muscular tremor at rest and difficulty in the initiation of movement.

MOTOR CORTEX

THALAMUS

CEREBELLUM ——

SPINAL CORD—

MUSCLE

CEREBELLUM receives inputs from a wide area of the cerebral cortex. Damage to the
cerebellum results in faulty signals to the motor cortex by way of the thalamus (broken col-
ored lines). This causes muscular tremor that is most severe during voluntary movement.
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led to a new notion of the functional rela-
tion of the three structures. The entire
cerebral cortex sends fibers to both the
basal ganglia and the cerebellum, and
these two structures in turn send massive
connections back to the motor cortex by
way of the thalamus. Thus the basal gan-
glia and the cerebellum receive informa-
tion from the somatosensory, visual and
auditory regions of the cerebral cortex,
transform this information and then send
a new pattern of signals to the motor
cortex. Whereas the traditional view
held that the cerebral motor cortex was
at the highest level of motor integration
and that the subcortical structures were
at a lower level, that is, closer to the
muscle, it now appears that the situation
is quite the reverse. The inputs going
into the cerebellum and into the basal
ganglia may be coded in a more abstract
and complex manner than the inputs
going into the motor cortex. In addition
the motor cortex is more directly con-
nected to spinal-cord motor neurons than
either the cerebellum or the basal gan-
glia.

Nthough all three major motor regions
of the brain become active prior to
movement, each region is involved in
quite different aspects of motor control.
When studies were begun to determine
the aspects of movement controlled by
the motor cortex, there seemed to be two
possible alternatives: control of muscle
length or control of muscle tension. In
other words, it was asked: Do impulses
leaving the motor cortex specify the dis-
placement to be produced or do they
specify the force required to produce the
displacement? Does the motor cortex
control the direction and extent of the
movement or does it control the direc-
tion and magnitude of the forces un-
derlying the movement? A number of
studies of motor performance in man
have provided evidence for both possi-
bilities. As one investigator, J. A. V.
Bates of the National Hospital for Ner-
vous Diseases in London, pointed out:
“Force can be looked upon as the body’s
basic output quantity; velocity is thus
the single integral of this, and displace-
ment the double integral. To attempt a
desired velocity and a desired displace-
ment are thus in theory more complex
operations than to attempt a desired
force. But against this it might be em-
phasized that our everyday experience
is a demand for accurate displacement
outputs, i.e., practice in double inte-
gration.”
In order to determine the primary out-
put of the motor cortex my colleagues
and I at the National Institute of Mental
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Health devised an experiment that in-
volved training a monkey to carry out a
task in which the direction of force and
the direction of displacement could be
independently varied. A panel with a
vertical rod that could be grasped with
one hand was mounted on the monkey’s
cage. The monkey received a reward of
fruit juice when the speed with which
the handle was moved back and forth
fell within certain time limits. The limits
were narrowed as the monkey gained
proficiency in carrying out the task. Ulti-
mately the monkey was trained to dis-
place the rod in more than 400 millisec-
onds but less than 700 milliseconds. Two
successive displacements had to be made
correctly before the monkey received a
reward. The rod was displaced either by
a bending of the wrist followed by a
straightening of the wrist (flexion fol-
lowed by extension) or vice versa.

The required cycle consisted of either
flexion or extension displacement within
the time limits followed by either exten-
sion or flexion, also within the time lim-
its. A weight was attached to the rod
with a string, and the string was passed
over one of two pulleys. When it was
passed over one pulley, the load opposed
wrist flexion and tended to pull the wrist
into an extended position. The monkey
had to exert a force in the direction of
flexion; even when the load was being
lowered, the flexor muscles had to exert
a force to prevent it from falling too rap-
idly. When the string was passed over
the other pulley, the situation was re-
versed: the load now opposed the exten-
sor muscles and as a result the monkey
had to exert a net force in the direction
of extension. During training both the
size of the load and the direction in
which it acted were varied so that the
monkey learned to make movements of
the required duration independently of
these variables.

\V] hen the monkey was thoroughly
trained in its home cage, it was then
trained to carry out the same series of
wrist movements in a special chair
equipped with a recording apparatus.
When the monkey’s performance was
satisfactory, a microelectrode was im-
planted in its brain. Recordings of a sin-
gle nerve cell in the motor cortex were
then made while the monkey performed
the task. The results showed that the ac-
tivity of nerve cells in the motor cortex
was related to the amount and pattern of
muscular contraction rather than to the
displacement that the contraction pro-
duced [see bottom illustration at right].
The implication of this finding may be
more readily grasped by imagining what
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TEMPORAL RELATION between the dis-
charge of a nerve cell in the motor cortex
and a simple hand movement is shown at
right. A monkey was trained to depress a

SELECTIVE ACTIVITY of a single nerve
cell in the motor cortex during wrist dis-
placement is shown at right. A monkey was
trained to move a vertical rod between two
stops within a certain time limit. When trace
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RELATION between activity of nerve cell
in the motor cortex and the support of dif-
ferent weights by an arm is shown at right.
A monkey was trained to hold a vertical
handle between two stops. Weights were
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telegraph key and then to release it within 350 milliseconds after
a light came on. The upper traces (4) show the activity of a single

nerve cell in the arm region of the motor cortex, which was record-
ed by an implanted microelectrode. The traces start at the onset of
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B is at its lowest, the wrist is extended. When the trace is at its
highest, the wrist is flexed or bent forward. Recordings from a sin-
gle nerve cell in the motor cortex (4) were made during the move-
ments. When there was no weight opposing the movement (top
left), the cell was active during flexion but not during extension.
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the light signal. In a series of trials the nerve cell became active
first, usually within 150 milliseconds of the signal. There followed
a contraction of arm muscles (B), which was detected by an elec-
tromyograph. Trace (C) shows when the telegraph key opened.
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When a load of 400 grams opposing flexion was added (bottom
left), the cell became much more active during both flexion and ex-
tension. When a 400-gram load opposed extension, however, the
cell became almost totally “silent” (top right). With no opposing
load the nerve cell again showed its initial pattern (lower right).

(

placed sometimes to oppose flexion of the wrist and sometimes to
oppose extension. The magnitude of the load was also changed
from time to time. Recordings from a single nerve cell in the motor
cortex were made with a microelectrode (A4). Displacement of the
rod held is shown by the trace B and the arrow indicates when

I< 1SECOND———>j

the monkey grasped the rod. The traces on the left from the top
down show the activity of the nerve cell when the flexor muscles
were respectively supporting weights of 400, 200 and 100 grams.
The traces at right show the activity of the nerve cell when
the extensor muscles supported the same sequence of weights.
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happens when you lift different weights.
Suppose in one case you hold a tennis
ball and move your arm up and down
over a fixed distance and at a fixed speed.
Then you replace the tennis ball with a
steel ball of the same size and repeat the
arm motions exactly in the same man-
ner. To an external observer there would
be no difference between the arm move-
ments with the two balls. Both move-
ments would be over the same distance
and at the same speed. The patterns of
activity in your motor cortex would be
quite different for the two movements,
however, because the muscular contrac-
tions required to lift the heavy steel ball

are different from the contractions re-
quired to lift the light tennis ball.
Another question about how move-
ments are controlled is whether the pat-
tern of activity in a motor region is re-
lated only to the physical aspects of
movement or whether there are differ-
ent patterns of activity that are associat-
ed with the same physical movement.
For example, when the muscular con-
tractions are exactly the same, is the
pattern of activity in the motor area the
same for learned movements and for in-
nate, reflex movements? When the cere-
bral motor cortex was thought to be the
highest level of the motor control sys-

:é\\ 'i},&c 2
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TWO TYPES OF NERVE CELL in the frontal eye field of the cerebral cortex exhibit dif-
ferent patterns of activity even though both are involved in controlling the same eye
muscles. Recordings of the activity of single nerve cells in the frontal eye field by Emilio
Bizzi of the Massachusetts Institute of Technology show that one type of cell (A) discharges
during voluntary saccadic eye movement and a second type of cell (B) discharges during
smooth pursuit eye movement and during maintained position. The electromyographic ac-
tivity of an eye muscle (C) and eye movements (D) also were recorded. The top traces show
a cell (A) discharging during saccadic movements. The bottom traces show the discharge of
a different cell (B) during smooth pursuit (upper B) and maintained eye position (lower B).
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tem, it seemed logical to assume that its
nerve cells would be more involved in
learned movements than in reflexes. But
when the activity of nerve cells in the
motor cortex was recorded in association
with natural movements such as scratch-
ing, eating and grooming, and also in as-
sociation with highly learned movements
such as reaction-time performance, it
was found that the motor cortex partici-
pated in the control of movement re-
gardless of whether the movement was
innate or learned. In both types of move-
ment the activity of the nerve cells in
the motor cortex is related to what the
muscles do rather than the circum-
stances in which they do it.

That does not mean that there is a
one-to-one relation between the motor-
cortex nerve cells and the spinal-cord
motor nerve cells. On the contrary, there
are a number of differences between the
pattern of activity of nerve cells in the
motor cortex and the activity of motor
nerve cells in the spinal cord. It may be
that the relation of the motor-cortex
nerve cells to the spinal-cord motor
nerve cells is similar to the relation be-
tween the cells in the lateral geniculate
nucleus (a way station between the ret-
ina and the visual cortex) and the cells
in the visual region of the cortex. Cells
in both the lateral geniculate nucleus
and the cortex respond to the location of
the stimulus on the retina, but if there is
a pattern in the stimulus, it will be proc-
essed by the visual cortex. In much the
same way it appears that the activity of
nerve cells in the motor cortex may be
related to certain patterns of activity
within a group of muscles, whereas the
activity of a spinal-cord motor nerve cell
is related only to a single set of fibers in
one muscle.

]n regions of the cerebral cortex outside

the motor cortex, however, neural ac-
tivity is sometimes more dependent on
the context in which the movement oc-
curs than on the muscular activity per
se. By context is meant the mental cir-
cumstances or intentions associated with
the movement of a set of muscles:
whether the movement is voluntary or
involuntary, learned or innate, fast or
slow. For example, in the eye the same
muscles serve for saccadic movements
and for smooth pursuit movements. Sac-
cadic eye movements are rapid jerks by
which the gaze is shifted from one fixa-
tion point to another. Smooth pursuit
movement is the tracking of a moving
object so that the image remains station-
ary on the retina. Recordings made by
Emilio Bizzi of the Massachusetts Insti-
tute of Technology from a frontal corti-



cal region (outside the motor cortex) in-
volved in controlling eye movements
have revealed that one set of nerve cells
participated in the saccadic movements
and another set was involved in the pur-
suit movements even though the same
muscles were serving both movements.
Thus the activity of nerve cells in this
frontal cortical region is not associated
with the muscle activity, as it is in the
motor cortex, but rather with the type of
movement. In the motor cortex, on the
other hand, the same set of nerve cells
was found to control the contraction of
arm muscles regardless of the circum-
stances or context of the movement.

