Reproduced From
Best Available Copy

e
S




- Best
Available
Copy




1 —

© ] NiM

SCIENCE IN THE SIXTIES

The Tenth Anniversary AF(SR Scientific Seminar
June 1965

Edited by
DAVID L. ARM

DIRECTOR OF THE SEMINAR

Cosponsored by

THE UNIVERSITY OF NEW MEXICO
THE AIR FORGE MISSILE DEVELOPMENT CENTER
THE AIR FORCE OFFICE OF SCIENTIFIG RESEARGH
l N hS Y
- .
™G ey Y
Q RS

NOV2 1 iso:
LT N vy
S




The Air Force Office Of Scientific Research
Is © - Of The Major Components Of
T. Office Of Aerospace Research

. . United States Air Force

WP e -

Library of Congress Catalog Card Number: 65-28687

f— ———— - ——

© Copyright, 1965, by The University of New Mexico
Office of Publications
Albuquerque, New Mexico

PRINTED IN THE UNITED STATES OF AMIRICA

7 ——
|
|




ot

s

Preface

THis vVOLUME is a collection of articles which are based upon lectures
presented at the Tenth Anniversary Air Force Office of Scientific
Research Scientific Seminar, ""Science in the Sixties,' held at Cloud-
croft, New Mexico in June 1965.

The AFOSR Scientitic Seminars are unique. Leaders in the fields
of science encompassed by AFOSR's areas of scientific interests de-
pict current outstanding activities and research problems in their
fields. The lectures are truly broad and must be intelligible to non-
specialists in each field, since they are presented to audiences which
consist of scientifically sophisticated individuals with widely vary-
ing interests and backgrounds. They must offer not only information
in a specific field, but ideas for interdisciplinary action as well.

This book does not pretend to be a publicajion of the proceed-
ings of the seminar. Neither is it a collection bf scientific articles
which have been writter: for publication in one of the several
learned journals. This collection does, howewsr, indicate-the state
of the art in areas comprising the spectrum of scientific efforts being
supported by the Air Force Office of Scientific Research.

The Seminar was sponsored by the Air Force Office of Scientific
Research in cooperation with the University of New Mexico and
the Air Force Missile Development Center.

D.L. A

Washington, D. C.
November 1965 .
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Introduction

DuninG THE rraiop 14-25 June 1965 the Air Force Office of Scien-
tific Research wondusted » unique seminar at Cloudcroft, New
Mexico. Each of the sixteen distinguished scientific investigators
who spoke at this seminar was chosen for his place on the knife edge
of his particular area of rescarch, where work was being done that
would, in all likelihood, influence the course of science.

Among the seminar attendees were more than two hundred se-
lected research, development, and administrative scientists snd
engineen of the Air Force, both civilian and miilitary. Liberally
sprinkled among this group were represeatazives of colieges and
universities, other Federal agencies, and armed [orces centractors
in industry and other research institutions.

The focus in time was the mid-1960's, coincidentally the trnth
annivenary of the Air Force Office of Scientific Research. AFOSK
is the Air Force agency with responsibility for stimulating funda-
mental scientific investigation throughout the world in those as-
pects of the sciences that bear upon what are considered the central
technological barriers to future development of Air Force operating
capabilities,

The 1965 seminar was the first in the long Cloudcroft series to
span a wide variety of sciences Earlier seminars had concentrated
on critical areas of special Air Force interests such as optics, cy-
bernetics, and geophysics. The broader format seemed particularly
desirable in view of the frequently asked question, “Where are we
now, and where arc we going, across the spectium of the sciences
today?”

AFOSR Seminar speakers traditionally arc asked to speak infor-
maily rather than to read scientific papers, and to discuss aspects of
their work that are far in advance of the tidying-up process that
usually accompanies the preparation of such papets. In this wav the
AFGSR Seminar has been notably successful in providing «lose
amociations on an unhurried, casual basis, in an isolated location.
The effect has been to provide a rich background to aid ail ~f us
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in the Air Force who work to ensure that new science has a timely
impact upon Air Force operations.

By the end of the seminar it was apparent that the interdisci-
plinary point of view had contributed an unusual perspective of the
unity of sience, and strong evidence of the crosscirculation of
ideas &cross the disciplines. Speakers often referred to each other's
reenarch and made use of concepts described in earlier lectures.

It was also apparent that, despite the non-publishing tradition
of past seminars, a volume based upon the presentations would
greatly further a major objective of this seminar, wide and timely
dissemination of new scientific information to potential users, Thus
the idea for this volume took shape, to which the speakers would
contribute an article, as general or as specific as they wished, high-
lighting major paints which developed during their talks.

What has emerged vividly is the interlocking strength of scem.
ingly disparatc avenues of investigation in the wiences today, and
the clear indication that great progress is often made in small
steps occurring in a variety of ways. 1t is difficult 0 convey to a
non-scientiic audience the impossibility of predicting in advance
how new knowledge in the sciences will be of direct bei:efit in the
future. This volume illustrates the problem perfectly.

I can predict, however, that some future historian of science will

point to this book and say that some of those important small stcps
are recorded here.

Hitte... 3 (.

WILLIAM J. PRICE
Execut;ve Director
Air Faivce Office of Scientific Research




I. Paths to the Sixties

A. Hunter Duprig

1. OVER THE DISTANT HORIZON;

TrHe Deverarers~ or SOENCE IN AMeRIvA 10 THY

THE MsT0RIAN has a place speaking to a group of scientists because
his view of the past can expand the experienie of thuse making
decisions for the {uture beyond dheir own immediate horizon, He
cannot predict the future, nor an he by examining the pust make
discoveries yet undicamed of by the wientists in their own proper
disciplines. Yet he can, by tracing the svientific ideas of the past,
indicate something of the nature of science and how its leading ideas
are formed. He can also, because science does not take place in a
social and institutional vacuum, wace the developmient of those
institutions which give scientific ideas thar environient.

Those who belittle science in America because of the dearth of
great names are likely to overlook entirely that hall of American
history in which the Adantic shore of North Amierica was a seties
of British colonies. However, the time span of the history of modern
wience and of American history are almost identical. Thomas Her-
riot, who accompanied Sir \Walter Raleigh's ill-fated attempt to
o lonize Virginia, was a distinguished mathematician, one ol the
fimt [ullowers of Copernicus in England and a corrcapondent of
Kepler. From the time of the firmt settlements the guastion was nai
what the American coloiies contributed to science but rather what
science contributed to the structure of American civilirzation, The
Puritans had a philosophically secure place for science, and many
of their strongest intellects devoted a major part of their energy to

4. HUNTER DUPREE, Professar of History af the University of Cali-
Jornia et Rerkeley, is now wriling SOENCE IN THY FrorRat. GOVERNMENT,
1040 o 1960, companion piece to ihe earlier work covering the years prior
to 190. He is a member of the Historical Advisory Commitiee of the Na-
tional Aeronautics and Space Adminisiration and has served as @ con-
sultant (o the Commiltee on Science and Public Policy of the Nauional
Acedemy of Sciences,




2 SCIENCEIN THESIXTIES

investigating natural phenomena. Thomas Brattle mide astvonom.
ical observations which were used by Isaac Newton in his Principia.
The brightest ornaments of the American Enlightenment, Benja-
min Franklin and David Rittenhouse, made contributions to po-
litical philosophy at least in part because of the positions they had
gained in the transatlantic world through natural philosophy. Thus,
frem the very beginning American civilization gave a place of honor
1o science and developed differently because of its presence.

With the achievement of independence, the men of the early
republic auempted to express their nationalism in suicnce as well
as in literature and art. The attempt to esmablish an American
prime meridiau to replace that of Greenwich was a characteristic
gesture of the first generation. Almost immediately two basic at
titudes toward the relation of science to American democracy be-
came apparent. On the one hand, many, including Joseph Prienly,
saw the free institutions established by the American Revolution
as providing the esential condftion of freedom in which science
could be cxpected to flourish. On the other hand, some, such 23
John Quincy Adamy, chided Americans for not providing support
for science which the monarchies supplied as aristocvatic patrons.
In vontrast 10 the numerous and well endowed astronumical observa.
tories of Eurape, where were the “lighthouses of the skied” in the
American republic? Thus the belief that an authoritarian state has
a positive advantage in supporting science has been a part of the
American’s asumption about sience for a long time, and the re.
actions o Sputnik 1 show that the idea is stil! very much with us.

Againu aiich a background the United Staies, i ihe period aiter
1880, faced up to the problem of institution-building for science in
the nation. In an age of seeming indiffeience to basic research,
wientists could not admit in theory that they were building na-
tional wientific institutions. They had to pretend the Coast Survey
was a temporary task force and not a permanent government agency.
They had 1o introduce a national astranomical obseivatory in the
guise of a Depot of Charts and Instruments for the Navy. It took
an cntirely unexpected bequest to bring the Smithsonian Institu.
tion into existence. Only the unusual political conditions of the
Civil War period made possible the {ounding of a national academy
of sciences. Not until late in the nineteenth century did the char-

et
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acteristics of universitics, a3 we know them today, begin to take
shape i e United States,

One imporuant nineteenth century institution which has been
almost eclipsed by the subsequent rise of the laboratory was the
exploring and surveying expedition. These joint military-<ivilian
enterprises not only were mounted to achieve very practical and
specific ends but they also were major sontributors (o basic science
across 8 wide band of diwiplines. To take just one example, the
botany of New Mexico was brought inio the purview of interna-
tional science within a few years after 1846 because civilian collec
tors, representatives ol the leading Lotanists of the day accompanied
the troops which came to the area with the outhicak of the Mexican
War. Augustus Fendler came with a detachment of the Army along
the route of the Santa Fe Trail. Charles Wright reached El Paso
with a military wagon train shortly afierward. The Mexican Bound-
ary Surveys which followed on the Treaty of Guadaloupe Hidalgo
and the railroad surveys of the mid-1850's brought more collectors
to the region as part of civilian-military teams manned on the
Army side by a group which specialized in scientific exploration—
the Corps of Topngraphical knginecrs.

After the Civil War the exploring and surveying expedition as a
scientific institution tended to break up. This change enables one
to spcak of the dedine of science in the miluary in the late nine
teenth «entury without implying that a weapons-oriented research
establishment would not be rising in the twenticth century. The
replacement of the rival surveys of the 187¢'s—some of them mili-
tary -with the permanent divilian scientific agency, the United
States Geological Survey, makes 1879 a landmark date in the shift,
The tranater of meteorological research from the Army Signal Corps
to the Department of Agriculture in 1890 is a similzr indication of
the change.

With the dawn of the twentieth century, a spate of articles ap
peared bemoaning the state of basic wience in America as compared
to weitern Europe. Yet the very discussion of supposed American
inferiority was an indication that American science was maturing.
The growth of laboratories and of universities with their specialired
depariments a3 we know them today provided the characteristic
locus of scientific activity in place of the exploring and surveying
expedition. The dominz «t place which biolugy had achieved among
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4 SCIENCE IN THE SIXTIES

the disciplines in the wake of the Darwinian revolution became
attenuated by the rise of chemistry and to a lesser degree physics
as the most prestigious scicnces.

Worid War 1 was a major shock to American science. Even in
1914 the realization dawned that the United States had remained
deeply dependent upon Europe not only for idcas but also for ap-
plications, particularly in the fields of chemistry and optical glass.
The technical services of the American military had to begin their
effort to apply science to twentieth-century weaponry from a stand-
ing start. Under the aegis of the National Rescarch Council, cre-
ated in 1916, American science reoriented itself into the pattern
which foreshadowed its military role after 1240. Yet World War 1
was for American scientists an incomplete experience. And the most
farseeing leaders were looking beyond the war itself even before
American entry in 1917. George Ellery Hale had an international
objective in mind in establishing the National Research Council.
American leadership was important in setting up the International
Research Council—the precursor of 1CSU, the International Council
of Scientific Unions—just as the nation as a whole was withdrawing
from international cooperative action in the Leaguc of Nations.

In the inter-war years between 1920 and 1940 the scientific com-
munity in the United States took on characteristics which people,
not considered old, can still remember, and which some—cspecially
those who think that the deprivations cf an economic depression
strengthen character—look back upon as a golden age. An unno-
uced contrast underlay the appearance of an inter; :tiona! scientific
community and the reality of increasingly nationalistic foundations
for science support. Because communication across national bound-
aries became easy in the 1920's, many scientists could fancy them-
selves men who knew no nation but their own scientific discipline.
Yet the rise of Hitler was to demonstrate how Iragile the interna-
tional community actually was.

In the United States the four sectors of science support within
the nation achieved both balance and a clear division of labor. The
universities, inuustry, the government, and the private foundations
had some sense of the role to be played both by themselves and
by the others. The universities were the home of advanced training
and basic research. Industry provided a home for applied research
in laboratories organized and financed by corporations. The gov-

m
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ernment supported more research in absolute terms than ever, but
it limited itself to supporting its own missions by investigations done
in laboratories within its own walls. The private foundations, grown
large on the concentrations of wealth put together in the late nine-
teenth century, plaved a major facilitating role in the government
and university sectors, as well as mounting research efforts in di-
rectly-supported laboratories. Alone of the four sectors, the foun-
dations had significant ties with the other three. The bonds between
the government and the universities were particularly weak.

In the late 1930's American science showed its maturity by pro-
viding opportunities for the refugees coming over from the shadow
of Naziism. These men recognized carlier, and more clearly than
most, both the involvement of American science as such in the
crisis and the need for binding the sectors of support together in a
single great establishment directed to national ends.

II. THE FOREGROUND

A HistoriAN's REFLECTIONS ON AMERICAN SCIENCE SINCE 1940

The Office of Scientific Research and Development—the OSRD-
was the nearest thing to a true central science organization in afl
of American history. In binding tcgether all the sectors of science
support in the immediate interest of the war effort it incidentally
created a new system of American science. Its binding of the uni-
versities and industrial research to the government has continued
even after the demise of the agency itself. 'The four major leaders
of the OSRD-Vanncvar Bush, James B. Conant, Frank B. Jewe::,
and Kail T". Compton—gained their extraordinary hold over Amer-
ican science not because of their personal qualities—however im-
pressive these were—but because among them they represented all
the major interests in American science and had standing in all
the sectors. The decisions hammeled out by the OSRD became
precedents which shzped the structure of American science. The
contract not only brought the universities and industrial labora-
tories into the service of the government but d~fined many import.
ant roles, such as that of the contracting institution and of the
principal investigator. 1t estahlished the principle of no loss and
no gain for non-profit contractors and thus incidentaily created the
necessity for determining indirect costs. It determined the concen-

e o i sl




6 SCIENCE IN THE SIXTILS

tration and dispersion both of personnel and facilities purely on
the basis of need, thus bequeathing both a geographical imbalance
of research facilities and a rationale for continuing it on the post-
war structure. It adopted a posture of independence from the mili-
tary but in practice carefully geared itself to the needs of weaponry,
not to basic research. Nothing illustrates mor: clearly the adminis-
trative ingenuity of the OSRD than the skill with which it spun
oft the Manhattan Project to the Army without at the same time
losing touch with it.

At the end of the war in 1945, as the accomplishments of the
scientists came into view, science policy divided itself into two
spheres. The one which immediately erigaged the attention of the
whole world was the sphere of atomic energy. This policy area has its
own dynamic which stemmed from its problem—the bomb. Hence
it had its own relation to international policy, national policy, and
to science. It had its own laboratories—the national laboratories—
and its system of scientific information. It even had its own organized
loyal opposition, a role played by a segment of the scientific com-
munity. The great storms of this policy area arose over the creation
of a national atomic energy agency and over international control.

All of the excitement over the McMahon Bill and Baruch Plan
tended to obscure, however, the other great sphere of science policy,
the development of a national system of government science sup-
port in all the sectors. The Bush report, Science, the Endless Fron-
tier, put forward in July 1945, just before the atomic explosion near
Alamogordo, contained a plan for a comprehensive national science
agency. Its national research foundation not only provided for gov-
ernment suppoii oi basic research in the universities by using the
techniques of the OSRD; but it also envisaged medical and military
research support under the same roof. Without the priority of the
atomic energy policy crea, legislation for a National Science Foun-
dation failed of passage in 1946, and the opportunity of the recon-
version period passed.

In place of a comprehensive foundation a variety of agencies
created a multiple system of support by applying the methods of
the defunct OSRD to basic rescarch. The National Institutes of
Health got a start as the primary locus of medical research with
the help of the OSRD's medical contracts, which were transferred
from the Committee on Medical Research. The military, organized

T~ - — B
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TENTH ANNIVERSARY AFOSR SCIENTIFIC SEMINAR 7

after 1947 into the Department of Defense with its own Research
and Development Board, found it necessary to support basic re-
search in the universities at the same time that it strove to keep its
in-house laboratories alive fer weapons problems. The Office of
Naval Research and its counterparts in the Army and Air Force
had firmly established the pattern of support for basic rescarch in
the universities long before the National Science Foundation, shorn
of some of the functions envisaged for it in 1945, came into existence
in 1950, after five years of legislative maneuver.

By the opening of the 1960’s it had become apparent that the
new naticnal system of science support was a permanent [eature
of American life, and people began to ask the question, “"How has
science fared under it?” The myriad answers which have been
given tend to exhibit either an optimistic or a pessimistic tendency.
The optimists point not only to the accomplishments in nuclear
physics, but also to those in biology and medicine and nearly every
other discipline, and say, "What 1 have seen in the past twenty
years!” The great number of scientists, their equipment, their pub-
lications, make the United States the metropolis of one of the great
ages in the whole history of science.

Those who take the gloomy view, on the other hand, fear that
creativity has gone out of big science. The team and the factory
atmosphere seem to the pessimists to have lowered the position of
the scientist and sapped his individuality. Science has, by the very
opulence of its support and by the confinement that comes with
practical missions for research, been corrupted. Large projects can
grind out expected answers in any detail desired, but the soaring
generalizations of a Newton and 2 Darwin are no lunger possibie.

A line of rescarch that is peculiarly characteristic of the age of
the national system of research is the space effort. It is necessarily
a huge team effort, and basic research is essentially dependent on
technology to make the probing of space above the carth’s atmos-
phere possible at all. Hence 2 corollary of the gloomy view is that
American science made a wrong turn for political, which means in
this context unworthy, reasons when it went strongly for space re-
search and especially when it committed itself to manned space
flight. Indeed, most of spacc flight is not science but technoiogy,
and though it has a value for science, the cost both in money and
manpower is completely disproportionate.
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8 SCIENCE IN THE SIXTIES

QOnc reason for this widely held judgment is that the scientific
community has, since the late nineteenth century, come to think of
itsell not as engaging in exploration but in research. 1t has come
to consider the essential home of science as the laboratory, forget-
ting in the accomplishments of controlled experiment that many
of science’s great triumphs of the past took place within the tradi-
tion of the expluring and surveying expeditions.

The truc precedent for space exploration in several past centuries
was the probiug of the great reaches of the Pacific Ocean which lay
south of the latitude of Acapulco—the route of the Manila galleon—
and between the coast of South America and the East Indies. A lit-
tle was known of the area from the time of Magellan, but the
delivery systems, the ships, were so near the limit of their capabili-
ties that the technology of just getting there from Western Europe
and getting back took up nearly all of resources alloted to the
exploration. Only in the ecighteenth century, when the scientific
corps was organized as a separate entity on the major expeditiors,
did research in the South Pacific area tegin to yield data for basic
research across a spread of disciplines in both the physical and
biolegical sciences. The military was still necessary not only to
provide escort but also to furnish scientific skill unavailable from
civilian sources. The technological side of the combination re-
mained important. Indeed, one of the most intractable problems
lay in the field of guidance systems—-how to determine longitude.
And the military in general remained in command. The few times
when scientists such as Edmund Hailey were placed in command of
naval vessels turned out to be disasters. Captain James Cook was
quite capable of leaving Sir Joseph Banks at home when the scien-
tist required alterations to the ship to accommodate his cabinet
which impaired the sailing qualities of the Endeavour.

In one sense the late eighteenth century markerd the culmination
of the multidiscipline exploration of the South Pacific space. Cap-
tain Cook carried out his mission of contributing to the worldwide
network of observation posts for the iivice-in-a-lifetime opportunity
to see and measure the transits of Venus across the face of the sun.
He exploded the myth of a great southern continent extending its
promontories into low latitudes and offering commercial and mili-
tary possibilities. Banks and others contributed to the knowledge
of the flora and fauna and geology of a vast segment of the earth.
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Yet the deeper meanings of the data which the great expeditions
coliected largely escaped Cook's generation. In the 1830's a surveying
ship, working alone and virtually without adventure to mop up the
details of geography and hydrography of the arca, 1. M. §. Beagle,
managed to occasion one of the major breakthroughs in the whole
history of science. Charies Darwin had the insights which led o his
theory of organic evolution while visiting the Galapagos Islands,
but the data on which his work ultimately rested was the work of
many generations of explorers who made it possible to correlate
the distribution of plants and aninals with the geology ot ron-
tinents and islands. The age of Cook, some of whose reasons for
supporting space rescarch were rewarded with only negative results,
could not foresee the work of Darwin as the finest fruit of their
invesiment.

Thus if space rescarch is considered ot as an unwelcome de-
parture from the laboratory tradition but rather as an extension of
the multidiscipline surveying and exploring expedition so familiar
in the nineteenth century, it can be seen to have a continuity with
the past. The necessity to adapt the experiment to the technology
of the delivery system is not a new thing. The participation of the
military and the requirements of command were familiar to scien-
tists of another day. The joining of praciical missions to basic re-
search and curiosity concerning the unknown was quite familiar
to Cook and Bougainville. Although the same disciplines are not
involved in quite the same mixture, exploration has long been a
team effort both among disciplines and between scientists and prac-
tical men. The demand that major results be predictable before the
effort can be judged scientifically worthwhile can he no more met
today than to have expected Captain Cook to predict the theories
of Darwin. We are at the beginning of a new age ot cxploration.

oy,
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I1. The Concept of Mathematics
Historically Surveyed

MoRrris KLINE

INTRODUGTION

I prorost TO present not the latest technical results but rather a
broad account of the nature of mathematics and of its relation to
science as we undeistand these matters today, By the nature of
mathematics 1 mean the very concept of a unique subject called
mathematics, presumably distinct from any other scientific or hu.
manistic corpus. Two distinguishing characteristics of mathematics
have been accepted in the past as paramount. The first is its method.
ology and the second is its Jdaim w uuth. Ity subject matter is also
different from that of other helds but I shall not consider this
feature. I propose to show you that the logic has always been in
a somewhat sorry state and never more so than today. And I shall
also show you that there isn’t a word of tuth in mathematics. More-
over, at the present time the status of mathematics as a distinct sub-
ject is so unclear that the mathematical ana scientific worlds face a
dilemma, a dilemma which threatens the very existence of mathemat-
ics and poses grave questions for science.

1 belicve it will be most helpful 1o adopt a historical approach.
Apart fron, some interesting facts about the history isel?, this ap-
proach will cnable us to see how the traditional concept of mathe-
matics arose, to what extent it has becen correct, and what recent
events have forced a reevaluation.

THE BABYLONIAN AND EGyr11AN PERIOD

The phenomenon of mathematics is found in just a few of the

MORRIS KLINE s Professor of Mathematics and Dirvecior, Division of
Electromagnetic Research at the Courant Institute of Mathematical
Sciences, New York Unijuensity. He is an AFOSR grantee. Dr. Kline is the
author of numerous books, research articles and popular pieces on
mathematics.
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hundieds of carlier civilizations, Egypt, Babylonia and China, 1
sha'l ignore the development in China primarity because it had no
influence on the main sticam of activity, As for Egypt and Babylonia
the mathematics that did exist there from about 4000 B.C. to 30
B.C.., consisted of some simple arithmetic, the beginnings of algebra
and a lew geometic rules for bnding the perimeters, arcas and
volumes of simple figures. One can hardly say that there was w sub-
ject called mathematics which was pursued as a distinet body of
thought. All of the mathematics was jusi o handy wol to make
calculations necded in constiuction projedts, taxation, commeraial
transactions and agriculture, The concepts were dvawn directly from
experience and the condlasions were a collection of emipivical rules
and procedures which produced the desired guantities and whick
worked.

THy CrassiCAL GREFK PERIOD

The peaple who created mathematics in the sense in which a s
commonly understood were the Greeks of the classical period, the
period from 600 to 300 B.C. The finst great contribution of the
Greeks was to supply the logical strocture of mathematics. They
insisted that all pools of mathematical formulas, procedures, and
assertions must be deductive, Thus, Euclidean geometry, which is
one of the masterworks of the clasical Greeks, is presented deduc-
tively. The giear virtue of deductive proof is that the conclusions
are unquestionable if one acoepts the prendises. The belief thac
mathematical conclusions are unassailable derives from the use of
deductive proof.

It is important to appreciite how radical the insistence on e
ductive proof was, Suppose a scientist should measure the sum of
the angles of a hundred different wiangles, in difterent locations
and ot difierent sizes and shapes, and find that the sum is 180 de-
grees to within the limits of experimental accuracy. Surely he would
conclude that the sum of the angles of any winngle is 180 degrecs.
But his proof would uot be deductive and would not therefore be
mathematcally acceptable. Likewise one can test as many even
numbers ay he pleases and he will fiad that cach is a sum of two
prime numbers. But dus test is not a deductive proof and so the
result is not a theorem of mathematics. Deductive proof is, then,
a very stringent requirement.

e e tn it bttt
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But the Grecks werc after far more than impeccable proofs. They
sought truths, especially truths about the universe. Since they be-
lieved that the universe is mathematically designed, a belief epitom-
ized in Plato’s "God cternally geometrizes,” the truths about the
universe would be mathematical, How could one obtain  these
truths? I one could start the chain of deductive proofs with prem-
ises or axioms that were truths, then, since deductive reasoning gives
necessary consequences, these, too, would be trurhs, Fortunately the
Greeks readily obtained some selievident truths which served as
axioms. It was scelf-evident that two points determine a line, that
ali vighe angles aie equal, that cquals added  cquals give equals,
and so on. From these nuths they deduced others. Thus the second
great distinguishing feature of mathematics was established. Mathe-
matics gives ttuth about the universe. At the same time the relation.
ship to science was established. Mathematics became pait of the
scientific effort to understand the physical world,

The Greeks insisted on the rigorous establishment of mathematics
from self-cvident truths. But they ran into a major difficulty. In the
course of their work on number and geometry the Pythagoreans,
a famous group of mathematician-philosophers, encountered irra-
tional numbers, These arose through the application of the Py-
thagorean theorem itsctf, which says that the square of the hypote
nuse of a right triangle equals the sum of the squares of the sidex
Thus if the sides are eaciv | unit long then the length of the hypote-
nuse is /2, and such numbers, as the Pythagoreans proved, cannot be
expressed &s a ratio of whole numbers. Now the Egyptiaus and the
Babylonians had encountercd squarc 1oots and with no further
thought approximated them. But the Greeks weie more meticulous.
To them numbers meant whele numben and r1aiios of whoie num-
bers and since \/2 was neither, it could not be a number. The Greck
resolution of this difficulty was to refuse to recognize irrationals, such
as /2, W2, and /5 as numbers but to treat them as lengths, areas
and volumes. Thus if one states the Pythagorean theorem as the
square on the hypotenuse of a right triangle equals the sum of the
squares on the other two sides, onc has a statement about areas of
geometrical figures in which no numbers enter. Consequently,
though whole numbers and ratios of wholc numbers were treated
arithmetically the main body of classical Greek mathematics become
geometrical,
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THE AtrxanpRIAN GREEX WORLD

The character and even the location of the Girek cultire was
drastically altered in the last quarter of the fourth cevrary B.C. by
the congquests and mancuvers of Alexander the Great. After he had
conquered Greece, Egypt and the Near East, he decided to found
a new capital for his world and he and his successors built the city
of Alexaudria in Egypt. There the dlassical Greek and the older
Egyptian and Babylonian civilizations merged.

The dassical Greeks had sought to understand nature but they
were satished with the gualitative wnderstanding which geometry
afforded. The practical uses of mathematics in constiuction, naviga-
tion, calendar reckoning, commerce and finance were of no interest
to these philosopher-mathematicians However, the Alexandiians,
influenced by the more practically minded Fgyptians and Babyloui-
ans, put the sciences to use. In the Alexandrian period a yuantita.
tive astronomy applicable and applied to calendai-reckoning, the
measurement of time and navigaiion was developed and, in fac,
culminated in the remarkably accuraie Prolemaic theary, Mechan:
ical devices, applied optics, geography. pneumatics aid hydrostatics
were pursued.

Applied science and engineering must be quantitative, When a
ship at sea wishes o know its location, it wishes to know it numer-
ically in terms of degrees of latitude and longitude. To cunstruce
effectively buildings, bridges, ships and dams one must know the
quantitative measures of lengths, arcas, volumes and masses to be
employed so that the parts will fit nicely; i fact this quanutative
knowledge must usually be obtained before the construction is un.
drrtaken, And so we fird in Alexandria that thic yeomeny was
devoted 1o the derivation of algebraic formulas for lengths, areas,
and volumes. To develop a quantitative astronomy Hipparchus and
Ptolemy had to create trigonometry, which censists of geometry and
algebra. Hence arithmetic and algebra asstuned equal importance
with geometry.

But the arithmetic and algebra, which were taken over from the
Egyptians and the Babylonians, had no logical foundation, The
Alexandrian Greeks adopted the Egyptian and Babylonian attitude.
Irrational numbers such as w, /2, \/3 and the like wers wsd un-
critically and approximated where necessary. The mathematicians,
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notably Heron, Hipparchus, Ptolemy and even Archimedes, did not
hesitate to use innationals freely. Thuy algebra, which is of coutse no
more than generalized arithmetic, was revived as an cipivical sai-
cnce,

The content of mathematics now comprised geometry and alge-
bra. Though the geomeury still dominated, the algebra was no
lunger negligible. Moscover, from the standpaint of the logic, the
situation was peculiar, ‘The geometry was deductive and rigorously
founded on selfevident axioms. The arivhmctic and alyebra were
based on intuitive and cmpirical grounds. Al despite the sharply
different bases for these several subjects the dassical Greek convic-
tion that mathematics is *ruth about the yuantitative and geo-
metrical behavior of natuice still prevailed.

Tre HINDU AND ArABIC CONTRIBUTIONS

‘The Alexandrian Greek civilization was wiped out by Roman,
Christian and Moslen: destroyers, and the torch of mathematia
was taken up by the Hindus and the Arabs, both of whom learned
mudh fiom the Grecks, We shall not take the time to discuss these
civilizations in detail, The significant mathematical developmenis
arc the Hindu contributions of zero and negative numbers,

From the standpoint of the logic of matheinatics the outstanding
face is that both peoples worked hieely with all types of numbers,
particularly irragional and negative numbers, by relying upon in-
tuitive and physical argunients or by reasoning by analugy. For
example, since /9« /16 = 144, the Hindus and Arabs did not
hesitate to state that /2 + /3 = /0. The willinguess of these people,
somewhat like the Egvptians and Rabylonians, w be guided by
heuristic arguments is striking because it shows again how the
civilization determines the character of the mathematics. By this
time, roughly 1000 A D., algebra cerrainly competed with geometry
in extent and so we lace the peculiar situation that about half of
mathehiativs was rigorously established while the other half re.
mained a series of 1ules and procedures with no logical basis,

THr RrnarssaNcy. AND EARLY SEVENTEFNTH CENIURY
Through a series of historical events which we cannot tace here

the Furopcan divilization nut only was established but also acquired
the Hindu, Arabic and Greek mathematics, the deductive geometry

-
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and the empitical algebra. By 1500 Lurope was equipped o make
contributions of its own,

The Furopeans bual the same dithoulties in grasping the strational
mnher which the dassical Greeks expetienced and had the addi-
tiomal complication of absurhing negative numbers. Theiv perplex-
ity in the case af the aeationals i well illustrated by dhe follow.
ing remarks of Midhael Stilel, a prominent German algebrant of
the 16th centwy. He is considering irrationals as decimals and
says: USince, in proving geometiical figines, when rational num
bers fail us anational numbery take thein place amd prove exactly
those things which vanonal nmmmbers could not prose, .« .. we are
moved and compelled o asserr that they unly are numbers, con-
peited, that is, by the sesulis whidh follow from then wse —results
~hich we peiceive o be aeal, certain, and comtant. On the other
hand, uther considerations compel us to deny that irrational num
bers are numbers at all. To wit, when we seek to subject them to
numeration {decimals] . . . we find that they flee away perpetually,
w that not one of them can be appichended preasely isell. .
Now that cannot be called a tue number which s of such nature
that it lacks precision. .. Therefore, just as an infinite number is
not & number, so an iatiomal number iy not a tae number, but
Lies hidden o g doud of infinity.” Then Suitel argates that peal
numbers are either whole nmmbers or fractions and «bviously ir
rationals are neither: hewe they ate not rcal numbers, In the
seventeenth cemtury Blaise Pascal and Isaac Barrow said that, for
example, 73 van be only a geometiic wmagnitade. hrational num-
bers have no existence independent of continuous geometric magni-
tude. -

Negative numbers were equally imcompichensible. Suifed called
negative munbers absurd and the fust gicat Eutopean algebraise,
Jerome Cardan, called them ficitious. Franoois Vieta, the founder
of modern algebra, rejected them and René Descartes called nega-
tive routs of equations false. All sorts of arguments were given cven
as late as the cighteenth centwy to show that negative numbers
makc no sense.

To cap these noubles Cardan in his famous formula for the solu-
ton of thitd degree equations introduced complex numbers. He
remarks that they are “sophistic quantities which, though ingenious,
were uscless,” despite the fadt that when the roots are real and
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16  SCIENCE IN THESIXTIES

distinct they are still given by cube roots of complex numbers. The
algebraist Raphael Bombelli cailed complex numbers senseless
while Descartes coined the term imaginary numbers, which indicated
his opinion of them. Even Isaac Newton did not regard complex
nu -bers as significant becanse they had no physical meaning. As in
the case of negative numbers and irrational numbers all sorts of
arguments weic given to show the meaninglessness of complex num-
bers.

But the Europeans had to reckon with science. From about the
year 1500 onward science and the application of scientific knowledge
to engineering, navigation, military affairs, industry and social
problems began to dominate the European civilization. Even in the
sixieenth century the activity in astronomy, highlighted by the work
of Copernicus and Kepler, the problems raised by the great ex-
plorations, the work in optics stimulated by the invention of the
telescope and microscope, the study of projectile motion in behalf
of the increasing use of cannons, and the investigation of magnetism
loomed large in the European scene. The relevance of the vast ex.
pansion of science for our subject is that effective scientific work,
particularly applied science, as we noted in connection with the
Alexandrian Greeks, calls for quantitative knowledge. In addition,
a new concept of scientific method, formulated by Galilec and most
fruitfully applied by Newton, called for the description of physical
phenomena by means of functions and the study of these phenomena
by mathematical work with functions. This methodolgy of course
put primary emphasis on quantitative relationships.

To cope with the growing scientific activity the mathematicians
not only used irrational, negative and complex numbers hut put
forth new creations in arithmetic and algebra. This was the period
in which logarithms were created to speed up the calculations ot
astronomers. In this period the main body of the algebra taught
in our high school and elementary college courses was created hy
Cardan, Nicolo Tartaglia, Vieta, Descartes, Pierre de Fermat, John
Wallis, and many others. And in this period also Descartes and
Fermat created analytic or coordinate geometry in which curves are
represented by algebraic equations in two variables so that the
study of properties of curves could be pursued by algebraic tech-
niques. With this creation the positions of algebra and geometry
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were reversed, Conclusions about geomctry were to be established by
algebraic reasuning.

The significance of the new mathematical developments is that
algebrz hegan to outstrip geometry. Since there was no logical foun-
dation for algebra and since in particular negative numbers, ir-
rational numbers and now cven complex numbers had no clear
definitions, to say nothing of any justification for operations with
them, the logical structure of mathematics was in a sad state. Indeed
many mathematicians, notably Pascal and Barrow, protested against
the use of algebra because the logical foundations were not estab-
lished. The philosopher Hobbes called algebra “a scab of symbols.”
Nevertheiess, the mathematicians used arithmetic and algebra freely
on a pragmatic basis. The rules gave physically correct results and
this is what dccided the issue for the time being. The needs of sci-
cnce prevailed over logical scruples.

THE RISE OF ANALYSIS

The logic of mathematics was thrown into a state of crisis by still
further developments. The major scientific aciivity of the late seven-
teenth and the eighteenth centuries was the study of motion, par-
ticularly celestial m>chanics. T'o carry on the study of motion, the
notion of a functon or formula, which is a relation between two
arithmetically valued variables, is basic. Powerful methods of de-
ducing and working yith functions, notably the calculus, were
created.

The vasic concept of the calculus is the instantaneous rate of
change of a function, namely, the limit of Ay/Ax as Ax approaches 0.
Isaac Newton, who shares with Gottfried Leibniz the honor of
creating the calculus, thought of the limit in question, which is now
called the derivative, as a velocity, which is the case when y repre.
sents distance and t, time, and he made great use of this fact in
solving physical problems. But Newton experienced, for him, in-
superable difficulties in explaining how he obtained the derivative
fiom ay/ax. The difhculty lay in the fact that Ay also approaches 0
when Ax does and it seemed ‘mpossible to explain how such a quo-
tient approached a dcefinite qumber. Newton wrote ihree papers
on the calculus and put out three editions of his famous Mathe-
matical Principles of Natural Philosophy and in cach of these publi-
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cations he made different explanations. In his first paper he says
that this method is “shortly explained rather thaa accurately
demonstrated.” In his second paper he changes some terminolegy
so as “to remove the harshness from the doctrine of indivisibles™
but the logic is no mare perspicious. In the third paper Newton
says "in mathematics minutest errors are not to be neglected.”” And
then he gives a definition of the derivative, or fluxion as he called
it, which supposedly shows that a fluxion is a precise concept.
“Fluxions arc, as near as we please, as the increments of fluents
generated in times, as equal and as smatl as possible, and to speak
accurately, they are in the prime ratio of nascent increments; yet
they can be expressed by any lines whatever, which are proportional
to them.”

In the first and third editions of the Principles Newton says,
“Ultimate ratios in which quantities vanish, are not, strictly speak-
ing, ratios of ultimate quantitis, but limits to which the 1atios of
these quantities decreasing without limit, approach, and which,
though they can come nearer than any given difference whatever,
they can ncither pass over nor attain before the quantities have
diminished indefinitely.” He says, further, “by the ultimate ratio
cf evanescent quantities is to be understood the ratio of the quan-
tities, not beforc they vanish, nor after, but that with which they
vanish.” Therc are other statements by Newton in the published
versions of his works which differ from the above. Clearly Newton
strugeled hard to define the derivative but scarcely succeeded in
formulating a precise concept.

Leibniz worked not with the ratio Ay/ax and its limit but with
differentials dx and dy whicl, he said, though not zero were not
ordinary numbers. They were geometrically the differences in ab-
scissa and ordinate, respectively, of two “infinitely near points.”
He too published many papers in which he tried to explain the
meaning of the ratio dy/dx, the equivalent of Newton's derivative.
Concerning a paper published in 1684 even his friends, the Ber-
noulli brothers, said it was “an enigma rather than an ex}lica:
tion.”

Other papers and efforts to clarify his ideas did not accomplish
any mote. In a letter to Wallis, Leibniz says: "It is useful to con-
sider quantitics infinitely small such that when their ratio is
sought, they may not be considered zero but which are rejected as
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often as they octur with quantities incomparably greater. Thus if
we have x 4 dx, dx is rejected. But it 1s different if we seek the
difference between x 4 dx and x. Similarly we cannot have xdx
and dx dx standing together, Hence it we are to differentiate xy we
write (X + dx) (y 4+ dy) — xy = x dy 4 y dx 4 dx dy. But here
dx dy is to be rejected as incomparably less than x dv + y dx. Thus
in any particular case, the error is less than any finite quantity.”

In the absence of satisfactory definitions he resorted 10 analogies
to explain his differentials. At one time he referred to dy and dx
as momentary increments or as vanishing or incipient magnitudes.
These are Newtonian phrases. Then he says that as a point adds
nothing to a line so differentials of higher order, ¢.g., dx dx, add
nothing to dx. Then he says dx is to x as a point to the Earth or
as the radius of the Earth to that of the heavens. There are many
other statements by Leibniz which are equally obscure.

There were many attacks on Leibniz’s and Newton's work.
Newton did not respond but Leibuiz did. The answers given by
Leibniz show the state of affairs. Leibnis objected to “overprecise
aritics” and that we should not be led by excessive scrupulousness
to reject the fruits of invention. The phrases infinitely large and
infinitely small signify no more than quantities which one can take
as great or as small as one wiskies. And then he argues that one can
use these ultimate quantities, the actual infinite and the infinitely
small, as a tool much as the ageoraists use the imaginary with
great proht. He also said rthat if one prefers to reject infinitely small
quantities, it was possible instead o assumc them to be as small
as one judges necessary in order that they sheuld be incomparable
and that the error produced should be of no consequence, or less
than any given magnitude.

With these vague, unclear, almost impenetrable concepts serving
to introdure a brand new branch of mathematics one would expect
cither that the whole subject would be dropped by mathematicians
who boast of their precise reasoning, their indisputable conclu-
sions, and the like, or that some genius of the order of Newton and
Leibniz would come along and clear up the cunfusion in the sub-
ject. But neither step was made. Newton and Leibniz made correct
and highly significant applications of their ideas and their succes-
sors not only retained what these inventors contributed but also
added to the calculus, differential equations, infinite serics, the calcu-
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lus of variations and a host o other branches, now comprising what
is called analysis, and made many more applications.

In the eighteenth century the attacks on the soundness of analysia
generally continued and, in fact, were persistent. The most vigor-
ous attack was made by George Berkeley, a bishop and philosopher,
in his tract called The Analyst. The subtitle of this tract is interest-
ing: On a Discourse Addressed to an Infidel Mathematician [Ed-
mund Halley]. Wherein it is Examined Whether the Object, Prin-
ciples, and Inferences of the Modern Analysis are More Distinctly
Conceived, or More Evidently Deduced, than Religious Mysterices
and Points of Faith. “First Cast the Beam out of Thine Own Eye;
and Then Shalt Thou See Clearly to Cast Out the Mote Out of Thy
Brother's Eye.”” Berkeley's description of dy/dx as the ghost of de-
parted quantities is famous.

Because it was impossible to give a sound explanation of the
calculus d'Alembert advised students of the subject, “Persist and
faith will come to you.” Berkeley and most mathematicians of the
18th century such as Euler, Lagrange, and Carnot, believed that
the calcuius worked because errors were somehow compensating
cach other. All of these men tried to build a sound foundation for
thie calculus and failed.

The upshot of the entire development of mnathematics until 1800
is that by far the largest part of mathematics now rested on arith-
metic and algebra rather than on geometry, and there was no log-
ical foundation for this major portion. Nevertheless because the
mathematicians and physicists thought in physical terms and used
physical arguments to supply the deficiencies in mathematical rea-
soning, the appiication of 'nathematics to the study of nature at-
tained enormous success. The most impressive results were obtained
in the study of the motions of the planets and the earth’s moon.
Predictions of planetary and lunar positions reached the accuracy
of fractions of a second.

And so we find a highly paradoxical state of affairs. The logic of
the now vastly expanded mathematics was never in a sorrier state.
But the success of mathematics in representing an? predicting the
ways of nature was so impressive that mathematics was securely
established as a body of truths. More so than the Greeks, the in-
tellectuals of the eighteenth century Age of Reason proclaimed the
mathematical design of nature. The eighteenth century has been
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called .he heroic age in mathcmatics because the mathematicians
darcd and achicved such magnificent scientific conquests on the
basis of so little logical armament.

