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PREFACE

‘The first of the senies of Science 1 Progress appeared in 1939
and contained the Sigma X1 National Lectures of a two year-
period (1937-38) In this present volume, the sixteenth in
the sertes, are the Sigma X1i—RESA National Lectures for the
academic year 1964-65. The mncrease 1 populanty and de-
mand for the Sigma X1 Naunonal Lectures has resulted in a
marked increase in the number of lectures each year The
earlter plan had required that each lecturer supply a pre-
pared manuscript of his lecture to the editor of Amencan
Saentist After publication in that journal, the manuscripts
were collated to produce the volumes known as Serence 1n
Progress

The first to mnth volumes, covering the Sigma Xa National
Lectures from 1937 to 1954, were edited by George A Bait-
sell The tenth and eleventhVolumes of the Seience in Progress
senies, covering the Sygma X1 RESA National Lectures from
1955-56 and 1957-58, were ecited by Hugh Taylor, also the
editor of dmerican Scientist Commenang with the twelfth
volume of the series and including the present one, the n-
creased number of Sigma X1 National Lectures has provided
sufficient materiwl to form a complete volume m one year

The great demand for Sigma Xi lectures has revealed the
fact that many possible lecturers, having published portions
of their matenial in recent journals, were unwilling to pre-
sent lectures on the subject if they had to submnt a manu-
script Others preferred to publish in specralized journals,
and sull others did not wish to prepare a defimtive manu-
script at the ume In order to find enough lecturers to supply
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our needs, the Society decided in 1965-66 not to require a
completed manuscript as a condition of the lectureship but
to make it optional on the part of each lecturer. With some
fifieen 1o twenty lecturers in a season, it would be quite diffi-
cult to collect and publish the entire series, and hence it has
been decided by the Exccutive Committee of Sigma Xi to
terminate publication of the lecture series with this volume
of Science in Progress.

BIOGRAPHICAL DATA

Lyr B. Bowst, Ph.D., Chicago (1941). Professor of Physics
at the State University of New York at Buffalo. A nuclear
physicist with wide experience in research and dirvection
of programs at the University of Chicago, Oak Ridge, and
Brookhaven. His researches on liquid helium originate
from neutron studies of molecular crystals at liquid helium
temperatures. P(m'ﬁf Tour)

J. Broxzowski, Ph.D., Cambridge (1933). A distingnished
mathematician who is now serving as a Senior Fellow in the
Satk Institute for Biological Studies in San’ Dicgo, Cali-
fornia. He has written and lectured on modern theorems
in mathematical logic and their limitations. His writings
often approach and enter into the common areas of science
and the humanities. The Phi Beta Kappa—Sigma Xi lec-
turer at the meeting of the American Association for the
Advancement of Science in Berkeley, California, in De-
cember 1965, ‘

Avesoxst Cuaraxts, PhuD., Yale (1963). Professor of Psy-
chology and Industrial Engineering at The John Hopkins
University. He has been recognized for his leading contri-
butions to the field of engineering psychology and the

introduction of human factors into our industrial develop-
ments. (Mid-1West Tour)
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Noruan H. Cromwerr, Ph.D., Minnesota (1939) Regent's
Professor and Chairman of the Department of Chemistry
at the Umversity of Nebraska. An autherity on carano-
genesis and cancer therapy, and a consultant to the phar-
maceutical industry and the United States Public Health
Service 1n this area of chemical research (Southwest Tour)
RenE Duos, Ph.D., Rutgers (1927). Professor in The Rocke-
feller University. For a period of forty years he has served
his university and the science of microbiclogy in the de-
velopment of new solutions to the pressing problems of the
expenimental pathologists As an editor and author he has
created a humanistic area of saence which has added con-
siderably to his international recogniuon. He was the Phi
Beta Kappa—Sigma Xi lecturer at the Montreal meeting
of the American Association for the Advancement of Sa-
ence in December 1964.