Hans H. Kornhuber of the University
of Ulm has proposed that cells in the
cerebellum and in the basal ganglia are
also differentially active depending on
the type of movement rather than on the
muscle activity. Drawing evidence both
from patients with disorders of move-
ment and from experimental studies in
animals, Kornhuber in 1971 suggested
that the major role of the cerebellum is
to preprogram and initiate rapid saccad-
ic or ballistic movements, whereas the
major role of the basal ganglia is to gen-
erate slow movements. To test this hy-
pothesis for the basal ganglia, DeLong
carried out studies on the activity of in-
dividual cells in the basal ganglia of
monkeys trained to make a quick limb
movement in response to a red light and
a slow, highly controlled movement in
response to a green light. DeLong found
that a high percentage of movement-
related cells in a large portion of the ba-
sal ganglia discharged most strongly for
the slow movement rather than for the
fast one. Although the findings are con-
sistent with Kornhuber’s hypothesis, the
exact role of these cells in the control of
slow movements awaits further study. In
any event it is clear that compared with
the motor cortex, which is involved with
both slow and fast movement, the basal
ganglia are preferentially active in slow
movements. The output of the basal gan-
glia, which presumably serves to modu-
late cortical output, goes to the motor
cortex by way of the thalamus.

'I‘he cerebellum also projects fibers to

the motor cortex by way of the thala-
mus, but we do not yet have direct ex-
perimental evidence on the special kinds
of movement that the nerve cells of the
cerebellum control. Clinical and anatom-
ical data, however, suggest that the cere-
bellum may have a special role in quick,
ballistic movements. Indeed, Kornhuber
has proposed that the cerebellum and
the basal ganglia are complementary
structures, with the cerebellum control-
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ACTIVITY OF A SINGLE NERVE CELL in the basal ganglia during pushing and pulling
movements of the arm shown here was recorded by Mahlon DeLong of the National Insti-
tute of Mental Health. The traces labeled B show the position of the arm during the trials.
The traces labeled 4 show the activity of the nerve cell in the basal ganglia during the
same trial, and the lower portion shows the activity of the cell in raster form during a se-
ries of successive trials. The nerve cell discharged during the slow pulling movement but
not during the slow pushing movement. During fast movements the cell discharged weakly.

ling quick movements and the basal gan-
glia controlling slow movements.

The results obtained so far from re-
cording the activity of single nerve cells
with microelectrodes and determining
the relation between the recordings and
the control of movement have been
somewhat fragmentary. Their limitations
serve to emphasize how much remains to
be learned. A particularly promising area
of investigation for the near future is the
analysis of experimentally produced mo-
tor disturbances in monkeys, distur-
bances that are similar to the motor dis-
turbances found in man, for example
Parkinson’s disease. Discovery of the
neurophysiological errors in such experi-
mental models of motor disturbances
will be of value in developing and test-
ing therapeutic drugs. Many patients
with Parkinson’s disease have shown a
dramatic improvement after taking the
drug L-dopa. With neurophysiological
studies of Parkinsonism in monkeys it
may be possible to determine exactly
how L-dopa works. Analogous studies
should be feasible for diseases involving
the cerebellum.

People suffering from Parkinson’s dis-
ease exhibit emotional as well as muscu-
lar disorders. Other basal-ganglia dis-
eases, some of them genetically deter-
mined, are associated with psychological
disorders. This indicates that the basal
ganglia may be the region that provides
the major associative link between the
more specialized sensory division of the
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nervous system and the motor division.

The implications of the studies I have
described thus extend into the areas of
psychology and psychiatry. Indeed, it
seems possible that understanding of the
human nervous system, even its most
complex intellectual functions, may be
enriched if the operation of the brain is
analyzed in terms of its motor output
rather than in terms of its sensory input.
In the past most attempts to describe the
higher functions of the brain have been
made in terms of how sensory inputs are
processed from the receptor on up to the
higher cortical centers. A strong case for
an alternative approach has been made
by Roger W. Sperry of the California In-
stitute of Technology. I shall end with
his comment: “Instead of regarding mo-
tor activity as being subsidiary, that is,
something to carry out, serve and satisfy
the demands of the higher centers, we
reverse this tendency and look upon the
mental activity as only a means to an
end, where the end is better regulation
of overt response. Cerebration essential-
ly serves to bring into motor behavior
additional refinement, increased direc-
tion toward distant, future goals and
greater overall adaptiveness and survival
value. The evolutionary increase in
man’s capacity for perception, feeling,
ideation, imagination and the like may
be regarded not so much as an end in it-
self as something that has enabled us to
behave, to act, more wisely and ef-
ficiently.”
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MATHEMATICAL GAMES

Free will revisited, with a mind-bending

prediction paradox by William Newcomb

by Martin Gardner

A common opinion prevails that the
juice has ages ago been pressed out of
the free-will controversy, and that no
new champion can do more than warm
up stale arguments which every one has
heard. This is a radical mistake. I know
of no subject less worn out, or in which
inventive genius has a better chance of
breaking open new ground.

—WILLIAM JAMES

ne of the perennial problems of
Ophilosophy is how to explain (or

explain away) the nature of free
will. If the concept is explicated within
a framework of determinism, the will
ceases to be free in any commonly un-
derstood sense and it is hard to see how
fatalism can be avoided. Che sard, sara.
Why work hard for a better future for
yourself or for others if what you do
must always be what you do do? And
how can you blame anyone for anything
if he could not have done otherwise?

On the other hand, attempts to expli-
cate will in a framework of indetermi-
nism seem equally futile. If an action is
not caused by the previous states of one-
self and the world, it is hard to see how
to keep the action from being haphaz-
ard. The notion that decisions are made
by some kind of randomizer in the mind
does not provide much support for what
is meant by free will either.

Philosophers have never agreed on
how to avoid the horns of this dilemma.
Even within a particular school there
have been sharp disagreements. William
James and John Dewey, America’s two
leading pragmatists, are a case in point.
Although Dewey was a valiant defender
of democratic freedoms, his metaphysics
regarded human behavior as completely
determined by what James called the
total “push of the past.” Free will for
Dewey was as illusory as it is in the psy-
chology of B. F. Skinner. In contrast
James was a thoroughgoing indetermi-
nist. He believed that minds had the
power to inject genuine novelty into his-
tory, that not even God himself could
know the future except partially. “That,”
he wrote, “is what gives the palpitating
reality to our moral life and makes it
tingle...with so strange and elaborate
an excitement.”

A third approach, pursued in depth
by Immanuel Kant, accepts both sides
of the controversy as being equally true
but incommensurable ways of viewing
human behavior. For Kant the situation
is something like that pictured in one of
Piet Hein’s “grooks”:

A bit beyond perception’s reach

I sometimes believe I see

That Life is two locked boxes, each
Containing the other’s key.

Free will is neither fate nor chance. In
some unfathomable way it partakes of
both. Each is the key to the other. It
is not a contradictory concept, like a

BEING

MOVE 1 (PREDICTS YOU
TAKE ONLY BOX 2)

MOVE 2 (PREDICTS YOU
TAKE BOTH BOXES)

MOVE 1 (TAKE ONLY BOX 2) $1,000,000 $0
YOU
MOVE 2 (TAKE BOTH BOXES) $1,001,000 $1,000
Payoff matrix for Newcomb’s paradox
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square triangle, but a paradox that our
experience forces on us and whose reso-
lution transcends human thought. That
was how Niels Bohr saw it. He found
the situation similar to his “principle of
complementarity” in quantum mechan-
ics. It is a viewpoint that Einstein, a
Spinozist, found distasteful, but many
other physicists, J. Robert Oppenheimer
for one, found Bohr’s viewpoint enor-
mously attractive.

What has free will to do with mathe-
matical games? The answer is that in
recent decades philosophers of science
have been wrestling with a variety of
queer “prediction paradoxes” related to
the problem of will. Some of them are
best regarded as a game situation. One
draws a payoff matrix and tries to de-
termine a player’s best strategy, only to
find oneself trapped in a maze of be-
wildering ambiguities about time and
causality.

A marvelous example of such a para-
dox came to light in 1970 in a paper,
“Newcomb’s Problem and Two Princi-
ples of Choice,” by Robert Nozick, a
philosopher at Harvard University. The
paradox is so profound, so amusing, so
mind-bending, with thinkers so evenly
divided into two warring camps, that it
bids fair to produce a literature vaster
than that dealing with the prediction
paradox of the unexpected hanging. (See
this department for March, 1963, or the
reprinted version of that piece in The
Unexpected Hanging and Other Mathe-
matical Diversions, Simon and Schuster,
1969.)

Newcomb’s paradox is named after its
originator, William A. Newcomb, a theo-
retical physicist at the University of Cal-
ifornia’s Lawrence Livermore Labora-
tory. (His great-grandfather was the
brother of Simon Newcomb, the astron-
omer.) Newcomb thought of the prob-
lem in 1960 while meditating on a fa-
mous paradox of game theory called the
prisoner’s dilemma [see “Escape from
Paradox,” by Anatol Rapoport; Scien-
TIFIC AMERICAN, July, 1967]. A few
years later Newcomb’s problem reached
Nozick by way of their mutual friend
Martin David Kruskal, a Princeton Uni-
versity mathematician. “It is not clear
that I am entitled to present this paper,”
Nozick writes. “It is a beautiful prob-
lem. I wish it were mine.” Although
Nozick could not resolve it, he decided
to write it up anyway. His paper appears
in Essays in Honor of Carl G. Hempel,
edited by Nicholas Rescher and pub-
lished by D. Reidel in 1970. What fol-
lows is largely a paraphrase of Nozick’s

paper.



Two closed boxes, B1 and B2, are on
a table. B1 contains $1,000. B2 contains
either nothing or $1 million. You do not
know which. You have an irrevocable
choice between two actions:

1. Take what is in both boxes.

2. Take only what is in B2.

At some time before the test a superior
Being has made a prediction about what
you will decide. It is not necessary to as-
sume determinism, only that you are per-
suaded that the Being’s predictions are
“almost certainly” correct. If you like,
you can think of the Being as being God,
but the paradox is just as strong if you
regard the Being as a superior intelli-
gence from another planet, or a super-
computer capable of probing your brain
and making highly accurate predictions
about your decisions. If the Being ex-
pects you to choose both boxes, he has
left B2 empty. If he expects you to take
only B2, he has put $1 million in it. (If
he expects you to randomize your choice
by, say, flipping a coin, he has left B2
empty.) In all cases B1 contains $1,000.
You understand the situation fully, the
Being knows you understand, you know
that he knows and so on.

What should you do? Clearly it is not
to your advantage to flip a coin, so that
you must decide on your own. The para-
dox lies in the disturbing fact that a
strong argument can be made for either
decision. Both arguments cannot be
right. The problem is to explain why one
is wrong.

Let us look first at the argument for
taking only B2. You believe the Being is
an excellent predictor. If you take both
boxes, the Being almost certainly will
have anticipated your action and have
left B2 empty. You will get only the
$1,000 in Bl. Contrariwise, if you take
only B2, the Being, expecting that, al-
most certainly will have placed $1 mil-
lion in it. Clearly it is to your advantage
to take only B2.

Convincing? Yes, but the Being made
his prediction, say a week ago, and then
left. Either he put the $1 million in B2
or he did not. “If the money is already
there, it will stay there whatever you
choose. It is not going to disappear. If
it is not already there, it is not going to
suddenly appear if you choose only what
is in the second box.” It is assumed that
no “backward causality” is operating,
that is, your present actions cannot in-
fluence what the Being did last week. So
why not take both boxes and get every-
thing that is there? If B2 is filled, you get
$1,001,000. If it is empty, you get at
least $1,000. If you are so foolish as to
take only B2, you know you cannot get

more than $1 million, and there is even
a slight possibility of getting nothing.
Clearly it is to your advantage to take
both boxes!