THE GREAT DEBACLE

The most significant development of the nincteenth century from
the standpoint of the logical nature and the truth of mathematics
wa: non-Euclidean geometry. 1t is not necessary for us to investigate
the activity which led to this creation but we should note just what
it oftered. The basic fact about non-Fuclidean geometry is that it is
pussible to adopt a different set of axioms from Euclid’s and con-
struct a body of theorems differing from those in Euclid. The key
ditfcrence in the axioms is the patallel axiom. In place of assuming
as Euclid did that through a given point in a planc there is one and
only one line which does not meet a given line. one can assume that
there arec many such lines through the point or that there are
none. The consequences of adopting a different axiom on parallel
lines are weighty. For example, instcad of the sum of the angles
of a triangle adding up to 180 degrees, they add up to less than or
more than 180 degrees. Another weighty consequence is that the
distinction between similar and congruent triangles is wiped out.
Two sinular triangles must be congruent.

The very fact that therc could be geometries alternative to Eu-
clid’s was in itself a shock to mathematics. But the consequences of
the creation of non-Euclidean gcometry were far more drastic,
The first was that in the course of the work on non-Euclidean ge-
ometry the logic of Euclidean geometry was found to be wocfully
dehcient. Euclid had given many meaningless definitions, had failed
to define a number of the concepts he did use, and, worst of all,
had used unconsciously any number of axioms that he never men-
tioned. To put it bluntly the logical structure of Euclid was scen
to be terribly inadequate.

So, from the standpoint of rigor, by 1830 or so mathematics was
in a desperate state. In view of the tremendous advances in analysis
in the late seventeenth, eighteenth and carly ninewcenth centuries,
ninety-five per cent of mathematics, everything built on arithmetic,
had never had any logical foundation. Now the only picce of ground
which had been assumed to be solid, Euclidcan geometiy, was found
to be marsh land.
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Tue Loss oF TRUTH

Non-Fuclidean geumetry initiated the destruction of another foun-
dation stone of mathcmatics —its truth, The man who was chiefly
responsible for the creation of non-Eudlidean geometry, Karl Gauss,
realized at once that the new geometries might be applicable to the
physical world and soon convinced himsclf that any one of them
could be used, In other words, to within the acciiracy of observation
and mcasurement, physical space could be described by any one of
several geometries, 1 several geometries, which contradict cach other
in pait at least, can describe physical space then sutely we do no
know what is true about physical space. All one can say is that if
we believe space has the properties of the axiows of Fuclidean ge-
omeuy or of one of the non-Euclidean geomctries, then mathe.
matics will tell us the consequences of our belief. Ganss thereupon
concluded that geometry was part of mechanics.

Non:Euclidean geometry, a triumph of reason, paved the way for
an intellectual disaster. It certainly showed that geometry does not
offer truths. For a while the mathematicians, including Gauss him-
self, turned to arithmetic, algebra and analysis and said that the
rruth of mathematics rests there. But in the nineteenth century
new algebras were created, an algebra of quaternions, an algebra of
vectors, and an algebra of matricss, What is significant about these
algebras is that they do not obey all of the laws of ordinary aith.
metic. For example, the multiplication of two quaternions or of
two matrices is generally not commutative. Consequently mathema.
ticians began 10 realize that there is not just one algebra but many
algebras just as there are many geometries, The situation is not
quite the same in the two fields because the algebra of ordinary
numbers was not changed. However, it became clear that this al-
gebra too was man-made and that there was no assurance that its
laws applied to the physical winld, And in fact they need not.

Thus if one mixes two cubic centimeters ot hydrogen gas and one
cubic centimeter of oxygen gas one does not obtain three cubic centi-
meters of water vapor but only two. And if one combines oue quart
of rye and one quart of vermouth one does not get two quarts of
alcohol but somewhat less. There is no guarantee, in other words,
that the familiar arithmetic necessarily anplies to the physical
world. Thus algebra and arithmetic, too, aic not truths.
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Non-Euclidean geomctry was a victory which almost cost the
life of mathematics. The claim to truth about the physical world
and rigorous proof, the two distinguishing features of mathematics,
were both seen o be anciful. What did preserve the life of mathe-
matics was the powcrful medicine it had itsell concocted—the ~nor-
mous achievements in celestial mechanics, acoustics, fuid dynam.
ics, the strength of matcrials, optics, clectnicity and magnetism, and
the manv branches of engincering, and the incredible accuracy
of its predictions, There had to be some essential, perhaps magidal,
power in a subject which, though it had fought under the protec.
tion of the invincible banner of uvuth, had actually achicvea ity
victories through some inner mysterious strength. 'The extraordinary
applicability of mathematics to natae remained o be explained
but ne one could deny the tact itselt and dare to throw away such
an all-.powerful twol. And so mathematics retained its place in the
intellectual and scientific worlds.

Tur RestorRATION OF RIGOR

But the mathematicians were not content. Their prostige was at
stake. What was, hencelforth, o distinguish lofty minded, noble-
thinking niathematicians from carth-grubbing scientists? It was not
possible o restore truth o mathematics. This gem was lost {orever,
But it might be possible to restore the rigor ol proof to geomeury
and w instill rigor in the development ot arithmetic, algebra and
analysis.

‘The mathematicians of the nineteenth century did provide the
rigorous logical foundations of their subject, A movoicni aalbled
the critical movement and initiated by the work of Bernard Bol-
zanu and Augustin-Louis Caudhy and carried forward by Karl
Woeicerstrass, Richard Dedekind, George CGautor, G, Peano and
others provided for the first time an axiomatic basis for arithmeuy,
algebra and asnalysis. And Mortiz Pasch, David Hilbert and others
supplied an improved axiomatic basis tor Eudidean and the other
geometries. In the course of this foundational work Cantor, who
found himself obliged to treat various collections ol points and
numbas, created a branch ol mathematics about which one hears
much today—the theory of sets. It any case by 19K the styict logical
basis of mathematics was perfected. At a congress of mathematicians
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in Paris in 1900, Henri Poincaré boasted: "Today we may say that
perfcct rigor has been attained.”

T'HE CoNsisSTENCY PROBLEM AND THE PARADOXFS

The story of the development of the concept of mathematics
would have had a happy cading if indeed it did cud here. The sat.
isfaction which mathematicians were enjoying from the newly at-
tained perfect state of mathematics was short-lived. Mathematics now
consisted of a set of rather arbitrary deductive structures cach resting
on axioms. These sttuctures were no longer truths and hence the
question arose, “"How do we know that these structures are consist-
cnt, that is, that we shall not arive at contradictions?”’ Previously
the supposed truth of mathematics had guaranteed consistency, for
truth by its very nature could not contain contradictions.

The problen of establishing consistency was aggravated by the
discovery that mathematicians had indeed been using concepts which
werce self contradictory. And these contradictions were discovered
in the very branch of mathematics that was acated o rigorize the
subject namely, set theory. The contradictions are called paradoxes,
a euphemism which avoids facing the wruth, 1 shall give some ex-
amples of these paradoxes in non-technical serzings just to wvoid the
need to present any mathematical background. However, the ex-
amples are typical of mathematical counterparts.

The first of these paradoxes is called the barber paradox. A barber
in a town boasts that he shaves ill those people who do not shave
themselves but of «ourse he does not shave those people who do
shave themsclves. Should he shave himself? Clearly, if he does, he
shouldu't and if he doesu't, hie should,

Anather example is the famous Russell Paradox. A class of books
is not a book but a class of idcas is an idea. Hence some classes do
not belong to themsclves and some do. Denote by M, the class of
all classes which are members of themselves, and by N, the class of
all classes which are not members of themselves. M and N are
clearly mutually exclusive but together include all classes. Now N
stself is a class. Doces it belong 1o M or NP I N belongs to N, dtis a
class which belongs to itell and so should belong to M. 1f N be-
longs to M, then it does not belong to N, since M and N are mutual-
ly exclusive, I N does not belong to N, that s, if N does not
belong to itsell, th- . by the definition of N, it should belong to N.
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Finally let us consider the word “paradox.” Each number is
describable in many ways by woirds. ‘Thus five can be described by
the single word “five’” or by the phrase “the next integer after
four.” Take the dewription involving the least number of lctters
and call this the minimum description. Gonsider now all numbers
which are describable with 100 letters or fewer of the English apha-
bet. At miost 27'% descriptions are possible and even if each is &
minimum description  there is at most a fnite number of num-
bers describable with all 27'% desariptions. ‘There must then be
some numbers not described by the 271% d- waiptions. Consider “the
smallest number not describable in 100 letters o1 less.” This number
has just been described in less than 10 leuers.

Thus the problein of establishing the consistency ol mathematics
was no longer academic. The paradoxcs showed that mathematics
was 1ot consistent, and the problem of 1esvlving the paradoxes and
establishing the consistency of mathemaus became imperative.

I might add that the natuie ot these paradoxes is that an object
is defined in teqms of a class of objects which includes the object
defined. It is casy to overlook this circularity in making definitions.
Thus suppose one defines the set § o be the collection of all sety
each of which is dehnable in a statement of 25 or fewer words. | =i
S itself has just been defined in a statement of fewer than 25 words
50 that 8 is induded in the dass of sets by which § is defined.

Ter MOLERN PHILOSOPHIES OF NMATHEMATICS

Three major philosophies have been developed, cach of which
sceks o rexolve the dithculties just described. These are called the
logistic, the formalist, and the intuitionist philosophies. I shall not
try to do more than sketch the essential points in these philosophies.

The lugistic school, led by Gottlob Frege, Bertrand Russeil and
Alfred North Whitchead builds up mathematics deductively from
logic. Legic iwelfl starts with axioms about propositions or state-
ments and then is itsell built up deductively, ‘Then, with no further
axioms, the concepts of mathematics and their properties are de.
duced. The development is a lengthy one.

To avoid the paradoxes Russell and Whitchead had to distinguish
types of propositions. The pumipose of this theory of typer is to make
sure that a propositional function of any one type doces not apply
to a set of abjects containing that propositional functon. This
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avoids defining an element in terms nf a set which contains that
element. But the theory of types introduced complications. To over.
come them Russell and Whitehead introduced an axiom of rednci-
bility to the effect that for cadh relation of whatever type among
individual objects there exists an equivalent relation of simple type.
The axiom is artificial and has no inwitive conteat,

There are several objections o this Jogistic approach, The first
is that the consistency of the st of axioms used for logic, partic.
ularly in view of the artificial, nonintwitive axiom of reducibitity,
is open. Up to 1900, Russell believed that the principles ol logic
were truths but he won realized that there was no basis for the
belief. The second objection is that the deduction of mathematics
from logic, which has no affirmatiom about the real world, leaves
unexy. aitied the relationship of mathematics to 1eality.

The formalist school led by David Hilbert proposes that each
branch of mathematics be built upon a set of logical and mathe-
matical axioms. The axioms are forimulated in terms of symbolic
statements to which no meaning is to be attached and the theorems
result from the pure manipulation of symbols according o rules con-
tained in the axioms, This pure foimal view avoids use of the
word all, a source of the most disturbing difficulties. Under this
approach mathematics proper becomes a series of meaningless struc.
tures. The consistency of these structures was to be established by
using some clear and unquestionable logical principles in an extra.
or metamathematical domain. But the logician Kurt Gaxdel soon
showed, by symbolizing the metamathematival method and arith-
metizing the proof of consistency, that any signihcant branch must,
if consistent, be incomplrte and &0 not encempass significant and
¢ven intuitively correct statements of mathematics (which remain
undecidable). Alternatively if the branch is complete then it is in-
consistent. Consistency, then, implies that mathematics cannot be
reduced to axioms for these are inadequate to yicld all the conclu-
sions that should be established. On the other hand, completeness
implies incoasistency, which is intolerabie.

The intuitionist school, championed by the Dutch mathematician
L. E. J. Brouwci, starts with the fundamental intuition of the natu-
ral numbers and all Lasic 1deas and affirmations are grasped by
intuition, Logic is relevant only for communication. The paradoxes
arc a defect of the logic and since the logic is incidental, the oc-
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currence of paradoxes is unimportant. According to the intuitionists
the problem of consistency is also a problem of logic and so it is
immaterial. Despite the relative unimportance of logical proof the
intuitionists do consider 1o what extent language and its accompany-
ing logic are adequate to represent the ideas guaranteed by the in.
wition. They found, for example, that the law of excluded middle
may not be used when dealing with actual inhnite sets. Morcover,
any proofs of existence must be constructive, that is, onc cannot
establish existence by showing that non existence leads to a contra-
diction. Thus o prove that an cquiton has a 10ut because the
assumption it does not lead 1w a contiadiction, is non-tonstructive,
Finally we must allow fur undedidable propositions. Therc are
sensible questions which have no answers. Since much of mathe.
matics, for example the theory of irrational numbers and cuncepts
of analysis built on it, does not satisfy these criteria, these parts of
mathematics are not accepted. Thus the intuitionists reject a great
deal of what has been standard, basic mathematics.

There are objections tu all thiee schuwls of thought and mathema
tic.ans working in the fuundations of the subject disagree on which
view is acceptable. Hence mathemadicians have not climinated the
patadoxes in any way satisfactory to all nor have they established
consistency. In fact they no longer agree on what constitutes a valid
proof, because they no longer agree on what principles of logic are
acceptable. The unsatisfactotiness of the present state of affairs is re.
fRected in the joshing about proofs. Rather ivonical are the quips:
“Logic is the art of going wrong with confidence.” “'The virtue of a
proof is not that it compels belief but that it suggests doubts.” “A
proof tells us where 1o concentrate our doubts.” “"More vigor and less
rigor.” “We can no longer hope to be logical; the best we can hope
for is not to be illugical.”

THE CURRENT RELATIONSHIP OF MATHEMATICS TO SCIENCE

The implications of the new understanding of the nature of
mathematics bear directly on the relationship of mathematics to
science. The Arst point is that sciciitists can no longer rely upon the
truth of mathematics. Scientists had come w1ealize before the math-
ematicians faced up to their difficulties that science offers convenient
theories about physical phenomena but does noi offer truths of na-
ture. But all scientista until the late nineteenth century accepted the

un
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mathematical eciement in their work as truth. Now that they know
that this is not so, scientists must tieat mathematics on the same em-
pirical basis as they treat their own theorics. Mathematics is onc of
the sciences and depends on cxpernirntal verification.

The inconsistencies in mathematics pos. another threat to science
in that any logical system which has inconsistencies is strictly non-
sensical. Even if the known paradoxes are resolved, until the consist-
ency of mathematics is established, there is the danger that contra-
dictions will appear at any stage in the scientific uses of mathematics.

One would expect thai the deficiences in mathematics would ser-
iously disturb both mathematicians and scientists. The effect, how-
ever, has been insignificant and the way in which mathematicians
and scientists have bheen working since 1900 is typical of the way
humans :neet their problems. The mathematicians who have been
supplying foundations for their subject during the last one hundied
years may be likened to builders who seek to strengthen the founda.
tion of a building resting on insecure ground. Finding the ground a
little farther down seemingiy firm, they extend the foundation of
the building to this hard ground R - b 't ilding finali | rests
on this ground it begins to crumble. And so the builders dig still
deeper to what surely appears to be unyielding earth and extend the
foundation still more. But once again they are disappointed and so
they continue digging and extending in the hope that they will reach
solid rock and that then the building will be firmly anchored. While
the builders dig farther and farther down, the tenants of the build-
ing continue to occupy it and do their work. After some time the
people working on the foundations get so far below ground that they
are completeiy out of sight and the tenants forget that there is any
concern at all about the suppoit of the structure or the danger of
collapse. The tenants are the mathematicians and scientists who con-
tinue to use the conventional mathematics and who are oblivious to
the men concerned with shoring up the foundations.

Another consequence of the loss of truth in mathematics is the
abandonment of science by most mathematicians. It was the desire
to guarantee the physical correctness of the parallel axiom which led
to non-Euclidean geoimetry. But many mathematicians, either igno-
rant of the history or deliberately distorting the history to suit their
purposes, proclaim that an interest in purely intellectual questions
led to non-Euclidean geometry and this creation, nevertheless,
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proved to be useful (in relativity theory). Hence they argue, any
question that seems worthy to the mathematician, regardless of cur-
rent physical significance, should be investigated. Happy to be
relieved of a responsibility to scicnce because they need not be in-
formed in this area, they pursue mathematical themes of their own
concoction. They still pay lip service to science and promise that
their arbitrary creations will be useful 50 or 100 years from now.
Others now completely ignore science and defend mathematics sole-
ly as a beautiful, exicting and intrinsically interesting activity.

In the United States 80 1o 909, of the mathematicians have turned
to fields such as abstract algebra, mathematical logic, and topology,
to abstractions and generalizations such as functional analysis, to
existence proofs in differential equations, and to axiomatizations of
various bodies of thought. Relatively few study the more concrete,
physically significant problems notably in differential equations and
allied fields. In the sixth decade of a century in which mathematics
has been far more active than in any other century one notes rather
few new applied fields: non-linear differential equations, integral
equations, functions of two complex variables, and asymptotic series
solutions of differential equations.

The warning that mathematicians are abandoning their obliga-
tions 10 science and even risking the diying-up of their ideas has
been sounded by many men. In an article in the American Mathe-
matical Monthly of 1944 the distinguished mathematical physicist
J- L. Synge said, "Most mathematicians work with ideas which, by
-ommon consent, belong definitely to mathematics. They form a
closed guild. The initiate foreswears the things of the world, and
generally keeps his oath. Only a few mathematicians roam z2broad
and seeck mathematical sustenance in problems arising directly out
of other fields of science. In 1744 or 1844 this second class included
almost the whole body of mathematicians. In 1944 it is such a small
fraction of the whole that it becomes necessary to remind the ma-
jority of the existence of the minority, and to explain its point of
view.

““The minority does not wish to be labelled ‘physicist’ or ‘engineer,’
for it is following a mathematical tradition extending through more
than twenty centuries and including the names Euclid, Archimedes,
Newton, Lagrange, Hamilton, Gauss, Poincaré. The minority does
not wish to belittle in any way the work of the majority, but it does
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fear that a mathematics which feeds solely on iwelf will in time ex-
haust its interest.”

In an essay entitled “The Mathematician published in 1947 John
von Neumann ends with this: "As a mathematical discipline travels
far from its empirical source, or sti!l more, if it is a second and third
generation only indirectly inspired by ideas coming from ‘reality,’
it is beset with very grave dangers. It becomes more and more purely
aestheticizing, more and more purely l'art pour l'art. This reed not
be bad, if the field is surrounded by correlated subjects, which still
have closer empirical connections, or if the discipline is under the
influence of men with an exceptionally well developed tas:e. But
there is a grave danger that the subject will develop along the lines
of least resistance, that the stream, so far fiom its source, will sepa-
rate into a multitude of insignificant branches, and that the disci-
pline will become a disorganized mass of details and complexities.
In other words, at a great distance from its empirical source, or
after much ‘abstract’ inbreeding, a mathematical subject is in danger
of degenerauon.”

In his necrology on Franz Rellich in the Mathematische Annalen
of 1957, Richard Courant affirms that if present trends continue the
real («ngewandte) mathematics of the future will be created by phys-
icists and engineers and professional mathematicians will have no
contact with this development.

THE CURRENT VIEW OF PROOF

The present state of mathematics as a distinct subject is indeed
anomalous. Its claim to truth has been abandoned. Its efforts to
climinate the paradoxes and establish the consistency of its reason-
ing have thus not only failed but also have even produced contro-
versy as to what correct reasoning in mathematics is and as to what
the proper foundations of mathematics are. The claim, therefore, to
impeccable reasoning must also be abandoned. In view of these un-
resolved issues what should the modus vivendi of mathematics be?
Should we conclude that mathematics as a soundly established body
of knowledge is an illusion? Should we abandon deductive proof
and resort to intuitively sound arguments, to empirical evidence,
and to inductive arguments? After all, the physical sciences use such
modes of reasoning and, even where they have used deductive mathe-
matics, they have nct been concerned with the mathematicians’
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standard of rigor. This is not the advisable path. Anyone who has
some knowledge of the contributions of mathematics would not
abandon the ideals and goals of the subject. What is needed is a new
evaluation of the nature of mathematics.

Finst of all, deductive proof does have immense value. Beyond the
murky foundations it does permit an eflective and reliable organiza-
ticn of knowledge. Moreover, prool gives us relative assurance. We
become convinced thereby that some theorem is correct if some rea-
wnably sound and intuitively more acceptable statements about
numbers or geometrical figures are correct. Proof thus establishes
more doubtful statements on the basis of less doubtful ones and re-
duces the number of statements we must accept on an intuitive or
heuristic basis. The security with which we can use the central body
of mathematics increases as we narrow the difficulties to a limited
area.

However, we are now compelled to accept the fact that there is
no such thing as an absclute proof or a completely rigorous proof.
We know that if we question the statements we accept on an intui-
tive basis, we shall be able to prove these only if we accept others
on an intuitive basis. Nor can we probe these ultimate intuitions too
far without running into paradoxes or other unresolved difficulties,
some lying in the realm of logic itself. Sometime about 1900, the
famous French mathematician Jacques Hadamard said, "Logic sanc-
tions the conquests of the intuition.” We can no longer accept this
judgment. It is more appropriate to say with Herman Weyl, “Logic
is the hygiene which the mathematician practices to keep his ideas
healthy and strong.”

We must recognize that rigor is not an actuality but a goal, a goal
to be sought but very likely never to be attained. We should make
constant efforts to strengthen what we have without expecting ever
to perfect it. Yet the scarch for additional strength not only yields
strength but also produces the very great values which mathematics
has furnished in the past. If then we reorient our attitude toward
mathematics, we shall Le, I helrve, more content to pursue the sub-
ject despite the fact that we have oeen disillusioned. This view of
mathematics is epitomized in the American mathematician E. H.
Moore's statement, “Sufficient unto the day is the rigor thereof.”
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III. Science and Technology in
The Emerging Nations

AwDUS SALAM

RiGHT oM THE days of Merlin at the Court of King Arthur, the
scientist has enjoyed the dubious repute of a wizard. One of the
most famous scientist-wizards of the Middle Ages was Michael, the
Scot who was celebrated in verse by his countryman Sir Walter Scott
in the "Lay of the Last Minstrel.” A traveller to the Paynim coun.
tries of the East tells us that:

*“In those far climes it was my lot
To meet the wondrous Michael Scott;
A wizard of such dreaded fame,
That when in Salarmanca’s cave,
He lifted his magic wand to wave,
The bells would ring in Notre Dame!”

We are also told Michael's words could cleave the Eildon hills in
three; he could bridle River Tweed with a curb of stone; at a
sign from him you could be transported from Portugal to Spain in
the space of less than 2 night.

We do not know it Michael the Scot did really command the

pated the men of Alamogordo and Cape Kennedy by just a few
centuries. We may, however, with reason inquire why he did ac-
quire in the Middle Ages the dread reputation that haunted his
memory.

Michael the Scot was a humble scholar. Born in 1175, he was one
of those faw inquiring men who wished to pursue science with
teachers who were currently creating it. At the age of twenty-five he
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travelled to the Islamic University of Tuledo in Spain; to study he
had to learn Arabic, the then language of science. From Toledo he
proceeded to Padua and Rome, teaching and translating what he
had learned. His was the fust wranslation of Aristotle’s De Anima
into Latin, not from the original Greek which Michael knew not,
but from Arabic. His repute for wisdom for wizardry, was a tribute,
if you wish, to Arabic mathematics, Arzine astronomy, Arabic medi-
cine of that day.

1 have thus chosen to preface my account of science and technology
in the developing world today with an account of Michacl the Scot.
The history of scicnce, like the history of all civilization, has gone
through cycles. Sume seven centuries back, at least some of the
developiang countries of today were in the forefront of scientific
endeavour; they were the standard bearers, the pioneers. George Sar-
ton in his menumental five-volume History of Science chose to di-
vide his story of achievement in sciences into ages, each age lasting
half a century. With each half century he associated one central fig-
ure; thus 500 B.C.-450 B.C. Sarton calls the Age of Hippocrates; 450
B.C. to 400 BC. is the Age of Plato. This is followed by the halt
centuries of Aristotle, of Euclid, then of Archimedes and so on.
From 650 A.D.-700 A.D. is the half century of the last Chinese scien-
tist I-ching. From 750 A.D. in an unbroken succession for 300 years,
are the Ages of Jabir, Khwarirmi, Razi, Masudi, Wafa, Biruni and
Omar Khayyam—Arabs, Turks, Afghans and Persians—men belong-
ing to the culture of Islam. Around 1100 A.D. appear the first West-
ern names, but the honors are still shared between the East and the
West for two hundred years more. From 1350 A.D., however, science
was created only in the West. No wonder then that Michael the
Scoi, in 200 A.D., had to travel to Toledo to complete his scientific
education. No wonder that this association with the infidel earned
him an excommunication. No wonder that Dante consigned him to
Hell.

I hope I shall not be accused of parochialism in reminding you
thus that in the march of science and civilization other cultures,
other lands, have played their humble role. This central fact is im-
portant to the theme I wish to unfold; it determines a whole set of
attitudes, the whole approach of the emerging countries to acquir-
ing modern scientific and technological competence is conditioned
by it.
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Now, throughout the ages its scientific and technical knowledge
have influenced the material prosperity of a civilization. Technical
advances in agriculture, in manufacturing methods, in transport
have occurred in all human societies and these have always led to in-
creased prosperity. But it is a central fact of human history that
something unique occurred with the 18th and 19th century break-
throughs in physics and chemistry and metallurgy, something unique,
sumething mawive, something cumulative. The firm and the scien-
tific masiery of natural law acquired in the last two hundred years
gave man so much power, and led to such a great incrcase in pro-
duction, that for the first time in man’s history a purposeful appli-
cation of scienvific and technological techniques can tansform the
entire material basis of whole societies, eliminating hunger and
want, and ccaseless toil and esrly death for the whole human race.
Technical competence and material prosperity have become synony-
mous and it is this cardinal {act that the poorer two-thirds of hu.
manity is beginning to realize. It is this cardinal fact that the
developing world must come to grips with today.

How did this great division of humanity—the division of the rich
and the poor, both materially and technologically—first come about?
Clearly I have no competence 1o speak for al! developing countries;
there is one part of the world, however, I know much better than
any other—my own country, Pakistan. Instead of ygeneralities 1 pro-
pose 1o give you a detailed picture of Pakistan’s technological past,
its present and its hopes for the future. In many ways the problems
I shall deal with are typical of the rest of the developing world. In
particular T shall show you how important an impact on modern
Pakistan the imported technology of the 19th century had. And 1
shail endeavour to show how many of its problems arise because we
did not adjust to the technology of the 20th century in time.

I shall start my story about three centuries ago. Around 1660 tvo
of the greatest monuments of modern history were crected—one in
the West and one in the East; 5t. Paul's Cathedral in London and
the Taj Mahal at Agra in the India of the Great Mughals. Between
them these two monuments symbolize, perhaps better than words
can describe, the comparative level of craftsmanship, the compara-
tive level of architectural technology, of affluence and sophistication
the two cultures had achieved at that epach of history.

But at about the same time was also created, and this time only in
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the West, a third monument, a monument still greater in its ¢.en-
tual imnort for humanity. This was Newton's Principta published {
in 1687. Newton's work had no counterpart in the India of the
Mughals. The impulse-springs of Islamic science had dried up ear-
lier. The Taj Mahal was about the last flowering of a tradition, a
tradition that was no longer creative, a tradition that was swon to
wither and die.

The two cultures, the two technologies, that of the East and the
West, came into sharp impact within a hundred years of the build-
ing of the Taj. In 1757, 1o be precise, the superior fire-power of
Clive's small arms inflicted, un the battle grounds of Plassey, a
humiliating military defeat on the descendanu of the great Mughal.
Another hundred years passed and in 1857, the last of the Mughals
had been forced to relinquish the Imperial Crown of Delhi to
Queen Victoria. With him there passed not only an empire, but
also a whole tradition in art, in technology and in learning. By 1857,
English had supplanted Persian as the language of state; the medical
canons of Aricenna had been forgotten and the traditional art of
fine muslin-weaving in Dacca had disappeared to give way to the
cotton prints of Lancashire.

But from the decay of the Mughal state in 1857, from the embers
as it were, there also arose the beginning of a new and modern
state—the state of Pakistan in the northwest and east corners of the
Indian sub-continent.

West Pakistan, of which I shall principally speak today, is a state
twice as large in area and thrice as populous as California. It is a dry,
parched land, watered by the mighty Indus and its five tributaries,
the Ghelum, Chenab, Ravi, Beas and Sutlej. In 1857, when the
British came to it as conquerers, they found ribbons of cultivation
a few miles wide on either side of cach of the five rivers. Between
these cultivated ribbons lay atretches of parched desert.

Not content with these ribbon-like patches of cultivation, some
farsighted men in the Indian Civil Service harnessed the technology
of their day to create a garden out of the scrub and the desert. They
built low dams across the five rivers on foundations of gravel and
sand—structures which had rarely been attempted elsewhere and
whose essential stability remains something of a miracle to most
hydraulic engineers till this day. Behind the dams they diverted the
waters into great new canals. These canals have a total length of
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10,000 milcs; some of the biggest arc as large as the Colorado River.
With the can?l system was created a fine railway network and per-
haps the best road system east of Suez. West Pakistan, as a conse-
gquence, multislicd in prospe:ity, fertility and population. It was in
this sense that modern Pakistan—in company with many another ex.
colonial country—way a creation of the 19th century technology.

sut even after such a heavy initial dosc of technology, and again
very typically, Pakistan failed to become a technologically advanced
country. Something went gricvously wrong, for the first flush of pros-
perity lasted no more than a few decades. The country was built
upon just one resource, agriculture, and agricultural production did
not keep in step with the population increase. Even on the purely
technical side, soon after its inception the very miracle of West Pak.
istan's canal network began slowly to stifle the fertility it was meant
to create by spreading the olight of waterlogging and salinity in
areas through which the canals passed.

The reasuns for this failure of technology were rot difficult to
find. The technology which created Pakistan did not touch us more
than skin-deep. It was a graft that never took, not something that
became an integral part of our lives, and all for one basic reason.
The only way to communicate the garnered wisdom and knowledge
of one generation of men to another is by precept and education. It
may be hard to believe, but in Pakistan no provision whatsoever was
made for scientific or technical or vocational education.

Thus, even though the entire object of bringing the canal waters
was to increase agricuitural production, no one dreamed of intro-
ducing agricultural technology in the educational system. Something
like thirty-one liberal arts colleges were built in the country, one in
every district eadguarters, to teach British histoiy, ihe meiaphysics
of Aristotle, the laws of equity and the priuciples of jurisprudence,
but the whole of West Pakistan and the whole of East Pakistan bad
to be content with just one agricultural and just onc engineering
college—and this for a population then approaching fifty million. I
cannot begin to convey my own personal sense of disbelief when
some years ago I was told that in the United States every state uni-
versity grew around the nucleus of an agricultural faculty with
every other faculty added later, so contrary this was to anything 1
had been used to in Pakistan.

The story repeated itself at all levels. The results could have been
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forescen. The level of agricultural practice remained as static as
under the Mughals. The chemical 1evolution of fertilizers and pesti-
cides touched us not. The manufacturing cralts went inte complete
oblivion, Even a stee) plow had to be imported from England,

Why did the Brivish administration {ail to plare any cimphasis on
technical education, on medhanical skills, or on agriculiural hus.
bandry? For mechanical <kills there is perhaps a simple explanation,
In the economic organivation of the empie, Britain was to be the
only manufacturing unit. All its other parts—like the American
colonics, India, N-reria, Sudan—were to supply raw niucrials. Thus,
from a British administrator’s point of view there was no need to
foster mechanical or industrial skills, foi these wonkl never be ex-
erdised. Lat by the same token this attitude s harder to under-
standd so far as agriculture is comncerned: the attiwde which, for ex-
ample, failed to build up a proper agriculunal advisory and exten:
sion scrvice,

Perhaps there is a simpler and more charitable explanation pos.
sible. The cdudational system of the Biitish Fndia was assentially the
aeauon of one man, the great historian Lord Maciulay. Writing
his recommendations in 1835, he strove to give us the best that Bri-
tain could then offer. This best unfortunately did uot cmbirace sci-
ence andd technology. Inso far as Britain's industrial revelution had
been brought about by gilted amateurs, there was in the Briain of
the 19th century no apprediation of the role of technial cducation
in fostering industrial growih, The fiest Royal Commission on Tech-
nical Edudcation did not report until 1884, The fisst parhamentary
grant in Britain for scientific and technical education amounted to
no more than three thousand doliars, The tirse polytedinics did not
come until 18, Unlike Germany, modetn Russia, or the United
States, Britain did not build up an industrial soviety through the
medium of education, Whether or not Britain suffered e all in the
long run 1 shall not say, but for Pakistan, whose whole educational
system was patterned un that of the British, this was disastrous.

In 1947, after uinety years of foreign rule, the nation started on
a new phase of life. For us in Pakistan the struggle for independence
has been fought on two fronts, one against the British {or libeny
and the sccond for recognition of our separate existeace. On the
debit side, we started with a desperately poor population, with a
per capita income of fifteen cents a day. We started with no manu-
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facturing capacity or skills and we started with a primitive agricul-
ture, with one-fifth of our cultivated area bedeviled by the twin
curses of salinity and waterlogging.

Un the credit side, however, we had two assets. First, the revolu-
tion of rising expectations had hit Pakistan as strongly as it hit the
rest of the undcrdeveloped world. Second, althcugh there was no
clear notion of how ta effect an economic transformation of society,
there was no resistance to newer ideas or 10 a newer organization of
life. Like every pation vmarting under recent defezt of arm, we
100 had pamed through the phasxe when everything Western was an
anathema, but in 1947 this phase of our history was a long way
behind us.

We spent the first ten years of our independent existence in trying
to redress almost feverishly, and perhaps with complete dissegard of
sound economics or personal suffering of the consumer, the imbal-
ance of industrialization. The basic consumner industries—like tex:
tiles, sugar, cement and paper wanufacture-were hastily created
by private enterprise. But it may perhaps be right co date the era
of our purposcful growth from 1958, the year that President Ayub
Khan came into power and the State Planning Comimission started
to funcuon with the fullest vigor. About then we began receiving
the maximum help from our friends and allies, not the least from
the United States, and since then we hasc saved and invested yearly
some twenty per cent of our national income.

For the last three years the economy has grown at the rate of
six per cent, the highest in Asia. Industrially we have reached ihe
maiurity of being able to project 8 modest heavy industrial and
chemical complex based mainly on the major industrial raw ma-
terial which we possess in plenty, natural gas. A modern shipbuild-
ing yard now exists in Ka o .hi; three refineries and two steel plants
of half-million ton capacity are being erected. Since 1950, four tech-
nical universities have functioned and a number of others are pro-
jecied. As a measure of the level of craltsmanship achieved, Pakistan
is at present the largest net exiernal supplier of surgical instruments
to the United Kingdom. In agriculture we are on the threshold of
the chemical revolution. One of the most imaginative of recent
scientific missions was the 1961 team of university scientists, hydiolo-
gists, agriculturists, and engineers assembled on President Kennedy's
behest by Jerome Wiesrier and led by Roger Revelle to siudy the
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salinity and waterlogging problem in West Pakistan. Waterlogging
and salinity are as old as irrigation itself. 1t has also been known for
long that proper diainage is the only answer, but what makes hori-
wntal duainage impossible in the Indus plain s the anfortunace
circumstance that the plain slopes no more thaw a foot per mile.
Horizontal drainage would be prohibitive in cost. The Revelle
team suggested vertical drainage instead-—mining o fiesh water from
an underground reservoir known to exist by a network of deep tube-
wells, Some of the water would seep back undagreand, leaching
away the salt in the process. Abso the geneial lowering of the water
table on account of the pumping would cure waterlugging.

1 am dwelling on the work of this tvam in such detail for there
is something important 1 wish to illustrate—the impact of high.
caliber scientific minds on problems relatively old, Vertal drainage
had in fact been wied in Pakistan for the last 6ifteen years. But the
rtesults were discouraging. The great contribution of the team was
to strews that the difficalty came from using the mcethod on too small
a sctle. A single well, for example, has no effect on the water-level
because water seeps in ltom the suntonnding areas as fast as it is re-
moved. To achicve a substantial lowering of the water table one must
exploit the simple fact that with inceasing size of a suilace, the
arca indcases more tapudly than the petimicter -the same pranaple
which in wartime Britain made the Biitish dedide in favor of large
transatlantic convoys as affording better protection against subma-
rines' peripheral attacks rather than convoys of tiny sive. Revelle's
calculations—using extensive digstat and linear programming at Har-
vard —showed that if one dealt with areas no smaller than one million
acres (roughly 40 sq. miles) the pevipheral scepage would not win
against the arca pumping: one might then hope to eliminate water-
logging within a year or two. It 1y two yeais since Revelle's report
was presented. Its resulis have been brilliandy confinmed in the last
year, in a region west of Lahore. An earlier tube-well scheme cover-
ing 60,000 acres had no 2ffect un the water level; a larger scheme
covering 1.2 million acres has drawn down the water level by about
wwo feet—with an increase of aop yield of 50754,

1 said carlier I shall deal extensively with Pakistan and the impact
of technology and science on its growth for two reasuns; firstly be-
cause 1 am personally more familiar with the problems of my own
country; secondly because 1 'xelieve the picture of Fakistan s typical
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of the bulk of the develuping world. Pakistan presents us the picture
of an ancient civilization, nci too distantly in a scientific and a
cultural lead; a proud nation humiliated into military submission
in the recent past. The defeat was followed by an intreduction of
newer technological ideas and the harnessing; of its rivers for agri-
culturai growth. The new pattern was benehcial in part, but there
was no wholeness to it; tl-re was no fosterinig of a whole scientific
and technological traditicu accompanying an importation of tech-
nology. No edv:ational system was created to carry the mastery of
newer technologies further, After the first flush of prosperiiy, there
was the inevitable over-population, the inevitable hunger and pov-
erty. Exactly the same pattern repeated itself in India, in China, in
Indonesia, in Egypt, in North Africa and elsewhere. But what of to-
day? ‘The grcat colonial convulsions of the last twenty ycars have
freed our nations frum tutelage. We can plan and cxecute our own
destinies purposcfully, remembering the Icssons of the recent past.
In varying degrees we have realized that there is only one way for-
ward; to pick up the threads of technological and scientific revolu-
tion, to bring back skills and icarning from the modern Toledocs.
Uafortunately the magnitude of the problems is so great, the scale so
vast, that along with skills we also need large quantities of scarce
capital. Seience and technolopy zre no magic wands; machines cost
money to make. A Roger Revelle may make the brilliant diagnosis—
area versus perimeter for Pakiscan's waterlogging problem—but the
tube-wells must be fabricated, not just of wron and brass but some-
times, ‘or the very saline soils, of cestly fibreglase.

The path which most developing countries are taking is more or
less uniform. First and foremast is the acqairing of basic skills for
the operation of a technological econumy with pricrity on the ex-
ploitation of natural resources. These may be natural gas or oil,
aluminum ores or the good agricultural carth. For the laiger coun-
tries this may mean building of fartilzer-producing machinery and
processing and fabrication plants. ‘Lhere is nothing more sensitively
felt in a developing country than the feeling that those in a richer
region would like to sce it devote itsclf to primary production and
no more. I said eatlier the pattern (Al over the developing world is
the satue. To substantiate this let ine quote o you from the United
Nations Special Furl report. This fund operates with o capital of
about half & billion dollars and is ene of the brightest landmarks of
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international co-operation initiated by that much maligned organi-
zation. Let us follow alphabetically the requests to it of some of the
various governments:

Afghanistan:  Request for Survey of Ground Water Investigation.

Argentine: Mineral Survey in the Andes.
Bolivia: Mincral Survey of the Altiplano.
Brazil: Survey of the San Francisco River Basin and Rock-
Salt Deposits.
Burma: Survey of Lead, Zinc Mining and Smelting.
[ ] L J L L J ®
Pakistan: Engineers’ Training.

Everywhere it is the same; acquiring of skills, and exploitation of
natural resources, more and more productive agriculwure.

These arc the major, the urgent tasks of science and technology
today for the emerging countries. In fulfilling these we need ail the
help, all the co-operation we can get.
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IV. Implications of Population
Trends for the Military

PuiLie M. HAUSER

WOoRLD POPULATION GROWTH

ALTHOUGH THE first complete census of mankind has yet to be taken,
it is possible to reconstruct, within reasonable error limits, the es.
timated population of the world from the end of the Neolithic period
(the new Stone Age) in Europe (8000-7000 B.C.). At that time, world
population is estimated at some ten million. At the beginning of the
Christian Era the population of the world probably numbered be-
tween 200 and 300 million. At the beginning of the Modern Era
(1650) world population reached about 500 milaen. In 1965 world
population totaled 3.3 billion. A relatively simple analysis of these
numbers discloses that an enormous increase in the rate of world
population growth has occurred, especially during the past three
centuries,

It is estimated that for the some six hundred thousand years of
the Paleolithic Age (the old Stone Age) population growth perhaps
approximated 0.02 per thousand per year. During the three centuries
of the Modern Era population growth increased from about three
per thousand te ten per thousand per year during the interwar years.
The rate of world populaticn growih continued to acceierate after
World War 1, so that in 1965 it approximated 20 per thousand per
year. Irn the course of man’s inhabitation of this globe, then, his rate
of population growth has increased from a rate of 2bcut two per cent

per millennium to two per cent per year, a thousandfold increase in
growth rate.

PHILIP M. HAUSER, Professor and Chairman of the Department of
Sociology, The University of Chicagoe. Dr. Hauser was chairman of the
technical advisory commitiee for the 1960 Population Census, and is a
former aciing director of the Bureau of the Census. He is curvenily
director of the University of Chicago’'s Population Research and Train-
ing Center,
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Although two per cent per year may scem like a small return on
investnent to persons fortunate enough to have funds out at interest,
it turns out o be a truly astonishing rate of world population
growth. For example, to produce the present population of the
world, about 3 billion, one dozen persons increasing at a rate of two
per cent per year would have required only 976 years. Yet homo sa-
ptens alonc have been on this carth at least 25 to 30 thousand years.
Similarly the samce one dozen persons reproducing at the rate of two
per cent per year since the beginning of the Christian Era could have
by 1965 had over 300 million descendants for each one actually pres-
ent on the face of the carth.

Further appreciation of the meaning of a two per cent rate of in-
crease per year is gained by observing the population that this
growth rate would produce in the future. It would from the present
poput. :n of over 8 billion provide enough people, in lock step, to
reach {tom the earth to the sun in 237 years. It would give one per-
son for each square foot of land surface on the globe, including
mountains, deserts and the arctic wastes, in about six and one-half
cenwuries. It would generate a population which would weigh as
much as the carth itself in 1,566 years. These periods of time may
seem long when measured by the length of the individual life time.
But they are but small intervals of time measured in the time per-
spective of the evolutionary development of man.

Projections of this type, of course, are not to be interpreted as pre-
dictions. They merely help to indicate the mcaning of the present
rate of growth. They also permit another firm conclusion, namely:
that the present rate of world population growth cannot possibly
persist for very long into the furure. As a matter of fact, in the long
run, given a finite globe and excluding the possibilities of exporting
human population to outer space, any rate ot population growth
would in time saturate the globe and exhuaust space itseli. In the
long ran, man will necessarily be faced with the problem of restrict-
ing his rate of increase to maintain some baiance between his num-
berz and the Ainite dimensions of this planet.

It teok inost of the millennia of man’s habitation of this planet to
produce 2 population as great as one billion persons simultaneously
aiive. This population was not achieved untl approximately 1825.
Yo praduce @ population of two billion persons simultaneously alive
required only an additional 105 years—for this number was achieved
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by 1930. To reach a population of 3 billion persons required only
an additional 30 years—for this was the total in 1960. Continuation
of the trend would produce a fourth billion by 1977, in only 17
years; a fifth billion by 1987, in only ten years; and a sixth billion
in 1996, in only 8 years.

Analyses of this type have led the student of population, the de.
mographer, to use emotional and unscientific language on occasion
to describe population developments. Such a phrase as “the popula-
tion explosion” is admittedly non-scientific language; but it serves to
emphasize the dramatic increase in man’s rate of growth and to call
attention to its many implications.