“I have put this problem to a large
number of people, both friends and stu-
dents in class,” writes Nozick. “To al-
most everyone it is perfectly clear and
obvious what should be done. The dif-
ficulty is that these people seem to di-
vide almost evenly on the problem, with
large numbers thinking that the oppos-
ing half is just being silly.

“Given two such compelling opposing
arguments, it will not do to rest content
with one’s belief that one knows what to
do. Nor will it do to just repeat one of
the arguments, loudly and slowly. One
must also disarm the opposing argu-
ment; explain away its force while show-
ing it due respect.”

Nozick sharpens the “pull” of the two
arguments as follows. Suppose the ex-
periment has been done many times be-
fore. In every case the Being predicted
correctly. Those who took both boxes al-
ways got only $1,000, those who took
only B2 got $1 million. You have no rea-
son to suppose your case will be differ-
ent. If a friend were observing the scene,
it would be completely rational for him
to bet, giving high odds, that if you take
both boxes, you will get only $1,000.
Indeed, if there is a time delay after your
choice of both boxes, you know it would
be rational for you yourself to bet, of-
fering high odds, that you will get only
$1,000. Knowing this, would you not be
a fool to take both boxes?

Alas, the other argument makes you
out to be just as big a fool if you do not.
Assume that Bl is transparent. You see
the $1,000 inside. You cannot see into
B2, but the far side is transparent and
your friend is sitting opposite. He knows
whether the box is empty or contains $1
million. Although he says nothing, you
realize that whatever the state of B2 is
he wants you to take both boxes. He
wants you to because, regardless of the
state of B2, you are sure to come out
ahead by $1,000. Why not take advan-
tage of the fact that the Being played
first and cannot alter his move?

Nozick, a specialist in decision theory,
approaches the paradox by considering
analogous game situations in which, as
here, there is a conflict between two re-
spected principles of choice: the “ex-
pected-utility principle” and the “domi-
nance principle.” To see how the prin-
ciples apply, consider the payoff matrix
for Newcomb’s game [see illustration on
opposite page]. The argument for taking
only B2 derives from the principle that
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Solution to the schoolhouses problem

you should choose so as to maximize the
expected utility (value to you) of the out-
come. Game theory calculates the ex-
pected utility of each action by multi-
plying each of its mutually exclusive out-
comes by the probability of the outcome,
given the action. We have assumed that
the Being predicts with near-certainty,
but let us be conservative and make the
probability a mere .9. The expected util-
ity of taking both boxes is (.1 X $1,001,-
000) + (.9 X $1,000) = $101,000. The
expected utility of taking only B2 is (.9
X $1,000,000) + (.1 x $0) = $900,000.
Guided by this principle, your best strat-
egy is to take only the second box.

The dominance principle, however, is
just as intuitively sound. Suppose the
world divided into n different states. For
each state k mutually exclusive actions
are open to you. If in at least one state
you are better off choosing @, and in all
other states either a is the best choice or
the choices are equal, then the domi-
nance principle asserts that you should
choose a. Look again at the payoff ma-
trix on the opposite page. The states are
the outcomes of the Being’s two moves.
Taking both boxes is strongly dominant.
For each state it gives you $1,000 more
than you would get by taking only the
second box.

That is as far as we can go into No-
zick’s analysis, but interested readers
should look it up for its mind-boggling
conflict situations related to Newcomb’s
problem. Nozick finally arrives at the
following tentative conclusions:

If you believe in absolute determi-
nism, and that the Being has in truth
predicted your behavior with unswerv-
ing accuracy, you should “choose”
(whatever that can mean!) to take only
B2. For example, suppose the Being is
God and you are a devout Calvinist, con-
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vinced that God knows every detail of
your future. Or assume that the Being
has a time-traveling device he can
launch into the future and bring back
with a motion picture of what you in
fact did on that future occasion when
you made your choice. Believing that,
you should take only B2, firmly persuad-
ed that your feeling of having made a
genuine choice is sheer illusion.

Nozick reminds us, however, that
Newcomb’s paradox does not assume
that the Being has perfect predictive
power. If you believe that you possess a
tiny bit of free will (or alternatively that
the Being is sometimes wrong, say once
in every 20 billion cases), then this may
be one of the times the Being has erred.
Your wisest decision is to take both
boxes.

Nozick is not happy with this conclu-
sion. “Could the difference between one
in n and none in n, for arbitrarily large
finite n, make this difference? And how
exactly does the fact that the predictor
is certain to have been correct dissolve
the force of the dominance argument?”
Both questions are left unanswered.
Nozick hopes that publishing the prob-
lem “may call forth a solution which will
enable me to stop returning, periodi-
cally, to it.”

One such solution, “to restore [No-
zick’s] peace of mind,” was attempted
by Maya Bar-Hillel and Avishai Margalit
of Hebrew University in Jerusalem in
their paper “Newcomb’s Paradox Re-
visited,” in British Journal for the Philos-
ophy of Science, Volume 23 (1972),
pages 295-304. They adopt the same
game-theory approach taken by Nozick
but come to an opposite conclusion.
Even though the Being is not a perfect
predictor, they recommend taking only
the second box. You must, they argue,
resign yourself to the fact that your best
strategy is to behave as if the Being has
made a correct prediction, even though
you know there is a slight chance he has
erred. You know he has played before
you, but you cannot do better than to
play as if he is going to play after you.
“For you cannot outwit the Being except
by knowing what he predicted, but you
cannot know, or even meaningfully
guess, at what he predicted before ac-
tually making your final choice.”

It may seem to you, Bar-Hillel and
Margalit write, that backward causality
is operating—that somehow your choice
makes the $1 million more likely to be
in the second box—but this is pure flim-
flam. You choose only B2 “because it is
inductively known to correlate remark-
ably with the existence of this sum in
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the box, and though we do not assume
a causal relationship, there is no better
alternative strategy than to behave as if
the relationship was, in fact, causal.”

For those who argue for taking only
B2 on the grounds that causality is inde-
pendent of the direction of time—that
your decision actually “causes” the sec-
ond box to be either empty or filled with
$1 million—Newcomb proposed the fol-
lowing variant of his paradox. Both
boxes are transparent. Bl contains the
usual $1,000. B2 contains a piece of
paper with a fairly large integer writ-
ten on it. You do not know whether the
number is prime or composite. If it
proves to be prime (you must not test it,
of course, until after you have made your
choice), then you get $1 million. The
Being has chosen a prime number if he
predicts you will take only B2 but has
picked a composite number if he pre-
dicts you will take both boxes.

Obviously you cannot by an act of
will make the large number change from
prime to composite or vice versa. The
nature of the number is fixed for eter-
nity. So why not take both boxes? If it is
prime, you get $1,001,000. If it is not,
you get at least $1,000. (Instead of a
number B2 could contain any statement
of a decidable mathematical fact that
you do not investigate until after your
choice.)

It is easy to think of other variations.
For example, there are 100 little boxes
each holding a $10 bill. If the Being ex-
pects you to take all of them, he has put
nothing else in them. But if he expects
you to take only one box—perhaps you
pick it at random—he has added to that
box a large diamond. There have been
thousands of previous tests, half of them
involving you as a player. Each time,
with possibly a few exceptions, the play-
er who took a single box got the diamond
and the player who took all the boxes got
only the money. Acting pragmatically,
on the basis of past experience, you
should take only one box. But then how
can you refute the logic of the argument
that says you have everything to gain
and nothing to lose if the next time you
play you take all the boxes?

These variants add nothing essentially
new. With reference to the original ver-
sion Nozick halfheartedly recommends
taking both boxes. Bar-Hillel and Mar-
galit strongly urge you to “join the mil-
lionaire’s club” by taking only B2. That
is also the view of Kruskal and New-
comb. But has either side really done
more than just repeat its case “loudly
and slowly”? Can it be that Newcomb’s
paradox validates free will by invalidat-



ing the possibility, in principle, of a pre-
dictor capable of guessing a person’s
choice between two equally rational ac-
tions with better than 50 percent ac-
curacy?

What does the reader think? I cannot
answer letters, but in a later piece I shall
report on which side got the largest vote
and comment on letters of particular
interest.

The first of last month’s questions

asked for a formula giving the maxi-
mum number of noncrossing edges that
can be drawn as part of a complete
graph for n points. It is 3n — 6, for n
greater than 2. The corresponding for-
mula for complete bipartite graphs of
m,n points is 2(m + n) — 4, for m and n
each greater than 1. “Odd,” a friend
once remarked of this second formula,
“that the number is always even.” Proofs
of both cases are not difficult. These for-

mulas for noncrossing edges are of no

help in finding formulas for crossing
numbers because there is no known way
to predict the minimum number of
crossings produced by the edges not
drawn.

One solution to the four-schoolhouses
puzzle, in which four boys have to reach
their respective schools without any of
their paths crossing one another or going
outside the boundary, is shown in the il-
lustration on page 105.

John Harris of Santa Barbara, Calif.,
discovered an ingenious way to multiply
numbers in Fibonacci notation, using the
Napier counting board described in
April. He added an extra l-row and
1-column outside the heavy line to the
counting board [see illustration on page
106]. Suppose you want to multiply 7 by
7. Place the counters according to Na-
pier’s rules [see “a” in the illustration].
More counters are now positioned ac-
cording to the following rule: On
the diagonal that extends down and
to the right from each counter, n, put a
counter on every alternate cell, starting
with the cell two cells away from counter
n [b].

Each counter outside the heavy line is
moved to the nearest cell inside the line
[c]. Now move all counters up and to the
right along their diagonals to the heavy
line [d]. Clear the column according to
the Fibonacci clearing rules given in
April [e]. The counters, reading from
the top down, give the correct product
in Fibonacci notation. Readers familiar
with the Fibonacci series will enjoy
proving that Harris’ algorithm works.
Division by this method, however, seems
to be hopelessly complicated.

RALPH AND DORIS DAVIS
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A female Bighorn on rocky ledge shown in regular
camera shot below. Questar close-up is on Tri-X
at 1/125 second.

QUESTAR "SHOOTS" THE BIGHORN

Another Questar development expressly
for the photographer is the Fast Focus,
a modification for the Questar Field
Model. The increased focusing speed
helps capture appealing shots of active
wild life like this one of the Bighorn.
You can acquire this feature as part of
a new Field Model, or have it added to
one you already own. We keep making
it more convenient for you to get fine
pictures with Questar’'s tremendous
photo-visual resolution.
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Conducted by C. L. Stong

arge bubbles that display iridescence
and other properties of soap bub-

bles can be blown from a recently
developed solution of clear plastic. Plas-
tic bubbles last for years. Unlike soap
bubbles, they do not collapse when
touched. Moreover, they can be colored
with dye and coated with ornamental
particles. Metallic powders and chemi-
cals similarly applied can make the bub-
bles electrically conductive and even
magnetic. The bubbles can be blown in
a variety of shapes. The thickness and
flexibility of the films can be altered at
will.

For these reasons the new bubble so-
lution should open fields of novel experi-
mentation to enthusiasts of both the arts
and the sciences. The plastic-bubble
project was developed as a hobby by
Aristid V. Grosse, president of German-
town Laboratories, Inc., an affiliate of
the Franklin Institute in Philadelphia.
Grosse writes:

“The new bubble solution is an out-
growth of the soap-bubble solution I de-
scribed in these columns four years ago
[see “The Amateur Scientist,” ScCIEN-
TIFIC AMERICAN, May, 1969]. During

vinyl acetate monomer

CH, = CHO- COCH,

polyvinyl acetate

RLCH{CHHCH~CH,}‘R
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R= free radical

Structural formula of polyvinyl acetate
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those experiments I increased the life of
soap bubbles substantially by adding a
small amount of polyvinyl alcohol to the
soap solution. Polyvinyl alcohol is a wa-
ter-soluble plastic.

“Subsequently it occurred to me that
a number of other organic polymers of
high molecular weight would form bub-
bles. Examples are polystyrene, poly-
vinyl chloride, polyvinyl acetate, poly-
urethanes and cellulose esters. Water is
specifically excluded from these com-
pounds. The result is a water-insoluble
film.

“Bubbles that are blown from appro-
priate solutions of plastic look much like
soap bubbles. With plastic, however,
surface tension plays no role in deter-
mining either the shape of the plastic
bubbles or their behavior. For example,
they do not necessarily expand into a
sphere, nor do they shrink with time to
form a flat film across the end of the
blowpipe. Perhaps I should say, rather,
that these properties have been observed
in the solutions I have developed to date.
The possibility of finding solutions with
other characteristics is high. The five
polymers I have named can be combined
with some two dozen solvents to make
more than 125 different combinations.

“Many other combinations can be de-
vised. For example, the solvents can be
mixed in various ratios and with other
substances to control the rate of evapo-
ration and alter the mechanical proper-
ties of the film, including its stiffness.
Other possible variations include the
temperature and viscosity of the solu-
tion, the molecular weight of the poly-
mer and the rate at which the bubbles
are blown.

“I tried only a limited number of the
many variations before settling on a
combination of polyvinyl acetate and
acetone. It seems unlikely that I had
the good luck to hit on the best possible
solution after only a few experiments.
Still, the combination of polyvinyl ace-
tate and acetone is inexpensive and easy
to reproduce. It can be blown into bub-
bles readily, and both the shape and the
size of the bubbles can be controlled
within wide limits.

© 1973 SCIENTIFIC AMERICAN, INC

“The vinyl polymers have been known
for about 60 years, although their ver-
satility and breadth of application was
not generally appreciated before World
War II. The vinyl acetate monomer is
made by reacting acetylene and acetic
acid in the presence of a mercury cata-
lyst. The resulting compound can be
transformed into the plastic polyvinyl
acetate by heating the monomer in the
presence of benzoyl peroxide.

“The resin has reasonably good heat
stability. It will melt without decompos-
ing. On the other hand, its stability of
form is poor: articles molded from poly-
vinyl acetate tend with time to flow or
flatten or otherwise lose their shape. For
this reason the plastic is not generally
used for molding solid articles, but it
makes splendid adhesives and lacquers
and is particularly good for blowing bub-
bles. When the resin is treated with al-
kali, the acetate groups are removed
from the compound and replaced by hy-
droxyl groups to form polyvinyl alcohol,
which is the water-soluble resin I used
to increase the life of soap bubbles.

“The structural formula of the mono-
mer is relatively simple [see illustration
on this page]. The molecular weight of
the polymer is determined by the num-
ber of times (n in the formula) the mono-
mer repeats itself. The properties of the
resin depend in large part on the molec-
ular weight of the polymer. For this rea-
son a given resin can be defined chemi-
cally only if n is known or if the molecu-
lar weight of the polymer is known.

“Manufacturers usually identify poly-
mers of specific molecular weight by an
alphabetical or a nuinerical code. For
example, I experimented with two
grades of polyvinyl acetate made by the
Union Carbide Corporation: grade AYAT
(molecular weight 167,000, n 1,940) and
grade AYAF (molecular weight 113,000,
n 1,315). Both grades are shipped by the
manufacturer in the form of colorless,
pea-size pellets that have a density of
1.18 grams per cubic centimeter at a
temperature of 20 degrees Celsius. Still
another grade by the same manufac-
turer, avac, has a molecular weight of
only 13,000 (n 150). My most successful



bubbles have been blown with the ayaT
and avar grades. Bubbles blown with
grade avac have quite different mechan-
ical properties. They tend to be brittle.
“As I have mentioned, I make the
bubble solution by dissolving the poly-
mer in acetone, which is one of the least
costly solvents commonly used in chemi-
cal laboratories. In bulk it is priced by
manufacturers at less than 15 cents a
pound, but it may cost more than $1 a
pound if it is bought in small quantities
from druggists or dealers in paint sup-
plies. Like many chemicals, acetone is a
hazardous substance. The vapor is toxic
and the liquid is highly flammable. Nev-
er smoke or allow flames or sparks near
either a container of acetone or plastic
solutions that contain the solvent. Ex-
perienced workers should handle ace-
tone only in a well-ventilated area. Be-
ginners are urged to work with the bub-
ble solution either in a fume hood or,
better yet, outdoors. The bubbles can

be brought indoors after the acetone has
evaporated.

“Nearly all my experiments were done
in the basement of my house, which I
have converted into a well-ventilated
laboratory. Room temperature in the
area is reasonably constant at 20 degrees
C. Typically I make up plastic-bubble
solution by putting about a pound of
AYAT or AYAF pellets in a wide-mouthed
jar with a cap. To the pellets I add a pint
of pure acetone, which covers the poly-
mer completely. If those proportions are
maintained, the absolute quantity of the
batch is not critical. A beginner can
make up any smaller amount, such as
four ounces of pellets in four ounces of
solvent.

“A laboratory desiccator makes a con-
venient preparation vessel, particularly
the type that has a serrated hose con-
nection for coupling to a vacuum pump.
I stir the solution gently but thoroughly
every few hours. The pellets swell and

dissolve slowly. The mixture becomes
increasingly viscous with time.

“If evaporation is minimized, the so-
lution consists of approximately 56 per-
cent polyvinyl acetate by weight. The
mixture usually contains many small air
bubbles that become trapped in the solu-
tion when the pellets are stirred. The
bubbles must be removed. I eliminate
them by lowering the air pressure in the
desiccator to two pounds per square
inch, which is equivalent to a partial
vacuum of about 100 torr.

“The desiccator can be pumped to this
pressure by an inexpensive aspirator of
the type that operates on a water tap.
The solution tends to foam somewhat as
the air pressure is reduced. Do not lower
the pressure so abruptly that foam fills
the space above the solution and over-
flows into the exhaust port. The foam
subsides with time. I usually maintain
the vessel at reduced pressure for about
three hours. After air is admitted the

Aristid V. Grosse with one of his plastic bubbles
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Techniques of applying plastic to the blowpipe
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mixture is completely colorless, clear
and free of trapped bubbles. It is fully
homogeneous and ready for use.

“Plastic bubbles are blown by much
the same technique that I employ for
blowing soap bubbles. Almost any tube
can be used as a blowpipe. Of the vari-
ous pipes I have tried the most conve-
nient are the inexpensive plastic funnels
that are available from dealers in scien-
tific supplies.

“I invert the funnel and clamp the
spout to a horizontal rod that is attached
to the vertical rod of an apparatus stand
of the kind found in chemical laborato-
ries. A hose for blowing air through the
funnel is connected to the open end of
the stem. Small bubbles can be blown
by mouth. A filter that contains sodium
hydroxide should be inserted in the air
line followed by another that contains a
desiccating agent such as anhydrous
calcium sulfate to absorb the exhaled
moisture and carbon dioxide.

“I tend to run out of breath when I try
to blow large bubbles by mouth. To in-
flate bubbles a foot or more in diameter
I recommend working with any com-
pressor that is capable of delivering air
at a pressure of at least two ounces per
square inch, which is equivalent to the
pressure exerted by a column of water
about four inches high. I have success-
fully used a bicycle pump, a vacuum
cleaner and even a hair drier. An air
connection was made to the vacuum
cleaner and the hair drier with a per-
forated rubber stopper having a serrated
hose connection that is inserted into the
exhaust port. I now use a compressor of
the rotary type made by the Gast Manu-
facturing Corporation (P.O. Box 97,
Benton Harbor, Mich. 49022).

“The size of the funnels that serve as
blowpipes varies in rough proportion to
the size of the bubble to be blown. My
funnels are made of either polyethylene
or polypropylene. The outside diameters
of the cones are 50, 78, 108, 150, 168
and 200 millimeters (two to eight
inches). In addition to being inexpen-
sive, plastic funnels make attractive
blowpipes for several reasons. They are
relatively light. The stems can be soft-
ened and sealed with heat. The bubble
film can be peeled from the cone easily
when the acetone has evaporated, after
which the funnel can be reused.

“To blow a lyubble put a shallow con-
tainer of solution under the inverted
funnel and raise the container to dip the
cune into the solution [see illustration at
left]. If the blowtube is open to the air,
solution will wet both the inner and the
outer surface. If suction is applied to the



blowtube at an appropriate rate, solu-
tion will be pulled into the cone and will
wet only the inner surface. Conversely,
solution can be excluded from the in-
terior by applying appropriate pressure
to the blowtube; solution will wet only
the outer surface of the cone. In all cases
a thick film of plastic clings to the wetted
surfaces.

“The bubble is started by blowing into
the funnel as the container of solution is
lowered. A closed film of solution forms
between the lower edge of the funnel
and the surface of the solution. The vol-
ume enclosed by the film increases as the
experimenter continues to blow and to
lower the solution.

“The shape the film assumes depends
on a number of variables, including the
relative distribution of plastic on the
inner and outer surfaces of the funnel,
the velocity at which the solution is low-
ered, the rate at which the film is blown
and the rate at which solvent evaporates
from the film. Unlike soap films, which
are influenced by surface tension, bub-
bles of plastic do not necessarily expand
uniformly. The shape is determined by
the distribution of plastic that adheres
to the blowpipe and its subsequent ma-
nipulation by the experimenter.

“The initial film that is formed by
blowing as the container is lowered must
be detached from the solution, after
which the film is expanded into the fi-
nal bubble by additional blowing. The
shape of the initial film strongly influ-
ences the shape of the final bubble. The
final shapes of bubbles can range from
perfect spheres to prolate and oblate

Molds for shaping bubbles

spheroids. Indeed, with a bit of prac-
tice the experimenter can blow ellip-
soids, hyperboloids and catenoids. A per-
fect cylinder can be formed by inflating
a long hyperboloid.

“I have blown cylinders 30 inches
long by using a funnel only 15 centi-
meters in diameter. Polygonal bubbles—
cubes, hexagons, fluted shapes and so
on—can be blown with molds that are
easily improvised from heavy aluminum
foil [see illustration above]. Edges of
the foil can be fastened together with
tape or with a stapler. I line the molds
with wax paraffin paper to prevent fresh-
ly blown plastic from sticking to the
metal.

“The solution is compounded to be
stiff when the solvent evaporates by add-
ing a minimum amount of plasticizer, a
material that will be discussed below.
The evaporation of the solvent can be ac-
celerated by circulating fresh air through
the interior of the plastic film while it is
in the mold. I do so by blowing fresh air
into the bubble through one hole of a
two-hole rubber stopper that fits into the
stem of the funnel. Acetone vapor that
evaporates from the film is swept out of
the bubble through the second hole.