EXPLANATION OF EXPLOSION

: Why has the rate of world population growta increased so great-
’ ly? Although some changes in birth rates were also involved, it is
clear that the major element in the great acceleration of population

growth first evident in Europe and areas of European settlement,

. was the decline in the death rate. Three factors contributed to this
t decline. 'The first was the general increase in level of living resulting
from technological advances and increased productivity and the
\ achievement of long periods of peace and tranquility by reason of i
‘ the emergence of relatively powerful and stable central government.
R The second major factor accounting for the decrease in mortality l
was the achievement of environmental sanitation and improved per- |
sonal hygiene. During the 19th century great strides were made in :
purifying food and water and improving personal cleanliness, which
contributed materially to the elimination of parasitic, infectious, and
contagious diseases. The third major factor is, of course, to be found
in the great and growing coentribution of inodern medicine—en:
. hanced by the recent progress in chemotherapy and the insecticides.
i These developments during the Modern Era upset the equilibrium
between the birth rate and the death rate that characterized most of
the millennia of human existence. In 18th century France, for ex-
ample, of a thousand infants born, 233 had died before they reached
age 1; 498 had died before they reached age 20; and 786 had died be-
, fore they reached age 60. In contrast, in present-day France, of a
thousand infants born, only 40 had died before age 1. only 60 had

died before age 20; and only 246 had died before age 60. In 18tk cen-

tury France, of the original one thousand infants only 214 sur ‘ved
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to age 60. In contemporary France, 754 of the original infants were
still alive at age 60. As a result of such decrease in death rates, the
onc hundred million Europeans of 1650 had three centuries later
about 940 million descendants,

Prior to World War I1, ile spectaculat decrease in the death rate
of the cconomically advanced nations had not been shared by most
of the population of the world, Of the people of non, European stock,
only Japan had managed appreciably to increase longevity. The
two-thirds of the world's people who live in the economically under-
developed nations—Asia, Latin America, and Africa—before World
War Il had achieved some decrease in morwzlity, largely through
contact with advanced nations. But most of the world's people prior
to Warld War Il were characterized by an expectation of life at
birth no greater than that which Western Europeans experienced
during the Middle Ages.

This situation has dramatically changed since the end of World
War 11. A combination of factors incuding the advent of the United
Nations and the specialized agencies with programs cmphasizing
econontic development and dissemination of chemotherapy and in-
sccticides have opened up to the mass of the worid's people the
achievement of 20th century death ratcs. Since the end of World
War II, the decline in mortality among the economically under-
developed areas of the world have been more dramatic than that
which was experienced in the industralized areas.

Longevity is now increasing much .nore rapidly in the less devel-
oped areas than it did among Europeans and European stock be-
cause of the much more powerful means now available for eliminat-
ing causes of mortality. For cxample, the death rate of the Moslein
population in Algeria in 1946-47 was higher than that of Sweden in
1771-80, more than a century and a half earlier. By 1955, however,
in eight years, the decrease in the death rate in Algeria was greater
than that Sweden cxperienced during the cenwury from 1775 to
1875. Between 194G and 1960, Mexico, Costa Rica, Venezuela, Cey-
lon, Malaya, and Singapore were among the nations which decreased
their death rates by more than 50 per cent. Ceylon’s death rate was
decreased by more than 50 per cent in less than a decade.

While death rates {cll sharply in the underdeveloped arcas, birth
rates remained at high levels. Whereas birth rates in the economi-
cally advanced arcas were mainly between 17 to 23 (per 1000 persons
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per year), those of the developing regions were predominantly above
40. As a result, whereas growth rates in the history of the industri-
alized nations rarely exceeded | per cent per annum without immi-
gration, annual growth rates in the developing nations are above 2
per cent, and many are above 3 per cent. A 3 per cent per annun
growth rate doubles a popuiation in 23 years, Since the developing
nations contain over two thirds of the world’s population, the growth
rate of the world as a whole is accelerating despite the fertility de-
cline which began during the 19th century in the cconomically ad-
vanced nations. Among the non-Western nations of appreciable size,
only in Japan has the birth rate declined. The developing nations in
Asia, Latin America, and Africa, with their 20th century death rates
and medieval birth rates, are not only perpetuating but also are
actually accelercting the world population explosion.

WORLD PROJECTIONS 10 2000

'l ine United Nations has issued provisional population projections
for the world and for the developed and developing areas, to the end
of the century. They indicate that if present trends were to cor.tinue,
world population would reach 7.4 billion by 2000.

If the birth rate were to dedline, at varying rates and with differ-
ent timing, while montality continues its decline, three additional
projections are calculated by the Urnitzd Nations and published as
"high, low, and medium variant projections.”” The “high” variant
gives a world population in 2000 of 6.8 billion, the “medium” vari-
ant 6.0 billion, and the “low” variant 5.3 billion. On the basis of its
analysis, the United Nations publication concludes that “it is safe to
estimate that the world’s population in the year 2000 will be no
more than 6,500 and no less than 5,600 million provided unforesec-
able events having large consequences in a major portion of the
world do not occur.”

Each of the United Nations variants below the projection based
on the continuation of present trends assumes a reduction of birth
rates during the remainder of this century in present high fertility
areas. It must be emphasized that up to this time there is no firm
evidence, despite specific efforts, that such reductions in the birth
rate have yct occurred among the mass illiterate and impoverished
populations of Asia, Latin Amcrica, and Africa. In consequence, the
projection based on the continuation of prescnt trends cannot be
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dismissed as outside the 1ange of possibility. Any of the other vari-
ant projections, then, have built into them asswinptions of fertility
decline that at the present may be more accurately described as wish-
ful thinking than realistic. For purposes of this discussion the United
Nations "high™ variant projection will be employed, therefore, even
though the United Nations accepis its "median™ variant as the most
probable. 1t should be stressed, however, that the discussion which
follows and the conclusions reached would not vary significantly if
the “medium” or, fur that matter any of the other projections were
used.

On the basis of the “high” projection, the population of the world
as a whole would increase fiom about three billion in 1960 to 6.8
billion by the yecar 2000. Hence, world population would more than
double during the remainder of this cenuury. The effect of dedlining
mortality especially in the less developed areas, may be readily seen
by comparing anticipated growth in the second half of this century
with actual growth during the first balf. Between 190 and 1950,
world population increased by less than one billion persons. Be-
tween 1950 and 2000, the “high” projection indicates an increase of
4.3 billion persons. That is, the absolute increase in the pepulation
of the world during the second half of this century may be almost
four and one-third times as great as that during the first half of the
century. During the second half of this century, there could be a
greater increase in world population than was achieved in all the
millennia of human existence up to the prescat time,

Extension of the "high" variant projection, according to the United
Nations, produces a world population of 14 hillion by 2050, Thus,
it is possible that children now entering sclivol will, during their
lifetinies, be living in a world with almost five times its preseni num-

bers.

ProJrcTIONS OF DEVELOPED AND LEFSs DEVELOPED AREAS

Of special economic and political import for the remainder of this
century is the differential in the growth rate of the “developed™ and
the “developing™ areas, respectively. The United Nations "high™
projections indicate that the less developed arcas would have an ag-
gregate population of about 5.5 billion persons by 200(1, whereas the
more developed areas would total about 1.4 billion. According to
these projections, then, the less developed areas with a population
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, of 2.2 billion in 1960 would increase by some 3.3 billion persons by
: the end of the century, or by 150 per cent. In contrast, the more de-
veloped ateas would increase by only 523 million persons, or by
about 60 per cent, 'The population increasc in the less developed
arcas would be over 6 times as great as that in the more developed
arcas. Morcover, it may be noted that the less developed areas, zc.
cording to this projeciion—a quite plausible one--would increase in
the last four decades of this century by a greater number of persons
than the total present population of the globe.

Ii 1960, about 71 per cent of the world population lived in the
less developed areas and only 29 per cent in the more developed. By
2000, it is possible that the population in the less developed areas
would have increased to 80 per cent of the world's total, and that the

1

{ population in the present more developed arcas would have shrunk
i to 20 per cent.

i ‘The significance of present aad prospective rates of population
: growth is to Le found in their implications for levels of living and
! world politics.

R WorLp Resounrces

Let us examine first of 211 the often discussed relation of popula-
tion growih to resources and especially to food supply. A recent an-
alysis of the world resources picture by Joseph L. Fisher and Neal
Potter of Resources for the Future, Inc. indicates that there is neither
justification for the belief that the world is faced with an imminent
exhaustion of critical materials or the belief that man's ingenuity
can resolve all the problems that may be precipitated by the inomcas-
ing pressure of population upon resources. The picture in respect
of raw materials is quite mixed. The world outlook, ard that for the
i developing areas in general, is rather good in respect of energy com-
i modities and, especially, with the potential of the energy of the atom.
But the prospect is less favorable for food and in the past several
years has wrned dismal.

Almost a doubling of world food output is needed to supply a nu- i
tritionally adequate dict to the present populations in the less .
developeu areas. I an adequate diet is to be achieved for a world :
population which will more than double by 2000, food production
must more than quadruple by the end of the century. This would
tequire greater annual increases in food production than have ever
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been attained over a prolonged period of time. Morcover, within the
past few ycars, population growth has acwally outdistanced food
production in many arcas. A study completed by Lester R, Brown ol
the U.S. Department of Agriculture i 1965, indicates that in Asia
food per person has declined by 4 per cent since 1961, and in Latin
America by G per cent. In Africa foad productien has thus far kept
up with the population inaease but a decline in per capita fond pro-
duction scems imminent. The increase in food production which
followed World War 11, during which foud production greatly de.
clined, leveled off in around 1960, and since then it has failed to
keep pace with population growth. The prospect of fod shortages
in Asia, parts of Latin America and Africa within the next decade
or so cannot be easily dismissed.

Critical proablem; face the woi''d during the remainder of this cen-
tury, i owever, even if the threats of lower levels of living or mass
starvation fail to materialize. That is, even il present levels of living
are maintained to the end of the centuiy in the less developed areas,
the world may be plagued by cuises that will grow ever more acute
and chieaten world peace by reasons of continued cxplosive popu-
lation growth. This is likely because crucial problems may be prop-
agated by failure to achicve substantially higher levels of living con-
sonant with the new expectations of the mass populations of the
world, and the national aspirations of the new, emergent post-war
nations.

INTFRPLAY OF POPULATION AND JTHER FAGTORS

The role of pepulation in determining the world's economic and
political destinies during the remainder of this century may be
grasped by comsidering simultaneously the following nine propos:-
tions:
1. Welive in a world of “have"” and "have-not” nations.
2. The international differences in levels of living, by reason of the
“revolution of rising evpectations,” have become “felt” differences.

3. The have-not nations are striving ta achieve higher living levels
and they have made this goal. apart from independence il they
have not yet achieved it, their major natonal aspiration,

4. There is an inverse cortelation between levels of living and pres-

entor projeded rates of population growth,

5. Rapid population giowth is obstructing eflurts 1o 1aise levels of

living in the developing regions ol the world.
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6. Despite national and intzrnationat efforts to raisc levels of liv-
ing. dispatities hetween have and have.nut nations are increasing
rather than decreasing.

7. The accelerating rate of urbanization in the developing areas is

cxacerbating social unrest, political instahility, and threats o
world peace.

8. The bi-polar world political alignment—the confrontation between
“Capitalin” and “Communist” nations or the “East Went”' cold
war—is 2ugmenting the tensions arising from frustrations in cffors
to 12ise levels of living in the developing regims.

9. The bi-polar political world is being fragmented by have and have-
not differentiation within the Communist bloe and the DeGaullist
schism in the Western front. Possible worid political realignment
is under way on a have, have-not basiy rather than on a capitahist-
communist basis. This wouh! produce a “North-South” rather than
“East-Weat” confrontation.

Let us proceed to an claboration of each of these propositions and
a consideration of their interrelationships.

HAVE AND HaAVE-NOT NATIONS

In 1962 per capita product by continents ranged from $124 per
year in Asia and $128 per year in Africa to $2,866 per year in North.
ern America (Anierica north of the Rio Grande). Asia with 56 per
cent of the world's population had but 14 per cent of the woild's
gross national product. In cuntrast, Northern America together with
Northern and Western Furope and Central Furope excluding the
Sino Soviet Countaes, with less than 12 per cent of the world’s pop-
ulation, had 59 per cent of the world's gross national product,

Pt cagnia produce in 1902 averaged $189 for the world as a whole.
The continental subreginons with per capita product abmove the
world average, one measire of "moere developed” arcas had an av-
erage per capita product of $1,504, In contrast, the continental re-
gions with per capita prducts below the world average, the “lew
developed” areas, had a per capita product per year of but $153.

Although guestions can be raised about the precdision of the s
umares of per capita product, nonethetess i is Jdear that, by and
Yarge, there ave great dispavitics amc iy the nations o levels of living.

T'ur RevoruTioN oF Ristve EXPECTIATIONS

Thioughout human history tiere have been imporant differences
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m levels of living both among and within natiens. This fad, how-
cver, has gained a new signilicance in recent tines and particulacly
since the end of World War 11, The world has been swept by the
“revolution of rising expectations,” ta use the {elicitous vhrase of
oy Assistant Sceactary of State, Haorlun Cleveland. No Jonger are
theie any peoples on the face of the earth who aie willing 1o sette
for sccond place and whu are not dnsisting upon independence if
they have not alveady achicved ic

In conmsequence, diffeteines between have and havenot nations
have in our own time beceme “lelt” difforences, a term used some
time ago by Warten S0 Thompson s his discussion of popuiation
problems and world tensions.

EcoNoMic D vELUPMENT PROGRAMS

The have-not nations of the world are striving w achieve higher
living levels. They have made cconomic development a major na
tional aspiation. The cconomie development of the underdeveloped
arcas has indeed become an anternaagonal goal as set forth an the
charter of the United Nations and as ianifest in the foreign and pro
gr-ams of nny of the cconomically awdvanced nadions, hoth govern.
mental and private, 1 is probably correat to say that there uevar
was o time in the history of man when the achicvenent ot higher
living fevels was as universal a goal among all of manking,

Invikey RELATION Briwrrn Portiaiton GRoOw il AND LEvVELS OF
Lavine

There s an invare cotrclation between present and projeceed
rates of popnlation growth and the Jevel o Living, For example, of
the 8 continental subregions which bad growth rates above the av-
erage lor the world as projected from 18962 to 2600, in 7, per capita
product was below the average of the world, Contrariwise, in every
onc of the continental regions in whisch per capsite product is above
the world average the annuai popolation growthoate projected be.
tween 162 and 2000 15 below tuit ol the world average,

In general, for the world as o whaeie, poverty iy assocated with
rclatively Ingh vares ot population inacase. Among poor European
nations, however, despite then pavaty, rclatively low population
growth rates obtain, But poventy in Europe i relative matter. 1 is
significant that per capita produdt in die poor countries of Euope
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is about 4 to 5 times that of poor countries in Asia, and alinost twi- e
that of the poor countries in South and Middle America.

Rarid POPuLATION GROWTH OBsTRUCTS ECONOMIC DEVELOPMENT

Study of the relationship between population growth and compo-
sition and economic development in recent years has disclosed that
population factors operate to obriruct efforts to achieve higher levels
of living. Per capiia product cannot be incaeased unless aggregate
output riscs more rapidly than does population. Rapid population

growth obstructs increases in per capita product in a number of
ways:

a. it imposes requirements for capital investment which straina the
underdeveloped economy even to maintain its current per capita
preduct, let alone to achieve an increase;

b. it produces or threatens to eflect population-resources ratios re-
sulting in diminishing returns;

c. it produces ar unfavorable age structure, that is, a papulation with
a relatively aigh proportion of dependents and a relatively low
proportion of producers which, all other things being equal, tends
te depress product per capita;

d. it requires a relatively large allocation of limited savings to the
rearing of the young at the expense of restricting resources avail-
able for direct prmduction invcsln?nt such as investment in fer-
tilizer, tractors, elsctric pawer cr i dustrial plant;

e. it diminishes savings available per capita tor investment in human
resources, that is, investinent in education and training.

GAP BETwEEN HAVE AND HAVE-NGT NATIONS IS INCREASING

Despite multilateral and bilateral efforts to assist the developing
nauions to achieve higher levels of living, such evidence as is avail-
able indicates thai the disparities between have and have 10t na-
tions is increasing rather than decreasing. Have-not nations, .ative
to have nations, are doubly handicapped in efforts to reduce the
disparity in levels of living. First, by reason of their small produc-
tive and technological base, even relatively large peicentage rates of
growth produce rather small absolute increments in levels of living.
In contrast the increments attained by the advanced nations are rel-
atively large, even with low rates of economic growth. For example,
a ten per cent increase in product in Asia produces an absolute an-
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nual increment of about $12 per capita; in northern America a ten
per cent increase produces an increment of $278 per capita.

Second, the rapid rate of population growth in the developing
areas requires more rapid rates of economic growth than in the de-
veloped areas merely to maintain already existing levels of living,
Northern America, for example, during the remainder of this cen-
tury can maintain its present level of living by an economic growth
of 1.6 per cent per annum. Asia, in contrast, to maintain even her
nresent level of living must achieve an cconomic growth rate of 2.1
per ceut per annum,

1'HE IMPACT OF URBANIZATION

‘The rate of world urbanization kLas been accelerating over the en-
tive period that we are able to measure it with reasonable accuracy,
that is, since 1800. In the i9th century the major impetus to world
urbanization was given by the urbanization in Europe and North
America. During the 20th century, however, the major impetus to
world urbanization is given by rapid urbanization in the developing
regions of Asia, Latin America and Africa.

Rapid urbanization in the developing areas has a special signifi-
cance in any effort to evaluate factors associated with mounting
world tensions. For poverty and frustration concentrated in the ur-
ban setting h.:ve a potential for generating social unrest, political
instability and threats to world peace of a much greater magnitude
than poverty and trustration dispersed widcly over the countryside.

Bi-poLAR PotiTiCAL WORLD

Stind did v 00 whoria VVar 11 tie wonid Gas Poen inareasigly
divided into a Capitalist Bloc, a Communist Bloc, and a third reu
tral or uncommitted bloc. Interestingly enough, one-third of the
world’s population is to be found in each of these blocs. Never be-
fore in the history of man have such gigantic antagonists as those
represented by the Capitalist and Communist, or “Western™ and
“Eastern” blocs been manifcst. They confront one another on ideo-
logical, economic, social. olitical, and, from time to time, military
fronts. The East and West, respectively, have each been trying to
win the allegiance of the neutral or uncommitted blozs of nations.
This is manifest in the prolonged struggle for the minds and allc-
giance of the peoples of South and Southeast Asia. More recently, it
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has given rise to increasingly intense comnpetition in Africa; and it
continues to constitute a threat to Latin America’s ideniification
with the West, especially since the advent of Castro's Cuba. The
wcapons cmployed in this confrontation are varied including propa-
ganda, cconomic aid_ wahversion, and military confrantation.

The outcome of the cold war, in large measure, may depend on
the ability of the developing nations to control their rates of popu-
lation growth and, theteby, to effect higher levels of living as meas-
ured by per capita product. It is almost certain that failure to
advance their levels of living would leave the have-not nations of the
world more open to the blandishments of the Communist world.
The Communist Bloc is in the advantageous position of appealing
to anti-imperialist sentiment as it blames Western imperialism for
the present poverty of the underdeveloped nations; and of being
able thus far, more successfully to exploit the inequities and iniqui-
ties characterizing cconomic and social organization in many of the
less developed nations. Moreover, the communist appeal is appar-
ently more alluring and appealing to many peoples than appeals
yet developed by the West. The communist appeal in terms of agrar-
ian reform, racial equality, and fuller stomachs seems on the whole
to be more effective than the more abstract Western appeal for free-
dom and democracy.

To the extent, then, that population is a major factor in obstruct-
ing economic development, it is a factor which, in the contemporary
world. is contributing to mounting social unrest, political instability
and th -eats to world peace which are being exacerbated by the Cold
War.

Ovcr recent years, a schism has become manifest both within the
East and West producing tensions within, as well 23 between, these
blocs. Within the Last at least, the split between the USSR and
China may well have occurred not only from publicized ideological
differences, but, also, from their disparity in economic development-—
from the relative “have” and “have-not” positions of the USSR and
China, respectively.

The annual per capita product in 1962 for all the Sino-Soviet
countries combined was $269. Within the Sino-Soviet bloc, however,
per capita product ranged from $91 in Southeast Asia to an esti-
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mated $790 in the USSR. The countrics of East Ana » the Com
munist Bloc, predominantly China, had a per capita product csti-
mated at §95 per annum. ‘The present reluctance of the USSR 1o
use war an an instrument of policy for the expansion of world com-
munism, in contrast with the willingness of China to do so, may
we'l be attributed in some part to the “have” position which Russia
has achieved in contrast with China's relatively desperate “have-
not” situation. China with 2 population approximating seven hun-
dred millions and a growth rate approximating perhaps 2 per cent
per year may be growing increasingly conscious of the disparities in
the ran-land ratios in China and in Russian Sibetia, In China, in-
ability to control population growth, even though there is much evi.
dence that she is attempting such control, could well constitute a
scvere threat not only o her ucighbors 10 the south, but also to her
Communist neighbees to the north.

This split within the Communist Bloc may coaceivably contrib-
ute to increased tensions between the “have” and "have-not” na-
tions throughout the world. Certainly China, in attempting to form
her own blog, is finding allies primarily among the poorest nations.
It is not impossible that the USSR will find she has inore in com.
non with the “have” than with the "have-not” nations, especially
if she is successful in her efforts to advance consumption levels. This
possibility may be enhanced and accelerated by her fear of China’s
acquiring atomic weapons,

Thus, it may be that in the coming decades world tensions may
revolve around a “North-South” rather than "East-West"” axis. The
chief threat to peace may be in the level of living disparities be-
tween have and have-not nations rather th~~ in diffsrences between
capitalist-and cummunist ideologies and systems.

Economic development has as its objective the raising of the level
of living of « pcople. The population of a nation, however, not only
rcaps the gains of economic development through increased per cap-
ita incume, but as the human resource, also plays a vital role in its
achievement. In the contemporary situation, four aspects of popula-
tion in the less developed areas are opcrating to retard economic
development. These are the relatively high rate of population
growth, unfavorable age structure, unbalanced population distribu-
tion, and inadequately educated and trained manpower. All of
these obstructions to economic development are amenable to contrul.
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Economic development policies and prograns must take into ac-
count the role of population factors, in general, and specifically the
four aspects of population which have been indicated above, To
climinate the adverse effects of population factors vn cconomic de.
velopment it is necessary o dampen rates of twtal population in-
crease, 10 effect a more favorable age structure, to achieve 2 more
balanced urban-rura] population distribu*ion and o raise the qual-
ity of the population Ly attaining higher levels of education and
training. Each of these goals is attainable, any, significantly enough,
all may be achieved by the same means—namcly, through a decrease
in the birth rate. In the contemporary world situation, given the
great declines in mortality achieved and in prospedt, a decrease in
the birth rate would simultaneously reduce rates ut population in-
crease, favorably alter the age structure, help to effect better balance
between urban and rural populativn distribution, and permit more
adequate and cffcctive investment in human resources.

The two major world ideologies, namely Roman Catholicism and
Socialism-Communism, which have been slow to recognirze this need
and which have resisted efforts to control fertility have perceptibly
modified their stand within the past few years.

Although Pope Pius XII recognized the need to control popula-
tion growth in 1951, it was not until after the general effort to up-
date the Roman Cathaolic Church’s position in the modern world by
the late Pope John XXIII and the incumbent Pope Paul VI that
recognition of the need for "responsible parenthood” seems to have
gained ascr ey over the pro natalist elements within the Church.

The Co ununist nations, on the basis of their interpretation of
Karl Marx, until relatively recently, also opposed population con-
troi. The Communist world has considered birth control, or "neo-
Malthudianism,” as an instrumcnt by micans of which “imperialist
capitalist powers” attempt “to subdue and exploit” the “have-not”
peoples. But Mainland China, in 1953, after her Census disclosed
there were 106 million more Chinese (583 million) than had been
previously estimated, was quick to attempt to slow down her rate of
population increase; and the Soviet Union and other Communist
nations .lave reversed the position they took at the World Popula-
tion Conference in Rome in 1954, ‘The Soviet Union is no loager
opposed to fertility control. It, however, does believe that it will
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come about automatically as a conscquence of industrialization and
urbanization and, therefore, need not be actively promoted.

IMPLICATIONS FOR NATIONAL DEFENSE

‘The materials presented above indicate that explosive pepulation
growth may be a factor in heating up the cold war and in deteimin-
ing whether peace or war will be the lot of the world during the re-
mainder of this century. But population numbers, in my judgment,
will not be a major factor in determining the outcome of a major
war. 'T'o be sure a major war can be fought only by nations of some
appreciable size. Apart from this consideration, however, manpower
alonc will not determine military sucigth, Other ingredients may
prove 1o be more important than manpower in succeessful defense
or offense. Among the ingredicnts will be such factors as technology,
including military technology: and population quality, that is cdu-
cation and skill, incentive and motivation, and national unity and
sohidarity. It is not possible to discuss these factors within the scope
of this paper but they must not be ignored in considering factors in
military power.

In concluzion, then, it should be emphasized that wiild pepula
tion trends constitute @ major threat wo prace during the remainder
of this century. Any effort to evaluate the demands that may be
placed on the U.S. military forces during the next few decades must,
thercfore, take into consideration the factors outlined above; and
they should also include analysis of domestic population trends and
prospects—another subject beyond the scope of this paper.
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V. The Fronters of Psychology

Eanest R, HiLcAarD

Many PsvoHoLOGIsEs work in the spitit of puic or basic science, seek-
ing tu cstablish lawlul relationships emong phenomena regardliess
of wheie these hndings may take us. It is not sinwctly true that the
basic scientist is disinterested in the applications ot what he hnds
out, and 1 wish to digress just a linle on iy conception ot the rela-
tivnship between basic and applied science.

Over the past several years theie has been a growing ay for more
investment in basic rescarch 1elative to the amounts spent on tech:
nological developments. While 1 am, of course, in favor of pure
science and basic research, care has to be taken that this emphasis
may not be distorted in the other direction. 1 sometimes refer 1o the
cult of purc science, whica places suciy a high value on pure wience
that tiie more remote, csoicri and sometimes trivial an investiga-
tion becomes, the more it shows that those who support it have the
right attitude toward science. 1 have found this in agencies respon-
sible for distributing categorical money, that is, money intended for
a speuhc purpuse: the more penpheral the project w this cenwral
intent, the morce favorable its reception, because then the grantors
arc showing that they are interested in basic research. This may be
something of a caricature, but 1 believe the warning is worth scund.
ing. l{ we place all the prestige on the side of basic science and rele-
gate dovel , wicial nd applied wuik o the less anuginative and
iess cotuputent, we will make just as great mistakes as if we starve
pure scicnce. There is a division of labor involved, and a balanced

attitude, with mutual respect, is what we nced. The history of sci-
ence would bear me out in this. Very often practical technology has
run ahead of pure scicnce and contributed instruments that in wrn
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advanced purc stience. It as only i the very last stages of scientific
desclopment that basic saience calls the shots. Tos worth reminding
ourscives that even sorie of the mansclous developine s of the space
age, such as guiding space vehides to the moon, have depended far
mure on technological developments than on the Hontier develop-
nients i basic science. 1 am told that very hule beyond Newoman
physics is involved. By conuast, atomic weapons do depend on the
basic stience developments of modern atomue physics. In any case,
there ds a constant inteschange. The technological developrnwnts in
the communication indusuy, to scive telephones, radios, and TV
scts, have cnotmously expanded the wisttuments available for basic
rescarch in physiology and in physiological psychology. What we
want iy good suicne, and good stcnce aan be done at erther the
basic o1 the applied level.

Phere are some ethical isues involved i applicd suience that arc
different trom those of pure o basic scicnce, This fullows because ol
the fact that technology is practical and permits control over things
and people. In paychiology thae ssaes olten bevame guite impros
tant. How much a1¢ test scares invasions of prvacy? Should a child’s
1Q be recorded at school and not divulged to parents? Should the
psychologist help the advertiser o sell goods that the buyar would
be better off withouty How mudh should the counselor impose tus
own moral standards upon his dients o1 patients: Should the psy-
chulogist tend his knowledge to suppost political candidates?

There was a debate a tew years ago between Card Rogers and BF
Skinner over the amount ot conteul that a psychologing should pro-
puse excicsing over people. Rezers coun e position that we had
better encourage people to lead their own lives and think for them.
sehves; Skinner contended that we incvitably shape them anyhow, so
we had better know what we want people to be like and then use our
technoiogy o that end (Rogers and Skinner, 1956). ‘The issues are
felt keenly enough that a group of psychalogists favor what they
call a humanistic psychology and publish a Journal of Humavistic
Psychology. They sometimes refer to their position as a thisd move:
ment in psychology, the hrst being behavionism, the sccond psycho-
analysis. From their vantage point both behaviorism and psycho.
analysis are o deterministic and controlling, and they wish a psy-
cholugy that 1ccognizes hunian aspirations and latent human poten-
tial. While the conception of man is involved in any general
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psychulogy. these cthical ssues avise chiclly when people are being
influcnced through pyychuologial echnologics, ounseling, psycho-
thoiapy and education, persuasive technigues of various kisids, We
shall see how scome ot these suirrings are inluendng comtempuorary
psychiology, even among these who have little sympathy with this
“thitd movement” group.

PSYCHOLOGY AS A BASIC MULeNCE

In order not to spread whit 1 have to say unduly thin, I propose
to consider thiee large topical orientations in basic psychology, and
to give limited specimens of current work withan cach of them. The
first of these 1 shall call brological psychulogy, the secand general
experimentai psychology, and the third soqal psychology.

BioLoclear PsvopqoLouy

Man is undeniably & mammal, and as such shares a mammalian
ancestry with other subhuman species. When the psychologist thinks
of himsell as essentially a biolugist, with the evolutionary tacory
atrongly influential ay background, his comparative studics of sub-
human animals and imlans are done in the spirie of other biologises
working on problems of genctics or comparative anatoniy or embry.
ology, except that he distinguishes his work from theirs by his pri-
mary emphasis upn behavior.

The modern sciciie of genetius i3, of course, closcly related to
evolution, in that gene pools and their drift determine evolutionury
changes, what is new in emphasis is that many ecological factors in-
flurnce these shitts, and some of them an be undersiood better
through the history uf behavior than through morphology. For ex:
ample, there are some varicties of moths and grasshoppers which
hive been classificd together morphologically, but they are now as-
signed tv diferent apecies because of differcnces in their behavior
(Mayr, 1958). In this casc behavior substitutes for morphology as a
descriptive character.

1t is posmible to conduct selective breeding experiments solely on
the basis of behavior, and then to find out whether or not the be-
havior is genetically controlled. For example, some fruitflics (droso-
phila) make more approach rcactions to light than others. If they
are swrtcd out on the basis of approach cnd non-approach tendencics
and matcd accordingly, their offspning gradually separate into nearly
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non overlapping groups so far as thrse phototiopic tendendics are f{ .
concerned (Hirsch and Boudiean, 19%R) !

Anather mpedt of bivlogical paychology s individual develop
micnd, the prowesses of maturing continuing into later hfe sonie of
the orderly piocesses fomnd in embryological doociopinens. Tive
yuentivis Of develpent are similar w those of genetiu. In gene
tics we sk, “What behavior s inhonited and what s argnireds” In
development we ask, “What behavior is to be attribuied to mamna
tion characienstics of the species, and what is the 1ecult of carly en
vironmental influcncesé”

E wish to dite briclly a series of expeniments showing how careful
we have 1o be in assigning plausible teasons fur the things that oc.
cur in experiments, before the necessary contsols have been run. For
a number of years we have been convinced that the carly years aie
verv important in the fornung ol persenality This we continue to
believe. But we thought it espedially insporiant that the carly years
be [ull of warmith from the parents, and free of anxiety. This still
secins like a good idea. What iy disquicuing is that we thought we
had supporung evidenie fiom the atimal wotld. For e-.ample, baby
rats that were handled and amed carly in life were able to face
strangencss and other difhicult situations much better than non-
handled ot neglected ones. But it tarne vut now that if young tats
are taken vut of their cages and given electric shocks eveary day, in-
stead of being fondled, they do just as well as the handied ones when
they becume adalt. This Spartan treatment is better than neglecting
them, and pethaps this is the lesson o be leaned. Avcording to Le-
vine (1962) who did these siudics: “In all respecty, in fact, the manip-
ulated infante exhibhit 2 more yapid rate of development, They opoa
their eyes carlier and achieve motor coordination sooner. Their body
hair grows faster, and they tend w be significantly heavier at wean.
ing. They cuntinue to gain weight more rapidly than the nonstimu-
Iated animals even after the course of stimulation has been com.
pleted at three weeks of age. 'The mechanisms involved are doubtless
conceined with the endo rines, which influence responses to stress
and have 0 do with growth processes.”

On the smpicion that these results might apply to man alw, a
Harvard anthropologist (Whiting) and a psychologist now at Stan-
ford (Landaucr) felt that it would be interesting to find out what
rough handling did to human infants (Landauer and Whiting, 1964).
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Of course, they did not set out to find human twin pairs, one mem-
ber of which would be neglected and the other shocked, but they did
the best they could by going to the cross-cultural files and finding cul-
tures that were rontrasted in the ways in which they handled infants.
They chose male children only, and defined as stressful reactions in
infancy such things as piercing ard molding, because these are some-
what enduring and must produce some discomfort while they per-
sist. The piercings varied sornewhat from one¢ nonliterate culture to
another, but included piercing the nose, lips, or ears to teceive an
ornament; circumcision, innoculation, scarification, or cauterization.
Molding included stretching the arms or legs, or shaping the head
to conform to an appearance thought desirable within that cul-
ture. On the assumption that the infant boys started out even, the
hypothesis was that if the rat studies were true the mutilated boys
should grow more rapidly and hence should be taller at maturity.
They found that those boys mutilated in infancy grew to be some
2.5 inches taller in manhood than those not so mutilated. Let us not
jump to conclusions that ve should maul our children; apparently
in our society we already do enough of it with hzspital births, instru-
mental deliveries, immunization by hypodermic needle, and circum-
sion; in any case our children are growing taller each generation.

GENERAL LXPERIMENTAL PsyCHOLOGY

I am using this somewhat awkward designation to refer to the
kind of psychology which attempts to get at some of the more gen-
eral laws of behavior in the same sense that general physiology tries
to get ai the most basic functions of the activity of cells or organ
systemns. So general experimental psychology tries to get at the basis
of perception, of learning, of memcry, of problem solving, somewhat
independent of the patticular conieny of those perceptions, memo-
ries or problems, and even somewhat independent of the particular
organism. Such a general science is likely to be a science of models,
of simulation, of hypothetical-deductive theories, although there is
a great room for differences in approach. One extreme position,
which has many adherents, gives itself the somewhat arrogant name
of “the experimental analysis of behavior.” It is associated with B.
F. Skinner, a Harvard psychologist. The main point for Skinner and
his followers is that, if appropriately studied, behavior will reveal
its own lawfulness, without hypothetical models on the one hand, or
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explanations in terms of physiology on the other. Many psychologists
prefer a reductive model, in which the ultimate explanation of psy-
chological events resides in the nervous system.

The field of general experimental psychology is much too large to
treat as a whole, so let me plunge in at one point and talk atout the
use of computers in simulating psychological events. This will illus-
trate my point that the model that is used need not be substantive
in any ordinarv sense, for a computer, while it is composed of a lot
of hardware, is essentially some sort of logical machine, and it is the
program for the computer that is important, not how the computer
is constructed.

The vmputer is a scientific ally in almost all we do. We have to
aistinguish, however, between its usc as simply a more efficient desk
calculator and its use for other purposes. As a calculator, the com-
putcr uses an algorithm, and by following specific instructions comes
out with the answer. An algorithm is simply a fixed procedure of the
kind we learned when we were taught long division or how to ex-
tract the squar~ root of a number. Much more interesting are heu-
ristic computers, in which the computer simulates the human
problem-solver in trying to find a shortcut, trying to find somc ap-
proximation to the right answer, or in other ways avoiding the te-
dium of wying everything that is possible. The heuristic process
does not guarantee the answer as the algorithmic one does, but it
saves a great deal of time when it works.

When tlie computer is made to simulate human thinking by build-
ing into it some of the things people are known to do, we can, in
faci, learn more about human thinking by seeing how well our
mode! woiks. There are computer programs that can solve problems
picked dircctly from the calculus cxaminations at M.I.T., and can
make derivations of the kind found in Whitehead and Russell’s
Principia Mathematica (1925). An extension of computer simulation
beyond solving of the logical or game type of problem has been
made to the field of personality. For example, one of my colleagues,
Dr. Kenneth M. Colby, is testing the psychoanalytic theory of dreams
by means of a computer program. This is not as bizarre as it sounds,
and the studies of various psychological problems by means of com-
puter simulation are bound to be among the éxciting developments
of the ncxt few years.

The mathematical type of model, whick need not be computer-
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based has already achieved such stature that we have a multi-volume
Handbook of Mathematical Psyrhology, (Bush, Galanter & Luce,
1964) and a number of shorter texts. A forthcoming one, by Atkin-
son, Bower, and Crothers (1965) can be recommended as a useful
introduction.

SOCIAL PsycHOLOGY

In order to select a limited topic within this large domain, I wish
to say something about models of attitude change, for social atti-
tudes and their modifications have long been part of social psychol-
ogy and are likely to remain so. Attitudes are closely related to our
choice of friends, to our political actions and to other interpersonal
problems. A useful review of .:veral models of attitude change has
been given by Brown (1962). He points out that through these mod-
els some of the facts of social psychology have fallen into compelling
patterns that justify their status as basic science, The theories which
he considers are all varieties of imbalance theory, which states, in
essence, that as human beings we abhor incongruities, dissonances,
and imbalances, and make any number of maneuvers in order to re-
store balance or unity. Hence attitudes change when by changing
them balance cun be restored. The general idea behind such a the-
ory, as behind most good psychological theory, has a great deal of
justification in common experience; what makes the theory scien-
tific is its precision, so that a choice can be made between equally
plausible alternatives.

Pressures to change attitudes can be provided in various ways, by
arguments, by incentives, and 30 on. I wish to discuss one experi-
ment in which hypnosis was uvsed (Rotenberg, 196C). The attitudes
of subjects toward several controversial topics were first determined,
ench a5 labor’s right to strike, more conciliatory attitudes of the
1,.S. toward the U.S.S.R., and comprehensive Federal medical insur-
ance. Then efforts were made to change cognitive attitudes through
a change in affect, half 10 become more favorable than they began,
half to become more negative to the proposition involved within
each issue. The change was attempted under hypnosis for half the
subjects, in the waking condition for the other half. The results
were strikingly in favor of modification under the hypnotic condi-
tion. In a later experiment (in this case the issuc was the foreign aid
program of the United States) the changed atiitude pecJisted over
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a week through posthypnotic suggestion, with amnesia for the fact
that the change had been made withir. hypnosis. The change not
only endured for this time, but show.d some persistance for at least
19 days after removal of the amnesin. Th :se persistent changes were
apparently due to a kind of “self-convincing” that went on in argu-
ing for the new attitude while under the infiuence of the posthyp- 3
notic suggestion. We see here an experiment concerned with atti-
tudechange as a basic-science problem, but obviously there are
Practical suggestions that emerge, even perhaps a bit frightening.

1 hope that I have thus far given some of the flavor of psychology
as a biological science, as a somewhat independent science building
its own models, making use of mathematics and computer simula-
tion, and as a social science, dealing with problems of human atti-
tudes and interactions.

TIPS, Y

PSYCHOLOGY AS AN APPLIED SCIENCE

To turn now to psychology as a technology, as something useful,
ﬁ I shall use as my samples personality tests, programed learning, psy-
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chotherapy, and persuasive techniques.

PersONALITY TESTS

Questions have been raised about the ethics of testing (e.g., Groass,
1962), usually implying that the tests are incfficient as well as im-
moral; they might be thought of as more immoral if they were more
efficient, for then the test-score label might be attached to an in-
dividual as firmly as his finger-prints and raise the same problems of
preserving his right to privacy.

In some respects the most interesting problems lie in the field of
personality measurement. We know that more men lose their jobs
because of poor human relations than because of lack of skill, so
that personality appraisal is, in fact, very important for job place-
ment. A personality test differs fromn 2n intelligence test in two im-
portant respects:

1. First, it is designed to test one's characteristic mode of respond-
ing, not necessarily what onc does when on good behavior. Intelli-
gence tests, on the other hand, seek to know the best one can do
when he is paying attention and trying hard. Thus a person may
know that it is wise to be courtcous to people and to show respect
to superiors, but this does not mean that this will be his character-
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istic behavior. On a personality test a person may be asked: Do you
sometimes feel just miserable?’ To answer this question he has to
decide whether or not this is characteristic of him and not answer
on the basis of one experience in which he felt misrable when he
nearly drowned » ~ child.

2. Second, ther  .re no objective standards by which to judge the
goodness or badness of any single answer. On an intelligence test a
good answer always corresponds with truth and fact, and the main
problem of the test constructor is to order the questions for diffi-
culty. Then a bright persons answers more questions currectly than
a dull one. But with personality it is not so simple. “Do you blush
easily?” “Do you get angry at people who disagree with you?”" Ques-
tions of this sort, which may in fact distinguish one group of people
from another, do not have the direct validation that intellectual
items do. Depending on degree, some blushing may be attractive,
and some anger may be a fitting protest. Too much blushing may be
embarrassing, and too much anger may make one ineffective. It is
only that the problem of the test constructor is a difficult one.

For these two reasons, then, personality tests have not had the
smooth sailing of intelligence tests. Because of the uncertainty with
respect to when to reply to questions worded as “often,” or “some-
times,” considerabie recent discussion has centered upon stylistic as-
pects of response to personality inventories. That is, the answers may
reflect not so much the actual content of the questions as the ways
in which they are asked. The two dimensions that emerge most fre-
quently are social desirability and acquiescence (Holtzman, 1965).
Social desirability refers to the tendency to answer the question in
the way that is recognized as socially desirable or healthy. Thus a
subject usually knows it would be socially undesirable to feel nause-
ated or to be unable to sleep at night or to walk across the street to
avoid meeting somebody. Hence he has strong leanings in the direc-
tion of giving the conforming response, unless he is indeed sick
enough to be asking for help. One reason these tests work to some
extent in a clinical population is that these help-seeking people do
indeed reveal themscives on the test. In addition to the tendency to
social conformity is a tendency to say “yes” more readily than to say
“no.” This is called an acquiescence tendency; suggestible people
are likely to be yea-sayers or yes-men, and thus to corrupt their

wores.
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Various difficulties with personality tests have led to the notion
that perhaps a simple adding-up of responscs, a method that worked
for intelligence, will not work for personality tests. We have shown
in our own research on hynosis, for example, that there are alteina-
tive paths into hypnosis, and a number of moderate scores on the
several paths are not the equal, for purposes of predicting hypnotiz-
ability, of a high score on a single relevant one (Hilgard, 1965).

PROGRAMED INSTRUCTION

Although the educational psychology of learning lagged some-
what in the last decades, this situation has been corrected in part by
the devclopment of teaching machines and programed instruction.
Between 1954, when B. F. Skinner first announced programed learn-
ing, and 1958 some 25 research reports appeared; between the years
1960 and 1964, the trickle of reports became a small flood, with
some 165 rescarch reports appearing (Schramin, 1964). This has cor-
tinued, and programed learning in its various forms is now tie
basis for a large industry as well as for a large research enterprise.

Without going into technical details, programed learning has
some of the folluwing advantages that appeal to investigators inter-
ested in the psychology of learning:

1. It recognizes individurl difjerences by beginning where the
learner is, and permitting him to move at his own rate.

2. It requires the learner to be active.

3. It provides immediate feedback in the form of Ancwledge of
results, thus favoring learning the right thing and avoiding the re-
tention of errors.

4. It emphasizes the organized nature of knowledge because it re-
quires continuity between the casicr (earlic:; concepts and the harder
(later) ones.

5. It provides spaced review in order to guarantee retention of
what has been learned.

6. It reduces anxiety and frustration, because the learner can al-
ways be successful at some level, and he knows that he is learning.