“The shape of the initial film that is to
be expanded into the desired bubble is
controlled in part by the thickness of the
plastic that adheres to the inner and
outer surfaces of the funnel, by the rela-
tive distance between the rim of the fun-
nel and the surface of the solution at
which the film is separated and by the
shape of the cut. I make most separa-
tions by cutting the film with a pair of
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scissors. Freshly made solutions tend to
be quite sticky, and the film may adhere
to the scissors. To separate films that are
blown with freshly made solutions I
place strips of tissue paper below the
proposed cut on both sides of the film
and press the strips together with my
fingers. The paper prevents the tacky
material from adhering to my fingertips.
The film is allowed to dry for about
30 minutes. A straight or circular cut
can then be made with a pair of sharp
scissors.

“Less tacky material can be separated
by pressing the film together without the
use of paper strips and cutting it im-
mediately with scissors that have been
lightly coated with paraffin oil. Films
that are cut close to the funnel tend to
expand into oblate spheroids. Those that
taper toward the solution and are cut
close to it expand into prolate spheroids.
Cylinders expand into spheres [see il-
lustration on next page].

“The film can also be detached from
the solution without cutting. By adjust-
ing the rate at which the container is
lowered and the rate at which one blows
it is possible to pull a conical film with
the apex at the solution. The film can
be twisted apart at the narrowest region.
It is also possible to gather a film by dip-
ping the blowpipe into a relatively thin
solution and withdrawing it sideways, as
is done with a soap solution. Such a film
contains a limited quantity of plastic,
however, and cannot be blown into bub-
bles of the largest sizes. Surplus film in
the form of a thread or a tab usually re-
mains at the place where the material
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has parted. Fold the surplus against the
adjacent film. It will adhere and stretch
as the bubble is blown. With experience
the experimenter can make seals that all
but vanish.

“Beginners may have some difficul-
ty blowing bubbles of uniform shape.
Bulges tend to develop in areas where
the film is thinnest. Simply stop blow-
ing into the bubble and instead blow air
across the thin area to accelerate the
evaporation of solvent. The viscosity of
solution in the thin area increases quick-
ly because of the lowered temperature
and the increase in the density of the
plastic. Films of plastic must be inflated
more slowly than those of soap solution.
I often blow plastic bubbles in a series
of partial expansions, allowing the plas-
tic to flow and thus to adjust itself to
local stresses between successive infla-
tions.

“The thickness of films that have been
dyed is much easier to judge by eye than
the thickness of clear films. Bubbles of
uniform shape can therefore be blown
most easily from dyed solution. Various
acetone-soluble dyes are made by Du
Pont, Tennessee Eastman and many oth-
er companies. I use Du Pont’s oil-blue-A
and oil orange. The dye solution is made
by dissolving one part dye in 99 parts
acetone, by weight. I then mix 20 milli-
liters or more of this solution in 500
grams of clear plastic solution, depend-
ing on the intensity of the color that is
wanted.

“In general bubbles can be blown to
diameters about 10 times larger than the
diameter of the funnel. For example, a
60-inch bubble can be blown with a
15-centimeter funnel if the experimenter
blows slowly, takes care to gather an
initial film of uniform thickness and
maintains uniformity by accelerating
local evaporation. The speed with which
bubbles can be blown depends in part on
the relative distribution of solution on
the inner and outer surfaces of the fun-
nel. Solvent evaporates readily from so-
lution that adheres to the outer surface
of the cone. The film stiffens quickly,
which minimizes the required blowing
time. Conversely, minimum evaporation
occurs inside the funnel, where the at-
mosphere is saturated with acetone. The
solution flows readily and so can ‘feed’
the expanding bubble for a considerable
time.

“Internal coating is preferred for flow-
ing extraordinarily thin films. Films that
vary in thickness from 200 microns down
to one micron can be blown with an
eight-millimeter funnel that carries an
internal coating of freshly made solution.
(One micron is equal to about 40 mil-



lionths of an inch.) Thin bubbles must
be blown quickly, as in the case of soap
solution. The thinnest bubbles show
rainbow colors. Hence, as Isaac Newton
pointed out, the thickness of the films
must approach the wavelength of light.

“The funnel can also be detached
from the bubble, although frequently I
just uncouple the blow hose and plug the
stem with a stopper. The stopper can be
removed to reinflate the bubble from
time to time. To detach the funnel I
make a tool by cutting a hole slightly
larger than the diameter of the funnel in
a sheet of either polyethylene or Teflon
that is mounted on a flat backing of stiff
cardboard or plywood. The diameter of
the sheet should be several times the
diameter of the hole. The plastic surface
surrounding the hole is lubricated with a
film of paraffin oil.

“The stoppered funnel is dropped
through the hole so that the fully in-
flated bubble rests on and is supported
by the upper surface of the lubricated
plastic. I then exert a light, downward
pull on the stem of the funnel and si-
multaneously rotate the stem two or
three revolutions. This maneuver twists
the film near the funnel into a short
cord. I cut the cord with scissors close
to the bubble and brush the tip lightly
with acetone to ensure an airtight seal.

“Bubbles that have been sealed com-
pletely can be reinflated by thrusting a
large hypodermic needle through a thick
area of the film. The resulting hole can
be sealed with a dab of viscous plastic
solution. After drying for a few weeks
bubbles tend to retain their initial shape
even if they are not sealed.

“Bubbles blown from solutions that
consist solely of polyvinyl acetate dis-
solved in acetone tend to become rigid
and brittle when dry. This may be a de-
sirable property if the bubble is not sub-
jected to stress. The plastic can be made
as flexible and tough as one wishes, how-
ever, by adding to the solution one or
more plasticizers. A plasticizer is essen-
tially a liquid that boils at about the
same temperature as a heavy oil and is
a good solvent for the material it is to
plasticize.

“The substances known as phthalates
(particularly dibutyl, diethyl, butyl
benzyl and butyl octyl) have been found
to be quite effective plasticizers for the
vinyl plastics. After some experimenta-
tion I settled on dibutyl phthalate
(which is also known as n-butyl phthal-
ate) as a good plasticizer for bubble
solution. I dissolve the oily liquid in an
equal part by volume of acetone and,
depending on the desired flexibility, add
from 2 to 15 percent (by weight) of the

mixture to the bubble solution. The op-
timum percentage of plasticizer must be
determined by experiment. In general,
however, a 2 percent solution results in
bubbles that approach brittleness after
they have fully dried, whereas bubbles
blown with solutions that contain 15 per-
cent plasticizer remain almost as flexible
as rubber balloons.

“Occasionally the experimenter may
wish to soften a bubble that has become
too stiff. Such softening can be accom-
plished easily. Just as the film of the bub-
ble hardens as the solvent evaporates, so
can it be made pliable by allowing the
plastic to absorb acetone. Do not apply
liquid acetone to the bubble, however.
The liquid will dissolve the plastic and
make a hole. To soften the film displace
the air inside the bubble with an at-
mosphere that is saturated with acetone
vapor. I achieve such an atmosphere by
bubbling air from a compressor through
a closed container of acetone. Vapor
from the container enters the bubble
through a glass tube in the stem of the
funnel. The spent air is exhausted from
the bubble through a T fitting that sur-
rounds the inlet tube coaxially [see bot-
tom illustration on this page].

“With practice and patience the ex-
perimenter can blow plastic bubbles in
a remarkable range of sizes. My largest
plastic bubble measured just slightly
less than 11 feet in horizontal diameter.
In contrast, my largest soap bubble was
just over four feet. I have also had a lot
of fun blowing what I call ‘microbub-
bles,” which are tiny spheres that show
rainbow colors. To blow them 1 file the
sharp end of a large hypodermic needle
to a square tip. After dipping the tip in
plastic solution I blow the bubble by
gently pushing the lubricated plunger
of the syringe. The bubbles range from
.5 millimeter to 10 millimeters in diam-
eter. They dry much more quickly than
large bubbles and last for months. In-
cidentally, plastic bubbles will float in
water indefinitely without damage.

“Polyvinyl acetate is available from a
number of U.S. companies, including
the Borden Chemical Division (Borden,
Inc.), the Celanese Corporation, E. I. du
Pont de Nemours & Company, Good-
year Tire & Rubber Company, Polyvinyl
Chemicals Inc., the Sherwin-Williams
Company and the Union Carbide Cor-
poration. The material currently costs
about $1.50 a pound, but it is available
from manufacturers only in a minimum
quantity of 100 pounds. For a limited
period experimenters can buy half-
pound packages of grade AYAT polyvinyl
chloride from our laboratory for a han-
dling charge of $2.50. Make checks pay-
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able to Germantown Laboratories (4150
Henry Avenue, Philadelphia, Pa. 19144).
Inaddition the laboratory has assembled
bubble-blowing kits in three sizes. The
kits contain various dyes, plasticizers
and related materials. Written material
describing them will be forwarded on
receipt of a self-addressed, stamped en-
velope. Acetone, which is a highly flam-
mable solvent, cannot be mailed. It is
available in small quantities from most
druggists.”
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Summertime reading spree...
from The Library of Science

Add any three to your science library for $3.95 (values to $55.40)

64500. A NEW PHOTOGRAPHIC
ATLAS OF THE MOON. Zdenek
Kopal. More than 200 unique photo-
graphic plates, a lunar Baedeker.
Counts as 2 of your 3 choices. $20.00

48090. THE FACE OF THE DEEP.
Bruce C. Heezen and Charles D.
Hollister. Superb, scientific account
of the strange and fascinating por-
tion of the world’s surface that is
deeply covered by the sea. Beauti-
fully illustrated with more than 600
photographs. Counts as 2 of your 3
books. $25.00

34630. ASIMOV’'S GUIDE TO SCI-
ENCE. /saac Asimov. The incompar-
able Isaac Asimov has done it again
with this exciting general account
of modern science—an encyclopedic
work of 945 pages.

70240. PRE-COLUMBIAN CITIES.
Jorge E. Hardoy. A landmark volume
that vividly describes the little-known
but bustling cities of pre-Columbian
America—El Tijan, Machu Picchu,
Chan Chan of the Chimu, and others
—how they grew and decayed and
how they hold a clue to the fate of
our cities today. ‘“When early
American history is written as it
should be,the primary reference will
be this book.”—Louis A. Brennan.
Lavishly illustrated. $19.95

39731. COMMON INSECTS OF
NORTH AMERICA. Lester A. Swan
and Charles S. Papp. This first major
one-volume survey of American in-
sects to appear in nearly half a
century will delight the naturalist,
prove indispensable to the amateur
collector and fascinate the interested
browser. $15.00

(retail prices shown)

61210. MATHEMATICAL THOUGHT
FROM ANCIENT TO MODERN TIMES.
Morris Kline. An enormous (over
1,200 pages) and hugely entertaining
and enlightening history, from the
ancient beginnings of mathematics
to concepts that acquired signifi-
cance after 1700 (two-thirds of the
book). Rich in fact and anecdote,
and written with clarity and elo-
quence by the distinguished author
of Mathematics in Western Culture.
Counts as 3 selections. $35.00

36010. THE BIG, FERTILE, RUM-
BLING CAST-IRON, GROWING,
ACHING, UNBUTTONED BELLY-
BOOK. James Trager. Rollicking,
fact-filled, often startling book about
foods and fads, diet and digestion,
vitamins, metabolism, nutrition and
health, by the author of The Food-
book. Plus vital data on the factors
behind heart disease, the relation-
ship between mental iliness and nu-
trition and much more. $15.00