These plausible advantages favor the general strategy of pro-
gramed learning, but they do not dictate the details, and rescarch is
needed to determine what features make for the most effective pro-
grams. The initial advantage that was thought to rest in the ma-
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chine because of its precive timing of teedback turned out not to be
supported by experimental data, the programed book doing as well
as the machine in tryout. Many other research problems have been
faced, such as size of step, form of reply, and so on, with a good deal
of useful information accumulating.

Rather than go further into all of this, we may well ask: “What
of the future? Where is this taking us?”

g The hupe that simple programs would produce dramatic changes
‘ i in the efficiency of teaching is hardly borne out, so that the program

: is little likely to supplant the teacher. Instead the program is likely
to take its place alongside other educational aids that have appeared
from time to time: blackboards, notebooks, laboratories, libraries,
textbooks, field-trips, discussion groups, and audiovisual aids of
other kinds.

The one area where a revolutivn may indeed occur, and program-
ing is involved in this, iy computer-based instruction. A number of
significant experiments are now going on or getting under way in ‘
which a whole classroom is tied to a single computer, but each pupil
works at his own speed, gets the information that he needs, knows
when he is right and when he is wrong, and is helped to review as
necessary, all through the flexibility of the computer. At the same
time a complete record of his responses, right and wrong, is stored in
. the computer, which concurrently may be accumulating statistics on
: the whole class 30 that at any time a “readout” will tell the super-
vising instructor exactly what progress is being made and which stu-
dents are in trouble. Not even a group of individual tutors could
give such close supervision to the learning process. While the costs
at present are quite high, this is due chicfly to the developmental
costs in getting the progranis togeiher and the machinery in opera-
tion; even at the present cost of computers, oace every'hing is run-

ning, the cost per pupil hour is not much different from present in-
structional costs.
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PsYCHOTHERAPY

b e e e

; As everybody knows, the great name in this area has been that of
| Sigmund Freud, the founder of psychoanalysis, a man of uidoubted
genius and one of the great names of the last 100 years, to be

] thought of in the company of Darwin, Einstein, and Pavlov. We are
l witnessing in the 1960's a curious fading of Freud's reputation, & re- r
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pudiation of his theories, and attacks upon the psychotherapeutic
methods that he proposed. The spirit of the times, the Zeilgeist, has
for some reason become less favorable to his views. This is scarcely
a matter of evidence one way or the othes, for the sanie kind of evi-
dence has been lying around all along, with the same division of
opinion over it. We are perhaps too clow to what is happening to
feel very secure in interpreting it, but 1 shall du the best I can. It
will be recalled that Freud's theory is esseniially a psychogenic the-
ory of neurosis, that is, a theory that ncurosis has psychological
causes through conflicts gencrated in the lifetime of the individual.
The cure is also psychological, by way of free associations and the
interpretations provided by the psychoanalyst. The psychogenic kind
of interpretation meets opposition at this time from the advance in
biochemistry and genetics. The tranquilizers seemed (at lcast for a
time) more potent than counseling as a way to help the trouuled, al-
though we now know that the placebo-elfect had 2 gwod deal te do
with it, so we cannot escape some psychological aspects of therapy.
The advances of genetics and the concept of molecular discase now
offer many possibilities for the organic basis for illness. Once this
enthusiasm rises, all psychogenic theories become suspect, and the
Freudian theory suffers along with others. This, then, is one root
for the decline of Freud's prestige.

Another root of the attack upon Freud, quite different from this,
is the rise of alternative psychotherapies. These do not question the
psychogenesis of conflict, anxiety, and other symptoms of neurosis.
Most commonly they attribute the symptoms to learning and cure
them through learning. These behavior therapies, as they are called,
have many varieties, but the two that at present are most in vogue
aie a Jesensitization theory cailed by its originatur psychotherapy by
reciprocal inhibition (Wolpe, 1958), und a verbal conditioning ther-
apy, in which through the reinforcement ¢( some kinds of state-
ments by the subject and extinction of others his attitudes toward
himself and the world become changed and he functions more ade-
quately (Krasner, 1965). According to London (1964) the contrast is
between insight therapy of the Freudian variety and action therapy
of the newer types. His own preference is for an integration of what
has been learned from both.

This head-on conflict between the biochemical and the psycho-

genic theories of the origin of problens, and of the chemical vs. in-
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sight vs. action treatment of the problems themselves is likely 1o stir
up cncrgetic new clorts w arrive at a conseraus that can dictate ap-
propriate practice.

There are many justifications for an cclectic position, despite the
confidenice of some who hold dogmatically to one or another ex
treine view, assembling data to show that they are reasonable men.
As anc illustration, consider the postpartum psychosis which unfor-
tunately is not too uncommon among young mothers. ‘Fhere are
such pronounced hormounal changes associated with pregnancy and
childbirth that it is not surprising to find the system put under
strain, and this makes plausible a biochemical or hormonal theory
of the postpartum reaction in susceptible women. Yeu careful studies
show similar reactions when a new baby comes inte the home un the
part of two kinds of peaple to whum the hormone theory does not
apply: w the father, who may protect himself somewhat from his
symptoms by running away from hume when the child is born or by
taking to alcohol, and by the mother who has a similar psychotic re-
action when she finds herself confronted with a new baby that she
has adopted. Who is to say what is chemical and what is psycho

genic?
PERs ASIVE TECHNIQUES

My final specimen of applied psychology comes from the helds of
motivation and social psychology. I speak of the psychology of per
suasion. There arc many ways in which we attempt to manipulate
other people, in persuading them to vote for our candidates, or for
a bond issue for the schools, in persuading them to buy our pro-
ducts. In psychological warfare we may wish o persuade them to
acts of sabotage against their own people, ta defecy from the ranks,
(0 weaken the wili to fight. Obviously we are in an important area
ol 2)plicd social psychology. As an illustration I wish to cite a fairly
benign use of persuasion, that appears to have turned out success.
fully.

In our modern world, 2 high degree ol industrialization appears
imperative to support a high standard of living, and such industri-
alization appears to depend upon arousing in geaple what has been
called the need joy achicyement, a motive very important in any
society based upon euterprise. Carcful analysis by McClelland has
shown the relationship between this mative and the rise of capital-
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inn in Yuropean countries (McClelland, 1961). As we now become
interested in helping developing nations to industiialize, we need o
do more than to send money and technicians o build dams and w
provide machinery. We have also to develop wmotives appropriate o
this kind of socicty.

McClelland, adopting the position that 1 have indicaed, won-
dered if he ceuld help people in India  help themselves by en.
couraging the development of a need for aduevement on the part
of small businessinen in that countiy. He has recently reported the
results of his ¢tiorts. (McClelland, 1865). What McClelland did was
1o hypoihesize that madves could be changed in adult fife, and then
he took principles from animal Jearning, human learning, human
psychatherapy, and studies of attitode change o design short coms.
cs (lasting 1-8 weeks) to be given o groups of businessimen, designed
to increas. their achicvement motives. These have now been given
for several years to nanagers or teachers of management in the
United States, Mexico, and India. In India, for example, of 82 busi.
nessmen who were studied, some 20 had demonstrated hig'o achiove:
ment amotvation by unusugl cntteprencurial acovity during the two
yeags prior to the short course. Within the two years after the course,
however, 54 of the BT engaged in such activity, a significant imacase,

These practical 1eabts are of the kind thae vazious “inspiration-
al” courses have ddaimed in the past. The ditfference is that in M-
Clelland’s work the hypotheses ae cavefully spelled out and careful
appraisal measures are used. Therefore his work can contiibute 1
basic psychology in the way in which the previous umscicitiic work
cannot, valuable as some of it may have been in itself,

SUMMARY AND PERSPECTIVE

I hope that I may have succeeded in giving some samples of psy-
chologists at work in the spirit of both basic and applicd scienee, in-
dicating the vitality of the ficld and its current breadeh, At the same
time I have tried (0 show that there really is not so very much differ-
cuce between basic and applied rescarch when both are good saience,
and that, in fact, they mutually interact, Without basis rescarch, the
applications would often be bumbling and unaritical; without the
technological tryouts important areas of investigation might have
their basic problems overlooked, and a neat narowness persist

where a somewhat less neat brcadth is more appropriate to the prob-
lems to be wlved.
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V1. Living Models For Lively

Artfacts

Warirn 8. MoCutroon

I aM st to talking to audicnces mads up of biologists and engi-
neers, but T oam told that many of you aie physiist. chomsts and
geologists. So, th ugh 1 will say nothing new. I mus say icditerently
and 1 think 1 had better do it in two parts = the first biology, and
the second engineering We will fust consider how real braing work
and then how they have aspried s 1o make devices o do similar
things. This s the natuwra! order and teghly conrespands to the
historcal order.

Biology as a sivnce really began with the andient Greek city-
states and sprang Lagely from using i "~as of how they ran them-
sehves to account tor hiving dungs, thicanelves indudea,

Perhapy the most important ot these iy tie notion of the bound
cawse  In physics we lack it and suppose all the conditions thet
determine an event to be ats cause. The notion of a bound cause, or
natimal canse, s very weful IET look tor youwr parents, 1 need only
to scek among human beings, not among the birds and butteries.
T want to kinow Hiow come you are here, 1 oced not know whether
you came by car or bus. And it somie canie late, Pimosure the cause
was actid mal, not a bound cause, motely a casual one.

The first was an example of Biological Law, that like begers like:
notice, not quite the same. '

The sccond brings i the nonon of purpose. i physics, things
happen or clse they don’t happen. But in biology and tn engineer-
ing, thiugs must work or they ceaswe to oxist, and signals must be
true o1 we cease ta attend to them. Inshory, vou ate now considering

WARKEN S MCULLOCH, phyncan and gy hiatist, 1 head of the
tieatophyaclogpy group at the Research Taboratory of Fl-cirons, Mas:
sachuseces Imntute of Techinelugy Dy MeCullach, Wienzr, Athby, and
C ey were vesponuble o the founding of the saence of abernepio
Dr. McCulloch is an 3:-Q3R grantee (n Informat’ n dciencel
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a world in which there are values, utilities, purposes and proposi-
tions. Organisms are composed of organs as machines are made of
components. These parts must serve the whole, each in its own way.
This is their function. This is like the members of a city. The ship-
wrights must build the boats for the fishermen, and the fishermen
must catch fish or the city starves, This leads to the next great law,
called the equality of unequals. Since each is necessary to the state,
they must be equal under the law; and this notion of a law-—that
there are to be no exceptions—is the origin of the notion of a law in
physics as well as in every science.

If every citizen did exactly the same thing, the city would perish.
This specialization of function is most obvious in matters of sex, for
if we were all male or all female, we weuld beget no children.

The Greeks supposed that the man injected the woman with a
material that inforined her with what she was 1o grow. They called
it a perfect mixture, and thought of it much as an engineer thinks
of a correct program. It is the natural caus¢ of the computation.
But the program, being on a physical tape that may be accidentally
wrongly punched or torn, may produce a wrong answer, or, in gen-
eration, a misshapen offspring.

Empedocles says the world is created by love and strife. Love
brings together the unlike, male and female, shipwright and fisher-
man, whereas, when the carpenters line up on onc side and the
fishermen on the other, there is faction in the state—internal war.

The Greeks thought of knowledge as a coming together of the
knower and the unlike knewn as, in the biblical sense, a man is said
to know a woman. The fulls of the one fill the e ipties of the other,
as when a hand grasps an object; hence our word to a2pprehend or
comprehend, or the simple English, I grasp your meaning. And the
Grecks believed that in the aci of grasping sume of the atoms of
the known, its earth, air, fire and water in their proper proportions,
passed to the knower, where they entered his blood, becoming
mixed in veins and finally in his heart. I have had many patients
who believed they thought with their blood, but I believe the last
time I beard a physician think that way was soine 40 years ago, when
the neurosurgeon, Dandy, said he knew to his cost that consciousness
was in the left anterior cerebral artery. The net of cur veins re
sembles the mouth of the Danube, where many streams come to-




TENTH ANNIVERSARY AFOSR SCIENTIFIC SEMINAR 75

gether in a flood plane and mix their waters in many intersecting
channels, so that water in any one mouth has water from every
river. The Greek for this is “anastomosis.” Except for hormones and
antibodlies, we have transferred our theories of knowing from blood
to brain, where we have the proper anastomotic net. It is neither a
series nor a parallel circuit—no more so than a Wheatstone Bridge
that cannot be so analyzed.

It was Alcmaeon of Croton who seems to have been the first to
attribute perception to the brain; that was about 450 B.C. Based on
his surgical experience, he thought the eyes made the opposites,
light-dark, etc., and shipped them to the brain, where they mixed
harmoniously to produce knowledge in the healthy man. Hundreds
of years later, in Alexandria, the anatomists made a clear picture
of the brairn and nerves, but that information was lost until the
Renaissance in Italy. Only in the lasi 75 years have we come to
realize that a brain is not a mass of jelly in which fibers precipi-
tated, but is actually a host of separatc cells, whose thin processes
are the fibers. This is the neuronal hypothesis of Ramon y Cajal,
who divides the cells of the brain into the information handling
ncurons that stain with silver, and the supporting cells, or glea,
which are the wet nurses of the neurons and do not stain with silver.

A human brain weiyhs about thre: pounds and has a blood flow
of about a quart per minute—that’s :bout one-seventh of your circu-
lation. It heats that quart of blood about one degree Fahrenheit,
that is, about 25 watts, and this is the same, waking or sleeping. Only
in epileptic fits docs it use much more energy. The brain floats in
cerebro-spinal fluid, which has the same density. Its pH is about
7.2, which is very stable except in fits.

The brain gets its energy from burning sugar, glucose to be exact,
and neurons die in about three minutes if their oxygen supply is cut
off. It ferments the sugar to prruvic acid, but cannot live unless this
is burnt to CO; and H,0. This burning is coupled with the build-
ing up of adenocine triphosphate, which is the source of its energy,
just as it is in muscle. It stores this energy in phospho-creatine, and
the store is constant except in convulsions, when it is greatly de-
pleted. Nearly a hundred diseases of the nervous system have been
traced to definite metabolic disorders. But we may all forget all of
this and consider the brain in good working order and with a con-
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stant supply ot cnergy, for we are only concerned with how it han-
dles information—for that is its function.

Let me get one morce thing out of the way. If the Greek city-state
was to survive, it had to have one more law—"Genceral because first”
or “Genceral because best.” If the state is to survive, the best man has
to lead and the best decision has to be made. Then all have to agree.
This i5 a precursor of the Darwinian notion of the survival of the
fittest determining evolution, and it is crucial in decision-making
and in learning, as opposed to mere memorizing or conditioning.
Neither for decisions nor for learning have we anything approaching
a decent neurological theory, and I shall later describe this problem.

At least three things are called memaory. One is persistent activity
in the nervous system. This lasts like sea-legs or dizziness after spin-
ning. In old age, it may be all we have when we can no longer make
new traces. Bilateral lesions of 2 part of the old cortex, called the
hypocampus, produce this difficulty, leaving us clear memorics of
earlier days.

If we are to make new traces, there must be some change in struc-
ture. This takes time, before which there must be some persistent
activity of some sort—probably electrical and lasting probably min-
utes, some think for half an hour. The structural change must be
such as to affect the transmission of signals. Presumably this means
that a structural material Jike protcin must be made, and this re-
quires an increase of a template for making it—called ribose nucleic
acid. This is known to occur. Some think that the information is due
to the structure of the protein produced, as it is in the development
of antibodies. Others think it may be just more pirutein to be shipped
to some specific part of the neuron. No one yet knows. Growth with
use and atrophy with discase ai¢ conuuon properties of many tis-
sues. We wo>.d expect them in the learning of skilled acts in brain
as in brawn.

The third thing called memory seems to consist of successive snap-
shots, at about 10 per second, that we can review in the original
sequence, not in reverse. These we use in reconstructing a crime or
accident. I have no idca how it works. It has been best studied in
the memorizing of nonsense syllables, and the mean half-life of such
stuff is about half a day. The half-life makes it possible to guess at
the energy barrier that must be jumped, and from this come various
estimations of the amount stored. Heinz von Foerster has proved it




et

TENTH ANNIVERSARY AFOSR SCIENTIFIC SEMINAR 77

is energetically no great matter, a fraction of what the brain uscs.
The estimates are some 10'2 to 1070 bits, large for even a large com-
puter storc. So niuch for memory! We think much of it is stored in
many places, probably chiefly in the forebrain. Simple location is
certainly wrong. It's not like a random access to something like a
magnectized corc. It may weli be distributed as in a hologram. We
don’t yet know how or where.

Belore we come to the detail of the component neurons, their con-
nection and interactions, let me describe grossly the whole central
nervous system. It consists of a brain and spinal cord. The biggest
bulge is at the front end of the forebrain, consisting of a bark or
cortex, whose business is to take those habits that give us percep-
tions, ideas, conceptions, etc. Deep to the cortex is the antircom or
thalamus, where signals coming from clsewhere than the cortex are
gated and relayed to the cortex. And then deeper sits the upper por-
tion of the so-called basal ganglia, whose business is to program our
actions as in walking, eating, dancing and swimming. Behind the
forebrain is the midbrain, which handles more automatic movement
and receives and preprocesses informztion {rom 1eceptors for acceler-
ation and audition, taste and touch. In lower forms, it handles every-
thing except smell, but in us it has lost its visual function proper,
though it still has an input from the eyes and directs our gaze,
Finally, we come to the hindbrain, which has a huge bulge on its
back called the cerebellum, which has an interval clock used in mak-
ing precise our ballistic acts by stopping at the right place whatever
is put in motion. Since it's tapped cverywhere, it can be used for
autocorrelating signals up out of noise, and it is used exaggeratedly
by the weak electric fish, who can detect a one-millimeter glass rod
at a distance of one meter in brackish watcr,

Throughout its length, the nervous system can be divided into a
sensory plate on the back, a motor plate on the front, and a reticu-
lum, or net of neurons, between them. All the specialized computers
of the brain, cerebral cortex, thalamus, basal ganglia, cerebellum,
etc., have evolved out of the rcticulum. If every input had been con-
nected to every reticular cell and every reticular cell to every motor
neuron, as well as every reticular cell to every reticular cell, then
the specialized computers could be made by omitting some connec-
tions. Actually the connections were never that rich. The core of the
reticulum has not evolved. Its business is to make those decisions
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that commniit the whole organism to one of some 20 of those acts with
short English names—eat, sleep, fight, flight, etc. In segmented an-
imals, including us, it is clearly an iterated net. The theory of such
nets is such that it can be shown, and has been by Hennie and Kil-
mer, that every question we would like to ask concerning its activity
is recursively insoluble. Kilmer and I are still after it. It is the com-
mand and control system vhat has and still does enable us to sur-
vive, It enjoys a redundancy of potential command in which infor-
mation constitutes authority. It is a population of a few million cells
so rclated that whatever cluster of ncurons knows what has to be
daone can sweep the rest into harmonious activity.

S6 much for the grand scheme. Now for the details beginning with
e components, the neurons. Each is a living creature having a body,
branches and a taj. root, called an axon. Normally the branches
and body receive signals and the axon passes them to other neu.
rons or, if motor neurons, to muscles and glands. The membrane
surrounding the cell and axon has a capacity ranging from 1 uF at
least to about 40 uF at most. It is composed of a double layer of
phospholipids made into a sort of insoluble soap by calcium sitting
at the junction of the layers. Metabolism maintains a voltage through
this membrane, about 1/10 volt positive outside. So long as the volt-
age remains, the resistance is high; but when it is forced down by
about 1/3 of its resting value, the calcium ion gets out of the way
and sodium rushes in; then potassium leaks out and the voltage over-
shoots to negative outside. Then the sudium is pumped out and the
potassium leaks back. The equations for this were worked out by
Hodgkin and Huxley a decade ago. By nuclear magnetic resonance,
it is easy to show that the bulk of water in whole brain is bound in
a womewhat icy state, The sodium ion will not fit in such a latiice and
must be extruded as it is from frozen seawater; hence the sodium
pump. Potassium fits and can diffuse either way under the force of
the clectrical field; hence the potassium lcaks. Lettvin and his co-
workers have shown that the cruciai actions on nerve membrane of
all ions whose shell of water is known are determined by that shell.
Calcium** is replaced by lanthanum+++, whose water shell is like it
but whose valence is 3 instead of 2. It prevents the nervous impulse
from occurring and, being radio-opaque, has given us a new stain
for ultra-miscroscopy, which shows its location in the membrane.
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The properties of the hydrated potassium ion as to size, mobility,
etc., resemble those of cesium, which has no water sheli. Nerve mem-
branec pays no attention to cesium. For these and several other rea-
sons, one can be sure that the nerve impulse is not to be explained
simply by solution ckemistry.

When a cell body becomes sufficiently depolarized, the near part
of its axon suddenly depolarizes. This trips the next portion and it,
in turn forces the next. This is the propagated all-or-uone nervous
impulse whose velocity of transmission depends upon the distributed
resistance, distributed capacitance and distributed battery, as you
would expect in a distributed repeater, Scen from the sutrounding
medium, it is a traveling sink of current preceded by a source
whither it is going and followed by a source whence it came. Even
at a small lateral distance in the surrounding conductors, its effect
is vastly attenuated, thus reducing cross-talk. Excitation of a cell
is produced only by an inwardly directed current (Na'). Inhibition
can be produced cither by hyperpolarizing the axonal end, in which
case it is subtractive, or by a shunt (K*), in which case it is di-
visive. Both we know to occur. It was the latter that Lettvin used
to explain his algorism, relating the form to the function of ncu-
rons. What led him to it was that he was able to identify the func
tion cumputed by cach of 4 varieties o1 ganglion cells of the frog's ¢yc¢
frum a careful anatomicai study of the connectivity and dimensions
of the bipolar and ganglion cells. So we can guess function from
form and check it rapidly, becausc the test is usually appropriate.
Finally, note that a neuron is not a simple threshold device, like a
flip-flop. It sends trains of impulses whose figure in time carries the
message—sometimes the mere number, sometimes the repetition rate,
perhaps in some places the pulse intervals themselves. From a logical
point of view it can compute at least every boolean function. With
only a threshold device with just two inputs, the function of “if and
only if" and “the one or else the other” cannot be constructed. Yet
we have in the brain stem a collection of cells embodying the latter.
They respond to signals from either ear but not from both. A beep
in one car 10 db below noise in that car alone becomes audible with
the same noise in both, and disappears when the beep is in both.
It is these cells, working on phase differences, which enable us to
tell its direction in the horizontal plane. This is best done with
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a click and, in the case of Prof. Van der Pol, he was gond to une
microsecond, whereas no ncuron is good to = 30 microseconds,
cither in sending or in detecting coincidence. ‘This must have rested
upon a vote of similar newrons that enjoyed the requisite varicty. ‘The
anastomotic nature of nerve nets, the variation in the functions they
compute, and escape from the confines of the strictly threshold com-
ponent are all essential in the reliable computation in the presence
of noise, as shown by Winograd and Cowan. Verveen has been meas.
uring the noise in axons. It rises as it should with dccrease of the
diameter. For 6 microns, it is about a percent, and for the finest
it exceeds a third of the threshold stimulus and hence must often
fire them. For low frequencics, it is as you might expect, 1/F, and
for higher, white noise.

We grow no new neurons. They dic in large numbers every hour,
and the circuits must be designed so that losses of large numbers,
either scattered or bunched, do not destroy our ability tu perceive,
think and act. The latter requires reduplication of receptors and
effectors, as well as of nervous structures.

Finally, we can only survive by kecping many variables within
limits. This we do by closed loops of negative fecdback. These
circuits cxist within the central nervous system, through it and the
effector-receptor circuits, and through us and the world about us.
The last mediate our appetites. So purpose as well as knowledge is
the proper business of the brain. For the survival of our kind, we
must communicate at least with others ¢f our kind—hence our so-
cieties and our languages. We are beginning to know what parts of
the cortex are especially requisite for them, how they mature, and
what happens when they are severally destroyed, but not yet how
they work. The pathological linguistic feedback in humanr cemmu-
nities produce the great disorders of societies, states and nations:
schisms, factions, wars. Their normal behavior has given us logic,
mathematics and science, and this is my next concern,

We come now to lively imitation of these living things, the be-
ginning of communication engineering. The history of computers,
digital ones, goes back to kecping tally by throwing calculi (pebbles)
into pots and to the abacus. The history of logical machines began
about 1200 with Lullian wheels. The greatest of the Lullians was
Leibnitz, with his Universal Characteristic. He rightly says if you
look inside a thinking, perceiving and caring machine, you will find
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only forms in motion, for his was mcchanical. Let me skip the rest
and come to Turing, who proved that a machine with a fiinite num.
ber of states, working on an infinite tape, able (o scan onc square,
move one square, and make or eraxe a mark, could compute any
numbcer that a man could compute. What distinguishes his lively
computer from all its predecessors is not merely that it is an auto-
maton, but that it can make its next operation depend in part on
the value of the operand. ‘This, he saw, entailed that, given that
therc was any other source of marks appearing on the woiking tape,
it had the possibility of induction as well as of the deduction inher-
ent in arithmetic calculation. Inasmuch as Gikdel had arithmetized
lugic, the calculation of all calculable numbx s was equivalent to de-
ducing cvery consequence of a finite set of postulates. In 1943, when
Pitts and 1 proved that a proper sct of neurons, stupid threshold
ncurons, could compute a host of numbers, making use of reverberat-
ing circuits for many of them, and given receptors and eficctors with
an infinitc tape, could compute all numbers that a Turing machine
could compute, this became equivalent to saying it could perceive
any figures in its input. By 1947, we had a general theory of recog:
nition of universals, such as a cord regardless of key, o a shape 1e-
gardless of size. .

This is particularly important today, William of Occan, who
would never allow unnccessary entities to be postulated, insisted
that man thought in two kinds of terms-one, natural terms enjoyed
by other animals; the other, conventional terms, enjoyed by man
alone. These are linguistic, logical terms, of which the greatest is
number. Now the natural language of the computing machines 1s
the conventional terms of man—notably numbers. 1t was fo this
that Turing had designed them. ‘They think in number faster and
more sureiy than we do. This is eastiy extended to logic and formal
languages. What we had proved was that their use could be ex-
tended to perception of universals. They were not built for the task,
and using them so takes a deal of programming. This paved the way
for miany an attempt at machine recognition of oljects, tunes,
“ham'-sent Morse code, sloppy handwritten letters, aud machine
evolving and machine learning.

Julian Bigelow realized that all a machine had to have was in-
formation of the outcome of previous acts in order to steer properly,
even at a moving target. He, Wiener with his mathematics, and
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Rosenbluth with his biology, in 1943 wiote the first article on
teleology and mechanism, thus initating what Wicner christened
Cybernetics in his famous book in which he properly included the
computer, whether in man or machine, for the appropriate handling
of information. Thus these lively machines incorporate purposcs as
well as thinking and perceiving. We don't indulge in suicidal ven.
tures hightly, and there is many a one-way trip on which we would
be happicr to send a machine than a man. There arc environments
so hostile and constraints of time, space and power, where a small
digital computer, working in the nanosccond range instead of the
millisccond range, weighing less, traveling faster and controlling
more power than 1/10 horse, beats us with our 1/10-second brain
and our 100-pound carcass. "Man is a dial twister and a tube
snatcher—we must replace him.” $o said an admiral. Having spent
years uf lunches with Louis Sutro and coming to the conclusion that
the hardware was yet to seek, a couple of years ago we said, “The
time has come.” We began working on artificial frogs’ eyes because
there we had best knowledge of a bug catcher and because, while
the eyc is more complicated, the brain is much simpler, Louis began
the attempt for the Air Force and we are continuing it for NASA,
1, as a biologist, want it (0 look down a microscope for crawling
or swimming things on Mars; but it would be equally useful to spot
sandstorms or moving monsters. Suppose the cye is built, and the
simple computer behind it, called the "superior colliculus,” with 4
maps in register, cach of an appropriate function such as an advanc-
ing convex leading edpe, an edge coming or going, etc.; the next
problem is to build for it a reticular core to decide whether to
transmit that picture, or store it, or discard it; to coordinate its
movements, to adjust its scopc or switch from micro- to telescope and
louok about, etc. We haow naturc does it, and therefore that we can.
The great open problems are as follows. Today we swap space for
time and use serial computers. Nature has beaten us at miniturizing
—packing 10'9 components in a single head so it can work “in paral-
lel” and, having rcal neurons, not our poor threshold devices, in
truly anastomotic nets combatting noise.

Theoretically we have the following troubles. We lack a theory
for iterated decisional nets like the reticular core, and our mathe-
matical symbolus for closed loop is as opaque as Roman numerals in
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long division; one operates on his subsripts instead of on his
arguments.

We lack proper artificial neurons capable of computing any
buolean function and so of being able to compose propaly anasto-
motic nets to compute correctly in the presence of almost every kind
of noise. Both Crane and Stewart arce after this problem and hope-
fully one will succeed or they will get others su inteiesied that some-
one will invent them-small, cheap, and growable in cumplex nets
from simple prescription.

Perhaps somce theorist among you might help us on the former
problem, and certainly the latter is in your held.

P bom .
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VII. Theories of Memory

JurLian H. Biirrow

IN THIS pREstNTATION, the aim is to discusy the organizational as.
pects of memory, rather than the detailed mechanisms of clementary
storage «ells. As a reference framework, clectrotechnological memory
apparatus designed for clectronic computars will be cited and de-
scribed, because these can scrve to illustiace many of the problems
that are involved in the analysis of biolugical memories. They can
especially reveal important differences that appear to distinguish the
organization of man-made memory systems from those gencrated in
natute,

Modern clectronie alculating madhines use memaries that are
constructed so as 1o provide large numbers of elementary cells, each
cell being an clement capable of being selectively forced to assume
one of two (or more) distinguishable states. The rapidity with which
the individual cell can be foiced to assume 2 desited state is called
the "Rip" time, and has heen shortened from about 10°* seconds re.
quired for a very fast clectromechanical device (of the cra 19%-
1940) 10 10 ¢ seconds for standard clectron tube devices (of the era
1940-1950) and still further to about 10°* seconds for solid state elc-
ments of the era 1950-1960. In the decade 1960-1970 wlid state thin-
film tcchniques have lowered this time lapse 0 the range of 10°
scconds, and it is possible that 10719 may be feasible in the 19651975
era. However, with regard to flip-time it is clear that the rate of
speed-up is now lagging the gain factor of onc-thousand-fold per ten
years characieristic of the carlier progress. The reason for this s
quite clearly the intervention of factons other than the solid state
physics = e memory cell itself, and that these other complicating

JULIAN 1. BICGELOW iy @ permaneni member of the Institute for
Advanced Study in Princeton, New Jersey, having been appointed in
193). Me is the formirr head of the Flectronic Computer Design Group
et Princeton under Dr. John Von Neuwmann. I, Rigelow collaborated
with Dr. Norberi Wiener in studies of prediction theory for wie in
weafons firc conhrol that became the foundalion of the field of
oybernelics.
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facton are duccdy iclated 1o delays in the wining and switching
means by which an individual cell s selected for acees,

One answer 1o this "oscrhead bunden™ of witing delays and mcans
of actess has Iven to make individual memory storage «clls sinaller
and maller. Wheaeas elcctionre chanical iclays of thousandth-second
Rip, and cleciron tubes of mithonthsecond Rip were capable of sor-
ing from one to trn (wao state preces of information ("hits™) per eobie
centimeter of volume, modern solid state devices can store better
than 100, aml thin film devices better than 10,008 bits per cubic
centimetes.® Howeser, as the size of the memaory cells has become
smaller and their packing per unic volume very anudh gieater, the
difhcultics of accessing them by wires and selective switching have
remained a limitiog factar in size and speed, and despite gieat in-
gevuity devoted to the problem, bave not been condeunsed as effec
tively.

It therclore remains true that the design ot an electionic calculat
ing machine, built from the most up-to-date miniaturized cell-com-
ponents, using the most sophisticated solid state bistable progeities
known to date, tins out © be a brestraung wiestling match with
problems of intercommectability and proximity in three dimensions
of spacc and one dimension of time. Often more hours are spent on
this than on the tormal logical designing of the system, and on the
achievement of the extraordinary munatutizazion aned quickness of
state change in the andividual elements involved

One way of gaining insight into the reason thar modetn clectrona
computer designers ind themselves i this sore of a logjan is by
observing that most known and understood calculaing processes that
can be expresscd by “programming” are essentially seriel There
fore, in cffect, only one thing is going on in the computer at a time,
cach step being (o at least subject to being) conditionally depen-
dent on those preceding it, so that essential steps wsnally cannot be
arvicd ot independently or concuriently. From many painty of
view, there appear 10 be 1casons to believe that this scrially-depen.
dent property of modern computer calenlations cannot entirely be
chminated by any conceivable meaus but, on the other hand, may
often be greatly reduced by reconsidering the statement of the prob.
lemt and the catalogue of algorithms conceprually suitable for its so-
lution. Another way of sketching the same ditheulty and avoidance
tactic is o point out that clectronic computers follow instructions
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very rapidly, so that they “eat up” instructions very rapidly, and
therefore some way must be found of forming batches of instructions
very efficiently, and of “tagging” them efficiently, so that the com-
puter is kept effectively busier than the programmer. This may seem
like a highly whimsical way of characterizing a logically deep ques-
tion of how to express computations to machines. However, it is be-
lieved to be not far from an important ceutral truth, that highly
recursive, conditional and repetitive routines are used because they
are notationally efficient (but not recessarily unique) as descriptions
of underlying processes.

In any event, serial order along the time axis is the customary
method of carrying out computations today, although it is by no
means clear that this choice of a preferred coordinate in representa-
tional procedures is either advantageous or necessary.® One result of
this choice is a highly specialized functional separation of the logically
distinct components of the computing apparatus, namely memory
here control there, operation (arithmetic) unit there (etc.) with many
resulting nuisance problems of effecting a flow of the calculational
process through the bhottlenecks of the apparatus. In consequence, it
can be said that the modern high speed computer, impressive as its
performance is from the point of view of absolute accomplishment,
is from the point of view of getting the available logical equipment
adequately cngaged in the computation, very inefficient indeed.
Thus thousands of very refined logical elements are built, each cap-
able of making a "“flip” te store or divulge a bit of information (or
equivalently to make a logical gating decision) at a very fast rate for
which great premium is paid, and then they are interconnected in
such a way that on thc average almost all of them are waiting for
one (or a very few of their number) 1o act, Expressed differently, the
average duty cycle of each cell is scandalously low, often being in

® Of course, certain physical phenomenz—notably those described by thermo-
dynamic relations—involve descriptions giving preferred treaiment 1o events
ordered in tim::. But in forming any model of real world processes for study in a
computcr, thet  seems nio reason why this must be initiated by pairing computer-
time-sequences with physical time parameter of the real-world model. in general,
it should also be pussible to trace backwaid or forward from results to causes
through any path-representation of the process. It would seem that the time-
into-time convention ordinari’y used is due to the fact that humans interpreting
the results of a computation and matching these with observations on physical
phenomera are accustomed to working in coordinates that are, 10 to speak, “ego-
centric.”
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the range of one act in ten thousand to a million possible action-
occasions.

A second result of the habitual serial-time sequence mode and of
the large number of candidate cells waiting to participate in the
computation at the next opportunity, il it becomes their turn, is the
emergence of a particularly difficult identification problem. Thus
the requiremnent of an efficient tagging scheme for accessing the cells
contributing to a calculation looms large because of the need to ad-
dress an arbitrary next candidate, and to know where it is in ma-
chine-space. Of course, it can be said that to the extent that the next
candidate participating in the calculation is unpredictable, explicit
addressing of that cell is an irremovable requirement of the system
design. But it is also true that these parameters descriptive of a given
computational process on a given systcem of apparatus tend today to
be more nearly the result of chance circumstance rather than of de-
sign. In short, for man-made clectronic computers, a practice adopt-
ed, whereby events arc represented with serial dependence in time,
has resulted in computing apparatus that must be built of clements
that are, to a large extent, strictly independent across space-dimen-
sions. This has led to the choice of a prelerred mode of bringing
into play these computing elements by means of explicit systems of
tags characterizing the basically irrelevant geometric properties of
the apparatus, known as “addresses.” Then accomplishment of the
desired time-sequential process on a given computing apparatus
turns out to be largely a matter of specifying sequences of addresses
of items which are to interact.®

Within the community of specialists in the design of modern high
speed electronic calculating machines, and of experts in preparing
and formulating calculationa! problems to be excrcised un such ma-
chines, there recently has been general recognition of the impedi-
ment raised by this time-serial limitation on computation. Also rec-
ognized has been the burden ot explicit addressing as sole means
for introducing connectivities between computational elements, such
as those stored 1n the “memory” cells of the machine, and the com-
putationally active ass~mblies of the equipment (arithmetic units,
etc.). It has been reali, .d that other methods and techniques may
conceivably be workable, even for some classes of conventional prob-

* In a more abstract form, the problem outlined here is related to certain aspecis
of the modern theories of automata, of switching and of sequential machines.
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lem formulation and program representation, In an effort to avoid
the "strictly serial” computational blockade in the physical hardware
of the actual machine, various attempts at introducing logical par-
allelism in the design of arithmetic units and other major units have
been explored. The ideas ol Holiand,» Slotrick et al+t and of Aoki
and Estrin! rcpresent significant approaches to better dis..ibution of
the logical calculating load represented by different complex prob-
lems over the calculating capabilities of the processor configuration.
Methods of representing calculations with reference to their separa-
bility into indcpendent and sequentially dependent parts by means
of topological tools have been cxplored by Karp and Miller.® An-
ticipatory control systems designed to “look-ahcad” of i present
stage ol a calculating process so as to bring together the probably-
necded future constitucnts, and in some cases to partially precalcu-
late it, have also been studied, and in some cases reduced to more
or less effective practice. Computation by successive partially-com-
plete stages has also been studied. Unfortunately, all these schemes
lead to inconclusive estimates of cflectiveness because of lack of any
general penetration of the underlying logicai problems of represent-
ing the basic processes; clearly this teads into very deep water.

With regard to the explicit address nuisance, studies have been
made of the possibility of causing various elementary pieces of infor-
mation situated in the cells of a large array (say, ol memory) to en-
wr into a cumputational process without explicitly generating a
coordinate address in ‘‘machinc-space” for selecting them out of the
array and therealter intreducing them into the aciive phases of the
computation. Usually these schemes are called “content addressable
memories” or ‘“‘associative memories” or the like. They have been
proposed and studied by Slade,'® Petersen ct al,'? Fuller? and many
others. In general, the results have been to indicate feasibility, but
that the additional circuit logic necessary to be associated with cach
cell of memory tends to be prohibitively large. As a result what
would be accomplished amounts to distribution of large amounts of
arithmetic logic throughout the whele, or somne appreciable part, of
the memory systemi. If not used in a very efficient fashion, such
schemes tend to end up by increasing die overall amount of logical
equipment resting in an idle state rather than reducing it, although
clearly the system can handle ccrtain types of search operation at
very high rate. It would seem that two distinct types of advance are
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needed to make this scheme more effective: first, a better characteri-
aation of the circumstances under which it is to be used, along with
efficient representation of this in terms of the inassive logical opera-
tions provided, and second, a better understanding of ways to com- .
bine storage and interpretive logic more efficiently.

Summarizing to this point, the problems of achieving suitable
memory capabilities in high speed, man-made computing machines
have been sketchily reviewed to provide a set of background ideas,
concepts and terminology suitable for discussing other more general
types of memory organization problems, namely those of biological
systems and particularly of man. It should be emphasized that the
criteria of efficiency to be applied to memory organizations are not
the same, for nature is able to ““grow” vast parallel systems, con-
currently, by just providing the right conditions and milieu. De-
fective natural components drop out of the system automatically by
chancing 0 be incapable of surviving in competition with effective
components, whereas in man-made machines every elementary com-
ponent must be individually formed, selected, tested, and assembled
into the system, modern film-chip manufacturing techniques not
withstanding. Again, there is no evidence that man-made elements
wear out through use, and can be expected te last just about as long,
on the average, if operated so as to change state ten million times
per second as when they sit s uilcally in one state or the other. De-
spite these differences between the elements that are man made and
the elementary cells (to the extent that they are known) that nature
uses in constructing memories, it seems a very greuc, if not impos-
sible, jump to try and go from an understanding of the elementary
cell to the strict deduction of memory organization logically implied
by the cell unit, No atiempt will be made here to do this.

However, it is of interest to reflect that certain characteristics of
computer memory organization that might be taken for granted as
essential to any memory, appear not to be typical of biological mem.
ory systems. For example, the prevalence of explicit addressing
systems within computer organizations necessitates expressing all
problems to the machine in terms of locations within the machine,
and this corresponds to an “empty cell” state diagram of the ma.
chine. Also it provides, as a byproduct, the ability to command the
machinc to empty itself and restore itseli to some initiai state, re.
gardless of what ccmputation is in it at the time. Thus the machine
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is reversible with respect to any “en rvute” calculating state or, as
algebraists might express it, every elementary calculating state of the
machine has a unique inverse operation, by means of which it can
be put back into the zero (clearcd) state. For a general purpose com-
puter to be used over and over again, this is necessary. Without it
certain calculations, once started, might not effectively be reversible
by manipulating the input terminals, even if their entire genesis
were known.

On the other hand, in biological memory systems, there seems
good evidence that no explicit independent addressing system is pres-
ent. Although the evidence is, in the last resort, introspective and
indirect concerning biclogical systems, it scems strongly to indicate
that there exists no operation corresponding to “go to memory ad-
dress XYZ and clear it to zero (empty) state.” In fact, once a human
has received a piece of information and stored it “sccurely”® in
memory, the evidence seems to point clearly to the conclusion that
whatever it is that gets stored cannot be erased deliberately by the
subject or by any other person who may be attempting to construct
an inverse operation applicable to the normal input channels of the
human “calculating’ system. Thus memory of a regretted act lingers
on forever and can be denied or reinterpreted in some other (per-
haps more acceptable) framework but cannot be cxpunged from the
record.

The irreversible or unerasable property of human memory sys-
tems, for which there is considerable evidence derived from hyp-
nosis, use of drugs {ctc.) has been offered as the key argument that
human memory systems do not use explicit independent addressing.
This leads to another postulate about how items are accessed in
human memories, and this is by sending a replica (in the same rep-
resentation code as originally used) again into the memory via the
normal input channels. If this is indeed a correct description of the
sole method of recalling anything whatever from human memory,
then this postulate is sufficient to explain the absence ~f an erasure
capability, for no input statement to the system w~ould be possible
concerning any item, without explicitly including that item in the
message, and therefore the re-input of the item redeposits it in mem-
ory storage.