88120. YELLOWSTONE: A Century of
the Wilderness Idea. Ann and Myron
Sutton. A lavish celebration — in
evocative words and breath-taking
photographs (72 of them in color) —
of deer, bison and bears, awesome
canyons, the spectacular lakes and
forests of this great century-old
national park. Counts as 2 of your 3
books. $25.00
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81800. SYMMETRY, ORBITALS, AND
SPECTRA. Milton Orchin and H. H.
Jaffé. The unity of modern chemistry
stems directly from the integrating
concepts of symmetry, molecular
orbital theory, and absorption spec-
troscopy. Here, two renowned chem-
ists blend the three into a total ap-
proach to chemical theory. $16.50

64910. NUMBER WORDS AND NUM-
BER SYMBOLS. Kar/ Menninger. A
delightful cultural history of num-
bers: how man learned to count, how
it affected his language and culture,
and how hie number systems changed
through the ages. A big book with
over 300 illustrations. $14.95

78190. SEXUAL SELECTION AND
THE DESCENT OF MAN. Edited by
Bernard Campbell. In one seminal
volume, ten of the world’s outstand-
ing biologists, anthropologists and
sociologists assess some of the
problems originally posed by Darwin
in 1871. Unanimously hailed as a
modern masterpiece. $14.75

57280. KINGDOM OF THE SEASHELL.
R. Tucker Abbott. Expert introduc-
tion to the fabulous world of marine
mollusks—how they grow, reproduce
and defend themselves. Magnificent
illustrations, many in color. $14.95

45490. ENVIRONMENTAL GEOLOGY.
Peter T. Flawn. Lucid exposition of
the relationship between man and
the natural earth processes. $14.50

36760. BORANES IN ORGANIC
CHEMISTRY. Herbert C. Brown. One
of the world’s leading researchers in
the important field of organic syn-
thesis now reviews the work of a
lifetime in an unusual and stimulat-
ing volume that will appeal to scien-
tists of every stripe. Counts as 2 of
your 3 selections. $24.50

56191, INTEGER PROGRAMMING.
Robert S. Gartinkel and George L.
Nemhauser. Brings together the
theory, methodology and applica-
tions of one of the most exciting and
rapidly developing areas of opera-
tions research. Comprehensive sets
of chapter-end notes supply a com-
plete reference guide to integer pro-
gramming. $18.95
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by Philip Morrison

REATIVITY AND INTUITION: A PHYS-
C 1C1ST Looks AT EAsT AND WEST,

by Hideki Yukawa. Translated by
John Bester. Kodansha International
Ltd. ($8.95). Tue CoLLECTED WORKS OF
LEo SziLArD: SciENTIFIC PaPERs, Ber-
nard T. Feld and Gertrud Weiss Szilard,
editors, with Kathleen R. Winsor. The
MIT Press ($17.50). AsPECTS OF QuUAN-
TuM THEORY, edited by Abdus Salam
and E. P. Wigner. Cambridge Univer-
sity Press ($23.50). It was given to Ein-
stein to weave once and for all into a
single fabric the strong fibers—space
and time, matter and energy, weight and
inertia—that had since the Renaissance
come to span the physical world. The
first half of this century witnessed, we
can now see plainly, the composition
and development of three other physical
themes, even more unexpected than the
rewriting of Newton’s Principia. The
deepest of these is doubtless the rise of
quantum mechanics: new laws of mo-
tion, a powerful set of statutes whose
writ runs further even than the New-
tonian laws, into the recesses of all mat-
ter. Cause and chance are here united
opposites, fused with a subtlety that ex-
ceeds that of relativity physics. The new
mechanics forced a new recognition of
the formal, of patterns of wholeness and
of symmetry, that still rules the work of
the physicists. Cause and chance strug-
gled for being, not just around the quan-
tum but in new readings given the cen-
tury-old laws of thermodynamics. These
too were put on a fresh footing before
1950, and that reexamination yielded up
the idea of physical information (in turn
the essential concept so brilliantly ex-
ploited as the metaphor that rules con-
temporary molecular biology, the do-
main of the informed helix). Finally,
drawing on all these conceptual trans-
formations but by comparison matter of
fact, all but free of the new epistemol-
ogy, nuclear physics arose out of in-
genious experiment: the study of the

BOORS

Yukawa’s reflections on life and science,

Szilard’s papers and a tribute to Dirac

atom’s core. Its importance transcends
any philosophy; by its work we know
how the stars shine, how old our earth
is, above all how the cities of men can
come to live or to die.

The generation of physicists born in
the decade or so during which the new
physics itself was born—the years be-
tween the discovery of Rontgen rays and
the spread of special relativity—ran
through a newly opened gate. Their
teachers were Einstein, Bohr, Planck,
Rutherford; theirs were new paths to
map. Their names too are lustrous: we
may list Schrédinger, Fermi, Pauli, Hei-
senberg, Joliot, Bethe, Rabi.. ..

The first of the books under review
is the work of Hideki Yukawa. It was
Yukawa who saw in late 1934 that under
the quantum laws all the forces of na-
ture must arise from the exchange of spe-
cific particles. And so, for example, pho-
tons mediate the electromagnetic forces.
Yukawa first proposed that a then un-
known “heavy photon” (we call them
mesons now) of a special kind must exist
to carry between the protons and the
neutrons in the nucleus the momentum
flow that we now recognize provides the
strongest glue in all matter.

Yukawa’s book is a collection of per-
sonal essays almost without technical
content (there are one or two equations
in 200 pages) outlining his views of the
enterprise of science and more intimate-
ly the state of his own heart and mind,
as recalled from his youth or as he marks
the first years of reflective retirement.
The son of a university professor, Yu-
kawa remembers himself as a clumsy,
bookish youth, ashamed that he did not
share the common dexterity of the
“average Japanese.” To this he added a
shut-in sense of isolation (“I'm poor at
dealing with other people”) and an early
literary taste for the melancholy and fa-
talism of some Japanese novels and in-
deed of the Chinese philosophical mas-
ters Lao-tzu and Chuang-tzu, whose
works he eagerly heard and read from
the age of five. He learned German in
high school and conceived the ambition
to read a book in German. Then he
found in a bookshop the first volume of
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Max Planck’s introduction to theoretical
physics. For him it was intelligible, fas-
cinating, logically reasoned. His way
was fixed; he was plainly a brilliant stu-
dent.

After graduation from the University
of Kyoto he determined “to get mov-
ing,” to do research on the atomic nucle-
us and cosmic rays. The European flow-
ering of quantum mechanics was fast,
too fast for a distant Japanese observer
far from the stimuli of Gottingen and the
Copenhagen group to hope to compete
directly; best to seek unopened fields
where almost nothing was known. In five
years, by 1934 (“perhaps I was .. . stupid
for taking so long to produce results”), he
saw the necessity of the meson, estimat-
ed its mass, connected it with the theory
of the beta decay of radioactive nuclei
and became the leader of an isolated but
remarkably original and devoted group
of young Japanese theorists who worked
even in wartime and whose students now
form a large and powerful school within
the world community of physics.

The most striking aspect of these mov-
ing brief personal essays and interviews
is their general independence from the
familiar categories and parables of a
Western education. The natural world is
modular, we say; it consists of “atoms
and the void.” For Yukawa the idea is
the same but the figures differ. The laws
of physics are an “invisible mold” strik-
ing out innumerable copies of electrons,
protons, mesons, all the same. Did not
Chuang-tzu speak of “heaven and earth
as a great crucible” molding human be-
ings to be refashioned when the time
came into something else? The Greek
way included a powerful capacity for
abstraction, for seeing the way of num-
bers, of atoms and the void. Yukawa’s
classics largely lacked that power; theirs
was the unifying strength of intuition,
of the sense of analogy. (“The Way is
...everywhere...in insects, plants, tiles
and walls.”) It was the harmony between
the abstraction of the atomists and the
intuitional powers of philosophers whose
thought could join science with literature
and the arts that was the glory of Greece.
It is that harmony we have lost today; it
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is a just balance between the novel pat-
terns we can grasp through the creative
aspect of our minds and the logical, even
inductive, arguments of the scientist that
now eludes physicists who confront, too
abstractly, the world of particles today.
This juxtaposition sets the tone of the
entire book, as it supplies the title.

It was in the mind of Professor Yu-
kawa that modern science first conspic-
uously expressed itself no longer as a
Western development but as a universal
product of human thought. Mesons owe
more to the Way than to the Metaphysi-
ca. His book, agreeable to read if less
than simple to grasp, will place the
thoughtful in touch with past and fu-
ture; with a gentle, generous and hu-
mane mind; with a philosophy on the
one hand resigned and on the other hand
hopeful, a mixture of the elegant and the
energetic not to be found where they
write with only a few dozen letters.
“Resignation may be important for hu-
man beings; the time may come when I
have to give up. But I have not given up
yet.” And “I do hope that some really
bold new ideas will come out sooner or
later from among young physicists.”

The Collected Works of Leo Szilard,
very different in form and style, displays
“bold new ideas” in plenty. They are the
ideas—in 30-odd scientific papers, a
number of memorandums and once se-
cret reports, a spate of patents, applica-
tions and proposals—of one of the most
prescient and original of all the minds
that built today’s physics. This volume,
thick and rather stringently technical,
holds Szilard’s scientific legacy. (A vol-
ume yet to come will bring together his
diverse writings on society, particularly
on war and peace.)

Szilard added nothing to quantum
mechanics. Indeed, although the physics
of slow neutrons depends utterly on the
wave nature of matter, most of the phys-
ics of nuclear chain reactions appears to
be understandable in classical and sta-
tistical terms. Szilard wrote his concep-
tually most striking paper in 1922, and it
is presented here both in a facsimile of
the published German text and in a clear
English translation. It is nothing less
than the first working out of the thermo-
dynamics of a Maxwell demon: an analy-
sis of how, even given the “intervention
by an intelligent being” who can choose
among moving molecules to suit himself,
there is still no way to make a perpetual
motion machine of the second kind,
making heat flow uphill, lowering the
entropy at no cost in energy. “A simple
inanimate device can achieve the same
essential” choice, but in so doing it gen-
erates just that entropy required by ther-
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modynamics. Choice itself here becomes
a thermal quantity, the first step to-
ward the modern theory of informa-
tion. Young Szilard, a generation before
Claude Shannon, looked down that ex-
traordinary road.

Alone, such a result would signal Szi-
lard’s originality. But here is a design for
cyclotrons before Ernest Lawrence, one
for linear accelerators before Rolf Wi-
deroe, for microfilm in 1934, for electro-
magnetic pumps (with Einstein) in 1927.
(The pump was meant to be quiet, since
it had no moving parts, but it “howled
like a banshee” from cavitation, one ear-
witness reports.)

The kernel of the book is that famous
insight (“As the light changed to green
and I crossed the street”): an element
that, on being split by neutrons, released
two neutrons whenever it absorbed one
could sustain a nuclear chain reaction,
confound Lord Rutherford by liberating
nuclear energy on an industrial scale—
and yield atomic bombs. This thought
occurred in the fall of 1933 to a man
prudently come to London and gener-
ously busy trying to find posts for his
less-prepared colleagues who had lost
job and home in the Nazi takeover.
(“The thought became an obsession with
me.”) In the spring of 1934 he applied
for a patent on the neutron chain reac-
tion, complete with the idea of a critical
mass, years before any such reaction as
fission had been discovered. The only
way to keep the patent from public view
was to make it secret, and so he assigned
it to the British Admiralty.