* This term will be explicated below.
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It is clear that, however it is vrganizrd, the human memory must
be a very complex system, having many stages of process depth be-
tween which there must exist monitoring and “hltering” discrimi-

nators, which act so as to interpret and re-code whatever is on their
input and to selectively pass on these interpretations to decper stages
of the storage system. Since interpretation and rccoding operations
can be visualized as projections of the new input messages against a
framework of past accepted interpretations, it is clear that each new
input set can be encoded 5o as to be adjoined to that which has been
coded and stored in the past and that the coding can thereby be
made efficient and compact.® Clearly the outer layer stages of this
successive cncoding can be accomplished primarily with “temporary”
memory facilities and a modest number of decoding criteria serving
to climinate most of the input messages as “not significant.” For ex-
ample, in proceeding down a gravel walk with eyes downcast, it can
casily be shown that a few miles of complete visual dctail might
saturate any conceivable human memory capacity, so that it is clear
that the only message passing beyond the carly discriminator stages
is simply "gravel walk” suitably encoded. Prevalent theories of hu-
man memory include the postulate that selection of pathways
through the mulii-layered discriminator system is accomplished by
a routing method describable as “wearing down pathways” by re-
petitive use. Whether this postulate is consistent with what is known
about human memory behavior is open to question but it is cer-
tainly suggestive and convenient. The only point essential to the
present discussion is the postulate that the human memory system
does have successive stages of interpretation, and that only the inner
stages represent permancntly irreversible memory storage functions.
Thus the outer stages can be compared in function to computer
scratch pad memories, with much deliberate rejection of detailed
data (like computational round-off) before it cver gets stored, and
which are provided with small numbers of discriminatory criteria
or “sorting constants” fed forward from thc inner stages and updated
periodically,

It may be of interest to make a brief excursion into some of the

knowledge—and belief—that is available to characterize some as-
pects of the human memory system. Some twenty years ago, estimates

¢ In esseince, each new item can be expressed as some set of old items plus a
few new descripton, w that the "words” of the stored messages grow.
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of the number of nerve cells present in the human cortex made by
cytologists ranged between 10° and 109, with the number of synap-
ses (critical connections) being in the range of a few to a few dozen.
Today estimates of the number of cells tend to be 10'° or more and,
what is more imporiant, the number of synapses is estimated by clec-
tron microscopy to be often in the range of 104 or more. 'These num-
bers arc so enormous that they are almost of no use in guessing at
how the memory of thc brain can be organized; they are great
enough to provide for almost any imaginable scheme. With regard
to reliability of functions of the organ, it has oiten been questioned
how such an enormous number of clements can avoid making errors
quite frequently. Of course, one answer is that the in-out data rate
of the systern is rather low so that individual errors in the stored
population would be a long time between disclosures. Also, that be-
cause the in-out data rate is low, much ‘‘checking” of each message
by the monitoring discriminators or filters can be accomplished with
respect to “criteria of reasonableness” before disclosure. But an even
more conclusive answer has often been pointed out, namely that, by
storing multiple copies of each item, the chances of failure can be
reduced to insignificant levels. This has been most clearly indicated
by Minsky* who takes the example of cach message being stored
in n places at random, in which case, removal of one-half the brain
would remove onequarter of the records if n = 2, one-cighth of the

records if n = 3, and 1/2* of the records for any n. If the duplica-

tion number n were tenfold, damage to the brain, sufficiently mod-

crate to allow the subject to survive, would probably not be dis-

cernible by any externally applicable test. In addition, there is some

reawon to believe that the appareni permanent dificulties in recall

after damage, surgery, etc, are probably due to interference with the

recall pathways rather than simply to the loss of stored data.

A great mass of interesting (though highly subjective) data exists
with regard to memory disabilities of various sorts, including cortieal
tissue damage and removal by accident, surgery and discase. Clearly
there are many types of difficultics involved in the interpretations of
any such data, but the problem of what kinds of side effecis are
likely to be associated with such damage are such as to disconrage
treating the reports as suitable for any scientific purpose beyond
scientific curiosity and speculation. For example, to turn Minsky's
argument around and use it another way, if the cortical memory
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system weie so organized that each item were stored in ten places,
but the access pathways to and from cach of ten arbitrary sub-sec-
tions of the brain were guaranteed to pass through several other
such sub-sections, then the probability of interfering with almost
cverything stored in memory by removing any slice could be made
arbitrarily high. It can be said simply that we do not kiiow enough
facts at present to permit secure interpretations.

Howcver, there is one type of information regarding nralfunc.
tion of the human memory system that scems just a litle tit less
dubious than data involving removal of cortical tissue, and these
are data supplied by Russell® on recovery of memory after concus-
sions. He reports that, characteristically, memory recovery begins
with clear recall for early events, and only gradually advances in
time toward events just prior to the accident. As memory recovers,
essentially everything up to a given time is very clear to the subject,
and with each time advance the memory recovery for that period is
almost immediately substantially as complete as ever, Uccasionally,
memory recovery is in time intervals, with complete amnesia outside
the limits of the interval and complete recall within.

This type of observation concerning the gross behavior of the hu.
man memory system is so explicit and intriguing that the temptation
to crect a card house of speculative ideas upon it is irresistible. Con-
sider a memory system without explicit addressing features, operat-
ing in a mode where cach item of data (input experience) would
constitute its own description, and would proceed, so to speak, as
far into the system as required to find a place to be stored. It could
be lorwarded in parallel along many candidate pathways, passing
discriminaiory siaiions ac which it would be required to-undergo a
test niatch wy it penetrated inward to central areas. At each bound-
ary of a test-layer it would try for a mnatch on cach pathway, and if
the match were perfect at any pathway, the result would be to “add
one in some way” to a counter residing there, and the message ter-
minated in all pathways at that layer. If the match were incomplete,
a different tally count would be added at the site of the matching
part, and the difference forwarded. Eventually the difference would
cither be climinated by match-subtraction and then all forwarding
would ceasc, or some part of the advancing item would emerge into
new territory and be stored.

The overall behavior of such a storage organization would be that
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the access pathways of the memory system would be built up sequen-
tially, not with regard to absolute time but as an historic sequence
peculiar to the individual who experienced that particular sequence
of events. Two people would access their memories by different path-
way systems depending on their individual experiences, and in dif-
ferent order of comparison with regard to any new “test input.” All
persons would recall by sending test-messiges down sequential path-
ways of which the early events would be those of the subject’s early
personal experience. In all cases early experience would be rein-
forced continually. For every “match,” signals are sent to the "deci-
sion’ areas of the logical system, so that reinforcing due to recycling
(ctc.) eould be provided. Of course, the standard difficulty with such
models is their problem of getting started or chousing initial condi-
tions under which the resulting process would prove neither too
restrictive nor too ramified.

The foregoing discussion has been concerned with theories of mem-
ory. It has not emphasized cither the experimental techniques or
mathematical techniques necessary to lay a foundation for rescarch
in this arca, nor o gauge confidence in the prospects for successful
effort aiong these lines. An appreciation of the importance of such
technical tools is absolutely vital if these interesting ideas are to ad-
vance beyond the point of curiosity; one must be prepared to calcu-
late and estimate simple examples in order to gauge complex situa-
tions. These serve the same purpose as simple examples of 2 X 2 or
3 X 3 matrices having integer clements serve in the study of abstract
group theory; they illustrate the process and connect the theory with
womething more down-to-carth.

It is hoped that the discussion has provoked interest in the many
problems related to theories of memory.
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VIIL Biological Clocks'

The Functions, Ancient and Modern,
of Circadian Oxcillations

Couin S, PirrenpaicH

Dz Maman's PurNOMENON

ExwiN BUNNING has drawn actention to a remarkable, briel note by
the French geologist, De Mairan, written in 1729, De Mairan was
evidently inuigued by the daily movements, up and down, of the
leaves of certain plants. Hoping to clucidate the naiure of their en.
vironmental causes he took one of these plants, Mimosa, into a cave
where it was (ree of any daily cycle of light or temperature. To his
surprise De Mairan found the daily periodicity of movement per-
sisted in this essentially aperiodic environment. Recognizing the im-
portance of his discuvery De Mairan cominended the problem to his
botanical colleagues. In his closing comments he anucipated slow
progress in the matter—not, to be wure, because he held a low opin.
ion of botanists but, he says, because progress in wience is wholly
dependent on experimeint and he presumably foresaw no obvious
experimental attack on his surprising discovery.

De Meiran's phenomenon attracted a long and distinguished line

1. This paper is necemarily a brief condensation of the material covered in
nearly four hours of lecture and discumion. The condensation has not (reated sll
sections of the oral prescniation equally; the niechanism of entrainment of dr-
cadian rhythms by light and the bearing of that mechanism on the problem of
photoperiodic time measurements was discussed st length. It is omitted here. In
sttempling to give & short written paper some focus 1 have elected to develop
swome speculations that were raised only in disuslon during the Cloudcroft
Seminar.

COLIN §. PITTENDRIGH is Professor of Zoology et Princeton Uni-
versity and, in July !96%, was named Dean of the Princeton Graduate
School. He is an AFOSR grentee and a4 membcr of the Scientific Ad.
visory Group for the Office of Aerospace Research. He is on the Spece
Sciences Board of the National Acsdemy of Sciences and of the Bio-
logical Sciemces Committee of the National Aeronsutics end Spece
Administration.
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of botanists in the 19th Century including De Candolle, Holmeister,
Sachs, Darwin and, especially, Wilhelm Plefier. Pfefler is, of counse,
far better known for his discovery of osmosis and many other con-
tibutions to plamt physivlogy than he is fur two books, one in
1875 and the other in 1915, un the pensistent daily rhythmicity of
leafl movements.

To Sachs in the latc 1800's it was already clear that the light
cycle of the environment was not forcing any periodicity on the
Plant, it was only scrving to control the timing of a periodicity
arising internally from other causes. All of the botanists at the end
of the 19th Century were concerned to some extent with what adap-
tive functions these oscillations served. It was nut obvious that any
uscful purpusc was involved at all. Darwin, not surprisingly, was
neventheless confident that some purpose had to exist, the implica-
tion being, of (vuisc, that to cvolve as a result of natural selection
some adaptive advantage is nccessary.

Thr ExvpuoceNous (vs, Exour Novs) ORIGIN OF TRE OsCITF ATIONS

A major theme running through the literature at the urn of the
century—and continuing up to 1930-was the possibility that the
rhythmidity petsisting in constant darkness and comtant temper a-
ture atose from forces external to the plang; that some unknown
Factor-X, an unidentified periodicity in the physical environment,
was forcing the rhythmidty. Even today there is still, in fact, cne
laboratory that remains convineed of the reality of Factor-X. Pro-
fessor Fiank A, Brown, Jr. of Northwestern University has pub-
lished a long series of studies in which he claims to detect precise
24-hour periodicities in various organic activities (respiration, move-
ments, ete) thatremain phasc-fixed to Joal time. These periodicities
(whose reality has been questioned on statistical grounds) he aurib:
utes to control by Factor-X. His position has, however, met with
considerable criticism in the field. The great majority of wurkers
has long since concluded that De Mairans’ phenomenon arises from
wholly endugenous, not exogenous, causes.

The evidence for this view derives from various kinds of observa.
tion, The principal ones arc as follows: The periodicity persisting
in constant dark and constant temperature can be stopped by
anoxia or low temperature and resumes when oxygen is returned
to the system or the temperaturc is raised again io a level at which
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metabolism can proceed. The energy on which the oscillation de-
pends is of metabolic origin. When it resumes, after anoxia or low
temperature treatment, it does so at essentially the point where it
stopped. Implicit in this statement is the important fact, demon-
strable with many other techniques, that the phase of the rhythm
in constant darkness is wholly independent of local time—that is.
of the phase of the carth’s rotation and hence of all factors (includ-
ing the unknown Factor-X) dependent on the carth’s rotation.

The most imprzssive fact in this context is that in organisms in
which it can be measured precisely, the period of the rhythm per-
sisting in darkness is not precisely that of the earth’s rotation (Fig-
ure 1). Proponents of the endogenous nature of these rhythms
(including the writer) argue that only by adducing the most cum-
bersome and unlikely additional assumptions can one explain the
origin of, say, a 23 hour and 15 minute period as the product of an
{unknown) driving cycle with a period cf precisely 24 hours. Franz
Halberg has introduced the term circadian (L. circa, dies) for De
Mairan’s oscillations. This term emphasizes the theoretically im.
portant discrepancy between their period and that of the earth's
rotation. It also obviates the conflict of meanings inherent in diurnal
(vs. nocturnal) which has often been used. The phrase “daily
rhythrus” lacks the precision and implication of Halberg's “‘circadian
rhythm ”

Individuals within a species differ, genetically, in their free-
running periods—that is, in the period they manifest when uncon-
trolled by an environmental light cycle. And their periods are also
open to some experimental manipulation principally as a result of
prior light treatments.

As a mazrter of fact, it is now unfair to associate Professor Brown
with earlier students of Factor-X; he no longer regards Factor-X as
the total explanation of De Mairan’s phenomenon. He recognizes
that the data demand the existence of a periodicity of endogenous
origin; his interest in Factor-X focuses on its potential role as a
kind of pace-maker that confers precision and temperature com-
pensation on the endogenr::us oscillation.

THE UBIQUITY AND PERVASIVENESS OF CIRCADIAN OSCILLATIONS

De Mairan’s phenomenon has been, by now, obscrved in a remark-
ably broad array of organisms: unicellulars, green plants, and ani-
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mals «t all levels of complexity including man himself. It is a gen-
eral feature of the physiological organization of living things cn this
Flanet. This ubiquity is matched by the diversity of functions within
the individual organism that manifest the oscillation. In the unicel-

? OURY 24 Q 24
- T T T

24 HOURS——

—‘ —0
1 MOUR LIGHT
rER m/
J - 50
b= 100
W HOURS LIGHT
PER DAY
- 15
DAYS
[ 1 | L
1] HOULRS 24 [+ 24

Ficuae 1. The circadian oscillation of locomotry activity in Peremyscus
maniculatus, freerunning and entrained. A 1:23 light-dark cycle is imposed
from day 0 to day 59. The oscillation is captured into entrainment by day
6. From day 60 to day 92 the rhythm again freeruns in constant darkness.
An 18:6 light-dark cycle is imposed from day 93 to duy 132 when the thythm
is again allowed to {ree run. Note the remarkable predision of the period of
the freerunning oscillation.
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lular Gonyaulax, Hastings and Sweeney have found circadian oscil-
lations in two distinct aspects of its Juminescent system, in photo-
synthesis and in cell division; in mice or rats virtually every
parameter studied is involvedd~blood chemistry, liver chemistry,
cell divisions, body temperature, suzceptibility to X-rays and drugs,
and so on. The practical importance of these more recent discov-
eries in mammals is obvious and immense. A given dose of E. Coli
endotoxin will kill 859, of mice treated at one point in their
circadian cycle but only 5%, at another (Halberg). Similarly extreme
effects have been reported, again by Halberg, for the drug cuabain.
Gertrude Stcin to the contrary notwithstanding, a ros¢ is not neces-
sarily and unqualifiedly a rose; that is to say, it is a very different
biochemiczl system at noon and at midnight. The phasc of the
organism’s circadian cycle of change is a parameter of major im-
portance the physiologist cannot ignore. Nor can the pharmacologist!

We have found, paralleling Halberg's observations, that the be-
havior to a fixed stimulus and the temperature tolerance of Droso-
phila, is markedly different at different circadian phases. And along
with many other laboratories we have found significant differences
in the specific activity of a given enzyme system assayed in vitro
after extraction in the middle of the subjective day and the middle
of the subjective night. In our (Uwo, Nakajima, Townsend and
Pittendrigh, in press) case we found differences in the Michaelis
Constant for the system, day and night.

THE PrinisiON, INNATENESS AND TEMPERATURE COMPENSATION OF
CIRCADIAN OSCILLATIONS

For ease of assay circadian rhythmicity is most conveniently
siudied by recording some behavioral feature of the whole organism.
In mammals, for instance (Figure 1), locomotion lends itself to a
very useful assay. Rodents have a curious predilection for exercise on
running wheels. The time at which they begin and continue this
activity is easily recorded by coupling the running whee! via a
microswitch to an operations recorder. Every time the wheel is
rotated a pen mark is made on the horizontal lines (24 hour length)
in e.g. Figure 1. The onset of their activity in 24 hour cycles of ght
and dark is precise; in nocturnal species it begins at or near “sunset.”
When the organism is put into De Mairan’s conditions of constant
darkness and temperature, the periodicity persists with remarkably
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clear definition and persists indefinitely. The period of the rhythm, .
as measured by the intervals between activity onsets, is circadian,
The precision and indefinite persistence of the rhythmicity are
among its most striking features. The standard crror of the period
in some of these frec-running rodents may be no more thar about
a minute. In other words the “error” is of the order 1 in 1000.
The rhythmicity is, moreover, innate to the organism; it is not
learned by prior experience (in the individual) of a daily periodicity
in the environment. Rigorous demonstrations of innateness have
been made in unicellulars, insects and vertebrates.
Perhaps the most surprising property of circadian oscillations is
the fact that their period changes only very slightly with consider-
able changes in temperature. This temperacure-compensation of the
oscillation is a large topic in its own right. It has played a major role
in F. A, Brown’s thinking. The difficulty of giving a simple physio-
logical explanation for it led him, in part, to his renewed concern )
with the possible existence and function of an external physical
pacemaker (Factor-X). On the other hand, it was a property this
writer inferred should be general if circadian oscillations were ful-
filling a general clock-function—a topic to which 1 shall return
shortly.

THE CELLULAR Basis oF CIRcADIAN OSCILLATIONS

A significant result in the last ten years has been the demonstra-
tion that De Mairan’s rhythms do not depend on the greater com-
plexity of multiccllular organization. Single cclls manifest the
rhythm—in, for example, Euglena, Gonyaulax, Paramecium and the
alga Acetabularia. Sonneborn and Barnett have studied a remark.
able case in Paramecium multimicronucleatum. “Animals” of this
species oscillate from one mating type to another in the course of
a single day. From what is known of the genctics of mating type in
other species this result is suggestive that a single gene may be un-
dergoing a daily cycle of induction and repression.

Scveral workers have made attempts—mostly abortive—to strive for
further delimitation of the level ot organization necessary to sustain
a circadian oscillation. In particular the question of whether or not
the nucleus or cytoplasm is the site of the driving oscillation has
been raised.

Sweeney and Haxo (1961) and Richter (1963) have made some
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remarkable obscivations on the famous uniccllular alga Acetabularia
which lends itselt readily to such tasks. The localization of the nu-
cleus in one part ot a single cell that withstands surgical treatment
permits one to ask whether or not the enuclcated cytoplasm can
sustain a circadian oscillation--in this case, of photosynthetic activ-
ity. It can, even for as many as 30 cycles. The ease with which sub-
cellular grafting can be achieved in this alga permitted Schweiger,
et al (1964) to show, however, that in a “synthetic” cell consisting
of nucleus and cytoplasm placed 180° out of phase, the resultant
steady state rhythm of the cell is that dictated by the nudeus. In
any case the large amounts of DNA in the cxtranuclear organiza-
tion of Acetabularia render the capacity of its "cytoplasm” to sustain
an oscillation of doubtful general significance.

Many attempts have been made to manipulate circadian rhyth-
micity chemically; and for the most part these attcmpts have been
singularly unsuccessful. In the absence of labeling the negative
results are not too significant; there is no assurance the agents ap-
plied entered the cells in significant amounts. But at least some of
those who have attempted the work are impressed with its apparent
insusceptibility to chemical conuol. There are, to be sure, some
reports of positive effects but they are not all fully convincing.
Hastings appears to have affected phase shifts in Gonyaulax with
cyanide arscnitc and p-chloromercuribenzoate. Bunning has reported
data on the effects of colchicine, urethane and alcohol on period
length. And Bruce and Pittendrigh found effects of D;O on both
the phase and period of the Euglena system. In any case none of
these results has proved fruitful of suggestions as to the chemical
basis (if any) of the oscillation.

One of the best known studies along these lines is that of Kara-
kashian and Hastings. Using the unicellular (dinoflagellate) Gony.
aulax they mcasured the effects of scveral antimetabolites kitown to
affect various steps in the protein synthetic mechanism. The action
of actinomycin-D is known to affect the production of messenger
RNA~the primary step in the transcription of the inherited mes-
sage of the cell's DNA. They found, following actinomycin treat-
ment, that the rhythms of luminescense and photosynthesis decayed.
This result, surcly of considerable interest, is however somewhat
equivocal as to meaning. The loss of rhythmicity, as such, by no
means demonstrates that the agent responsible has affected the cell’s
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clock; its target could as well be the coupling of the clock (or driving
oscillation) to the physiological system assayed.

The only unequivocal demonstrativns of manipulation of the
clock concern either the period of the phase or a steady-state rhythm,

Strumwasser has very recently given evidence on the action of
actinomycin that promises to fulfill these requirements. In a bril-
liant study of circadian rhythmicity in a single ganglion cell from
the mollusk Aplysia, he has succeeded in making intracellular injec-
tions of various agents. The results so far published show a clear
phase-shift of the oscillation following injection of actinomycin. At
preserit technical limitations preclude measurement of the rhythm
for much more than a single cycle after treatment. We cannot, there-
fore, be svre that the phase-shift seen in that cycle would persist
in the steady-state and thus demonstrate fully that the driving oscil-
lation has been affected and not (again) sume coupling mechanism
between the driver and the assayed rhythm.

Other suggestions that the nucleic acid systems in the cell are
intimately involved in circadian rhythmicity arise from observations
by Ehret and, independently, by Sweency that ultraviolet at 254 mu
can effect steady state phaseshifts. There are pecularities in both
Ehret's (Paramecium) and Sweency's (Gonyaulax) results that indi-

cate the UV is achieving its effects by a quite distinct route from
that of visible radiation.

THE CELL AND ORGANISM As AN OsClLLATOR ENTRAINABLE BY
LicHT CyCLES

In 1957 Bruce and I pointed out that, formally, circadian rhythms
arc self-sustaining oscillations, and pursued a general comparison
between the organism-environment relation and that of two oscil-
lations, une entraining the other. In historical perspective, it is clear
that circadian oscillations in the cell and organism are an evolved
match to the striking uvscillauivns of the physical environment. Me-
tabaolism has evolved an oscillatory time course, and in nature that
oscillation in metabolism and behavior assumes a definite phase-
relation to the external cycle of physical change. Attainment of that
“proper” phase relation is effected—at least principally—by the light
cycle. The cellular oscillation couples to the light cycle and is en-
trained ur driven by it. The light cycle, as Sachs long ago recognized,
is not imposing the rhythm. Its action is strictly comparable, mathe-
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matically, to the action of one oscillation entraining another, fully-
autonomous, sclf-sustaining oscillator,

Entrainment implies control in two respects. The entrained oscil-
lation assumes the period (or frequenry) of the entraining cyde;
when, as in the biological case, the entraining cycle is ervor-free, the
error inherent in the entrained oscillation's imperfections arc re-
moveu. Second, the entrained oscillation assumes a determinate
phaz-relation to the entraining cycle. The net biological result is
clear temporal control; specific events in the circadian cycle occur
at particular times in the environmental cycle.

It is, for the most part, an act of biological faith when we go
further and say that the end result is execution of given functions
at the "right time of day.” This is to follow Darwin in his confidence
that some adaptive function does, uitimately, attach to such a
remarkable picce of organization. T¢ suppose otherwise iy, im-
plicitly, to appeal to something other than natural selection as the
historical agent of the system.

I will not, in this written version of my contribution, pursue what
is now known of the mechanism of entrainment by light. Suffice it
to note a few points of general interest. First, light cycles are uni-
versally effective in entraining circadian oscillations. In poikile-
thermous ("cold-blooded™) organisms temperature cycles can also
entrain but they are probably always less powerful agents, and re-
cent work by Mr. Zimmerman in our laboratory shows this is cer-
tainly the case in Drosophila. Second, observations by Halberg,
Richter and my laboratory have shown that in mammals the light,
in its entraining function, is transduced by the cye; blinded mice,
rats and hamsters fail to entrain to light cycles. It is, however, likely
that this route is historically secondary. If, as is surely true, the
hypothalamus acts as driving center in the system of circadian oscil-
lations within a vertebrate, its coupling to the environmental light
cycle will almost necessarily demand an inte ‘mediate coupling to a
superficial photoreceptor. (It is noted, however, that Ganong's re-
markable demonstration of the penetration of the visible into the
vertebrate brain stem takes somce force from this argument). How-
ever, it is equally ciear, as experimental fact, that the Drosophila
circadian system can be entrained without any organized photore-
ceptor in the larval stage. And several workers (including Lecs and
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Withams) have demomtrated that photoperiodic induction (which,
1 shall argue later, is a function of the circadian oscillation) can be
cffected by the action of light absorbed directly by central nervous
tissue. In Paramecium, other unicellulars, and in green plants, the
question of an organired “eye” does not arise. They, too, are en-
trainable by light. The general conclusion is that some molecule in
the cell, not specifically devoted to photoreception in the usual
visual sense, absorbs the entraining light and is intimately connected
with the driving mechanism of the circadian oscillation.

The third point I wish to emphasize about light cycles as entrain.
ing agents for circadian oscillations is the general result that the
photoperiod in each cycle—the fraction of the period occupicd by
light--has a major effect on the phase and the waveform (insofar as
one can measure or infer this) of the entrained rhythm.

CHROMOMETRY BY CIRCADIAN OSCILLATIONS: CELESTIAL
ORIENTATION AND PHOTOPERIODISM

Bruce and 1 have suggested that the resurge of interest in circa-
dian rhythms since 1950 largely derives from the remarkable studies
by Gustav Kramer and Karl von Frisch which showed that birds
and bees, respectively, can maintain a given direction throughcut
the day using the sun as compass. They compensate for the move-
ment of their ceiestial direction-giver with the aid of an internal
24 hour clock. The experiments supporting these remarkable con-
clusions arc classics of experimental zoology. Hoffman and others
have shown that the animals’ clock is phased to local time by virtue
of being coupled to the environmental light cycle. In starlings Hoff-
mian has shown further that the clock will continue 10 operate in
continuous dim light and proves to be—in these freerunning con-
ditions—a circadian oscillation. Its freerunning period is about 2314
hours.

Kramer's initial demonstration prompted my own reinvestigation
of the temperature-relations cf the circadian system in Drosophila.
On the hypothesis—then—that circadian oscillations were the evolu-
tionary foundation of Kramer's clock, it seemed to me that to be
usclul in this respect they should be temperature compensated; and
they proved to be so. Since then (1954) temperature compensation
has been shown to be a universal feature of circadian oscillations
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even in single cells (Bruce and Pittendrigh, 1956). And since 1950
time-compensated sun-orientation has been discovered in a remark -
ably diverse 1rray of metaza.

It ia clear, however, that this spectacular clock function is 1ecent
in the history of life; it has exploited already existing circadian
owillations; it does not account for their initial evolution,

Nearly 15 years before the work of Kramer and von ¥Frisch, Erwin
Bunning had rclateu circadian rhythms to a quite distinct st of
phenomena—those of photoperiodism. Garner and Allard showed, in
1920, that the switch from vegetative to floral growth in some plants
was controlled by the number of hours of daylight—the photoperioc
~in each daily cycle. Binning's suggestion in 1936 was that the
endogenous "daily” rhythmicity of plants was causally related to this
control. He envisaged what we now call the plant’s circadian rhythm
as consisting of two half-cycles—one photophilic and the other scoto-
philic. The latter, in its usual phase relation to the environmental
day, lies in the nightly dark period. He suggested that as the length
of day changed the early scotophil would be illuminated or not,
according to season. When illuminated in long day plants the switch
to floral initiation was closed; in short day plants illumination of
the early scotophil kept the switch open. His hypothesis, translated
into the current jargon, was, in fact, that the circadian oscillaiicn
of the plant was serving as the clock that effects the time-measure-
ment implicit in photoperiodism; it was the cleck measuring the
duration of the daily photoperiod.

That hypothesis was a brilliznt stroke in its day. It anticipated the
current emphasia on the time-measurement as such as the knottiest
problem in photoperiodism, and it anticipated the current treat-
ment of circadian oscillations as biological clocks in general. Yei
the hypothesis has met viith stubborn opposition by suden:s of
both plant and animal photoperiodism. That opposition is now
weakening and the evidence today leaves essentially no doubt that
Bilnning's basic proposition is fundamentally correct (cf. e.g. Pit-
tendrigh and Minis, 1964 and Pittendrigh, 1965).

ON THE ANCIENT, OR PRIMARY, FUNCTION OF CIRCADIAN QSCILLATIONS

Time compensated sun orientation is surely a recent development
in the history of organisms. And it scems likely that classical photo-
periodism is of more recent origin than circadian oscillations in




=
=
=

=

TENTH ANNIVERSARY AFOSR SCIENTIFIC SEMINAR 107

general. Banning (1957) has, to be surc, suggcited that their role in
photoperiodism is their primitive function--the source ol the orig-
inal sclection pressures that generated them. That scems, however,
very unlikely to this writes. Circadian oscillations are widespread in
unicellulars for instance, in which with one recent exception (Steele,
1965) there is no evidence of seasonal control by photoperiod.
Bunning's attempt to find functional significance for them in photo-
periodism re-emphasires a point alrcady noted. Since Darwin's day
botanists have been hard-pressed tw find adaptive rieaning for the
particular munifestation of circadian rhythmicity they most often
encounter and study, viz: the “sleep” movements of lcaves, I ac-
knowledged carlier in this papcy that the proposition of a “right-
time of day” for a given mictabolic function is in large part an act
of faith. The fact is that, for many of the circadian rhythms se-
lected as obvious and easily assayed, there is no very well defined
adaptive function. Remmert (1962) has justifiably questioned—as at
lcast not proven—the adaptive utility 1 sugyesied some years ago
(1954, 1958) for the Drosophila eclosion rhythm. Indeed, Remmert
is perplexed about the adaptive function of the huge number of
other insect “Schluprythinuen.”

T'he sheer diversity of activities in organisms that manifest circa-
dian rhythms raises a clear question. Arc they of independent evo-
lutionary ongin or have a common historicat ovigin? Of course,
there is no doubt that many of the details of diverse circadian sys-
tems are of independent origin, and that some of their formal
properties owe their similarity 10 convergence. It s difficult, how-
ever, to accept a convergence from incependent origins as the 2x-
planation of all the similarities they show, cspecially those most
compensation., They are all similar, too, in their entrainability by
light. It is difficult, in short, not to retain as a working position the
view that there is commion core to the structure of circadian oscil-
lations that is ancient; that they cvolved in service of a function not
yet oxplicitly recognized; and the few clearly defined functions they
serve today are secondary exploitations of an organization that
arose to meet other immediate problems.

If such an ancient, primary function indeed exists, it is certainly
not known and the discussion could well rest there. I believe, how-
ever, that recognition of the issue is itself important. Functional
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analysis and explanation is nut the only nor even the main wsk
ol the bioloegist; but vven when he is primarily concerned, as 1 am,
with physiological explanation, he cannot afford to neglect func-
tional issucs as touchstones to progress. Living organization is the
produce of an historical development molded by natural selection
whose only concern is in fact functional. It is then possible that by
recognizing the posibility of a primary function, so far not recog-
nired, we may be led to useful new avenues of question and casual
analysis.

THE LIGHT CYCLE AS TriE PRIMARY AGENT OF SELECTION

The relation of the light cydc to circadian rhythmicity is today
recougnized only as that of its entraining agent, but it is a recasonable
speculation that the daily alternation of light and darkness was the
historical cause (sclective agent) ob circadian oscillations in the
first place.

This line of thought derives frum recalling the prerequisites for
organization in a chemical syster. The princigal of these is that the
constituent reactions cannot proceed spontanecusly at the prevail-
ing levels of free energy. Thermochemicaily this means, ol course,
that the reactions the cell employs involve energy barriers unsur-
mountable at prevailing temperatures; they proceed only on com-
mand which rests with enzymes and uitimately with the nudear
store ol information. Little attentior scems to have been given—in
this grneral context-"o the problem of visible radialicn as an
energy source that thieatens organization.

Of course, the fact is that the majority of the cell’s coastituents
are colorless; and uncuntrolled activation by the visible is thus
excluded. It may well be that in the history of the cell iliere hay
been selection [or colorless molecules, but if that is true (and it
scems likely) it is a fa ¢ chat for some functions colorless molecular
devices have not been found. The flavins and cytochromes are
examples of ubiquitous fundamentally important molecules that
are colored—and where color has no detected function.

No attention seems to have been given to the consequences of
illuminating thuse molecules whose color is without obvious func-
tion. At any rate it is surcly reasonable o consider, at least, the
likelihood that sume subroutines in the cell's overall tasks are im-

paired by the activation of molecular piece-parts in the flood of
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visible radiation to which it is subjected each day. To that extent
the routine delegation of some chemical activity to the recurrent
darknes of cach night would be an obvious cscape from the photo-
chemical threat to organization.

A miscellany of otherwise disconnected facts has suggested to me
that. we should not ignore this line of thought and furthes that the
achivities involved may concern the cell's central connols~those of
prutein synthesis and specification. 1 noted carsier that there is sug-
gestive but not yet compelling evidence from actinomycin and UV
treatmicnts that the nudeic acids are intimately involved in the cell’s
driving oscillation. Theie is, o, the long known Face that an enzyme
system involved in repairing UV damage to the genetic material ab-
sorbs in the visible; this iy the phenomenon of photoreactivation.
The enzyme concerned is incidentally cvidently involved in the
mechanis. . of genetic recombination-at least in bacteria. And the
miscellany is completed by the observation of Sulkowski, S.onimski
and colleaguces that gene induction (in yeast) can be inhiuiwcd, at
least for some hours, by visible radiation during the transition from
anacrobic to acrobic metabolism, It 1s certain, at lease, that part,
and perhaps an important part, of the central control mechanism
absorbs the visible and is functionally signihcantly affected by the
resslting activation. The posibility arises that one way of coping
with this acivation is to restiict the steps concerned—perhaps gene
induction it if--to the daily dark period.

CIRCADIAN OSCILLATIGNS AS SYNCHRONIZING GATES IN THE T IMING OF
DEvELOPMENTAL STEPS

I noted some years ago (1954) that the circadian rhythm in Droco.
phila psendoebscurs was functioning as a synchronizing gate for the
act of eclosion. In spite of Harker's (1965) recent discussions, this re.
mains clearly true. But recent work by Skopik and ine at Princeton
demonstrates that the synchronization manifest at eclusion must oc-
cur much earlier in pupal development. Harker's data, which she
interprets radically differently, show, in our view, the same result.
When a circadian osciliation is initiated in Drosophila ar any stage
in its development, the remainder of developiment takes a time to
completion that is stricdy modulo the peviod of the uscillation.

We are awrrsntly converned with the implication that the intia-
ticns of new subroutines in development are gated by the circadian
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oscillation in the system in a manner broadly comparable to that of
a masier clock in a synchronous computer. In such computers the in-
puts inecessary from a diversity of subroutines--some slow, some fast
—are guarantecd to be available by postpenirg the initiation of the
next rounrid until a gate is opened: and that gate, timed by a master
clock, occurs with a freqirncy adjusted to the slowest subroutines.
Synchronous computers aic, thus, slower (han the more elahoratc
asychronous devices that can be built, but they are cheaper. All
real computers involve a mix of asynchronous and synchronous fea-
tures. And it is obvious that the organized reading and execution of
the cell’s DNA is not always regulated by synchronous gates—and
certainly not by gates recurring with a period as long as 24 hours.
But it is by no means excluded that selection has scized the oppor-
tunity cf circadian oscillations, especially if they involve a reading
of the message, 0 buy a degree of organization more cheaply than is
otherwise possible. There is an obvious appeal in the idea of 2 tem-
perature-compensated oscillation functioning as a synchronous gat-
ing device in a system whose piece-parts are conspicuously tempera-
ture dependent. A Drosophila egg raised at 10° or 28°C: yiclds a fly
that is esseniially the same; morphogenesis and differentiation are
temperature conipensated; the reading of the message is temperature
compensated.

It is clear that if, in eukaryotic farms, the cell has restricted some
light-sensitive step in message reading to the daily dark period, it
has also, 1ps0 facty, ipstituted a temperature-compensated synchro-
nizing gate. What we are now pursuing in Drosophila is precisely
this idea. The working position is that eclosion is only a special case
of 2 general gating. by the circadian oscillation, of !l new gence in-
ductions; indurer may have been available earlier but induction
awcite a orve daily scan of the message. ‘This view is encouraged
for us by Harker’s facts which she interprets in a fundamentally dif-
ferent way. She appears almost to azny the existence of oscillations
in individual flies and regards the tiine of ¢closion as determined by
swmming the intervals between earlier developmental steps. It is, of
course, trivially true that such summation occurs; eclosion is the end
of develupment. What she ignores 1s the fact that development times
are always n times the period of circadian oscillation and further
that her own data indicate that each new step, like the appearance
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of eye or wing <olor, tends to be phase-fixed to the light cycle-and
hence to the circadian oscillation.

This frankly speculative excursion into the history and primary
functional significance of circadian rhythmicity would be unjustified
weie it not suggestive of new experimental work. Fortunately, it is.
We are, in fact, greatly encouvraged in testing the proposition that
the timing of new morphogenctic events in mid-development is as
manipulable by the phase of circadian oscillation (itself manipu-
lable by bricf light fashes) as the terminal event of eclosion itself.

It is not difficult to relate this line of thought to the involvement
of circadian rhythms in photoperiodic induction. The change in day
length that occurs with season effects a switch in metabolic program
—as from vegetative to floral growth. That change demands evoca-
tior: of a part of the nuclear message otherwise ignored or suppressed.
In short, photoperiodic induction must, in last analysis, involve in-
duction of specific genes. The prospect that induction is restricted
to a daily scan of the message in each dark period is clearly compati-
ble with the further idea that induction of a given gene lying to-
wards the end of the scanning sequence is as photosensitive as the
inductions Sulkowski et al have observed in yeast cells. There is, of
course, evidence now from bacterial studies that any scan of the
message—for replication or reading—will begin at a fixed point and
praceed linearly down the fixed species specific codon sequence. The
meager facts available indicate a scanning time for replication in
eukaryotic cells of 6 or 8 hours; i, . ~asonable to anticipate that a
reading scan will take essentiall: :.e same time—which is in the
right range for measurcinent of night length.,

‘T'he scopc of the speculation 1 have ventured here guarantees that
much of it will be wrong. Its justification is in part its testability, as
I noted. But it is also justified if, in isolating and emphasizing the
question of a primary unidentified function for circadian oscilla-
tions, the speculation prompts new questions and experiments.
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IX. Combustion Instability

FRANK T. McCLURE

THE Toric that I have chosen for today is beth complex and rather
specialized, yet in a sense these very features make it appropriate
for this seminar. Much science in the sixties is characterized by at-
tacks on complex problems. This comes about for two reasons. First,
because of the development of modern instrumentation in the ex-
perimental field and computing machines in the theoretical field, it
becomes possible to attack probiems of greater complexity. Second,
because science and technology have become such a major factor in
our society ic is necessary to attack complex problems if they are
important to technological advance. Those of us who are in the
sciences close to the applied areas mus:, in fact, choose our prob-
lems because of their importance rather than for their simplicity.
Our approach, therefore, is guided by the need for a solution and
limited by our abilitics and by the techniques and equipment avail-
able t-» us, Nevertheless, the classical approach is absolutely vital to
the handling of complex problems. The steps are, as they have al-
ways been, analysis and synthesis—or if you like, resynthesis. By this
I mean rhat the problem must be broken down into its simplest
components, and each of those components studied until it is thor-
oughly understood. The idea is to define cimpler, but pertinent,
problems within ihe grasp of one's understanding. Having mastered
the details of these simpler problems, one ther attempts a synthesis
—or resynthesis—to see whether the knowledge of the simpler prob-
lems provides an adequate understanding of the whole phenomenron.
If it does, then we have success. If it doesn’t, then we obviously have

FRANK T. McCLURE is chairman of the Research Center of the Ap-
plied Physics Laboratory of the Johns Hopkins University, and a con-
tributor to a variety of fields from the biophysics of the brain to rocket
science. In 1961, he won the first National Aeronautics and Space Ad-
ministration Contributions Award for his conception of a sustem of
navigating ships at sea by the doppler signals from an earih satelliie.

This led to the Transit and the presently operational Navy Navigatiots
Satellite Systems.
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left out some important feature in our analysis, and we must go back
to see what it was.

Another feature of science in the sixties is the stress on teamwork,
This is also not new, for throughout the history of science workers
have built on the efforts of predecessors or contemporaries. Today,
however, at the pace at which we demand solution of problems,
rapid exchange of information becomes even more essential. Again
I think the subject that I will discuss today illustrates this very
clearly. The work that I will describe comes from a number of in-
vestigators, among whom I should specifically mention Angelus at
the Allegany Ballistics Laboratery, Wood at Rohm & Haas, Price
and Horton at the Naval Ordnance Test Station, Swithenbank and
So - at Shefficld University, Levine at Rocketdyne and Ryan at
the Jniversity of Utah, along with my colleagues Hart, Bird, Can-
trell and Foner at The Applied Physics Laboratory. My remarks
will depend heavily on the work done by these men within the past
five or six vears.

ACOUSTIC INSTABILITY

There ave several kinds of combustion instability. I will limit this
lecture to onc kind alone, namely, high frequency instability—or as
I prefer to call it, acoustic instability. This kind of instability occurs
in beth liquid and solid rockets. 1 will devote my detailed discus-
sion to the phenomenon in solid rockets. Many of the things that I
say are cqually appiicable 0 the problem in liquid rockets. I shall
mention a few of the features of liquid rockets at the end.

First, let me reraind you of the nature of a sulid rocket. It nor-
mally appears as a hollow cvlinder, the interior walls of which are
covered by solid propellant. This solid propellant has a so-called
linear burning rate, namely, the rate at which the surface regresses
norutai to itself as the propellant is consumed. The linear burning
rate is dependent upan the pressure in the chamber and upon the
gas velocity sweeping across the surface, or, if you like, tangential to
the surface. This latter phenomenor, namely the dependence upon
the gar velocity across the surface, is called the “erosive” component
of kuwrning. The velocity distribution within the rocket motor is
dependent upon its geometry, and since the burning away of the
solid makes the geometry itself dependent upon the time, the burn.
ing rate of the propeliant is dependent upon the tinie. The mass
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rate of production of gas will depend upon the product of the burn-
ing rate and the surface area of the propellant cxpused to the gases.
To a good appioximation, the mass rate of discharge of gas from the
rocket through the nozzle is proportional to the pressure within the
rocket. A constant pressure within the rockst can then be obtained
by tailoring the geometry of the propellant charge so that the varia-
tion of surface area exposed to the hot gases will keep the product
of the surface area and the burning rate constant at a onstant pres-
sure, Since, in general, the erosion will decrease as time goes on be-
causs the channels will open as the propellant burns away, this
means that the surface must be arranged to be slightly progressive,
that is, the surface area increasss somewhat with time. For the pur.
pose of this lecture, it suffices to say that there are a number of ways
of designing the geometry of propellant charge so that these char-
acteristics can be met. Then one would expect a steady constant
pressure as the rocket burns. These rather general considerations
fall into the field of steady state interior ballistics, The principles
are quite well understood in a semi-empirical sense, and one c2n go
about the design of a rocket on the basis of these principles with
some degree of assurance, providing a steady state really exists.

i But does the steady state exist? One of the frustrating experiences
for the rocket designer come: ubout because of the failure of this cri-
terion to be met. Having designed a rocket according to the well
known principles of steady state interior ballistics, the designer is of-
ten horrified to sec that his device performs beautifully for a portion
of its burning time and then, for some strange reason, blows up. 1f he
then constructs the same rocket motor in a case of thick walled steel i
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—a so-called “battleshin” case -he finds that for some time the pres- : E
! sure approximates very closely that which he predicted, then sud. l

denly jumps to a new level considerably highner than the steady state
level. Of course, in a light-weight case, the rocket would rupture
when thi= pressure jump occurs.

If he now places within the rocket gauges that respond to very
high frequency, he finds that there are oscillations in pressure at say
1000 cycles per second, or 10,000, or perhaps 20,000. Analysis of these
frequencies indicates that the natural acoustic modes of the cylinder
of gas are excited to very high levels. These acoustic moaes of the
cylindrical gas column within the rocket may be described as axial or
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transverse—~depending upon the motion of the gas. If the gas motion
is back and forth along the axis of the cylinder, then one is dealing
with an axial modc, On the other hand, if the gas motion is pre-
dominantly in a plane perpendicular to the axis of the cylinder, the
mode is transverse. Among the transverse modes are the radials and
the tangentials. In the radial niodes, the motion of the gas is back
and forth along the radii of the cylinder. In the tangentials the mo-
tion is predominantly around the circumfcrence of the cylinder. In
the first tangential, for example, the gas more or less sloshes back
and forth from one side of the cylinder to the other. In the second
tangential, the gas sloshes back and forth in pie shaped sectors, with
four such scctors to the cross section of the cylinder. In the third
tangential, there would be six such pic shaped sectors. The most
genecral made of the oscillation of the gas in the cylinder is a combi-
nation of axial, radial and tangential motions. One or another of
these modes or perhaps several at one time may be excited. To make
the problem more complicated, it should be remembered that the
geometry is changing with time, because the piopellant is burning
away. Thus the frequency of the modes is changing with time.
Therefore, the “music” played by this rocket can be quite complex.
The intensity of the “sound” waves observed is quite striking. Their
amplitudes can reach several hundred psi in a rocket whose steady
state pressure might be 500 psi. These are sound waves outside the
normal realm of experience.