Szilard turned his obsession into the
obsession of all of us after the discovery
of fission. It was he who prepared the
draft for Einstein’s famous letter to
F. D. R., and a more detailed letter over
Szilard’s own name went with it. It was
he who applied for a patent on the ura-
nium chain in early 1939; it was he who
inspired and joined Enrico Fermi in de-
veloping the idea of a graphite pile with
a lattice of uranium spheres in 1940. By
1944 Fermi and Szilard together applied
in secret for a patent on “neutronic re-
actors” in modern form. That patent,
held by “the United States of America
as represented by the United States
Atomic Energy Commission,” became
public only in 1955. Szilard said in 1946:
“While the first successful alchemist was
undoubtedly God, I sometimes wonder
whether the second successful alchemist
may not have been the devil himself.”

The story of how Szilard clear-sight-
edly opposed the diabolical force of
atomic warfare from early 1945 to the
end of his life will be more explicit in the
second volume of his works. This volume
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displays rather his postwar entry into
biology by way of microbial metabolic
control and into essays toward a theory
of aging and a theory of memory; these
remain anticipations of the greatest tasks
of modern molecular biology, still in-
complete.

Let the Paris microbiologist Jacques
Monod speak of his late friend; he
warms an acute appraisal with an inti-
macy of spirit. “Szilard...was as gen-
erous with his ideas as a Maori chief with
his wives. Indeed, he loved ideas, espe-
cially his own.... He had close friends,
mostly among younger men, whom he
would visit, or summon by phone, at fre-
quent erratic intervals, any time he had
an idea to communicate, an experiment
to suggest, or...felt he needed...more
facts to abate temporarily his huge intel-
lectual appetite. ... Leo Szilard was too
rich in ideas. . . too joyfully familiar with
all of them...ever uniquely to pursue
only one of them, aggressively reiterat-
ing, illustrating, and defending it, as
most of us do. ... Szilard was different...
his memory will remain as a unique im-
age of a man to whom science was more
than a profession, or even an avocation:
a mode of being.”

Aspects of Quantum Theory is the
most conventional of these evocative
books. No personal expression by the
man it honors at 70—Paul Adrien Mau-
rice Dirac—appears. It holds rather the
tribute of his scientific friends and col-
leagues. Perhaps a fifth of the text is a
fascinating set of reminiscences of the
“golden age of theoretical physics,” as
Jagdish Mehra calls it, and the rest is a
set of reflective discussions, all but one
or two at the level of the professional
quantum-field theorist, seeking to ap-
praise Dirac’s work and its outcome. It
was P. A. M. Dirac who first of all per-
ceived the antiworld, that conjugate uni-
verse where all the particles have their
curious reflection. It was implied by the
joint acceptance of quantum mechanics
and relativity. He was a gifted student
who trained as an electrical engineer but
plainly loved mathematics. He found his
way to Cambridge and to science on a
grant in 1923, when he was 21. He nev-
er looked back.

He was a quiet, somewhat withdrawn
(although never solitary) man, remark-
ably guileless, direct and free of pre-
tense. In 1968 he recalled, “I have the
best of reasons for admiring Heisenberg.
He and I were young research students
at the same time, about the same age,
working on the same problem. Heisen-
berg succeeded where I failed.” The
problem Heisenberg succeeded at, of
course, was inventing the quantum me-



chanics! Dirac did not fail again. His re-
markable insight and analytic originality
led to the most persuasive and complete
formulation of the new quantum me-
chanics and its extension into relativity
and to the positron, first harbinger of the
antiworld. By 1933 he “had himself
largely created the language of theoreti-
cal physics and become the personifica-
tion” of that golden age. Anyone with
some appreciation of the quantum the-
ory can read with pleasure the historical
chapters of this book. The more techni-
cal ones are for the cognoscenti, with the
exception of two. One of these (by
Edoardo Amaldi and Nicola Cabibbo)
describes the long search for the funda-
mental free magnetic poles Dirac con-
jectured long ago, unknown particles
whose absence mars the symmetry of
the antiworld. Perhaps they are coyly
revealing themselves in the mysterious
bursts of pure gamma rays we see in
cosmic rays from time to time. A newly
made pair of monopoles might separate
for a brief while but they interact so
avidly that in their motion they emit
many photons, thus losing all relative
energy, so that they can recombine and
mutually annihilate again—all within
some 10-2! second! The other piece, by
Freeman Dyson, reviews the status of
another idea of Dirac’s, that the con-
stants of nature may change in cosmic
time. Only so, Dirac felt, can we hope
to explain the large pure numbers of
cosmology. They started as numbers
near unity, he proposed, in principle cal-
culable, and only became huge—10%°—as
time passed. The case for this looks poor
at the moment; if all five forms of the
hypothesis fail, writes Dyson, “it will be
up to the speculative cosmologists, and
up to Dirac in particular, to think of
something new.”

GEOGRAPHICAL EcoLoGY: PATTERNS IN

THE DISTRIBUTION OF SPECIES, by
Robert H. MacArthur. Harper & Row,
Publishers ($13.95). The species is the
atom of this biological analysis, and the
statistical mechanics of complex and di-
verse natural samples of such “atoms,”
weaving together the role of chance with
that of deterministic laws, is its subject
matter. Experiment joins observation.
Ingenious and satisfying argument,
based on a far-flung net of observations
in the manner of Darwin, is bolstered by
mathematical models as Darwin never
could have done. The mathematics is
made graphical and general as often as
it remains in the specific language of
coupled equations. The book is highly
original, “a nontraditional outline” by a
master in the field, the equations caged

in appendixes, so that the reader un-
armed with calculus or probability the-
ory can still browse safely on text and
graphs.

The experimenters cited can be both
elegant and bold. A few years ago one
team chose four “very small islands of
red mangrove” in the Florida Keys, re-
corded carefully all the species—insects
and spiders—and hired a professional
exterminator who enclosed each island
in a polyethylene sheet and fumigated
the entire fauna. Then, for up to two
years, they recorded step by step the
colonization of the room-size islands by
new species. The experimenters con-
firmed the facts about island fauna al-
ready seen off southern California, New
Guinea and Panama: islands hold an
equilibrium number of species, fewer
than the mainland nearby. New species
enter and established ones become ex-
tinct all the time, but the overall num-
ber remains about the same, generally
surprisingly well predicted by area
alone. (A straight line connects the num-
ber-on a log-log plot—of West Indian
reptilelike species with island area, over
a range from Redonda, at one square
mile, up to Cuba!)

The theory is compelling; it fits all the
facts. New species enter randomly, al-
though just which they are depends on
the nature of organism and habitat. They
persist until extinction; the more intense
the competition, the smaller the popu-
lation of each species. Immigration and
extinction balance at a stable equilib-
rium. Small numbers guarantee eventual
extinction by random causes; the de-
scendants of the founders must become
numerous if the line is to be safe. Com-
petition can inhibit every species, of
course: simple plausible models show
that reducing the maximum size of the
population from 20 individuals to 15,
say, by taking into account one reason-
able competitor for Lebensraum, shifts
the expected species survival time from
25,000 years to 700 years!

Competition is no simple relation: it
includes predation, parasitism, disease,
how “A can reduce B’s food supply” and
much more. Condors do not compete
with codfish; there must be some com-
mon or at least sequential use of space.
The allowed principle that two species
cannot coexist unless they do different
things is of little use until one determines
how different “different” must be. Flour
beetles of two species cannot coexist in
laboratory bottles of pure flour. Add
some broken wheat kernels or pieces of
broken glass tubing, however, and the
two happily find distinct “niches” in one
bottle. In the diversity of natural envi-
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ronments the species blend is rich. Com-
petition for resource use must go before
aggressive competition; surely there is
no point to fighting unless some com-
monly useful resource is to be gained.
For this main reason aggressive behavior
~pace Robert Ardrey and other hard-
shell romantics—is “far from universal in
the animal kingdom.”

Professor MacArthur has made a book
that uniquely bonds strict calculation
with the naturalist’s eye and links the
personal with the abstract. It is at once
demanding and rewarding. His untimely
death robs us of much, but we can cele-
brate what he gave us in some 40 years
of life. Let him speak with the feeling of
the first sentences of this book:

“To do science is to search for repeat-
ed patterns, not simply to accumulate
facts, and to do the science of geographi-
cal ecology is to search for patterns of
plant and animal life that can be put on
a map. The person best equipped to do
this is the naturalist who loves to note
changes in bird life up a mountainside,
or changes in plant life from mainland
to island. ... But not all naturalists want
to do science; many take refuge in na-
ture’s complexity as a justification to op-
pose any search for patterns. This book is
addressed to those who do wish to do sci-
ence. Doing science is not such a barrier
to feeling or such a dehumanizing influ-
ence as is often made out. It does not
take the beauty from nature. ... No one
should feel that honesty and accuracy
guided by imagination have any power
to take away nature’s beauty.”

FLINT: Its ORIGIN, PROPERTIES AND

Usks, by Walter Shepherd. Faber and
Faber. Distributed in the U.S. by Trans-
atlantic Arts, Inc. ($18.50). The great
seas of the Cretaceous period, a round
100 million years ago, left less dry land
than at any other known period in the
history of the world; they smothered the
continents with an algal ooze that hard-
ened into the soft white limestone called
the Chalk. It is widespread: around Lon-
don and Paris, in Kansas and Kenya,
there is plenty of chalk.

Where there is chalk there is flint.
The more than glass-hard black nodules
of this mineral, a nearly pure silica, are
embedded in the chalk or freed by ero-
sion to lie like pebbles along the stream
beds or on the banks and beaches of
later times.

Flint is the best-known material used
by Stone Age man. It remains a valuable
economic mineral, particularly in En-
gland; there it supplies silica today for
pottery makers. (Flint glass, although
once made from crushed flint, now de-
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rives from silica sand.) The oldest mines
we know are flint mines, which Neo-
lithic miners worked for “first-quality
tabular flint” down to 40 feet below the
surface. From about 2200 B.c. to 1900
B.C. the big workings at Grime’s Graves
in Suffolk were active, meeting the flint-
ax demand. Polished igneous rock and
the newfangled bronze imports reduced
the trade greatly, but it did not come to
an abrupt end. Men still recall the last
flint miner at Brandon, “Pony” Ashley,
who worked by candlelight “using a
single-tined pickaxe roughly resembling
a Neolithic antler-pick.” They still work
flint there, just as the old people did,
and a fortunate visitor might well strike
up conversation with one of the Edwards
family, craftsmen-knappers for two or
three centuries at least, in a pub such as
the Knapper’s Arms. Gun flints still went
out in 1950 in numbers to American col-
lectors, and to Thailand and West Africa
for the locally made flintlocks. The Turk-
ish flint-knapping industry was described
in these pages in 1969; there the knap-
pers use some 500 tons of flint a year for
blades set into heavy planks to make
threshing sledges. Drawn over the grain
on the threshing floor by teams of horses
or oxen, the flint edges chop up the stalks
and release the wheat.

Flint has been the firestone since the
Iron Age. Until 1970 the paschal candle
had to be lighted for a Catholic Easter
Vigil with “new fire” struck from flint.
Exegesis had allowed most such fires to
be lighted with the cerium alloy of the
cigarette lighter, vulgarly called flint, for
the past couple of generations, but until
then true flint and steel had been used
throughout Christendom. Even in Vir-
gil's Rome the slaves made fire daily
from the white-hot particles shocked by
the hard flint from iron or steel. It is in
the language firmly; even if one has nev-
er seen flint, “none needs to be told what
is meant by a ‘skinflint, a ‘flinty eye’”
or requires an explanation of Captain
Flint’s character.