To make things more complicated, the solid propellant itself is
also an elastic medium. Thus the annular column of solid propel-
laiii wan itseii support stress waves. This becomes important when
a natural mode of the propellant corresponds in frequency to a nat-
ural mode of the gas. At that point, the solid goes into violent oscil-
lation with considerable loss of encrgy through visco-elastic forces,
and as a result the oscillation is damped.

If we now focus our attention upon the transverse waves, we will
note that for a given mode the frequency in the gas phase will fall
with time because the diameter of the cylindrical gas column is in-
creasing. On the other hand, the corresponding mode in the solid
will risc in frequency with time because the thickness of the solid
annulus is decreasing. From timc to time a mode excited in the gas
will be damped by oscillation in the solid. The system may be stable
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for awhile and then excited in some other mode or perhaps again
in the same mode. The time course of the phenomenon can thus be
quite complicated.

THE Caust oF EXCESSIVE FRESSURE

Acuustic modes of the system may be excited to high amplitude.
But why does the average pressure of the system change so drasti-
cally? Either the propellant must have burned more rapidly than
expected or the discharge of gas through the nozzle must have oc-
curred Jess rapidly.

Ore methcd of examining this problem is to perform a “partial
burning.” In this technique a heavy walled motor is caused to rup-
ture at, say, its head end by means of explosive bolts or similar de-
vices, at a predetermined time after the initiation of burning. The
consequent sudden drop of pressure extinguishes the burning of the
pr pellant. The remaining propellant may then be examined to sce
whether excessive burning has occurred. Such experiments indeed
show that there has been excessive burning at various places on the
propellant surface. These regions of excessive burning are distribu-
ted in a complicated way. One source of this excessive burning is
called "acoustic ervsion.” Consider a transverse mode, say the first
tangential. The motion of the gas is back and forth across the sur-
face. Now, erosive burning consists of the increase in burning rate
due to the flow of gas across a surface. It will not normally be de-
pendent upon the direction of flow across the surface. In our tan-
gential mode, for one half cycle the gas will flow in one direction
across the surface and in the second half cycle the low wiil be in the
other direction. The erosive respense, however, will be an increase
in burning rate in both half cycles. ‘The increase in burning rate due
to erosion in the first half cycle will be added to, rather than com-
pensated for, Dy the increase in burning rate in the second half cy-
cle. The net result, therefore, is an increase in burning rate at the
areas where the vclocity maxima in the acoustic wave pattern occur,
with little or no compensation clsewhere.

This vhenomenon of acoustic erosion suffices in many cases to ex-
plain the increasc in pressure when the acoustic wave is excited.
There are, however, cases in which the total rise in pressure is too
high to be explained even qualitativeiy by acoustic erosion. The ex-
planation is given by another phenomenon characteristic of very
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high amplitude sound waves. High amplitude sound waves transport
fluid. This transport of Auid is called “acoustic streaming.” Acoustic
streamiing in conjunction with the general flow pattern within the
rocket mutor generates vortices. This was predicted about ten years
years ago by M~ulen aind Moore and observed recently experiment-
ally by Swithenbank and Sotter at the University of Shefficld, Eng-
land. These voriices cause high surface velocities across the propel-
lant in localized regions. By erosive burning the propellant is scoured
out in these areas. This additional erosive burning adds to the ex-
cessive burning of the propellant.

In one class of modes still another factor must be considcred. In
the previous discussiun, v.e implicitly referred to the so-called stand-
ing tangentials. Another common and very important mode is the
traveling tangential. In this mode, the sound wave runs around and
around the cylinder in one direction. The first traveling tangential
generates, by acoustic streaming, a central vortex of considerable
strength. We not only get excessive erosion due to this vortex but
the gas is rotating rapidly and by centrifugal action is thrown to the
wall of the nozzle. The effective throat arca of the nozle is thus
decreased so that the discharge rate is decrcased. Now we have not
only an increased burning rate but also a lower discharge rate, and
the two cambined give a very great increase in operating pressure.
As a point which will be discussed later, it should also be mentioned
that this traveling tangential wave can be induced by introducing a
tangential flow of gas by a jet at the periphery of the motor.

THE Sources OF Acoustic ENERCY

We have now discussed how high amplitude sound waves can
bring about elevated pressures and destruction of the rocket motor.
We have not, howcver, explained how the high amplitude sound
waves come about themselves. To understand this, we must go back
to the question of the combustion of the solid propellant. In a very
thin layer, generally under 100 microns thick, the chemical energy
of the prupellant is released as thermal energy contained in the hot
product gases. Within this thin region, the solid propellant is heated
to a point at which it evolves partially reacted gases from its surface.
These gases arc warmed to higher temperatures where they finally
react to form the very hot product gases. The thickness of this whole
zone and the consequent rate of reaction are dependent upon pres-
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sure. The question then arises as to how this zone responds to an
oscillating pressure. If the zonc puffs out new gas in phase with the
pressure, then mechanical work will be delivered into the cylinder
of gas. The result is that this interaction with the burning propel-
lant will tend to amplify the sound wave. If this amplification tend-
ency of the burning surface avercomes the losses elsewhere in the !
system, the acoustic wave will, in fact, grow in amplitude, und may
reach very high amplitudes before second order effects limit further
growth. The appropriate characteristic of the burning surface de-
scribing this property is the so called “response function.” This is
the in-phase component of the fractional mass burning ratc per unit
area divided by the fractionil pressure oscillation. No complete
theory of th.e response function of a burning propellant exists. This
is not too surprising because ne complete theory of the simpler prob-
lem of the steady state burning of solid propellants exists. However,
a theory of the response [unction for an oversimplified model of the
burning of a solid propellant has been worked out and it shows that
one should expect amplification of sound waves over a very broad
frequency band extending from several hundred cycles per second to
two or three tens of thousands of cycles per second. Thus, providing
the acoustic losses in the system are not too great, one may expect
the building up of acoustic modes over this very wide frequency
band, and this, indeed is the experience.

In recent years, experimental measurements of response functions
have become possible using a technique called the T-burner. In this
device, which may be described as a pipe closed at both ends with
an opening in the middle to exhaust gases, propellant may be burned
at one or both ends in the form of 4 flat sJab cuvering the end of : j
the pipe. Measurement of the logarithmic growth and decay of oscil-
lations in such a system can lead, with some approximations, to
values of the response function of the propellant used. This tech-
nique has been highly developed by Piice and Horton at the Naval
Ordnance Test Station, by Ryan and Coates at the University of
Utah and by Watermeier and Stritunater at the Ballistic Rescarch
Laboratories at Aberdeen. A somewhat more versatile extension of
the technique has been developed by Foner at the Applied Physics
Laboratory. In a general sense, the measurements tend to verify the
simple theory. The results show the broad banded nature of the
frequency response. The scaling of frequency vs. burning rate is sim-
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ilar to that predicted by the vversimplified theory. At low pressures
whete the burning rate is low, or with propellants with burning rate
suppressants to slow the burning, the response functions, while of
the right order of magnitude, tend (o be larger than one would ex-
pect from the simple theory, by perhaps a factor of two. Inclusion
of radiation cflects—-that is the heating of the propellant surface by
means of black body radiation transmitted from the hot gases—in
the simple theory raises the predicted values for slow burning pro-
pellants. This offers a possible explanation for the quantitative dis-
cepancy. It may also be possible that (i yas phase chemical
reactions may be incomplete under these circumstznces, and some
energy may be cuupled from that source into the acoustic field. How-
ev:r, it must be said that while the simple theory of the response
function for a burning propellant gives a generally correct qualita-
tive description of the situation, the question of a complete quanti-
tative description is open. There are also several qualitative phe-
nomena which are not properly explained at this time. Foner, for
example, has obscrved a risc and fall in the amplitude of oscillations
in the 1-burner, with the periodicivy of about one second, for which
no satisfactory explanation has been offered.

Before leaving the subject of response function and T-burners,
it is important to remark that this technique has given evidence as
to the mechanism by which the magic elixir of solid propellants,
aluminum, performs its stabilizing role. One of the explanations of
the effectivencess of aluminum in preventing acoustic instability was
that it produced finely divided aluminum oxide 2s 2 smgke in the
gas cavity. Very fine smoke particles provide cficient damping of
high frequency acoustic waves. In the T-burner it has been ob-
served that the presence of aluminum, at least in some particular
propellants, increases the damping in the gas phase while leaving
the response function of the burning surface unchanged. This then
lends direct support to the particle damping theory.

In discussing the response function, we have been stressing the
interaction between the oscillating pressure and the burning rate of
the propellant as a source of amplification of the sound wave. The
question naturally arises as to whether the acoustic erosion due to
the gas velocity associated with the sound wave night not also con-
tribute. Earlier, in discussing a standing tangential wave, we pointed
out that the erosive response will be independent of the direction of
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the gas velocity across the surface. Thuy, the crosive response will
be positive in both half cycles. The pressure-volume work in one
half «yde will be compensated by a negative pressure-volume work
in the next half cycle. As a result there will be no contribution from
this cronive response to the fundamental frequency of the osdillation.
We should obseive a change in mean burning rate and the genera-
tion of harmonics but no amplification. However, suppose there is
mean flow in the dircction of the vscillation, as would be true for an
axial mode. The superposition of the aioustic velogity upon the
mean flow will result in a fluctuation of the velocity acrass the sur-
face from low to high values, rather than a back and forth flow. In
this event it would scem possible that the crosion could contribute
a burning response in phase with pressure and thus add to the am-
plification of the sound wav~, Hovever, if one looks at a typical case,
for cxample, the hrst axial of a cylinder, one finds that the pressure
oscillation at the head cnd is 180° out of phase with the pressure
oscillation at the tail end. No corresponding phase shift exists for
the velodity component of the standing wave, Thus, if the crosive
response in the head end is of an amplilying nature, the erosive
response in the tail end is of an equal damping nature. On the
grounds of symmeuy, therefore, the effect cancels out. Of course, the
systein is not exactly symimetricai and this cancellation is not exact,
but in the main, for low amplitudes, the net resulc is small.
There are two interesting tases, however, where this symmetry ar-
guient docs not hold. The st case again has o do with axial
muwdes The steady sute flow velocity 0 a rocket increases approxi-
mately dineardy as 2 function of distance fiom the licad end ds more
and more gas is added to the stream. Now, if we have an axial mode
of higl enough amplitude, the velodity associated with the acoustic
wive iy excend the flow velocity in magnitude in the front end of
the cavity, but not exceed 1t in the rear, Then fow reversible will
ocom ju the head end but not at the wil end. The symmetry we
luve discussed will thus be desttoyed and an erosive contribution
to vhe amplifation ta the sound ficld may be possible. One can
work out 2 simple theery tor this phenomenon and show that it can
lead ta situations where waves below a aitival amplitude will be
dasiped, whereas waves above this aitical amplitude will grow until
they reach another and tugher eritical amplitude. This sepresents
a raiher sunple fonn of nonlinear instability; that is, the system will
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be stable to small perturbations but if given a high enough trigger-
ing impulse, will develop a wave that grows to high amplitude. Such
phenomena are indced obscrved experimentally, particularly in rock.
etx which are long compared to thicir diamcter and it is highly Likely
that this featute of nonlincar erosion plays a significant part in such
cases.

‘The sccond example takes us back (0 the case of exciting a avel
ing tangential mode by a peripheral gas jet. Here we ate providing
a steady state How around the cylinder so that again we have a mean
flow in the dircction of the acoustic oscillation, which we saw above
was a 1equirement for coupling by nicans of acoustic erosivity, In
this case the symmety problem does not occar, for in the traveling
wavc the velocity is always in phase with the pressuie and thus there
is no vanccllation. A plausible explanadon thus is given for the ex
citation of a traveling tangential by a peripheral gas jet. It should
be noted that the tnaveling wave then induces ats own vortes flow,
so that the contribution o awustic erosivity to the insiability can
be maintained.

T'at BALANCE OF CAINS AND Lussks

The question of acoustic stability in a rocket moetor is a question
of the balunce of acoustic gains and losses. Acoustic losses may oceur
by transmission of sound through the nozzle o1 thiough the wall, or
by loss of heat to exposed metal surfaces, i by wbsorption of sound
in the gas phase, or by absoiption of sound by the viscoeldstic mo-
tion of the sehid propollaiit discdi. Tiie acoustse gains imay arise
through she interaction of the pressute or veloddty component of the
sound ficld with the buning sutface, the extiaction of energy from
unhurned gas an the chamber, or through the vansmission of sound
from the outside through the case into the motor. The latter appears
to explain sone wstances in which motors stable in giound testing
seem to go into unstable burning i cartain actody namie regimes of
fight. 3o s suggested thar the actodynaniic sareech of the missile as
it flies through the air may, at cergain times, comande in hiaquency
with w4 fundamental mode of the interion ol the motor. While the
system would ordinarily be stable, it may have a very high Q, that
is, an ability 1o store a Luge amount of aceustic energy. I this case
the transmission of vibriations thiough the walls of the motoi to the
interior 4t the appropitate frequency would drive the system inside
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to very high amplitude, and the consequences would be indistin-
guishable from ordinary instability.

Our ability to predict the various gains and losses with high pre-
cision is linited and thus while a qualitative understanding of the
phenomenon exists there does not exist quantitative knowledge suf-
ficient to provide the engineer with detailed design criteria. It should
also be noted that each of the gains and losses tends to scale with
dimensions in its own way. Thus the criterion for stability has no
simple scaling and the stability of a scale inodel in no way guaran-
tees the siability of the full size system. This is the reason why in-
stability in rocket motors has been such an expensive development
problem. Since insufficient work has been done to provide the scaling
factors for each of the components of the system, instability has had
to be faced on full scale and cured by semi-empirical means at that
scale. This is true in both solid and liquid systems.

LiQuip Fue .£p MoTORS

While ] have chosen in these lectures to go into considerable de-
tail with respect to acoustic instability in solid rocket motors, for
completeness I shall close with a few remarks about the situation in
liquid motors. A great deal of work has been doue in this area.
Among the many working in this field, particular mention should
be made of Crocco and his colleagucs at Princeton, who have pio-
neercd for many years in this work, and Levine at Rocketdyne who
has doue much woik on practical injection systems.

Much of the general discussion given above on acoustic instability
in solid rocket motors is directly applicable to the phenomenon in
liquid motors. The same types of acoustic modes occur and with
comparable amplitudes. Both systems show excessive vibration when
high amplitude waves are present. In the liquid case, however, the
excessive operating pressures normally do not occur because the fuel
flow is controlled by the injection system, so that a change in 4 mean
fuel rate as observed in the solid case does not occur. For liquid
motors, the most disastrous effect is the excessive heat transfer in
the presence of the acoustic field and its associated flows. This brings
about destruction «.f the motor by burning through the metal.

Over the years practical experience has led designers to empirical
bases for designing motors that are generally stable in the linear
domain, that is, small disturbances are damped out. The common
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instabilities now encountered are nonlinear, that is, sufficiently large
perturbations lead to giowth of high amplitude waves.

The sensitive region in the liguid fuel motor is the injection zone.
Here we have streams of oxidizer and fue] which have not yet been
mixed. They thus represent a supply of chemical energy to be tapped
by the acoustic field. Motion of the gas across the face of the injector
plate, if sufficiently violent, can cause increascd atomization of the
fuel and oxidizer in this region and thereby promote extra release
of ensergy. At ieast part of this velease of cnergy may be so phased as
to drive the wave. The injector zone region is thus peculiarly sensi.
tive to the velocities associated with transverse waves. Motion pic-
tures taken by Levine at Rocketdyne in transparent walled motois
clearly show the dramatic effects of transverse waves on the injection
zone. Baffles to protect the injection zone from acoustic felds of this
kind are one of the common devices used to correct instability in
liquid fuel motors. Changes in the pattern of injection alsu often re-
lieves the difficulties. The approach is at best semi-empirical and
almost always time consuming and expensive.

As with the solid tuel, it might be reasonable to hope that injec-
tors could be described in terms of their response to pressure and
velocity oscillations in an analytical way. Research along these lines
moves very siowly but provides the only reasonable hope for soundly
based design principles.
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X. The Stability of Nonlinear
Dynamical Systems

JoserH P. L SALLE

HisToricAL INTRGDUCTION

THE FirsT mathematical analysis of the design of {eedback control
systems is of rather recent origin and dates back to the middle of the
nineteenth century. It was Maxwell! (for a reprint of this paper
see?) and independently the Russian engineer, Vishnegradskii? who
first realized and demonstrated that the design of feedback control
mechanisms could be subjected to mathematical analysis. Maxwell
ertitled his paper “On Gouvernors”, whereas the Russian gave his
paper the imposing title “On the General Theory of Regulators”.

The system to be regulated and the feedback control were both
assumed to be lirear. Their criterion for satisfactory operation and
for selecting the control parameters was to require that the control
error approach zero with increasing time (asymptotic stability). This
linear analvsis for design is then relatively simple. The problem is
an algebraic one. The requirement for asymptotic stability is that
the roots of a certain polynomial, called the “characteristic polyno-
mizal”, all have negative real parts. Maxwell was able 1o give neces-
sary and sufficient conditions that the roots of a polynomial of degree
3 have negative real parts and was also able to give necessary condi-
tions for polynomials of degrce 5.

Maxwell then posed in 1868 the prablem of finding necessary and
sufficient conditions for polynomials of arbitrary degree that their
roois have negative real parts. Computable necessary and sufficient

JOSEPH P. LA SALLE is Professor o] Applied Mathematics at Brown
University, and Direztor of the Cenler for Dynamical Systems. Dr. La
Salle is an AFOSR grantee and a former president of the Society for In-
dustrial and Applred Mathematics. He was one of the pioneers of the
mathematical theory of optimal comtroi. His continuing interests have
been on the theory of differential equations and the mathematical theory
of control and stability.
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conditions were given by Routh in 1877 and by Hurwitz in 1895. In
1911 Bompiani showed the equivalence of the conditions by Routh
and by Hurwitz and they are today referred to as the Routh-Hurwitz
conditions. Within the last few years it has also been shown that
these conditions can be derived using Liapunov's Second Method.

Through World War II the mathemnatical analysis and the design
of feedback control systems was still carried out by an examination
of the stability of the linear approximation plus linear fecedback.
This was, for example, the way in which Minorsky designed an auto-
matic steering device for the battleship New Mexico in the carly
1920's. More sophisticared anaiytic, 2'gebraic and geometric tools be-
came available and some consideration was given to performance cri-
teria, bus otherwise the analysis was essentially the same as that of
Maxwell and Vishnegradskii. ‘This is not to say that successiul con-
trol devices were not designed by this lincar analysis; they cerrainly
were and still are being so designed today. An excellent account of
linear stability analysis can be found in Bellman.4

Progress in the design of more sophisticated devices depends upon
going beyond this linear theory. One method for doing this is to
take into account the nonlinearities of the system; that is, to drop the
assumption that the control error is small, allow nonlinear feedback
and then to carty out a nunlinear analysis of stability. The only
general method that we have for doing this was developed by the
Russian mathematician Liapunov around 1890.® For an elementary
account of Liapunov's theory see La Salle and Lefschetz.® Starting
arourd 1945 extensive use was made in the Soviet Union of Liapu-
nov's method to investigate the stability of nonlinear systems and for
over a decade the Soviet Union enjoyed a virtual monoply in exploit-
ing and developing Liapunov's theory. In 1944 the Soviet engineers,

A. L Lurie and V. N. Posnokoff, formulated the problem of absolute -

stability of a certain class of nonlinear control systems and Lurie gave
a partial solution to this problem. The nonlinear feedback is not
specified but belongs to a wide class of functions. The designer has at
his disposal the choice of certain feedback parameters and the prob-
lem is to find sufficient conditions on these parameters in order that
the error, no matter how large it be, tend to zero with time for any
arbitrary nonlinear characteristic in the admissible rlass. A complete
acoount of this, called absolute stability, can be found in the mono-
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graph by Lcischetz.” This has been onc of the must successful appli-
cations of Liapunov’s theory.

A letter written by Prol. A, Letov of the Soviet Institute for
Automation and Remote Control in Moscow and published in Rege-
lungstechnik, 12(1964) had this to say:

"The year 1945 stands out quite sharply ai a turning puint in the de-
velupment of conitrol theory. The control problem suddealy became the
object of study by mathematicians, As a basis of their considerations of
this prublem they selected the concepts of disturbed and undisturbed
motions of Liapunuv along with the stronger concepe of the stability
of motion, the quality of the transient behavior, the concept of opti-
mal control, etc. This arose fiom a need tu have an unlimited region
of controllability. Liapunov's concept had for more than 50 years found
no application in control technology. But nuw it is characteristic of
the present state of control theory that all of its prublems—stability,
quality of transient behavior, optimization, programmed control—are
being considered on the basis of these concepts. These control prob-
lems are considered not only for small errors in control but also for
finite and often even for arbitrary errors in control. Their solutions
draw more and more upon the powerful mathematical methods of
Lincar algebra, the theory of differential equations and topology.”

A second and more recent development has been the founding of
a mathematical theory of optimal control. There is a system to be
controlled and its mathcmatical model is a system of differential
equations, Feedback control introduces into this system of difteren-
tial equations a function, the control law, which with some limita.
tions, such as limited power, the designer can select. There is alwo
given so'  criterion of performance. The problem is then to deter-
mine w' .o control law gives in terms of the criterion the best per-
formance. The modern development of this theory began with a
Princeton Ph.D. dissertation in 1952 by Donald Bushaw.® He took
a simple problem, solved it, and this began a modern theory of op-
timal processes. The system to be controlled was linear with one
degree of freedom. The control force which could be applied to the
system was assumed to operate from a limited source of power, and
it was also assumed that the best control would at all times use all
the power available (“bang-bang” control) and the criterion for per-
formance was to reduce the control error to zero in the shortest
possible time. Bushaw's solution of this restricted problem could not
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be generalized, but it was his work that hrought the problem to the
attention of mathemauaans, both in the United States and the So-
viet Union. For example, in the Sovict Union the o1k of Pontry-
again and his collcagues at the Steklov Mathematics Institute in
Moscow won for them in 1962 the Lenin Prize for Science and
Technology.

Shortly after the importance of Liapunov's theory of stability and
the theory of optimal contral were recognized the two began to coa-
lesce, For example, in 1960 Kalman and Bertram® pointed out that,
for a linear problem of optimal conuol, if the performance driteria
are properly selected, optimal control will imply asymptotic stability,
and asymptotic stability is certainly a necessary requirement for the
satisfactory performance of a control system. Conversely, it can also
be shown that if a feedback control can be designed using Liapunov’s
mcthod, then, depending upon the Liapunov function used, a cer-
tain performance criterion has been optimized. An account of this
which contains numerous references can be found 1n Geiss. 10

The question is now, where do we stand tvday? Where do we go
from here? It is ccitainly true (Lat thao have been successfui uppli:
cations of the theory and it may perhaps be trae that the extent of
the applications is much greater than we think. In this country there
13 security and also the proprictary rights of industry. The situation
with regard to open publication is undoubtedly more restricted in
the Soviet Union than here and the time delay between the appli-
cation of theory in the Soviet Union and our awareness of it is any-
where from five to ten years.

But even though there have been some successes we are still highly
restricted in applying this theory by our inability to develop compu-
tational procedures which enable us to utilize the capabilities of
present-day computers in designing contro} systems. The Liapunov
method i3 the only general method available to us today for analyz-
ing stability and taking into account the nonlinearities of the systern,
yet the best we have been able to do is to solve a fairly large number
of specialized problems. 'This has been done without the aid of com-
puters. These can be catalogued and they are useful, but it is like
baving a table of integrals and not being able te compute numeri-
cally any given integral. Despite Sovict claims to the contrary, we do
not yet know how to use computers to aid us in applying Liapunov’s
method. There are a number of reasons why it is dificult to do so.
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The simplest stability problem is that of determining whether or not
a ccrtatn ouilibrium state is stable or unstable. When everything
about the system is known a computer could be used to compute so-
lutions but if the dimension of the system is greater than two or if
the system s time-varying, it would be almost imposible to decide
stability by computing solutions over a finite interval of time. An.
other way of saying this is that the significant stability problems re-
quire methods that are nonnumerical and the nonnumericl use of
computers is not yet highly developed. However, if one thinks about
this more realistically, one svon realizes that mathematical asymp-
totic stability is somewhat diferent from what the engineer actually
wants. Consider for example a control process that acts over only a
finite length of time. Mathematicul asymptotic stability might suffice
to assure satisfactory performance but it is asking far oo much.
What one needs is not necessarily an infinite time stability but rather
stability over a finite interval of time in the presence of perturba.
tions and with a control error that does not become too lasge. A
theory of finite timne stability which is gvrite similar to Liapiinov’s
theory is now in the pcocess of being developed. There are many
rcasons for believing *aat the computational dificulties of using com.
puters ta carry out this type of stability analysis can be overcome.
Also when we spoke about the relation between Liapunov’s
method and optimal control we had in mind control processes acting
over an infinite interval of time. Of cvurse, all controls act only a
finite time, and there are problems in which it is not even useful
conceptianally to consider that the system acts over an infinite length
of time. Onc may, for example, wish to move the system from one
state (0 another in a finite length of time and upon reaching the de-
sired state the control process comes to an end. There is in this re-
gard an interesting unsolved theoretical problem which does have
practical consequences. Some finite time optimal control problerms
can be solved or, whether they be optimal or not, one can produce
feedback control laws which will move the systen from one state to
another in finite time. If the control is to be satisfactory it must pos-
sess some stability under perturbations and this is what we expect
intuitively of feedback control. As yet there are no general results
which state when such finite control implies finite time stability,
which in turn assures stability under perturbations. Simple exampies
and experience show that many types of finite time conirol do pos
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scs A very strong stability under perturbations but as yet there is no
general theory,

In applying optimal control theary a major problem here 1s also
using computers o determine optimal control sy, There are diff-
cultics, but at the same time it is 2 numerical problem and a major
need is to develop theory to the point at which comptation be-
cumes practical. ‘There are a number of types of pptimal contiol
problems where theory has provided sufficient structural information
about optimal control that it has been possible to devise numerical
methods for computing optilal wonuol laws, 1n sume instarces this
is being done by making the computer an integral part of the con-
trol mechanism,

As a mathematician, I am not actually in a position cither te judge
or predict how successful present theory has been or will he in ity
application to the design of control systems. ‘There is, huwever, one
thing that is quitc evident today. The theory that I have spoken of
o far is widely known to engineers thioughout the world and if the
theory fails in ws application, it will not be bevause it has not been
tried. It has had some success. It has certainly stimulated engiticers
and undoubtzdly e will be usetul in the future. Bur its usctulness is
li.iited avd let us see now why this is 50, and what appear at the
moment to be some of the interesting theoretical areas of 1esearch
where progress will have practical effects,

‘'Y'he major successes of the Liapunov method have heen in stedy-
ing the stability of autonomous sysiems; that 1s, systems whose difier-
ential equations do not ciangt with time, In many problens in the
stability of motion the differential equations axx nRonRavivmnuas
(ime-varying). Within the last decade Liapunav's classical theory
has been extended for autonomous systems and frum this we have
new mcthods which are casier to apply and which give more infor-
mation than classical methods. This is not wrue for nonautonomors
systema. It is fairly clear intuitively why the study of sretems which
changr with time are more difficult to study. Let me try to explain
briefly why this is s0 mathcmatically. Bounded solutions of differen.
tial equations approach, as time goes to infinity. a st called its
"limit” set. It is thiy {imic set thac tells how the system behaves ula-
mately. For autonomous systems this limit set hay e important
property that it is made up completely of solutions. It is the exploita-
tion of this fact that has made is possible to unify and extend Lia-
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punov’s theory, Foi nunautonomous systems the limit set does not,
in general, have this property and for systcins which are time varying
th:2 same exwension of Liapunov’s theoty is aut possibie. 'L his is an
important area for further rescaich and swome recent developmenits
in the sulution of some patticular problems indicate that some prog:
rews is certainly possible da the direction of developing both new
theory and new methods.

The discussion so far has been limited to systems whose mathe-
matical moddel is a system of ordinary differential cquations. This
means that the state (ur phase) space 1 a hnite dimensional Eu.
clidean space. If one knows at a given time the values of the state
variables, which are fnite 1n number, then the future behaviut of
the system is completely determined. This 1y as in ddassical mechan
ics. If all the forces acting are known, the motwon of a body iy com-
pletely detesmined by its initial posicion and initial velocity. Tt has
alo been assuried so far in speaking of controlling or stabiliring a
system, that is it posible at cach instant of time tv measure pre-
cisely ali ul the state variables. This is not always possible. In sonw
cases it may be possible to measure only some function of the state
variables and an important cluss of problems are those which take
this fact inte account. One may wish, I example, o genciate a
control law to stabilize a system which is originally unsiable, where
the control Jaw will depend upon the information available at cach
time concerning the state of the system and thys information may
not be complete, This is a general area about which there is not
tou much theary. It can, however, be shown by simple examples that
there are cases where it is not pussible to stabilize the system by a
control law which, at cach instant, depends upon the available meas
urements of the etsta vacishles made 30 Jdiat anstant and in order to
stabilize the system one must make use of a portion of the paw his.
tory of these mcasuicinienis over some anterval of time, Now the
mathematical model is net longer a system of ordinary differential
equations but is a system of what is called “functianal differential
equations”. ‘This is an extension of and includes the clawical differ-
ence-differential equations (differential equations with delayed argu-
ments). The importance ol the eflects of delays in analyzing dynami-
cal sysiems was painted out quite clearly by Minorsky." These equa-
tiows have also been called "hereditary” differential equations. The
state of such systems is now no lunger a point in a finite dimensional
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Eudlidean space (that iy, a finite set of numbscrs) but is a function and
the state space 13 now a fundtion space @an witonte dimenssonal
speace), Thy pont of view seenn to have beon inoduced by Rea
sevakin znd using this point ol view he extended o funcaonal differ-
ential cquations almost all of the dawical Liapunoy theory 17 How:
ever, {tom the point of view of apphications, Krasovskn's 1esults aice
not very useful Now, more recently, Hale has abrammed results which
give methods that can be apphed and he has demonsirated this by
nubicrous examples 1 This is a vy chadleaging held tor 1escarch
andd 2 number of mathematicians throughaat the world are working
un developiag the theory ol functionsl diflerential cquations. At
the mument the general aim of the rescarcde is to see how mudh of
our knowledge ot ardimary hitferentiai equations can be extended.
T has has alicady been done, as 1 have onbicaced, Tor stabnbity thesy,
and abo for certam probloms m nonhncar osallations Because the
HALC apace i3 now an ihite dimensional space, the mathematics is
much more suphisticated, but properly viewed it looks as if a gieat
deat of the thes s of ordmany diftaiontial cquanons doo cany vsn
As 1 to b expedded, new phenomena do appear amd s s one ot
the most anterestang aspeats of the theary There are alicady intet
esung applicationy o biology, coonoins, sisvrelastioty, nudear 1e
adtors, cte It would appear that the themry of such cquations will
play an amportant tole in the futie m the sady of contol and
stability, 1e s hacd 1o imagine a system which will be adaptine an
soine meaniaglul sense unless i makes vae at all tmes of alt the past
information that is available.

T has s stil] a deterministe theory and as such is not entieely real

- Asysicin o never kniown perleatly, There are always crrors an
the measurenent of state variables and there are always peitnba.
tions (noise) that cannot Bz pedfeatly predicied This does not wean
that systems derigned on the basis ol a deterministic theay will not
work properly. The question 1s, and ¢his is the fundamental problem
of stochastic control, can we, i statistical itormation » available
concerning the pestunLations, make wse of this @ improve contal
‘The study of stochastic processes (stochastic difteienal equations) is
relatively new and iy primitive compared with sur knowledge ot or-
dinary diffciential cquatons. Siochastic control ey 1s sull moats
mlancy. A sunvey of some recent developments was given by Kash-
ner.t* With regard to what has been said here woday it now appears
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to be true that there are stochastic analogs to almost all of the deter-
ministic applications of Liapunov theory to the design of control sys-
tems. Independently, this has also been discoveicd in the Soviet
Union. The whole area of stochastic control is one which untii quite
recently has been neglected in this country. Future progress here will
depend not only upon attempts to apply what is already known but,
more importantly for the moment, upon the development of a more
complete mathematical theory of stochastic processes.

With regard to the theory of stability and optimal contrel its
status appears in summary to be this. During the 1950's there was
a rapid development of a theory of optimal control, Liapunov's
theory was rediscovered and extended and the importance of carry-
ing out nonlinear analyses of stability was widely recognized. During
the last 5-8 years there have been few, if any, startling new ideas.
Engineers today (and this was not true 10 years ago) have a gencral
awareness of the theory that exists and its possible applications, and
from the point of view of applications the biggest hurdie here is
learning how to use compiters to apply thc theory. The Liapunov
theory of stability for autonomous svstems has been un:fied and ex-
tended and would appear to be fairly complete. Further develop-
ments of theory for nonautonomous systems seem possible. For the
study of the stability of nonautonomous linear systems new methods
have been found but there are no new ideas in sight other than
those gencrated by Liapunov's method for carrying out nonlineur
stability analyses. Of much greater promise is the siudy of more
“practical” types of stability and here the use of computers should
be much jess dificult. ‘I'wo relatively new and promising areas of
mathematical research in whic* some progress has already been
made are the theory of functionai differential equations and the
theory of stochastic differential equations. Developments here could
have a profound effect on the theory of control systems and the the-
ory of systems in general. From the point of view of the matheraa.
tician, the problem of adaptation and learning has not yet been
satisfactorily formulated and what one should do here is, like Bu-
shaw, to stzte the simplest problem precisely and attempt to solve it

This 15 not and was not intended to be an all-inclusive list of
areas of research which may prove to be important in the design of
control systems and is primarily restricted to the role of stability
theory in the theory of control. Imporiant areas about which I have
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said nothing are system identification, dynamic programming, the-
ory of information, nonlinear filtering, statistical decision theory,
etc, all of which are areas which have, and probably wiil continue
to have, an important role in the theory of control. No one can pre-
dict with any accuracy where the next breakthrough will come.
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XI. Tides of The Planer Earth

WALTER H. Munk

HisToRrIC AL INTRODUCTION

QuiTe coop predictions of ocean tides were made a century ago by
the nonharmonic method initiated by Lubbock. This uses multiple
regressions, such as

height of high water — mean height above datum
+ correction for age of Moon 4- correction for declination (1)
+ correction for parallax 4 diurnal inequality 4 . ..

The method is based on the high correlation between pertinent tidal
and lunar parameters, a correlation that was known and used long
before the time of Newton.

The next development was the harmonic method by Kelvin and

George Darwin. Tides are predicted for any given port as a sum of
sinusoids:

(v = 3 Cy cos(2r fy t + ). 9

The frequencies f, are derived from astronemic observations and are
essentially sums and differences of the six basic frequencies in the
motions of Earth, Moon, and Sun: the day, month, year, 8.9 years
(lunar perigee), 18.6 years ‘lunar nodes), and 21,000 years (solar
perigee). The harmonic method has two shortcomings: it does not
allow for the “noisy” variations in sea level assuciated with atmos-
pheric pressure and winds, and it does not allow for the distortion
of the tides as they move into shallow water. The latter feature can,
to some extent, be taken into account by introducing additional
sums and differences of the six basic frequencies, but there was a

practical limit to the number of terms in Eq. (2), usually between
30 and 60,

WALTER H. MUNK, Professor of Geophysics at the Uniu rsity of Cal-
ifornia, San Diego, and director of the La Jolla Laboratories of the In-
stitute of Geophysics and Planetary Physics; serving on a President’s
Science Advisory Commiltee panel on earthquake prediction; AFOSR
grantee, originator of the Mohole Project.
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SeEcTROSCOPY OF TIDES

The complexity of the harmonic methad is in a sense an artifice
arising from our insistencc to expand the tide-producing potential
a a strictly harmonic series. With modern computing machines it
is much casier to generate the t.de-producing potential hour-by-
hour directly from the known positions of Earth, Moon, and Sun,
and pay no attention to the fact that the resulting time series ap-
pears to have a complicated spectral structure. Call this artificial
times series x(t), and the observed series y(t). The specira of x(t)
shows a cluster of spectral lines centered at 0, 1, 2 cycles per < .
within each cluster there is first-crder splitting by 1 cycle per month,
and each of tlicze lines is further split by I cycle per year, etc. For
the moment, the interesting thing is that between these measured
clusters the encrgy density is very low, down by a million or more
from the peak of the cluster. The spectrum of the observed series
y(t) looks very similar except that now the region between clusters
is filed by a fairly uniform continuum. This continuum represents
the irregular oscillation in sea level arising from non-astromocic
sources.

PrReDICTION BY THE RESPONSE METHOD

The most elementary way in describing the response of a physical
system is to plot output energy divided by input energy as a func-
tion of frequency. We do this by substracting the noise contribu-
tion from the observed spectral lines (thus being left with “coher-
ent” energy), comparing this to the appropriate input energy. The
response funciions wi(f) we obtain in this manner are reasonably
smooth functions of frequency, with no sharp resonances apparent.

This suggests a different method of prediction than the classical
harmonic method. We use past port observations to obtain the re-
sponse curves w(f) of a port, and then obtain future predictions by
playing the theoretical tide input x(t) through the appropriate
response filter (this is done numerically, using computers):

Y =3x(c —T)g (W) 3
with g(r) the Fourier transform of w(f).

There is some additional complication arising from the fact that
there is a multiplicity of input functions x,(t), cach corresponding to
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a spherical-harmonic of the tide potential, and we require separate
response filters w(f) for each of these time-dependent harmonia;
but this does not cause any real difficulty. The spherical-harmonic
expansion converges rapidly, and just a few terms will do. The im-
portant thing is that there is no time-harmonic expansion, as the
complexity 0" “he tide-potential is already built into the input fune-
tions x,(t). 1 . advantage of the response method over the har-
monic method is that it takes full account of Newton-Kepler me-
chania, while the harmonic method uses astronomy only to identify
the frequencies f,. There are additional advantages insofar as the
response method can be systematically generalized to include the
non-linear shallow water effects. It may even be possible to include
the response to storms.

Nrw DevELOPMENTS

The spectroscopy and prediction just described has been made
possible by the development of modern computers. In this way
hourly times series extending over 50 years and comprising some
500,000 observations can be readily and adequately analyzed. Com-
puters have alio opened the possibility for solving the “theoretical
tide problem”: to compute the deep sea tides, given the configura-
tion of the ocean basins and the positions of Moon and Sun. This is
obviously a very cumbersome boundary value problem. The first at.
tempt was made by Pekeris a few years ago. Definitive results are not
yet available but will be before the decade is up.

Another new development is the instrumentation for measuring
tides in the deep sea, now being carried out in France and at La
Jolia. All we do now is to mecasure tides at given ports. This is
where one needs the observation for predictions at this port, but it
is the worst place for the theoretical tide problem. Here one would
like to cover the oceans with some observational grid, 1,000 km X
1,000 km ¢ one month, say, and thus determine the “cotidal” lines.
A comparsion with the theoretical deep sea tides will be most il
luminating.

The average tidal bulge must lag somewhat behind the theoretical
bulge as the result of dissipative processes, mostly in marginal seas.
One can then compute the decelerating torque affecting the spin of
the Earth, and the accelerating torque on the Moon's orbital me-
tion. Comparison with astronomic obeervations will show whether

]
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the ocean tides are responsible for the measured changes in the
Moon’s angular velocity, or whether the bodily tides of the Earth
play an important additiona! role. In the former casc one cannot
extrapolate the present rate over more than a million years because
of the effect of changing sca level. In the latter case one can extrapo-
latz much further. Studies by Wells of Devonian coral indicate that
the present rate can be extrapolated 400 million years, and this is
surprising in view of the fact that we believe most of the tidai dis-
sipation takes place in the shallow occans.

THE CHANGING FACE OF THE EARTH'S SURFACE

If we could view the surface of the Earth through time-lapsed
photographs at intervals of one century, we would be impressed with
the variability of surface features. Mountains rise, valleys broaden,
and perhaps continents shift apart, with typical velocities of 1 cm/
year. Modern gravimeters and associated instrumentation which
were developed o measure the tides of the solid Earth will soon be
good enough to record changes even slower than those of the tides.
It is here where ultra-low-frequency seismology turns into ultra-
high-frequency geology. This fascinating subject is just now beirg
made accessible. Studying dynamic geology by the present indirect
methods is like studying ocean currents without current meters and
the atmosphere without anemometers. Even with current meters and
anemometers available, we haven’t done too well in describing and
understanding the moving oceans and atmosphere; without such in-
strumentation we would have done very poorly indeed, and this is
precisely where geology now finds itself in its attempt to describe
and explain the changing Earth from indirect evidence only.

CONCLUSIONS AND SUMMARY

The developments of new technologies and iastrumentations have
given us new cpportunities to study the tidal distortion of the plan-
et Earth, and this promises to bring back to life a subject which has
been dormant for half a century. It appears as if the instrumenta-
tion developed for this purpose will be able to cope also with the
distortions of the Earth un a geological time scale.
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XII. High Field Magnets and
Magnctospectroscopy

BENJAMIN LaAx

1 HIGH FIELD MAGNETS

ScIENTIFIC investigation with magnetic ficlds on a quantitative basis
had its origin during the nincteenth century. Among the cutstanding
pioneers, the contributions of Faraday, Zeeman and Weiss are par-
ticularly pertinent to the subject matte  of this discourse. The dis
coveries of these physicists gave an imp-1us to the early development
of cleciromagnets of increasing intens.ty which 21 that time repre-
senited a milestone in the history of high field magnets. The famous
Weiss electromagnet with its iron yoke and pole pieces energized by
twin coils still remains the basic design for the modern commercial
electromagnets available today. The highest ficlds achieved by such a
design is that of the large Cotton magnet at Bellevue, France, built
in 1912, capable of producing a field of the order of 60 kilogauss be-
tween pole faces approximately 5 millimeters apart when energized
by coils at 100 kilowatts. This magnet is matched only by a similar
one at Uppsala, Sweden.

The next advance in high field develupment also took place in
France in 1914 when Delandrzs and Perot! constructed a large water-
rooled “jelly roli” solenoid able to produce 70 kilogauss for a short
period when energized from a 500 kilowatt generator. The outbreak
of World War 11 prevented the continuation of this effort beyond its
initial phase. Nevertheless, it laid the foundation for subsequent de-
velopments of water-cooled coils.

BENJAMIN LAX, Director, National Magnet Laboratory, operated for
AFOSR by the Messachus-tts Institute of Technology. This laboratory is
the world's foremost facility for the study of maiter under the influence
of intenss magnelic fields. Its 250,000 gauss device produces the most in-
tense continuous magnet ficlds attainable. Dr. lax is a prolific 1esearcher
in solid state physics and o former associate director of the Lincoln
Laboratory.
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The advent of high field niagnets as we know them today took !
place in Cambridge, England, in the 1920°s when the famous Russian
physicist Peter Kapitza devised two ingenious schemee for generating
pulsed fields.® The first technique involved the discharge of battcries
by a mechanical cwitch through a wire-wound sol nnid to produca
500 kilogauss for a few milliscconds in a very small volume, and the
sccond by shorting a large gencrator into a somewhat larger coil to
producc over 300 kilogauss. Hc used these magnets for low tempera-
turc magnetorcsistance measurements and for Faraday rotation ob-
servations.