The book is replete with the lore of
flint and its users, but it is by no means
a volume of curiosities. Its center of
gravity is dual: how flint was formed,
and how it was worked as a tool for most
of the history of humankind.

Flint nodules are 98 percent silica,
scattered through a great thickness of
chalk, itself 98 percent calcium carbon-
ate. The black flint is embedded in the
white chalk at a good flint site at the
rate of about a ton of flint to every 130
tons of chalk. That silica was once dis-
solved in the waters of the Chalk Sea, a
part or two per million. How the flint
was segregated is a battlefield of theories
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and inferences still unsettled after a cen-
tury of work. Did the silica deposit out
in a geological instant as lumps on the
sea floor? It has happened, but it cannot
be common. Perhaps the flint gathered
before a million years went by in layers
under the sea floor, where the ooze was
becoming chalk. Or perhaps, tens of mil-
lions of years after the sea had receded,
the coarse reeds and grasses that grew
on the overlying soil extracted the silica,
to deposit it as tiny opaline globules in
their tissues. Water leaches the soluble
material out of the plant debris down to
the rocks below, where various chemical
and physical processes over millions of
years form the nodules, nucleating on an
occasional sponge spicule or the like in
the rock layers. All these schemes have
some success at explaining the flint; all
encounter difficulties with the structure
of particular nodules or with features of
the banded distribution of the flint in
depth. Perhaps statistical studies will
one day apportion the theories, each to
its moiety.

“Considered together, flint and chert
simply represent the natural end-state
of all random drifts of soluble silica in
the earth’s crust. There is nothing ‘spe-
cial’ about them. ... It is the other forms
of silica—rock crystal, agate, opal—which
are extraordinary. But if flint has this
undistinguished status in the mineral
kingdom, its importance to the animal
kingdom can hardly be exaggerated.”
Shepherd, experimental mineralogist,
collector, scholar, folklorist and a man
who has his way with words, has done
his share to celebrate flint for us pri-
mates in this unusual, engagingly broad
study.

%TLAS oF CuLTURAL FEATURES, by
+ X Benjamin F. Richason. Hubbard
Press ($6.95). WorLp Facts AND
TrENDS, by John McHale. Collier Books
($2.95). Useful and unusual references,
well worth the time of any interested
reader, these are two letterhead-size thin
volumes. The Atlas presents 36 aerial
photographs, each paired with a detailed
contoured photographic map of the re-
gion shown, usually a few square miles
and all but two within the 50 states.
With each pair there are a crisp page of
explanatory text and a few questions,
answerable after more than superficial
study of the two images. Professor
Richason, a geographer, seeks to display
“impressions of man’s activities” on the
land. We see the mark of the surveyors
themselves on field and road; we see the
village and the farm, mines, mills, rail-
roads, canals and the patterned cities.
The work is, of course, an open door to



the knowing use of maps and aerial
photographs, but it is more than that;
the places we see so clearly are unusual,
and some are unforgettable.

There is the Point in Pittsburgh, a city
nucleated around the sharp confluence
of rivers that forms the Ohio. Multiple
rail lines and wide highways thread the
very site of Fort Pitt, strategic during the
French and Indian War. Or look at Abi-
quiu on the Rio Chama, where the old
Spanish village still lies above the ditch;
the rounded bones of those valley walls
are known to us in the paintings of
Georgia O’Keeffe. Or stare down into
Bingham Canyon, Utah, where the cop-
per men have carried away a porphyry
mountain to leave a stepped bowl 1,500
feet deep—two billion tons of ore gone.
Or view Scottsbluff, where the Oregon
Trail, the Pony Express and the Over-
land Trail all together leave map and
photograph by one pass, past high Eagle
Rock out of the low Platte valley.

In World Facts and Trends McHale,
once an associate of R. Buckminster Ful-
ler, has compiled an interesting, meticu-
lously documented set of well over 100
graphs and flow charts (visually medi-
ocre) set off by a clear text. There is a
cogency to the choice that distinguishes
the book. The aim is not only to make
ready to hand but also to insert into the
mind the facts that gauge the relations
between human beings and the planet
they dwell om: population and its
changes, the natural and the man-main-
tained flows of material and energy,
food, industry and its tools, communi-
cations, minerals, all on a world basis
and many with national and regional
breakdowns. The sources are usually re-
cent monographic studies, not mere sta-
tistical tables. Most of the data are the
quantitative stipulation of important
commonplaces such as per capita use of
fuels, copper and so on. Some give a
view into the unexpected, like a flash-
light beam into the dark: In 1850 as
much energy came from burning dung
as from muscle power, although coal
gave rather more. (Wood was then the
king of fuels.) The leaders—the U.S., the
U.S.S.R. and Japan—now consume about
40 times as much steel per capita per
year as India does. We live in an age of
metals. Total material product per per-
son (excluding fuels, food and water) is
more than 350 pounds of metals per
year; synthetics and natural products
add up to only about 50 pounds. Re-
fined metals now cycle, taking a grand
weighted average, about once every 22
years. Close all the loops! Only a few er-
rors mar the work; beware of a misla-
beled graph on marine energy sources.
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Premise: Pollution
control begins with effective
sensing and measurement.

To the burning question
of waste disposal,
Honeywell suggests

an answer.

Growing quantities of solid
waste today pose growing
disposal problems for most
municipalities.

Incineration is a proven
method of disposal. But the
question is, can incinerators
control one source of pollution
without creating another?
Without spewing noxious
gases, fly ash and other
particulate matter into the air?

Honeywell believes that
clean, economical incineration
is both possible and practical.

The answer lies in automated
systems of sensing and control.
Systems well within current
Honeywell technology.

Although refuse varies
widely in BTU values, complete
combustion can be achieved
consistently. Sensitive
thermocouples and draft
gauges can read changing
furnace conditions and signal
prompt compensating
adjustments of air flow to
maintain proper combustion
and temperatures.

Similar sensors and
components also control gas
cooling and dust collection.
Stack emissions are checked
continuously by smoke density
monitors and stack gas
analyzers. Finally, all control
components are integrated in
one total control system which
keeps all individual parts in
balance for the cleanest
possible combustion.

Honeywell
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Could Honeywell's
specialized products and
systems solve a pollution
problem for you? Ask us
details about automated
incineration control systems
for solid wastes, sewage
sludge, recalcining and
carbon reactivation, or for
other information. Write
Mr. Richard Boyle, Director of
Environmental Programs,
Honeywell, 2701 Fourth Avenue
South, Minneapolis, MN 55408.

We'd like to help.



Introducing the GMC MotorHome.
It doesn’t ride like a truck.
It doesn’t look like a box.

1. ANEW ERA IN MOTORHOMES

thermal insulation and noise suppression. it all means getting up to highway speeds

IS BEGINNING.

Before we started building our
MotorHome, we studied every other type
of motorhome that exists.

We found that the simpler the

basic construction, the fewer the problems.

So we started with a strong, durable,
steel perimeter frame and attached to this
a cage of heavy aluminum ribs.

On top of this, we bonded both
aluminum and fiberglass panels molded to
a smooth finish. It’s the same construction
people are flying all over the world in.

Except now you'll be driving.

Then we sprayed the interior with
a thick, rigid polyurethane foam for

Next we assigned a 3-man team to

install the interior. From beginning to end.

If that sounds like areturn to old-
fashioned pride of craftsmanship, you're
absolutely right.

. MORE POWER TO YOU.

To give you the excellent road
performance, we installed a 45 5-cubic-
inch V8 engine up front and coupled it
to a 3-speed Turbo Hydra-matic
transmission. We coupled that to a front
wheel drive unit with a 3 to | ratio and
put it all on top of torsion bar springs
and stabilizer bar.

With our low overall body weight,
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quickly. Excellent traction. Excellent
weight distribution.

. A MOTORHOME IS NO FUN

IF IT°S NO FUN TO MOTOR IN.
We took our basic construction
and raised it only 15" from the ground.
This puts the center of gravity only 37
inches above the ground. For easy handling.
See the rear wheels. We put one
behind the other for four reasons: To
give you a wider base. More room inside.
Greater stability than you'd have with
dual wheels. And so we could place a
special air spring between the two wheels
to pass the bumps from one to the other



instead of to you!
These air springs are the only
ones of their kind on motorhomes.
Tokeep the weight and balance
of the interior within design limits,
we fed all the data into a computer. It fed
back what we needed to put things
where they belong.

. ABOUT OUR SIX-WHEEL
BRAKING SYSTEM.

middle, a double sink, 6-cubic-foot
refrigerator (it's electric so there’s no
pilot light that'll blow out), a range and
oven with exhaust hood. There’s also a
bath with all the necessities plus ample
cabinet space.

That’s one floor plan. There are
14 more available.

. WE INCLUDED TOP INTERIOR

DESIGNERS IN OUR PLANS.

7. ONE-STOP SERVICE.

AFTER-HOUR ASSISTANCE.
Your GMC MotorHome dealer

services everything he sells. Inside and
out. From the engine to the air conditioner
and furnace. And there’s a toll-free
number you can call and immediately get
the number of the nearest MotorHome
dealer representative available for
after-hour assistance.

MARK OF EXCELLENCE.

In addition to power steering,
there’s a six-wheel braking system with
power disc brakes up front and four large
finned-drum power brakes in the rear,
plus an available leveling device operated
from the driver's compartment for parking
on uneven ground.

Incidentally, the parking brake
grabs all four rear wheels.

. CHOOSE FROM 15 DIFFERENT
FLOOR PLANS. TWO LENGTHS.
The GMC MotorHome is
available in 23- and 26-foot lengths. The
standard 26 floor plan includes a dinette
that converts to a double bed opposite a
sofa that turns into double bunks. In the

To put the finishing touches on
the inside, we had House and Garden
magazine's interior designers help us.

The driver and passenger seats are
high, contoured seats with built-in arm

rests. This high-level seating arrangement,

combined with the big, wide-angle
windshield, offers you panoramic
visibility.

Every counter top has rounded

corners. All cabinet knobs are eliminated.

Every hinge is concealed.

There are thick, shag or cut pile
carpets. And wood-grained vinyl on
the walls and cabinets.

You also get a choice of four
color-coordinated interior decors.

For our 28-page, four-color catalog,
write GMC MotorHome Headquarters,
Drawer Y, Dept. 120, Lansing,

Mich. 48900.

Better yet, see your GMC
MotorHome dealer. He'll be glad to -
show you around the house. Have a

good life.

The MotorHome from General Motors.
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WHAT IT'S LIKE
TO DRIVE AWINNER.

See what it's like from the driver's
seal.

You'll feel Vega's wide stance and
low center of gravity ease you through
turn after turn.

Vega's available Custom
Interior looks attractive, sits
comfortable, feels extra nice.

Available GT equipment includes
special instrumentation: tach, amp and
temp gauges, electric clock, and
sport steering wheel.
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Ml&l-nud b buckle up. I! could$ve o lifetime

Vega has won six major honc
in less than three years. Motor Trend
Car of the Year in 1971 and Economy
Car of the Year in 1973. Car and
Driver Readers’ Poll winner in the
“economy sedan’’ class in 1971, 1972
and 1973. Motor Service and Service
Station Management survey winner of
easiest to service designation in the
subcompact class. Drive the most
honored little car built in America.

VEGA

The award winning little car.