The next important development was due to Francis Bitter? at the
Massachusetts Institute of Technology. He designed and buile a
water-cooled magnet capable of producing 10 kilogauss continu-
ously in an internal diameter of one inch using & gencrator which
delivered 1.7 megawatts. The magnet was intended primarily for the
study of atomic Zeeman spectroscopy. The basic design convist of
radially cut copper plates interspersed with insulating discs, both of
which are assembled to generate an inerntwined double helix of over-
/ lapping plates, as shown in Fig. 1. These are housed under compres-
sion in a metal jacket so that the water flows axially through

PRINCIPLE OF THE BITTER SOLENOID

Froure 1. Configuration of the conducting and insulating d'ses of the Bit-
ter coil arranged in an intertwined helical pattern.




o o =

e o mcarsth AU 1 <> N AR e f A s

-

140  SCIENCK IN THE SIXTIES

perforations in the diec. This basic design was duplicated at the
Naval Research Laboratory in 1947, and elsewhere throughout the
world since,

The post-World War 11 period, beginning in the 1950's, witnessed
a renaisance in the development of high ficld magnets and their
application to scientific rescarch. Six different techniques have been
explored, namely, iron core magnets, pulse systems, cryogenic mag-
N, waw -onoled cojly, suparconducting magnets, and implosion avs.
tems. The iron core magnets have become a commercial item for a
large variety of resonance experiments with maximum fields of the
order of 50 kilogauss between tapered pole pieces with about one-
quarter inch spacing. However, for larger useful volumes and uni-
form fields, the intensity is limited to about 20 kilogauss.

A. Puisep MacNETS

One of the most important steps taken to advance high field mag-
net technology occurred in 1956 in the area of pulse magnets. Furth
and Waniek ¢ at Harvard constructed a nitrogen cooled pulsed mag-
net using a Bitter disc arrangement which ultimatcly reached 600
kilogauss. This was exceeded by Foner and Kolm® who achieved 750
kilogauss in a room temperature helical coil made of a single piece
of beiyllium-copper (Fig. 2), powered by a 9,000 joule condenser
bank. The highest ficld obtained by a large condenser pulie system

Frcurz 2. A sketch ot the component parnis of the copper berrylium pulse
magnet designed by Foner and Kolm for producing fields between 300 and
750,000 gauss. (After Foner and Kolm, ref. 5).
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was that by Furth, Wanick, and Levine,® who generated about 1.5
mcgagauss in a single turn coil. Today there arc many pulse coils
of different dimensions and designs which produce fields of the order
of 100 (0 500 kilogauss for cxperimental use in working volumes up
1o one-inch diameter and time duration of microseconds to several
millieconds. However, thz largest felds available today aic those
generated by implosion technigues.? This involves the concept of
flux compremsion through a physical magnetohydrodyna;..ic phenow-
enon in whicn the magnetic field is first gererated by a pulsed sole-
noid in a metallic cylindrical liner. This is then collapsed by a
chemical explosive which implodes the cylinder and compicsses the
magnetic flux from about 200 kilogauss to approximately ten to
fifteen million gauss. The pressure necessary 1o contain this field is
about 107 aimoapheres. The ficld is measured during a ten micro-
sccond interval by a magnetic pickup coil or by Faraday rotation in
a quartz rod before they are destivyed Ly the implosion. It is esti-
mared that approximately 100 megagauss should be posible by this
method of generating high fields.

B. WATER-COOLED MAGNETS

For about twenty-five years no significani advancement was made
in the generation of high fizlds by water<voled magnets beyond that
stained by Bitter in 1936, A group of solid state physicists from the
MIT Lincoin Laboratory joined forces with Bitter in 1958 and pro-
poscd the creation of a quaiter million gauss facility. This was soon
championed by a farsighted group in the Air Force who, with an
amsist from the Department of Delense, agreed 0 sponsor the design
and construction of such a laboratory. In 1960 2 coiiraci was drawn
up with the Air Force to begin this project for a high ficld facility.
Soon afterwards, under the sponsorship of the Air Force Office oi
Scientific Research, simultancously with the design of a new labora-
tory, a program of rescarch and development began at the old MIT
laboratory. Improved Bitter magnets were developed and innova-
tions in the control system and cooling were incorporated. This lab-
oratory became a test bed for many new developmenus which have
been incorporated into the new laboratory. One of the highlights
was the development of a 126 kilogauss tape wound magnet by Kolm
in 1961 with only 1.9 megawatts. This was exceeded in 1962 by the
Nava) Rescarch Laboratory in a Bitter magnet at a 3 megawatt
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power level which yiclded 150 kilogauss in a onc inch bore.* Con-
struction of the new National Magnet Laboratory, begun in 1961,
was completed in the spring of 1963, Atter a shakedown test period
and subsequeat improvements, the labotatory began as an operating
facility in the fatl of that year,

The National Magnet Laboiatory,? which is located within the
MIT ampus complex in Cambridge, is linked to the Charles Rives
basin by two 48-inch conurcte pipe lines for providing primary cool
ing water tor the magncts. The secondary system containg deionized,
distillcd water which is pumped thiough copper pipes and a large
heat exchanger. ‘The power for the magnets is provided by two scts
of mwtor gencraters vhich are capable of delivering ten million watts
of 250 volt power continuously to the magnets. In addition, the sys-
tem has a pulse capability of 32 megawatts for a few scconds by
using cuergy stored in two nincty-ton Hywheels. The four generators
can be connected from the control room in series-parallel combina.
tions to any of ten magnet stations. Four independent experiments
at onc-guarter power, or two at onc-half power and one at full power
can be uperated at any given time. There are some twenty magncts
ranging from 70 to 200 kilogauss which can accommodate about two
dozen experiments per week.

Two basic designs of watercovled magnets are employed at the
laboratory.!® The tust of these i the modiicd Bitter axially ooled
maguet shown in Fig. 3. One such magnet, consisting of tv.o nested
scts of plates, one with a four-inch internal diameter, the other with
a oneqnch internal diameter, is capable of producing 180 kilogauss
with two generators at a power level of hve megawatts. The other
design is an innovation in which the copper dixs have radial cooling
siots and, again, are wound in hepices simiiar to the Batter solenoids,
The insulating helix is made of stainless steel dises (coated with in-
sulation) for greater strength, as shown in fig. 4. One version of this
type of magnet composed of three nested coils with an everall dimen-
sion of about three feet and the internal diameter of two inches, has
provided 205 kilegauss at full power of 10 megawatts. With iron pole
pieces inserted, it has achieved the record continuouy field of 255
kilogauss. Another important featuic of this basic design is that it has
allowed for a flexible configuration of a split pair of coils whose spac.
ing is variable, These magnets arc exceedingly useful for optical
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experiments i which lungitadinal and transicim access (oabie ficid
isreyuircd.

G Low Traereattar MacNe sy

There ate two types of low temperature magnets that have been
wnder develupment during the Tast decade. The hst of these is the
cryogemic meguet an wh hoa bow tanperature conling lipnd, such
as hydrogea o1 neon, 1y used to lower the resistivity ol such materialy
as ropper and aluminun Such conling was finst used with pulse sys:
wms" to produce helds as tugh as 400 kilogaus . The bydrogen
system has been used at Los Alamiosy'? and by the National Buicau
of Standards at Boulder. " “Fhe resistivity of copper s loweted by a
factor of 100 at 20°K The system regoires a lange hiquid hydiogen

-

Frounr 3. Sketch of a magnet station in the new National Magnet Labora.
tory. showing water conunedtions from a hydiant and slecinaal wenminals,
The imset shows the ype o Bitter plates used in modein magnew w pro-
duce ficlds of 100 to 180,000 gauss.

1
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storage tank and a low voltage high current source of power of the
order of 5 to 10 volts. Homopolar generators have provided power
for the magnets. At Los Alamos a maximum field of about 80 kilo-
gauss at 12,000 amperes and 25 kilowatts has been achieved with a
“jelly roll” cop ser coil. Each run requires about 3,000 to 5,000 liters
of liquid hydrog~n and allows for twenty minute operation per run.
Aluminum has also been used by the group at the Bureau of Stan-
dards since its magnetoresistance at high fields is less than that of
copper. However, the magnet is comparable in performance to the
copper system. The most elaborate scheme for a cryogenic magnet
is that at the NASA Lewis Research Center!t which also employs
aluminum, but at liquid neon temperatures of about 27°K. Al
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SINGLE TURN ASSEMBLY &

RADIALLY COOLED SOLENOID (INNER
COli. SECTION OF 250KG MAGNET)

Ficure 4. Basic design and concept of the radial cooled magnets. These
are employed in a concentrically nested arrangement in the 250,000 gauss
magnet and pairs for transverse access optical magnets. (After Montgomery,
ref. 21).
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though this has some thermodynamic advantages over hydrogen, it
is very expensive. Nevertheless, a large volume coil ol approximately
414 inch internal diameter was operated at a 200 kilogauss level for
one minute. The reliquifaction time of the ncon system limits the
duty cyde to about one minute in every twenty-four hours. The
power supply is a one megawatt homopolar generator.

In the low wemperature field perhaps the most important develep-
ment has been that of the superconducting magnets. The possibil: ty
of such a device was conceived in 1913 by Kamerlingh Onnes, the dis-
coverer of superconductivity.’® However, although a few isolated
attempts were made in the interim, very little was done until 1960
when serious work at Lincoln Laboratory was carried out to provide
niobium coils of 10 kilogauss and small iron core magnets with nio-
biumn windings giving up to 25 kilogauss for maser applications.!®
In 1961 at the Bell Telephone Laboratories, Kunsicr and co-work-
ers!” demonstrated that niobium tin was superconducting at about
90 kilogauss. Subsequent pulse measurements indicated an upper
limit near 200 kilogauss. This material was soon foliowed by nio-
biumn zirconium and more recently by niobium titanium. The latter
two have been coramercially used to develop magnets of the order of
about 60 kilogauss in niobium zirconium for operation in a one-inch
diameter and 80 kilogauss in niobinm titanium in a comparable
volume. These colis are built in nested concentric sections. Perhaps
the most significant achievement in terms of high fields with super.
conducting magnets has been that with niobium tin in which fields
of the order of 130 kilogauss in a one-inch diameter have becn
achieved by General Electric.’® In larger volumes of the order of
abour six inchics diamwcier, hcids of the order of 60 kilogauss have
been attained at Argonne?? with the use of copper inserts to over-
come flux trappings and heating effects which ordinarily limit the
use of superconducting magnets.

D. PRESENT STATUS AND F UTURE PUSSIBILITIES

At the present time the status of magnets may be summarized by
the two charts shown in Figs. 5 and 6. The first of these?® indicates
that for water-cooled magnets in a working volume of about two
inches, which appears to be the standard today, the water-cooled
magnets provide ficlds of 200 kilogauss, the cryogenic magnets half
that field, and the superconducting magnets soniewhat less. If we
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take into account both the size of the field and the intensity, the
i second chart of Fig. 63 shows that iron core magnets are useful up
! to about 20 kilogauss at these and larger volumes, that superconduct-
; ing magnets should ultimately be capable of providing ficlds at these
\ and larger volumes in the future, up to perhaps 100 kilogauss. For
R very high fields only the pulse systems arc possible and these will

ultimately provide ficlds of the order of 1 million gauss in small
: volumes. As far as the future goes, it appears that for practical ex-
: : perimental purposcs in terms of effectiveness, the water-cooled mag-
: ncts, the superconducting raagnets, and the pulse magnets will play

important roles in the order mentioned. With our present knowledge
of materials and engineering know-i:ow, the water-cooled magnets
appear most promising for high continuous ficlds and also for inter-
mittent repetitive pulse operation. For the former it is estimated
that fields of the order of 500 kilogauss arc conceivable in comfort-
able working volumes at a power level somwhere between 100 and
200 megawatts. Intermittent repetitive pulse ficlds of this order are
} also possible at existing power levels, and it is expected that such
; magnets capable of achieving 300 kilogauss or more will be devel-
) oped at NML in the near future.
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FIGURE 5. Present capabilities of different magnews in a two-inch working
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Insofar as superconducting magnets are concerned, present limita-
tions indicate about 170 kilogauss with niobium tin. It is expected
that these will be used as inserts in water-cooled magnets for certain
experimental arrangements which will enable a greater efficiency
of the power plant at NML, thus providing magnets of this field
level on a single 2.5 megawatt generator. Ultimately, it is hoped that
large volume superconducting magnets providing 50 to 100 kilogauss
will be engineered to enclose water-cooled magnets and thereby boost
the maximum field by this magnitude. This combination iz optimum
since it appears that only water-cooled magnets using beryllium-
coppe: or chromium copper will stand up at fields in excess of one-
quarter million gauss. Superconducting magnets in large volumes,
of course, will ultimately be constructed and will play an increas-
ingly important role in the operation of cloud chambers and mag-
netohydrodynamic gericrators. New configurations, including Helm.
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Ficure 6. Chart of field intensities versus size for different magnet systems. (Af-
ter Montgomery. ref. 21).
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holtz pairs, radial access magnets, and air core -olenoids, using
superconducting coils, will become available. Witl. the appropriate
refrigerating systems, undoubtedly these will be somewhat expensive.

1I MAGNETOSPECTROSCOPY

Research with high magnetic helds at the National Magnet Lab-
oratory is expected over the next decade to cover a broad area of
science, not only by the scientists in residence, but also by a large
group of visitors. 7 hese areas naturally include the magnet research
and development which was discussed in Section I; solid state phys-
ics, which will be treated in detail; and related low temperature
physics, whichi is Jusi beginning. Atomic and molecular spectroscopy,
although one ol the oldest areas to utilize high magnetic fields, will
undoubtedly be revived, particularly in connection with laser re-
search in gases. Plasma physics, both in solid state and gaseous
plasmas, has trad:tionally been closely associated with magnetic
fields. However, as yet only modest efforts with high intensity fields
have been attempted. Resonance phenomena of electrons and ions,
plasma waves, diffusion effects, etc.,, will be investigated above 100
kilogauss in the future with greater precision and resolution. High
magnetic fields can be used very advantageously in nuclear physia
for nuclear resonance, the Mossbauer effect, and gamma ray correla-
tion experiments to study nuclear levels and spin values in the
ground and cxcited states with greater sensitivity and precision. In
addition, cloud chambers and bubble chambers will require these
fields in large volumes for more effective exploration of nuclear and
high energy phenomena. Finally, in such fields as biomagnetics, mag-
netochemictry and metallurgy, it is expected that visitors will con-
tinue to use the facilities of NML with increasing frequency to
investigate and explore 25 yct unknowi phenomena with the hope
of making new and startling discoveries.

A. SoLID STATE PHYsICs

In solid state physics a wide variety of phenomena have already
been cxplored in the broad field which we have named magneto-
spectroscopy. Among these, such resonance experiments as cyclotron,
antiferromagnetic, nuclear, and paramagnetic resonance, etc., wiil
continue to be fruitful research areas for some time. Plasma phenom-
ena in solids involving the interaction of clectromagnetic radiation
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with multicomponent carriers is now ol great interest to physicists.
Magnetic ficlds have Jong been used for the study of steady transport
propertics such as the Hall effcct, magnetoresistance, susceptibility,
and thermomagnetic effects. However, recently the study of oscilla-
tory phenomena associated with the quantum nature of clectrons in
a magnetic field have made these older experimental techniques of
great significance in exploring the fundamental nature and proper-
ties of electrons in semiconductors and metals. Even more recently
acoustical techniques, which will be discussed, have added a new
dimension to this important approach to transport studies of thest
materials. The field of magneto-optical investigations of solids is per-
haps the oldest and most celebrated one since it was discovered by
Faraday in 1845 and was a keystone in atomic spectroscopy alter the
discovery of the Zeeman effect at the turn of the century. Neverthe-
less, an entirely new ficld of modern magneto-optics has grown up in
the last decade, mainly due to the advent of intense magnetic fields,
low temperatures, and high purity single crystals. More recently,
spectroscopic studies of lasers and the operation of lasers themselves
in magnetic fields have further revolutionized this exciting area of
physics. Superconductivity at high magnetic fields is not only of
practical importance today, but the physics of high field materials is
one of the challenging problems and continues to be explored. A
wide variety of new materials is constantly being developed and
measured at the highest fields available at NML. Magnetism and
magnetic properties of materials such as the transition mectals, fer-
rites, antiferromagnets and ferrimagnetics constitute in themselves
a major field of scierice and of course exhibit properties which lend
themseives very naturally to exploration at fields of 100 kilogauss or
more, The internal fields in these matcrials arc often of this magni-
tude and, when subjected to external fields comparable or larger,
the materials exhibit interesting and anomalous behavior which as
yet is not fully understood. One of the tools which serves as an ex-
tremely versatile and sensitive probe in this context is the Maoss-
bauer effect in which an ultra-narrow linc or band of frequencies in
the gamma ray region is emitted. The magnetic environment is re-
flected in the Zeeman spectrum of these lines and serves as a means
for studying the microscopic properties of clectrons and nuclei in
magnetic materials of all sorts.
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B. InTraBAND EFrscrs

Physicists began studying the interaction of clectromagnetic radi.
ation with clectrons in the ionosphere in the presence of the earth’s
magnetic ficld about forty ycars ago. They werc among the first to
recognize the phenomena of cyclotron resonance, magnetoplasma
reflection, and plasma woves. The interesting situation that has de-
veloped is that these same phenomena in solids have evolved into
a rich and fruitful ficld of investigation which has been extended
into the realm of quantized phenomena. Cyclotron resonance in ger-
manium and silicon at microwave frequencies at low temperatuies
has triggered a series of theoretical and experimental investigations
that have elucidated the band properties »f semiconductors and
metals and the topology of Fermi surfaces in a most remarkable
way.22 However, in order to extend these measurements to other
semiconductors it was necessary to do this at higher frequencies in
the infrared and millimeter regions. This was accomplished by de-
veloping pulse fields of the order of several hundred thousand gauss.
It was soon recognized that steady fields of this order or somewhat
smaller and far infrared techniques would be the ideal combination.
The partial, but significant, success with the I11-V compound semi-
conductors should be soon augmented when present high fields are
combined with lasers in the submillimeter region at 100 to 300
microns. A whole new era for the study of cyclotron resonance in
solids will begin.

A phenomenon closely related to cyclotron resonance is that of re-
fiecting electromagnetic waves from an electron plasma in a mag-
netic field. As the frequency is varied from a low value, the medium
is highly reflecting until a critical plasma frequency is reached. Then
the medium becomes transparent and at higher frequencies behaves
as a dielectric. In a magnetic field this plasma edge on reflection is
split into two edges, which are separated from each other by the
cyclotron frequency. By carrying out such experiments at infrared
wavelengths on a quantitative basis, it is possible to measure the
electran density, the electron effective mass, the dieleciric constant,
and the relaxation time in a semiconductor or semimetal.*® Plasma
phenomena in such materiais can also be investigated at high mag-
netic fields by transmission of helicon waves,? which are circalarly
polarized waves rotating in the same scnse as the electron in the
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magnetic firld. The velocity of this wave is proportional to the
square root of the magnetic field. Thus by varying thc magnetic
field, the index of refraction of a slab is altered so that it provides
interference at multiples of half wavelengths. By investigating these
in 4 microwave bridge, a very interesting interference pattern is ob-
served from which a highly accurate measurement of the electron
density can be obtained™ a3 shown in Fig. 7. In semimetals where
the electron and hole concentrations are equal, no helicon wave ex-
ists, but instcad the wave has a velocity which is proportional to the
magnetis. ficld.!® This is known as the Alfvén wave vhich i found
in the ionospherc. Such waves have become ver, interesting recently
in materials such as bismuth, graphite, and other semimetals in high
ficlds.

Other effects such as Faraday rotation and the closely related Kerr
magneto-optic effect, in which lincarly polarized waves are rotated
by electrons in semiconductors, metals and magnetic materials are
also of great value to fundamental studics of these materials. Intense
magnetic fields will play an ever increasing role in exploring the
propertics uf uasi-free electrons in such solids. Not only will effec-
tive masses be measured, bat magnetic interaction within the solids
will be uncovered.

C. INTERBAND E¥FECTS

By interband effects we mean electron transitions induced in crys-
tals between the atomic levels which have been spread into banda
and which are separated by regions of forbidden energies. Due to
the existence of titzse quasi-continuous bands or levels, it is difficult
to determine the quantitative nature of the energy structure of the
aryital. However, with the introduction of a magnetic field, the levels
or bands become requantized; furthermore, this is directionally de-
pendent, making such a study a very intriguing «nd a challenging
prospect. Indeed, both absorption and dispersive phenomena at op-
tical and infrared frequencies in solids have opencd a new era of
magneto-optical investigations unheard of until this decade. A va-
riety of magneto-absorption, Faraday rotation, cross field magneto-
absorption, magneto-reflection, and other related effects have heen
investigated,?” In a semiconductor in the presence of an oscillating
electric field transverse to the magnetic field, the intrared absorption
is very sensitively observed. For the first time the oscillatory effect in
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Ficure 7. Helicon waves in a solid state plasma at microwave frequencices.
(After Furdyna, ref. 25).

GaAs has been observed by this new cross-field magneto-absorption®®
as shown in Fig. 8. T'he oscillations are evidence of the quantized
interband warnuitions, which, when analyzed, provide information
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Figurr 8. Crossfield magneio-absorpiion in geilium arsenide. Sigma plus

and sigma minus refer to pusitive and negative circularly polarized waves.
(After Vrehen, ref, 28).

about energy band parameters for holes and elcctrons. This has been
done successfully in germanium i, and now many of the com-
pound scmiconductors are succumbing to improved techniques with
high magnetic fields. These new techniques include such exotic phe-
nomena which go by the name of photon-assisted magneto-tunneling
and magneio-emission. The latter have been studied by observing
the radiation emitted by diodes, lasers, and optically excited semi-
conductors. These observations complement the absorption and re-
flection experiments. In order to exploit this new quantum magneto-
optical phenomenon in metals, it was cvident that transmision or
absorption experiments on single crystals were impractical. Conse-
quently, a magneto-reflection technique was innovated. This was
highly successful in bismuth®™ where the infrared energy was fixed
in a wavelength and the magnetic ficld was swept to the highest
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fields possible for a range of frequencies in the infrared between
ten and twenty microns. The results were rather surprising in that
nou cfiect was observed, except with the maguctic ficld. The trace
shown in Fig. 9 is typical for one of two arystal orientations. When
these oscillatory data are collated and plotted as a function of fields
versus encigy, a fan shaped pattern of points results. Upon develop-
ing a theorctical model of the encrgy bands in which three impor-
tant paramcters, namely an cncigy gap, an cffective mass at the
botiom of the conduction band and a spin valuc are predicted, then

REFLECTION

/‘\

Bi (6% 3b)

C§ 6 I 36 a5 34 e T

MAGNETIC FIELD (kilogauss)

Ficure 9. Magnetoreflection in bismuth and bismuth-antimony alloy show-
ing two sets of interband transitions as indicated by the refiection peaks.
(After Brown, Mavruides, and Lax, ref. 29).
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the thevretical cusves fir the data as shown in Fig. 10. The remark.
able featuic of this experiment iy that it aly, petoits the determi.
nation ol the Frymi cacrgy, the anistrophy of the cnergy bands, and
most important, from the fit nf the data (6 & model of the bands not
only at the Fermj surlace, but above and below 1, an cnergy gap s
determined. 1his spectaculin approach has ye ently been dupliated
aud applicd clegantly 10 an even more complex system is; graphite ®
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Fievar 10, Correlation of theory ang expetiment of magne  rflection in
bisinuth, Solid lines are theoretical hines and poists are CX§. rimental,
(Alter Bruwn, Mavruides and Lax, ref 29).
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in which seven parameters are neccssary to specify the energy struc-
ture of this well known, but until now poorly understood, semi-
metral. The magnetoreflection experiments at fields of 100 kilogauss
in rvrolytic graphite are capable of evaluating the pertinent para-
meteis to three significant figures and firmly establish the theoretical
mode) of the bands in a most convincing manner. The Fermi sw-
face deduced from these data for holes and clectrons exhibits the un.
expected shape of a rocket as shown in Fig. 11. Following graphite,
other semimetals such as antimony?® and the compound mercury-
telluride have recently succuinbed to the above technique. The re-
suits already have demonstrated that the energy bands of these
materials are quite different than that predicted on the basis of
inttaband measurements such as de Haas-van Alphen effect, mag-
netoresisiance, and cyclotron resonance. This should not be sur-
prising since the interband magneto-optical effects with polarized
light and related selection rules provide more information about the
symmetry properties of these energy states and over a wider range
of energies. Ultimately, when further refined in sensitivity, this tech-
nique should prove to be a powertul tool for studying the energy
structure in an increasing number of metals.

D. OsciLLATORY EFFECTS

The first evidence of the quantization of levels in metals in a
magnetic field were the observation of oscillations in the magneto-
resistance of bismuth, which has been called the Shubnikov-de Has
effect. A related phenomenon in which the magnetic susceptibility
was observed to oscillate at low tempcratures is known as the d-
Haas-van Alphen effect. The latter, which has been studied as a
function of temperature in the liquid helium range, exhibits oscil-
lations due to the coincidence of the magnetic levels with the Fermi
energy. As the magnetic field is increased, different quantum levels
associated with the coalescence of the energy states successively reach
the energy of the Fermi level resulting first in an enhanced popula-
tion of electrons at the coincident level and a decrease when this
magnetic level excceds the Fermi energy. From the study of this
periodic variation as a function of magnetic field, crystal orientation
and temperature, a great deal of information regaiding metals has
been derived, both with high dc fields and large pulsed magnetic
fields.*? The de Haas-van Alphen or Shubnikov-de Haas oscillations
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as they are called can, of course, be observed by a number of other
techniques besides the magnetic susceptibility and magnetoresist-
ance. Very ceceatly it has been observed in the infrared reflection
from antimony near the plasma edge. But perhaps the most impor-
tant technique that has evolved is the ultrasonic attenuation in
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Ficuae 11. Sketch of the Fermi surface of graphite obtained from magne-
toreflection experiments. (After Dresselhaus and Mavroides, ref. 30).
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metals, which not only shows these quantum oscillations, but a num-
ber of other equally important quantum and gcometrical phenom-
ena.?® One of the most striking examples of this is known as the
giant quantum oscillations.3* This was predicted theoretically on
the basis that those electrons which travel at the velocity of sound
parallel to the magnetic ficld absorb most of the energy in the metal.
Conscquently, as the magnetic field is varied and the quantum levels
coincide with the Fermi level, instead of oscillations, very large peaks
are observed at low temperatures and high magnetic fields. Indeed,
when this experiment was performed in gallium, the pattern shown
in Fig. 12 was found.* In applying the theory to these data, it was
possible to determine not only the effective mass, but also the spin

Ga X 1.40 °K
50 Mc Longitudinel
qiHIb

CHANGE IN ATTENUATION
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i 1 | ] 1 | 1
40 S50 &0 70 80 90 100
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Ficure 12. Giant quantum oscillations i gallium ottained from ultiasonic
avenuativn in a magnetic field. (After Shapira and Lax, ref. 35).
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factor for the first time from observations of the splitting of the
peaks above 100 kilogauss. Furthermore, a deformation potential,
i. e., the coupling of the electrons with the lattice, and the relaxation
time were also estimated. The ultrasonic techniques are also impor-
tant in determining the size and shape of the Fermi surface.

III. CONCLUSION®

It is difficult in a short discourse such as this to adequately cover
the extent and full scope of high magnetic field research that has
evolved during the last decade. The activity and productivity has far
exceeded the expectations of even its most ardent participants. Only
a few years ago such phenomena as the Mossbauer effect, coherent
radiation with lasers, and high field superconductivity did not exist.
But each of these now has become a prominent area of research which
will play an important future role under the heading of high mag-
netic ficlds. However, there are many which we have not mentioned
which promise to enrich this field of science even further. For ex-
ample, there is a host of possibilities involving c¢lectron beams in
magnetic fields which will be extremely interesting as sources for
radiation in the millimeter and far infrared. A synchrotron radia.
tion source in high magnetic fields is capable of developing into a
broad band incoherent radiation source {from the microwave to the
far ultraviolet, which when properly designed, can exceed present
sources in the energy-starved regions of the electromagnetic spec-
trum by two to four orders of magnitude. The possibility of putting
high pressure equipment intn the existing large volume high field
water-cooled magnets will permit the examination of the electrical,
optical, and maguctic pioperiies of a whole new host of caystals
which experience phase transformation at these ultra-high pressures.
Thus our knowledge of the basic properties of these materials and
their dependence on their atomic configuration can be tremendously
enhanced. These are only a few examples of future developments.
However, it can be said that in science, whenever the tools are ex-
tended quantitatively to the limit allowed by nature and human in-
genuity and at least one order of magnitude beyond that which the
state-of-the-art has previously reached, then inevitably new phenom-
ena are discovered and new knowledge about the science of ma-
terials always is developed. In high magnetic ficld research we have
cascaded thzse new techniques and succeeded in combining the ex-
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treme values of the physical parameters such as low temperatures,
high fields, high purity of crystals, high resolution spectroscopy, ex-
treme ranges of frequency, and now high pressures, This combina-
tion of techniques when carried to its ultimate, plus experimental
ingenuity and more sophisticated theoretical analysis abetted by
modern computer processing, presents an exciting program of fruit-
ful research with high magnetic ficlds that will engage a great many
physicists and engineers very profitably in this exciting area of re-
search for the next generation at least.
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XIII. The Relation of ATR to
Absorption Spectra in the Infrared

BrYCE CRAWFORD, |x.

For over A quarter of a century chemisis have used infrared spec-
troscopy as a diagnostic and analytical tool in the characterization
of materials. In this application the absorption specirum of the
sample between 400 and 4000 cm™! is determined; its qualitative ap-
pearance, more specifically the appearance of characteristic absorp-
tion bands at certain “group frequencies,” has enabled the chemist
to identify the mate-ial qualitatively,! and the quantitative measure-
ment of the absorbance of the sample has permitted him to deter-
mine the amounts of the components in a mixture? A few years
ago the similar use of the "Attenuated Total Reflection” (ATR)
spectrum was described by Fahrenfort? and since his paper the
method has received considerable attention from chemists and from
instrument makers. The claim usually advanced is that the ATR
technique is more convenient for certain types of samples, and that
in these cases the chemist can, by properly using ATR, obtain a
spectrum ‘“essentially identical” to the absorption spectrum, which
he can then use in the familiar fashion. Our purpose in this paper
is not to enter into the discussion of the ielative conveniences of
ATR and absorption spectra for various sample situations, but o
present a qualitative treatment of the factors which control the ap-
pearance of ATR spectra. With an unders:anding of these factors,
we can understand and even interpret the very real differences be-
tween ATR and conventional absorption spectra, and hence choose
experimental conditions which produce ATR spectra most suitable
for a particular application.

BRYCE CRAWFORD, Jr. is Dean of the Graduale School and Profersor
of Physical Chemistry at the University of Minnesota. His researches
have been in basic scientific kinetics of flames and propellants, vith his
interests centering on molecular spectroscopy and molecular struciure.
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THe Na1uRE OF THE ATR SPECTRUM

To obtain an ATR spectrum, we measure the attenuation of a
beam of infraiod light reflected internally from the surface of some
transparent optically-dense material which s in good optical con-
tact with the sample. The light penetrates only a few microns into
the sample, 50 that its thickness beyond the first few microns does
not matter. We shall not describe the various optical systems which
have been used in ATR spectroscopy as the details can b found
elsewhere, e.g. in Fahrenfort's original paper.® The essentia) optical
path, which we shall presently discuss, is shown in Figure 1.

We can regard an ATR spectrum cither as a substitute for a con-
ventional absorption spectzum or as a distinct optical observation

n,
. 1

I

Ficure 1. Optical path of light rays at an interface.
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yiclding certain information. If we vicw it as a substitute for an ab-
sorption specirum, we pote;

(a) sampling may he carier in certain cascs;

(b) the optical system is more complex;

(c) thc bands are “distorted” in comparison with absorption
bands, though the distortion can be controlled and minimized;

(d) the relative band intensities are changed.

If we view it as a distinct optical observation, v ¢ note:

(3) both the refractive index and the absorption coeficient of the
sample may be determined;

(b) only the surface layers of the sample are observed;

(c) the depth of penetration can be controlled;

(d) the light beam is ncarly parallel and of small arca where it
interacts with the sample, providing a convenient situation to
use polarized light in the study of anisotropic samples.

The primary reason for differences between ATR and absorption
spectra lics in the effect of the saniple jelractive index. The conven-
tional absorption spcctrum is sensitive to changes in the absorption
coefficient of the sample, but essentially independent of changes in
the refractive index. Both these factors are important in ATR ob-
servations, and in the neighborhood of an absorption band both
these factors change very markedly with {requency. In the following
we shall consider the basic optical situation and discuss in detail
the way in which quite different spectral appearances may arise. We
shall focus our discussien on isotropic samples.

Consider (Figure 1.) a ray of infrared light, I, incident on a boun:l-
ary between a transparent material with a high refractive index n,,
and the sample with refractive index ny. At a frequency where the
sample does not absorb, consider the effect on reflectivity, defined as
the intensity-ratio R/1, of increasing the angle 4,.* At first, at low

® Ideally the incident light should be parallel so that all the rays in the beam
have the same angle of Incidence, . In practice this ideal aan be approached by
making medium ! in the form of a hemicylinder or, if n, is very high (eg.,
germanium, n, = 4). by simply focusing the cunvergent beam onto a fat external
absorbing samiple pruvides an excellent (it of sngle resolution. The rounding
of the curve near the critical angle, by comparison with the theoretical curve for
panillel light (see Fi© 2), is a messure of the nonparallelism of the inciden: light,

..;,:gf.
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¢,. the energy of the incident light is divided into a reflected and a
transmitted ray. The angles and refractive indices arc related by
Sncll’s Law:

n, sin @, == nNg sin Ay ()

If ny > n,, a value of 8, iy reached when the tranymitied ray is
grazing the boundary. ‘This is the critical angle, 8,, and the light is
totally internally refiected for all larger values of 8,. This is illus-
trated in Fig. 2. The critical angle is obtained from n, sin 6, — n,

7
.
. :
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Fioure 2. “Angle-san™ curves: reflecuvity against angle of incidence. All
curves assume ny == 145, Forinternal reflection, cusves A and B, wy = 1.95:
for A, nygxy = 0, {or B, nye, -~ ¢.35 For external reflection, curves € and
D0y = L0 for C ngg = 0, for D, nguy = 0.35.

- il

and the fallowing two inequalitizs, modificd by the effect of absorp-
tion as described in the next section will prove to be very useful:

NON-TOTAL REFLECTION: N sin g, < ny

(2)
TOTAL REFLECTION: Ny ain g, > ny

When the light is totally reflected there is still an electromagnetic
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wave on the sample side of the boundary. This phenomenon is well
known and has been discussed clearly in Born and Wolld and Jenkins
and White.® The important points are as follows:

1) The wave in the sample is not a simple transverse wave such
as the incident or reflected waves. Theory shows that it
amplitude, which falls off exponentially with distance away
{icm the buundary, depends on the values of n,, ny and #, such
that it is strongest just above the critical angle and zero at graz-
ing incidence (4, . 90°).

2) There is an instantancous Rew of encigy backward and for-
ward across the boundary but (for a transparent sample) no net
transfer of energy into the sample,

3) Therc is a net transfer of energy through the sample along the
boundary paraliel to the plane of incidence. The distance
traveled in the sample before rearossing the boundary also de-
pends on ny, ng, and §; and is greatest just above the critical
angle and zero at grazing incidence.

So far we have assumed that che sample is transparent. We now
consider the more geueral case when this is not so. At a frequency
where the sample absorbs light the tefractive index becomes a com-
plex quantity and is written B, It is made up of a real and an imag-
inary part: fi; = ny(l 4- i x3) where 1 =/ - 1. We shall consider
the real part, n;, to be the same as the ny above. This is not strictly
correct when the sample absorbs and the refracted angle 65 is no
longer given by Snell's Law ay stated in equation (1). However, if
we continue to define a critical angle by equations (2) we can give a
good gualitative account of ATR band shapes, The imaginary part,
Naxg i3 a measure of the rate at which light passing through the
sample is attenuated. We call f; the complex refractive index, nyg
the refractive index, ngey the extinction cocficient and 44 the at
tenuation index of the samiple. ny and ngey are referred o collec-
tively as the “optical constants.” The extinction cocficient is related
to the absorption coefficicnt, o, of the Bouguer-Lambert Law (1/1,
== c'4%) by 4wy 0y xy = a, where y is the vacuum wavenumber of the
radiation. At angles below 6, the veflectivity is less than 1 since a
transmitted ray exists; absorption by the sample modifies the reflec-
tivity only slightly until 8, approaches 8., because encigy in the e
fected beam has interacted strongly with the sample, some of the
energy will be trapped if the sample absorbs. The reflected beam is
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then attenuated and, because the amplitude of the light wave and
the distance it travels through the sample are greatest when 6, is
just abuve the critical angle, the attenuation fur a given absorption
coeficient will be greatest at this angle of indidence. ‘T he aticnuation
decreases to zero at grazing incidenge.

In Figure 2, curves A and B show the 1eliectivity as a function of
the angle 8, for a transparent and an absor bing sample respectively,
against an optically-dense medium (n; - 1.95), assuming a reason-
able sample refractive index (ny, __ i 45); a moderately high extine
tion coefficient (tgag = 0.35) has been assumed for the absorbing
caye. The attenuation which will be observed at a given setting of
8, is of course the vertical difference between anve A und curve B
at that angle. The curves will be different tor every combination of
ny, 0y, and ngey, but the general features of this example will appear
in any case. The trends vutlined in the fast few paragraphs arc well
illustrated, and these curves will repay thoughtful study. They show
in particular that the attenuation duc ro the extindion cocthaient
1~ greatest at angles just above the critical angle &, this then is the
region of angle seiting where the AR techmque has greatest sensi-
tivity to sample absorption. It is also the angle range whee the
curve is steepest against angle, and hence where any enor e angle
setting will have the greatest eficct; quantitative study shows that,
for real accuracy m measmenment of the atwenvation, the angle
should be reproducible at least to U1 degree. The curves show also
that, as the angle sctting moves up higher than 6., the attenuation
bewmes less,

The curves in Figure 2 have boen calcuiated for the uptically
simplest case, that of paolarized Jight papendicular o ihie plane of
incidence at the sample surface. The oppuosite-polarization curves
are qualitatively similar. We shall not consider in th's paper the
polarization effects, since our qualitative arguments are valid for
both polarizations. But it should be noted that the cficcts of polar-
ization are quantitatively guite. noticeable. This can be used to good
advantage in studying anisotropic or oriented samples by ATR, as
has been mentioned. It can also be regarded as a disadvantage in
that ATR observations are affected by the polavization discrimina.
tion, or greater efficiency for one polarization than fur the other, and
in the case of grating spectrometers thiy discrimination can be quite
significant,
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Curves C and D in Figure 2 show the reflectivities for the same
pair of samples, transparent and absorbing, when they are examined
by conventional or external reflection methoas; i.e., when there is
no optically-dense medium involved, and the refractive index n, is
simply that of air, n; = 1.0. It wiil be noted that the use of internal
total reflection both increases the reflected intensity so that we have
more light to work with, and increases the effect of the sample ab-
sorption, the attenuation.

BAND SHAPES AND INTENSITIES IN ATR SPECTRA

If we proceed to examine the course of a spectral run, in which
a given angle setiing is used and the observed reflectivity is plotted
against the frequency of the light being reflected, we must take into
account the fact that the sample refractive index n; strongly affects
the critical angle and hence the refiectivity. It is a general law of
nature that the refractive index of a substance varies rapidly in the
neighborhood of an absorption band: wherever the extinction co-
efficient n;x; goes through a maximum (an absorption peak) there
is an oscillation in the curve of n; against frequency, with a regiop
of anomalous dispersion across the band center. This behaviour can
be understood if we consider the molecules of the sample as damped
oscillators set in motion by the oscillating electrical field of the light
wave, having a resonant frequency equal to the light frequency at
the absorption peak; more sophisticated and more accurate models
such as the Lorentz or the Van-Vleck-Weisskopf model show the
same qualitative behavior. We may discuss the effects in connection
with a specific example: Figurc 3 shows the coursc of the two opiicai
constants ng and ngx, for liquid benzene in the region of the 675
cm! band.

A. DEPENDENCE ON N; AND 6.

If now we choose a given optically-dense material, thus fixing n,,
and also choose a given setting 8, we shall fix the value of nysin ,;
wherever this is grcater than n, the condition for totai reflection is
satisfied as noted in equations (2), and we may proceed to ask
whether the value of ny«, is significant so that attenuation may occur.
Three choices of these instrumental parameters arc indicated in Fig-
ure 3, and the resulting ATR spectra shown in Figure 4. We have
taken n; as 2.37, the value for KRS-5, which is the most pepular
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Ficure 3. Optical constants of liquid benzene in the regicn of 675 aml
Broken lines indicate conditions described in the text.

ATR material, and have considered three angles, (a) 45°, (b) 70°,
and {c) 20°. The broken lines in Figure 3 mark the value of n,
sin 8, for these three choices.

(a) Let us consider the case of the 45° setting and trace the be-
havior of the reflectivity from higher toward lower frequencies, con-
sidering at each point first the relative values of n, si. 6, and ng, and
then the value of the extinction coefficient ngxy. At 725 cm™? on the
wing of the band nyx; is negligible and n, sin 6, > n, so that the re-
flectivity is 1. At 700 cm? the sample starts to absorp and the beam is
attecnuated, Between 700 and 680 cm™ the attenuation increascs as




- —— —————————— 4

e ————————— e

170 SCIENCE IN THE SIXTIES

10 (b)
R
0.5 {0 -
{c)
. |
600 630 700
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Figunz 4. ATR spectra for liquid benzene in the 675 cm™! region, using
KRS-5 at an angle of incidence of (a) 45°, (b) 70°, and (c) 20°.

the absorption coefficient inareases. Thus far the ATR band re-
sembles closely the absorption band. At 675cm™! the absorption coefh:
cient starts to decrease but n, is inaeasing rapidly and a point is
reached where n; becomes greater than n, sin §,, so that roial reflec-
tion no longer occurs. Energy is now lost to a transmitted beam and
the ATR band is broadened on the low-frequency side by compari-
son with the absorption: band. At Jower frequencies, the absorption
becomes negligible and n, sin 8, exceeds ng so that total reflection
occurs once more. The broadening on the low frequency side pro-
duces a shift to lower frequency of the peak of the ATR bard com-
pared with the peak of the absorption band. This shift can be quite
considerable.

(b) To reduce the distortion of situation (a) we need to ensure
that n, sin 8, > ny for all frequencies. This we do by choosing a
higher angle, 70°. A more detailed study shows that the distortion
decreases the larger we make n; sin ¢; but is never entirely absent.
However, as n, sin §, is inaeased, both the amplitude of the light
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wave in the sample and the length of its travel through the sample
are decrcased and so the overall attenuation is less.

() Grossly distorted bands are easily vbtained by choosing a low
value of n; sin 6,. In the case of a 20° angle n, sin 6, < n, over
most of the band. The highest reflectivity is when n, sin 6; ap-
rroaches n, but here the sample has appreciable absorption and so
the reflectivity is never total.

These cxamples show that we have to make a compromise between
strong bands which are distorted and relatively undistorted bands
which are weak. If our aim is to produce ATR spectra resembling
absorption spectra, we will be drawn to the second alternative; if the
attenuation is then too weak, we can produce a stronger band by
summing the attcnuation at a number of successive reflections with
a multiple-reflection apparatus. This is analogous to increasing the
thickness of an absorption cell an integral number of times. It is im-
portant to rcalize that multiple reflections at high n, sin 6, produce
an intense Land which is much more symmetrical than the same-
strength band obtained with one reflection at low n, sin 6,.

B. DEePENDENCE OF ATTENUATION ON FREQUENCY

Assuming we have chosen n; sin 8, > n; over the whole spectrum
the attenuation of an ATR band is primarily dependent on ng,,
which as noted before is proportional to the « of the Bouguer-
Lambert Law divided by the waverumber. Consequently, in com-
parison with an absorption spectrum, an ATR spectrum shows
relatively weak high-frequency bands and relatively strong low-fre-
quency bands. This is a large eflect since the wavenumber can
change by a factor of ten over the range of an infrared spoctium.

C. INTERACTION BETWEEN NEIGHBORING BANDS

‘The relative intensity of two strong, neighboring bands is often
considerably changed in an ATR spectrum. This is quite apart from
effect B and is due to n,. The curve of n, versus frequency is the
sum of two closely-spaced oscillations. The result gives a relatively
higher value of n, through the region of the lower-frequency band
and so the lower-frequency band will appear relatively more intense
by ATR. The cffcct is minimized by choosing a high value of n, sin
8. A particularly striking but not unique example of this exists in
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the ATR spectrum of liquid carbon tetrachloride where the two
components of th= Fermi doublet at 770 cm! have their relative
intensities reversed.

D. SoLveENT REFmaciive INDzx

In a solution the ny which is important is that of the solution
as a whole. Thus if a solute is dissolved in a transparent solvent of
high refractive index, the ATR bands will appear relatively stronger
and more distorted for a given value of n, sin #, than if the refrac
tive index of the solvent had been low. Therefore, in the case of
solutions we can exercise a further degree of contrel over the form
of tiie spectrum by our choice of solvent refractive index.

E. EFFrecT oF SOLVENT ABSORPTION BANDS

This is analogous to effect C. A good example is a series of mixtures
of carbon disulphide and acetone. The very strong CS; absorption
at 1510 cm! falls between three weaker acctone bands at 1720, 1370,
and 1240 cm. As the CS; concentration is increased, the value of
ny of the solution is raised on the law-frequency side of the CS$, band
relative to that on the high-frequency side. This causes the two low-
frequency acetone bands to gain in apparent intensity (and in dis-
tortion) at the expense of the high-frequency band.

F. Errect oF InpPERFECT OPTICAL CONTACT

So far we have assumed perfect optical contact between the opti-
cally-dense medium and the sample. This is no problem, of course,
with liquid samples but can be quite a real difficulty with crystals
or rigid materials. Various techniques ranging from the optical
polishing of a single-crystal sample to the use of pressure to press a
reasonably pliable sample against the ATR opticaliy-dense element
can be used. The qualitative cffect of areas of poor contact is easy
to understand; in such areas n, will be that of air, namely 1.0, and
total reflection, unattenuated, will occur. The result will, of course,
be simply to weaken the attenuation as recorded on the ATR spec-
trum: a quite tolerable phenomenon as long as the weakening is
not too serious, and as long as quantitative observations are not
being attempted.

It is at least not difficult to observe the extent of poor contact,
providing that the ATR clement is transparent in thc visible region
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as is the case with KRS-5. One can observe the reflection of visible
light with the eye, choosing an angle of observation such that the
total-reflection condition (2) is satisfied for the air-element interface
but not for the sampleclement interface; then the areas of poor
optical contact (the airelement interface arcas) will appear bright
against the dark areas of goud optic2! contact.

It should be noted that the use of liquids such as minera] oil to
promote optical convact has its own dangers. The mineral oil will
have an intermediate refractive index and will promote passage of
the light into the sample; but such oils naturally have their own ab-
sorption bands, and the resulting spectrum will be affected by these
bunds, as weil as by the rather complicated situation involving three
layers of different refractive indices all within the depth of penetra-
tion of the light.

QuanTitaTive STuDiEs Usine ATR

Itis possible to use ATR to obtain precise values of both optical con-
stants of a ample by making measurements ai two angles of inci-
dence. Using the appropriate equations, both ng and ng«; may be
obtained. The calculations are, however, fairly sophisticated and
lengthy, and are scarcely practical if the object is simply quantita-
tive analysis to determine the concentration of solute B in solvent A.

A detailed discussion of the quantitative relation between R, the
observed reflectivity, and the properties of the sumple is beyond the
scope of this paper. We note, however, that Beer's Law does not
apply, and no simple general relation between the observed R and
the absorbance of the sample is available. Indeed, our diecussion o
ihis point has made clear that the value of R depends not only on
Ngxy but also on ny, on ny, and on #,. It would appear possible to de-
vise empirial “calibration curvcs” for practical samples if the values
of these last three constants can in fact be held constant from one
run to another. This is easy for n,, and not too difficuit for 8,, if the
ATR spectrometer is mechanically constructed to provide a precise
and reproducible angle setting, but the variation of the sample re-
fractive index n; would seem to be more difficult. Under some con-
ditions one may expect the relation between the observed R and the
extinction coefficient to take a comfortable form; Flournoy has given
some results along this line.*
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XIV. Space Chemistry

WiLLAarp F. Lissy

SPAGE CHEMISTRY is, in our definition, chemistry under the unusual
conditions of outer space and inner space. Our sheltered environ-
ment here on the carth has led to an overcmphasis on the chemistry
peculiar to our conditions, Qur program in chemistry at UCLA 1s
aimed to work in those areas which are different from the normnal
environmental conditions. ‘Thus we work in these arcas: high pres
sure chemistry, radiation chemistry, high temperature chemistry, and
vacuum chemistry. So far we have made progress anly in the first
two areas, although we have a substantial beginning in the way of
apparatus for the third area. But our program in Space Chemistry
is aimed at these four general arcas: high pressure, radiation, high
temperature, and vacuum. Our research has been most generously
supported by the Directorate of Chemical Scicnces of the Air Force
Office of Scientific Research. We are extremely grateful for this

support.
I HIGH PRESSURE CHEMISTRY

Our work in the chemistry of high pressures has been possible only
because of the collaboration of our colleagues expert in the tech.
niques of high pressure; Professor George C. Kennedy and Professor
David Griggs of the Institute of Geophysics, both of whom learned
their high pressure work from Percy Bridgman at Harvard. In addi-
tion, we have been greatly asisted by Professor Harry Drickamer at
the Univenity of lllinois, and Professor Tracy Hall of Brigham
Young University. In other words, our objective has been to apply
to chemistry the techniques that have been gained by the Bridgman
school and others to bring out the effects of high pressures on chem-

WILLARD F. 1.IABRY, Professar f Chemistry at the University of Cal-
ifornia, Los Angeles. Director of the University of California Institute
of Geophysics and Planeiary Physics, and a former member of the Atomic
Energy Commission. He is a Nobel Laureate (1960, clieinistry, carbon-14
method), and is an AFOSR granire. He directs the AFOSR Program in
Space Chemistry ai UCLA.
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ical reactions and chemial properties. There have been two gen-
eral areas: the organic, and the inorgaaic.

A. Oncar i Hion Paessusr CHrMIsSTRY

1. Virus Killirg—Our work in organic compounds consists mainly
st the study of the effects of high pressure on Coliphage T-4; work
dene meinly by Lewis Solomon, Peter Zeegen, and Fred Eiserling.
Coliphage T4 virus was exposed to pressures of 4 kb under which
condition it was found to be rapidly inactivated by the release of
deoxyribonucleic acid (DNA) and the uncoiling of this important
molecule. Electronmicroscopic pictures indicated the pressuie con-
sistently caused two morphological changes; both attributed to the
uncoiling: (1) the phage with contracted sheaths and heads full of
DNA, and (2) the phage with contracted sheaths and heads empty
of DNA. The ratios of the types have been shown to depend strongly
on temperature. Bioamays of the results of phage samples check with
the counts made and the electronmicroscopic pictures.

The fraction of the initial phage populstion surviving exposure
to pressures on the order of 4 kb. was found to increase following
the addition of ions, chloroform, or protein to the phosphate-buf-
fered stock suspension. It has not been determined whether these
compositional variables act through direct interaction with the
phage or by altering the organization of the water.!

The significant features of the kinetic studies are 1) the linearity
of the log fraction surviving-time curves and 2) the failure of such
curves to extrapolate to initial concentration at time zero. Linearity
was contingent upon the initial phage concentration being on the
order of 10*/ml or less. It wae not determined il expusure times
longer than five minutes would cause a deviation from linearity for
these stocks. The rapid inactivation made it dificult to dete:mine
whether initial first order kinetics is lost at pressures greater than
3.4 g.u. (1 gauge unit is approximately 1.4 kilobars).

Compression and decompression appear to have an inactivating
effect which cannot be accounted for by accumulative inactivativn
due to the finite time spent at each pressure during compreision
and decompression. An upper limit to the fraction of phage inac-
tivated during compression and decompression by the mechanism
which inactivates pbzgc 2t constant pressure can be obuined. As-

7
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d (log mrvn:litng fraction) — 43K
where K is the pressure dependent inactivation constant and .43 the
factor for logarithm change of I'ase. Since compression and decom-
pression rates aie constant, dp/dt = 2.0 g.u./min., and log frac
tion surviving compression —,(*' 43K (dp/2).

This integral can be estim=ted by taking .43/2 times the area
under the rate constant-pressure curve in Figure 1. Doubling this

suming inactivation is first order,

|5r—_‘ T T ~T
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Froure 1. Firmt order inactivation constant vs. pressure. The initial viable
titer was 1.1 10*/ml. Phage were coupressed and decompressed at |
gu./min. Temperature was 25°C.

value to account for decompression gives .23 or 419, lost due 0
compression and decompression. This estimate falls considerably
short of the 759, inactivation obtained by exurapolation, so it is
likely that changing pressures can have an additional inactivating
effect.

Electron micrographs show t(wo phage types which can be consid-
ered inactive from their morphology—those with contracted sheaths
and those with both empty heads and conuracted sheaths. Electron
micrographs of compressed samples have also shown a large number
of free il Abers. Thus, pressure may provide a practical method of
isolating tail fiber protein.

The mechanism of contraction and DNA release remains obscure.
Osmotic mechanisms, however, baied on pressure differentially al-
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tering the permcability of soluble ions and waier across the phage
coat is not likely, since preliminary results indicate that osmotic
shock resistant mutants show the same degree of inactivation as the
wild type. No evidence has been obtained which would indicate
whether the two morphological types arise from two scparate reac

TIME (minutes)
I 7 10
0Q T ; ? ? ? 61 T % gi

-log surviving fraction
)

20
22
24

Ficure 2. Negative log surviving fraction vs. time. Time is measured
between the end of comipression and the beginning of decompression. Cont-
pression and decompression rate is 2 gu/min, Temperatuie was 25°C.
Initial viable titer 5 x 10*/ml. Imitial viable titer 5 x 10"/ml. Pressure 3.0
g-u. Figure 4 is an clectron micrograph of these phage atter 5 minutes.
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tions or if the empty headed phage with contracied sheath s furmed
from full headed phage with contracted sheath upon luss of DNA.

Furthermore, morphological alteration may be scoondary to a
primary nonvisible inactivating step.

Variation of tcmperature has been shovin to alter the ratio of the
two morphologically altered types. Especially noteworthy is the el
fect temperatire hay on the ratio of full 1o empty headrd phage
among thuse with wntaded sheaths. Theie is a macked decrease
in the emptying of DNA at lower temperatut s ‘This observation
may have more general utility since icindicates that the temperature
variable may be useful when it is desivable to favor onc pressure
induced reaction over another (see Table 1),

2. Explosions -Experiments with organic compounds have con-
firmed observations of Hridgman? We contirmed Professor Bridg-
man’s findings that mauny organic compounds explode when sub-
jected simwltancously to high pressure and high shear rates. Dr, A.
J. Darnell did this work. Although we have published nothing
formally on it, for the observations are incomplete, they were com-
plete enough to show the types of general nend that sketdh out

/ what appears 10 be the general outlines of the high pressure chems-
try of organic compounds. This is following wmi work of Dr. lyving
Bengelsdotf whe worked at the Geacral Flectaic Laborareory with
Dr. Tracy Hall and did a variety ot high pressure expluratory ex-
periments.® Of course it is necessary w point out that there has been
a great deal of high pressure chemistiy wurk in the 1ange below 10
kL. This is described carefully and extemely weil in Hamann's
book.¢ In general, our work at UCLA in high pressuies s carticd
out above this range, although a good pait of the organic, as in
the case of T4 phage Coliphage, was done in this range. As
Bengelsdott has shown before, we found also that nearly all organic
compeunds undergo changes of one sort or another when subjected
to pressures above 20 kb, In particular, explosions occur, polymeri-
zations, and dramatic transformations. Bengelsdof's technique had
been to scal sample compounds in lead capsules and subject them
to pressuies, In duing so he polymerized acetone to make a yellow
solid at 30 to 50 kb. and at temperatwmes aound 300°C. Similar ex-
periments with crotonaldehyde lead to no results, whereas paalda.
hyde at the lower temperature of 507G always gave yellow polymiers,
highly insoluble, even in boiling decaline at 190°C. Methyl alcohol
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at 30 kb. and 370° exploded apparently giving ethylcne. Our experi-
ments were done mainly with pure hydrocarbons, either branched
or straight chain saturated aliphatics. The general result was that
we could not cause explosions in the case of the straight chain, but
in the case of the branched chain it was possible to do this repro-
ducibly whenever both shear and pressure were applied in the
general range of 50 kb. Trapping of the gas lead to quite clear evi-
dence of mcthane and olefins so it seems likely that the chemical
change involved in the explosions of branched polyethylene under
the conditions of pressure and shear is a formation of methane and
elefins with cnergy evolution because of the relatively great stability
of methane. On this basis one can sce why the straight chain hydro-
carbon does not explode.

Hardly miore than exploratory experiments were done in this field,
but the indications are that the arca is a rich one.

3. Pressure Cooking—As a matter of general interest experiments
were done with food stuffs. Bridgman kad remarked? that egg white
albumen could be coagulated by pressurc.

Our experience fully eollaborated this report, 10 kb. for five min-
utes at room temperature resulted in fully coagulated white gela-
tinous solid cooked egg white which had no odor, and tasted very
similarly to ordinary cooked egg white. Similar results occurred in
one mirute. Stmilarly, cgg yolks were cooked. There was an interest-
ing diffcrence here in that they were transiucent; they also had no
odor and did not color silver surfaces. It would appear that the
sulphur-sulphur iinkage involved i ¢ yolk proteins was not rup-
tured. Various other foods were co.... 4 in this manner and eaten.
For example, hambuiger was cooked at 10 kb. for ten minutes at
20°. The results were no odor ang it tasted well done. However,
it did not taste like regularly cooked meat, altheugh since the sam-
ple was at room temperature this might have been a factor. In gen-
eral, our experience with the effects of pressures on foods would be
that like that with the Coliphage, the probable effect was an un-
coiling of protein helices through the breaking of hydrogen bonds,
and that the applications of pressures at the range of 10 kb. at room
temperatures has this ¢ffect, and will not break even sulphur-sulphur
linkages and probably the weakest of the true chemical bonds This
could be a poweritd ol in synthesis and analysis of complex or-
ganic 70 biochemical structures.




Wty 1

182 SCIENCE IN THE SIXTIES

In summary, the whole ficld of high pressure organic chemistry
appcars to be a very rich one, and deserving of much more attention
in the pressure range above 10 kb.

FiGURE 3. Saiuple pressurized at 6°C. Shows high proportion of phage with

contracted sheaths and full heads.
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B. ARTIFICIAL METALS

Dr. A. J. Darnell has worked on the problem of artificial metals;
the production of me.als by application of pressures te non-metals
followed by quenching to liquid nitorgen temperatures in order to
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Ficune 4. Sample pressurized ac 25°C. Shows high proportion of phage with
contracted sheatiis and DNA released.
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preserve the metastable phases for experimental laboratory investi-
gations. In this way a number of new materials have been produced,
among them metallic indium antimonide and its alloys with tin,
Since thiz work other laboratories have produced numerous other
examples, in particular, gallium. In general, one feels certain that
the artificial metals offer great opportunity for solid state physics and
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FiGure 5. Superconducting transition temperature versus tin atom fraction
for the InSb-Sn system.
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chemisury. It scems clear that it will be possible, using the new tech-
niques, to develop new metals almost at will thus varying parame-
ters of great interest to the theory of mctals and the solid state in
general. In particular, we believe that superconductivity can be
clucidated by this techniyue, and that featurcs now obscure in the
nature of superconductivity can be broughe to light. For cxample,
the indum antimonide tin alloys show us the variation of super-
conductivity transition temperaturcs with composition. This, de-
spite the fact that the lattice constant and the geometry of the lat-
tices as scen by the x-rays (which cannot distinguish between indium
tin and antimony atoms), were constant to high precision through-
out the series. Figure 5 shows that the strength of these materials
varics smoothly, the diatomic compound being harder, as shown in
Figure 6. It would scem on the basis of this that the alternating
kernel charge which must be characteristic of indium antimonide

| t I 1 R L T T L
he-ALPHA IRON AT 77°K

300 HARDNESS va COMPOSITION
BRINELL HARONESS NUMBER
T vs ATOM FRACTION OF TIN
g IN MSDSI\‘ ALLOYS AT 77°%
: (Ske-SPRING STEEL(SAE 104)
:i AT 298°K
9., 200+ ~
xl £
€&
S 8 jeaLPHa RON
432 AT poec g ,
-
H O]
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8
T

1 L | 1 L L1 | |
d 2 ) . 3 .6 g .
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Ficure 6. Brinell hardness numbers of the metallic alloy system InSb.-Sn
at 197°C.
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probably imparts the hardness. Confirmatory experiments were done
in the non-metallic aiamond latticc phase by showing that the non-
metallic tin was indecd softer than the non-metallic diamond lattice
i indium antimonide. Now, on this basis, we predict that the diamond
. form of boron nitride is much harder than diamond. Crystals of
\ adequate size have not bheen available to test this important point.
| This, however, is a point of some possible general importance.
_ The freczing technique is one that has been useful not only in
i studying metals, but also other structures. In fact, it would be in
: ' this way that the combination of annealing and freezing by quench-
ing with liquid nitrogen could make high pressure chemistry far
more fruitful. In particular, Kamb and Davis® have isolated the
densest form of ice and have shown its crystaline structure corres-
ponded to essentially the clowst packing of oxygen, although it did
expand somewhat on release of the pressure. Similarly, Kasoer and
Brandhorst® found a new structure of etallic indium antimonide
.t around 30 kb which can be derived from the simple beta-tin
structure which appears at 23 kb by a simple shear process. It ap-
pears that this stiucture reveris to the betatin strncture on release
of pressure even though the quenching to 77°K has been carried out.
‘ Thus we sce some evidence of structures that cannot be quenched,
’ or at least of some structures that can be more casily quenched than
. others. So one must proceed with some caution about planning for
quenching of high pressure metastable structures. However, in gen-
eral, the technique is a very fruitful one, and we believe that there
are many, many applications remaining. In fact, our plans during
the next years include considerable further work in the general asea
of the artificial metals; investigating in particular the effects of struc-
turai and valence electron differences on the properties of metals,
e.g. strength, electrical conductivity, superconductivity, color, veloc-
ity of sound, and so on. This work will be pursued in conjunction
with Professer Hans Bommel's group in Physics and Professor
George Kennedy's and Professor David Griggs' groups in the Iasti-
tute of Geophysics. We have developed a Crystal-Growing Labora.
tory which has as its principal purpose the production of crystals
| for research study. A very modern high pressure press has been in-
stalled together with facilities for quenching under the high pres.
sure conditions. In this connection it has been our experience that
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the piston and cylinder apparatus allows quenching more readily
than other designs. In the design of high pressure apparatus it is
important, if thc quenching technique is to be used, to consider the
possibility of getting the Jiquid nitrogen cHectively to the sample
while it is under the high pressure.

A general result of some interest has been reported by Musgrave.?
He reports that the work of compression (PAV), the pressure at the
transivon from the non-metallic phase multiplicd by the volume
change, gives a value equal to one hall of the clectronic cnergy gap
in the non-mictallic diamond furm. For obscure rcasons this regular-
ity seems to be particularly good tor the Group IV clements, silicon
and germanium, and to woik quite well for indium antinionide, the
numbers being 51.67; for silican, 52.0° for germanium, and 57.09,
for indium antimonide, On this basis, it is possible to estimate the
pressurc required to make metallic diamond out of diamond using
the encrgy gap; it would appear that something in the neighborhood
of at least one million atmospheres, one megabar, would be needed.
: In fact, the rigorous calculations would give something in excess of
/ two megaba;s. Thus it would seem that it will be a long time belore
laboratory techniques for making mctallic diamond will suffice.
Nevertheless, there is little doubt that pressures in the vicinity of
one megabar would open up a whole new world of chemical and
physical phenomenon. In Drickamer’s laboratory in Hlinois, small
samples have been carried to the vicinity of half a megabar with
the result that a large number of transformations, changes in elec-
trical resistivity, and optical properties have been observed. No
quenching has been attempted at these pressures and the samples
are so small that ii would be difficult 10 do many experiments even
il the structures were retainable by quenching. Thus there is a very
large instrument design problem, an engincering problem, for the
laboratory apparatus which will allow a sample of some valume, :
say one cubic centimeter, to be compressed to megabar pressures to
be designed and built. The highest priority should be given to any
leads for this design. We take hope from the finding that diamond
probably is stable to compressional transitions for pressures well \"
above onc megabar. It may be the magic material nceded for the
parts. The machinitig may be possibic with diamond boron nitride.
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II RADIATION CHEMISTRY

A. Positive JoN CHEMISTRY

t
: 1. High yield of hearry molecular weight hydrocarbon by ioniza-
, tion of methane~1t has been shown® during the last few wonths that
. : the gamma ray exposurc of both solid and gascous methane leads to
the production of high molecular weight hydrocarbons, very highly
; : branched, in high yicld (G is approximately | for methane loss and
' conversion into heavy hydrocarbons). Earlier work had established
that the irnradiation of gascous methanc by jonizing radiations caused
' polymer to form. This work, however, having been done in tie gas
: , phasc, perhapsieft some doubt as to the broad nature of the chemistry.
! At the present time, we belicve it is quite clear that the chemistry is
f not duc to free radicals, but is most likely duc to ions. We have w-
l vestigated thisicaction carefully and established some of the effect of
‘ clectron transfer and thus nave given good cvidence for the positive

V ion nature of the chemistry, it being clear that quenching by sub-
! stances of lower ionization potential is some proof of positive ions.
i On the basis of this work, we expect that the ionizing ultraviolet

radiation bombarding reducing planetary atmospheres produces
kigh molecular weight hydrocarbons and it is conceivable that part

R of the present crude oil had its origin in this mechanisin. It is inter-
: esting 10 speculate about the nature of the reaction products on
Jupiter.

2. Electron transfer to put charge on species of lowest fonization
potential-Experiments with solutions of hexane in liquid xenon
have shown conclusively that when ionizaiion of either molecule
takes place the positive charge ultimately reaches the solute hexane
because of its lower ionization potential. Thus we see that it is very
likely that the radiation chemistry of ionizing radiation will concen-
trate in the species of lowest ionization potential. This general con-
clusion is one of extreme importance in the chemistry of planetary
atmospheres. We thus can see that the ionizing energy indident on
the atmospheres may be concentrated in certain species and thus be
\ directed to their chemical reactions.

3. Ionizing ultraviolet in sunlight and probable effects on plane-
tary atmospheres like Jupiter's—A powcerful helium light source has
been made® by producing a low voltage helium plasma. With this
we have investigated the effects of this ionizing ultraviolct light on
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mcthane and found them to be very similar 1o those observed® with
cobalt 60 ganuna rays. With this result we poedict that the ionizing
ultraviolet in the sunlight must have appreciable effects on reducing
planctary atmospheres, wherever they may have occurred. The con-
scquences, of course, may be that heavy hydrocarbons are very com-
mon constituents of plancts and thatin particular, some of the earth's
petroleunn may have had this origin.

4. General laws of positive ion chemistry—One comprehensive
paper has been published© and further general thoughts and gen-
cral conclusions were stated at the Gordan Conference in July of
1964. 1t appears to be entircly possible to write down general laws
for the chemistry of positive ions and that these laws can be ex-
tremely helpfol in guiding experiments and interpreting the results
fu  ionic radiation chemistry. For example, it appears that the prin-
ciple of analogy s very valid, and that an clectronic structure which
is charged will have chemical propertics which are very similar to
those of the neutral structure with the same number of clectrons.
Thus A+ is much like chlorine in its chemistry. Also, there are new
fcatures such as an clectron exchange binding between identical
systcmns or systems which have not had tme o become different in
shape. This constitutes an adhesive force additional to that due to
clectronic polarization and helps bind the positive ion to the neutral
molecule undl it has had a chance o react electronically by the
normal processes of the filling of valence orbitals.

One should expect also that the phenomenon of ionic retaxation
15 very fundamental to positive ion chemistry, Afici an ion is formed
it natwmaliy wishes to assume a diffcrent and new geomeuy; this
takes time. In condensed systems, the chemical reactions may occur
before the relaxation. After relaxation has occurred, such effects as
electronic exchange bindings are forbidden by the Franck-Condon
Principle, and the cunscquences are that the chemical effects in di
lute systems in the gas phase should be quite different from those
in the solid.

5. Possible applications—'The enormous quantity of ivnizing radi-
tion which is available in atomic power reactors mukes conceivable
possible practical applications of positive ion chemistry. If we should
come to understand it sufficiently well, it might just he possible to
produce ecanomically chemicals that have substantial value on the
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present market and thus to create a new chiemiaal industry and a
new use for atomic energy.

In any casc, the studies of positive ion chemistry will be enlight-
ening for the cffects of radiation on living tissue in causing muta-
tions and cancer and their bearing on the understanding of the
planeraty aunosphere chemistty and the effects that these ionizing
radiations may have had in times past on the earth, It appears more
than likely, also, that chemical reactions are of real importance in
plasmas such as those involved in the Shawood Project to tame
thermo-nuclcar energy.

This work on radiation has been done by Dr. Larry Kevan, now
at the University of Chicagy, shortly to move to the University of
Kansas; Dr. Carl Jeusen, and Dr. Donaid Davis.

B. Hor AtoMm CHEMISTRY

The chemical effects of nuclear transmutation are very interesting
and have counsiderable significance for the use of x-rays and other
encrgetic radiations in exditing chemical reactions. In particular,
Dr. Armen Kazanjian has studied the nature of the isomeric transi-
tion in Bromine 80, and the reason that its chemical effedts appear
to be essentially identical in many systems with those of straight
recoil caused by emission of gamma rays from thermal neutron
capture.

1. Isvomeric transition vs. (n, y) chemistry-—-We have been studying
the hat atom chemistty of bromine atoms, produced on the one hand
by the capture of thermal ncutrons followed by the subsequent
emission of Cucigotic gannia rays the so-calied (n, y) process, and
on the other hand by the isomeric transition, the process by which
a gamma ray transition trom the 4.5 hour excited state of Br® to
the lower 18 minuie state of Br® occurs with the cmissivn of a K
cleciran. The doeet emission of the gamma ray without internal
conversion 1 the fnnermost electronic shell of the Br atom is ex-
temely improbable. Following the internal conversion transition,
the positive charge is increased furcher by the Auger process, by
which instcad of the cuission of xravs o kil the vacandy in the
Kshell, two vacanciea appear in the Lahell vesulting from the drop-
ping of an clecron trom the atom, vesulting in net 4-2 charge, This
contiics through the Meshells and so on and can lead to ay many
as a 412 charge on the Br atom. This, of course, causes the mole-
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cule, i which the Br atom was bound before the isomeric transition
vecurved, to disintegrate. Alse the daughter Br*, which atsclf s
radioactive with a hall lile of 18 minutes to fonm Kie* s ficed in the
solution, D, Kazanjian has been stwdying it rcactions in vinious
organic media, in particular, propyl bromide, in both the nonmal
ad iso forms. It has been knownt far many yeans that the produoas
produced by the (n, p) and the someric process were staagely sini
lar, and we have shown in detail that they ae similar under a wide
varicty of conditions. We have just discovared the reason for this
exact stiilatity.

H appears that becanse of the large election athiity of the aghly-
charged Bi atom, eleciions are capturcd by it b the immediate
envirtonment, and in particular from otha portions of the same
molecule, say prapyl bromide, in which the fom and o half how
B was hedd, thus putingg posiuve dhiange over the nwolecule as a
whole. This causes the organtc bromide melecule w hssion esutung
in the Bioion and orgamc ons Hying agant with encigies of expul-
sion approaching those due o the an, yy recoal By simple calanlation
1t is possible to show that enegios of en clecaon volts o1 more o
the Br atom e not onreasonable, and it seems very likely that the
bond bewween the carbon and Br will tupture prefaentially when
one cealizes tian wiost hikely the Lirgese charge force wiil hie between
the bromine jon and the residual charged organic radical. Teis well
£ By

as

knowts that as a consequence of the higher eleiivon athnity ¢
1nts whoen naveling with the veloaty of a few election volts energy,
they will capuoe elecarons trom the immedidte envitonment to form
neutral atoms, Thus we have the Br=® daughter vaveling with some
10 clectron volis as & neutral atom. This is exactly the conditon we
cavisage as brmy chatadteristic of the (0, ) process, where the
gamia 1ay recoil usually produces energy of 100 clecrron volus at
most, amd many data indicate that 4 majority ot the reactions in hot
atom chemistty ocan near the end ot the range where the energy
probhably does not exceed a tow election volts, Thus we see that the
Bsonmenc and (3, ) processes should be essenually idendical in then
chemical etfects tor media in which the clectron affiniy of Bre s
greater than the lonizaton potential of the sedium. In media with
the tonication potendal greater than the clectron athnuy of Bt we
should expect to had that the hot atom chemisury of the (i, y) proc-
ess would differ radically trom the hot atom chemisuy of the iso-
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meric process. Such results were found and are given in Table 1I;
they show the expected large difference for the CFyBr system in
which the ionization potential of 12.3 volts is above that of atomic
bromine, 11.8 volts.

2. C't Hot Atom Chemistry—The chemistry of encigetic recoil
carbon atoms has been studied now for some time in our group and
we have joined others in concluding that most of the hot atom chem-
istry of carbon iz nccurring near the thermal range. Therefore, in an
attempt to test what the truly thermal reactions are, we performed
experiments with carbon atoms cvaporated from a carbon rod.
These results are extremely interesting in that they show that the
evaporation of carben atoms onto cold beiene cooled in liquid

nitrogen causes the formaiion of toluene and cycloheptatrienc as
shown in Table II.

II1 HIGH TEMPERATURE CHEMISTRY

Our achievements in this area consist solely of the construction
of threc plasma torches, one of which goes to the power of half a
megawatt. With these facilities we expect to reach temperatures of
100,000° with nearly all gases and to be able to do considerable
work in the very, very high temperature range.

Present models have a design capability of 70,000°F, correspond-
ing to the surface temperature of the hottest known star, roughly
ten times hotrer than the surface of the sun.

The light emitted by stars ranges over the entire spectrum—from
the far ultraviolet through the visible to the far infrared. Much of
this radiation is absorbcd in the upper layers of the Earth's atmo-
sphere, and is lost to observation. Radiation in the visible range,
however, is not appreciably absorbed, and has long provic. ¥ infor-
matior: about the composition and temperature oi the stars .urough
spectroscopic techniques.

While elements present in a star could be identified, accurate
measurements were not possible of their relative quantities. Com-
parison spectra were necessary from plasmas of known composition,
at the temperature of the star studied. Our plasma torches are now
providing uncontaminated spectra of gases whose composition may
be varied with accuracy. These spectra may now be compared to
solar and stellar spectra obtaned astronomically. Furthermore, the
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simuiatad spectra provide inforination in the nonvisible range ab-
surbed by the Earth’s atmospherc.

During the 13tst Aunnual Mecting of the American Association
for the Advancement of Science held last December 26 through De-
cember 30 in Montreal, Canada, our AFOSR. Exhibit oftered us an
upportunity to demonstrate our techniques with the plasma torch.

This exhibit demonstrated the research the AFOSR is sponsoring
m vur Space Chemistry Program at UCLA. In the demonstration,
artificial metals were created from nonmcetallic matter under pres-
sures of 40,000 atmospheres, and were quenched by cooling with
liquid nitrogen. ‘These new metals remained in the metallic state
when the pressure was removed, permitting investigation of such
properties as superconductivity and crystal structure. The process
of cuoking foods under pressure without heat was also shown, and
other portions of our exhibit described the effects of ionizing radia-
tivn on methane gas to produce lubricating oil, and the transfer o!
cnergy from ions of higher ionization potential to methane by elec-
tron transfer.

The following pictures are from this exhibit. Picture 1 shows the
entire exhibit. Picture 2 a side view of the plasma torch, demon-
strating the lighting technique. Picture 3 shows the oscillator section
of the plasma torch being uscd as a light source with a spectro-
graph in order to study the nature of the emitting sources in the
plasma. Picture 4 is a close-up of the plasma of Picture 3 plasma
torch in operation at one atmosphere, using Argon plasma gas with
a power level in the plasma at approximately 5 kilowatts.

IV HIGH VACUUM CHEMISTRY

Nov facilitiee LIURIOss have been

iaGl as yoi in ihis aica. Ii s

hoped that a graduate student will join us shortly to takc on this
general assignment.
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Picrune £ Side view of the plasma torch—demonitrating of the lighting .
technique. .
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Picierr 4. A dlose up of the plasma of Picture 3 plasina wrch in operation
at one atmosphere using Argon plasmma gas with a powar tevel an the plasina
at approximately b kilowatts.
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XV. The Nature of the Long-

Range Interaction in Hemoglobin

WiLtArD F Lanmy

Tv s seeorstep that the well known shong intcraction (2% keal
mole) at long distances (25 A) occmnmg between the sron porphy.
s (henes in homogloban) as due most probably o iuduced dipole
Van der Waal's foices between the iron porphyrin platelets which
are highh polavizable an the unonygettated state, and much less so
m osyhemoglobm. The oticntations ob the vector notmals ol the
two dosest hene pans for the four hemes in hone oxyhemoglobin
are neatly, but not perfectdy, conedt for an mteradtion of this type.
The intevaction would be increased to a maximum by an 11.5° ro-
tation of o platelets and a 167 rotation of the other two. Thu
stiucture should apply to hemoglobin for which the platelet orien-
tations are unknown at present. Muirhead and Peiute, however,
report a structura? change to occur when hemoglobin is oxygenated.
Woe suggest that this consists i pait ob the small plateict rotations
mentioned. Perutz and Marzarclla ieport also that Hemoglobin H,
which shows no interaction for 1casons involving other poitnty (men-
tioned Jater) shows no aystal sttuause dhange on axygenaaon.

It 1s proposed that the ditterence i the polatizabulities probably
is due to two oxtra resonating () electrons in the porphynin plane
existing in hemoglobing the hole in the conter af thic jupliviiin de-
fincd by the four nitrogen atosns being bridged by the two iron
valenie clecirons which make resonating sigima bonds to the four
nitrogen atons, This assignment leaves the four nitogen atoms
equivalent and gives it 26 + 2x pi clectrons where x is the number
of pi electrons cuntributed by the two vinyl groups depending on
the degice of coplanarity with the porphyrin 1ing, x being 2 fos
complete cuplanarity. The o unshared pains of the sigima bonded
nitrogens arc forved into the pi system. Inoxyhemoglobin, only 24
pi electrons ociur beaause the iron atom, being diamagnetic, is
necessarily in six-fold octahedial coordination with the four planar

A .‘r\ilﬂ“ﬂ'
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nittoge o, cacli of wloch mit conthite anc unshared pan of o
trons (together weth dhe mteaggens of the Listidine Iwdow the plane,
amd the oxson frende dumagnene wath the two von valinee b
tromrsf vy above the jlan,.

The won s biee 1o st wlony G below the plane i homoglolng,
m our theary, in agreonient waith some ahservatiatis. Bomse, how
cver, e coplang i oxyhamogloabim, apparently agiccinunt with
ohacrvation.

s suggested that the vond chams with thon Taue additeoneal
clecirons give the reguisite polarvatnliey whiche with the hiypothog
val perteat platclor oncotatons predhoed for human hiemoglobin
and unit diclecoic constant, 1 2300 A7 Hoswever, the caloulation of
the polanizabvliy s so dithcalt thao it s not bvep compload 1
the two viny D side sl are onnted the caloalation gives no bage
pedarszabuliny tothe hee cloaron nowark aolecular arbital appross
mation. Our dwory thas predicns the syl side chamy in hemoglo
bin o b pewesay for the heme heme intcracton and o be
coplariar wath the Tome plane oo promote the pescsoiioce T ony
hemoglobm, the viod gronps need not be coplanar,

The requisite polanicalnliny ogether withe the drop on oxygena
ton appears to follow theamctivally fon an s value of 1, 10 only
pavondhy coplanar v b Fhe stiong antoraction bhoween the tow
von porphyim groups i homeglobm rclatise o axyhemoglobim i
duces sty aflinny Tor oasgen as compared o dhe analogous system,
mhoglobin, which has only one o prorphiviin. I fact, takig
diluve imyoglobue solutions s the base to the expeceed iciacuon
fice beluvior of hemogtoli or using the detailed shape ot the oy

: “of the plang polan
rability tor the porphiviin swaieme e hemoglobim ity the expreis

' P PO | T o
geonatio o dai Bdiogiobiin, o singie vai

mental oanygen sattation anve satshactonly. Thas om theary gives
asmgle pavameter, the palanzabihity, with which the osygenation
winve can be btied once the snucture ot the hemoglobin molecule
1y hnown,

The preponderance ol the many experental observations on the
hemoglobins, oxshemaglobins, nivglobins, and osyunoglabins ap
pear o ht the themy either diectly or idncatdy. Among thoe are

1. The Boln EHedr- the deacased stength el the puotein acids
and bases o oxygenation, and the reduction of the home heme
itcraction (judged by the oxygen uptabe carve) i stongly basic
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solutions {probably in acidic also). This is explained by the acidic
and basic side groups on the polypeptide chains wrapped around
the porphyrin platelets, twu (the a chains) containing 16 acidic and
24 basic groups and the other two (the g chains) containing 24 and
23, respectively, become electrostatically charged as the pH is shifted.
This, due to the low dielectric corstant of the proteinaceous matter
constituting the main central part of the hemoglobin molecule,
causes the chains and the platelets to be pushed apart against the
interaction in a kind of swelling effect. The weak positive ions are
neutralized at pH values above the isoelectric point leaving a net
negative charge on the chains and repulsion. The opposite process
occurs with pH values below the isoelectric point. Thus the neu-
tralization frec energy for the bases in high pH in hemoglobin (and
for the acids in low pH) must be less by the amount of the work
done against the heme heme interaction forces in the swelling, and
the dissociation constants of both the acids and bases in hemoglo-
bin are increased relative to the values in oxyhemoglobin.

2. The detailed fit of the individval equilibrium constants K,
K., K, and K, for the oxygenation of the four hemes in hemoglo-
bin and the independence of K, of the nature of the substituents
on the first three hemes (whether chey be CO or other molecules
different from O,). The ratios of the K's are given uniquely by our
one.parameter theory :nd the agreement of the individual K's at-
tests to the close fit of ti= oxygenatien curve. The observed inde-
pendence of K, of the nature of the first three inactivating ligands
is due to the complete elimination of the interaction, in our theory,
by inactivation of the first three hemes.

8. The fact that dissociation te the diheme has little effect on
the oxygen uptake curve. The relativ.ly great strength of the inter-
action between the closest and most properly oriented heme pairs
(the hemes, one with an a chain and the other with a g chain) means
that the total interaction is reduced relatively little by splitting the
molecule into diheme systems consisting of one o« and one 8 poly-
peptide chain each. It is a prediction of our theory that the split-
ting occurs in this particular way. The evidence secms to favor this.

4. The fact that the oxygenation curve for myoglobin is inde-
pendent of pH (no Bohr Effect). The absence of hemc heme inter-
action in dilute myaglobin requires that no Bohr Effect exists,
according to our theory.
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QXYGEN SATURATION CURVES AT 37°C 8 PH T2

£
HEMOGLOBIN AND MYOGLOBIN
(Curve: superimentol doto;, Points: theory)
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S 10 15  (Myoglobin Scale)

OXYGEN_PRESSURE (mm Hg)

Ficure 1

5. The essentiality of the vinyl side chains to the interaction. The
polarizability probably is due, in significant part, to the vinyl side
chains contributing four additional pi electrons. This requires that
the viny} side chains be coplanar with the porph;rin in hemoglobin,
although not in oxyhemog!obin.

6. The decrease of the oxygen affinity of hemoglabin in concen-
trated sclutions. Since our theory uses a Van der Waal's interac-
tion, the interactions are non-iaturable and the interactions with
three other hemes within the moiecule in no way, except possibly
in angular orientation and in distance of separation, inhibits a heme
in interacting with hcmes in neighboring molecules, Therefore, con-

centrated hemoglobin solutions have their oxygen affinities further
reduced by the intermolecular interactions between hemes.

7. The fact that Hemoglobin H, the hemoglobin form with tour
A chains instead of the usual two, shows no interaction. The 8
chains have essentially ten excess acidic side groups, including the
ends (because the histidine basic side chain is so weak) so at normal

et e oo AN =
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body pH values around seven there will be an exa s of negative
charges spread along the g chain. (In the a chains, the acidic and
basic side chains ncarly balance.) Thus Hemoglobin H at all nor-
mal pH values should be swollen due to the charge repulsion and
thercfore should show cssentially no heme heme interactions, and
he oxyg'n uptake curve should closcly resemble that of myoglo-
bin. No Bohr Effect should exist. It is a prediction of our theory
that at some lower value of the pH the interaction might occur.
This might be between pH five and six.

8. Species differences residing in the side chains cannot be mani-
fested in K, according to the present theory since no interaction
remains for the final O, addition. Therefore, K, should be inde-
pendent of species. This scems to be true.

PREDICTIONS

1. The polarizability of hemoglobin will be found to be about
3000 to 4000 A? and to decrease on oxygenation by at least 909.

2. Differences in the oxygenation curves for hemoglobin among
different species and under different conditions (temperature, pH,
salt concentrations) depend mainly on the geometrical arrangement
of the heme platelets and the acid base equilibrium of the constitu-
ent amino acids in the polypeptide chains. The gcometrical ar-
rangement of the chains is important througn the effect it has on
the interactions between the charges doveloped by acid base dis-
sociation and neatralization.

3. Met hemoglobin (hemoglobin witn 4-2 iron, oxidation having
removed one 3d electron) will have an interaction between hemer
of about the same magnitude as that found in hemoglobin.

4. All ligands will interact more energetically with and be bound
more firmly to myoglobin than hemoglobin, the difference being
the interaction discussed here.

5. Crystalline human hemoglobin will show the porphyrin plate-
lets to have normals lying in the a, b plane of the crystal with the
normals at the angles given.

6. The location of the two vinyl side groups in positions 2 and
4 of the porphyrin will be found to maximize the polaiizability.
(These quantum mechanical calulations are now underway with
R. Shafer.)
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7. Although the iron atom in hemoglobin necd not be coplanar
with the parphyrin, it will be coplanar in the oxyhemoglobins.

8. The ratios of the K's will be independent of the ligands used.

9. The constant K will depend on the overall concentration of
henmoglobin due to heme heme intermolecular interaction, decreas-
ing with increasing concentration,

10. Hemoglobin H in the moie acidic pH range, possibly be-
tween 5 and 6, will show decreased oxygen affinity and appreciable
sensitivity to pH (Bohr Effect).

CONCLUSION

The oxygenation of hemoglobin as aftected by the heme heme
interaction apparently can be explained by a very long range Van
der Waal's clectronic polarizability interaction much stronger for
hemoglobin than for oxyhemoglebin due to the clectronic level
structures of tie pi electrons in the porphyrin system. hemoglobin
having two more pi clectrons. The quantum theoretical calcula-
tions given merely show that such an explanation is possible theo-
retically. The fact that the particular molecular orbital trea:zaent
used gives about the polarizabilities required may be somswhat
fortuitous and the quantum theoretical calculations probably should
be taken merely as being permissive in that they show a Van der
Waal's type of interaction to be cntirely conceivable, and not in
violation of the quantum theory.

Experimentally, the evidence, varied and detailed as it is, seems
to fit the theory with a pi electron polarizability of about 4000 -
10724 cubic centimieiers in hemogiobin and with a much smaller
polarizability of the pi electron system in oxyhemoglobin. This
scems to require that the two vinyl groups contribute and be co-
planar with the heme platelets in hemoglobin. The Bohr Effect of
acids and bascs and the effects of added salt are in keeping with
our theory in that charge repulsion causes a swelling and a rapid
drop in the interaction with consequent increase in oxygen affinity.
Species differences due to the location of acidic and basic amino
acids on the protein chains are understandable because the sensi-
tivity of the interaction to inter heme distances and platelet orien-
tavions would be so great.
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