€ J. Pureuies, M A, Oberlin (1931) Professor of Ceramuics
at Rutgers, the State Unnersity of New Jersey. A leading
author and consultant in the field of glass technology, with
the experience of direct research and consulung service
with Corning Glass Works, the Pittsburgh Plate Glass Com-
pany, and the Dunbar and Indrana Glass Companies.
(Southeast Tour)

W. H. Pickering, Ph D, Califorma Institute of Technology
{1936) Since 1954 he has served as the Director of the Jet
Propulsion Laboratory of the Califorma Insutute of Tech-
nology He has directed the Explorer, Ranger, and Martner
spacecraft programs which have provided much of our
advanang nformation on the moon, Mars, and nter-
planetary space He was the 1965 rempient of the Procter
Prize of the Saenufic Research Socety of America

Eaxest C Porraro, Ph D, Cambridge (1932) Professor of
Biophysics and Chatrman of the Department of Biophysics
at Yale Umiversity unul 1961 Since 1961 he has created
and currently heads a Department of Biophystcs at Penn-
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svlvania State University. As a pioneer in a new area in-
\"()l\'ing the biological and physical sciences he Was initiétcd
new rescarch programs in the effects of heat and radiant
energy on Cnzymes, viruses, and other organic forms.
(Northeast Tour)

Suiercevicn, Ph.D.. University of Michigan (1948). Pro-
fessor and Chairman of the Department of Chemical Engi-
neering at the University of Oklahoma. He is curremly
serving as the Chairman of the School of General Engi-
neering at the University of Oklahoma. An authority on
liquefied natural gas and a consultant to industrial users
and suppliers in this important industrial field. (Northeast
Tour)

G. Lenvarp StessIns, Ph.D., Harvard (1931). Professor of
Genetics at the University of California (Davis). An au-
thority on organic evolution and organizer of the Depart-
ment of Genetics at his university. His book on Fariation
and Evolution in Plants is recognized as a leading work in
that field. (Pacific Tour)

Huan Tavior, D. Sc., Liverpool (1914). For over half a cen-
tury Dean Taylor has served this nation and in particular
Princeton University in the area of chemistry. He was
Chatrman of the Princeton Department of Chemistry and
Dean of the Graduate School. Since his emeritus status in
1958 he has been president of the Woodrow Wilson Na-
tional Fellowship Foundation. His native country, Great
Britain, with which he has held close ties, has conferred
on him the honor of naming him Knight Commander of
the Order of the British Empire, and in this country he has
also been highly honored and recognized. He has served
the Society of the Sigma Xi and RESA as cditor of Ameri-
can Scientist for more than a decade and he was the editor of
two volumes of Science in Progress. He received the Procter
Prize of the Scientific Research Society of Anmerica (RESA)
in 1964,
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Tarsot H. WATERMAN, Ph.D., Hanvard (1943). Professor of
Biology in the Josiah Willard Gibbs Research Laboratories
of Yale University, An authority in a multidisciplinary
approach to systems analysis and computer techniques for
dealing with biological phenomena. (Md-Atlantic Tour}

‘This present volume in the Science in Progress series pre-
sents lectures given in 1965 and 1966, including the Phi
Beta Kappa—Sigma Xi lectures at the meetings in Berkeley
and Montreal of the American Association for the Adsvance-
ment of Science in December 1964 and 1965, and the RESA-
Procter Prize lectures by Hugh Taylor and W H. Pickering.

The editor of this volume wishes to express his appreciation
to the separate authors of the lectures who haie cooperated
in the reviston and pubhcauon of their contnbutions. It is a
pleasure to acknowledge the assistance of Dean Hugh Taylor,
the editor of American Scientist, and the staff of the Yale
Unssersity Press

Wallace R Brode

Washington, D C.
December 1966






ACADEMIA AND INDUSTRY —~
THEIR MUTUAL INFLUENCE*

By HuGn Tayror
"Editor-in-Chief,
American Scientist

“Let men look ahead to a ume when saentfic efforts wall

Bacon, suentrsts will begin to show therr sirength.”
CarHERINE DRINKER Bowent
Francis Bacon —The Temper of a Man

The establishment of the Saienufic Research Society of Amer-
ica some sixteen vears ago and 1ts generous encouragement
and endowment by Mr Willam Procter 1s sigmficant of the
changes that have been occurring during the present century
mn the relations between suence origmnating in academmc
nstitutions and the researches, in ever-mncreasing volume,
from industrial centers Two decades ago, the Soctety of
the Sigma Xi, while rapidly expanding its activinies in chapters
and clubs, was forced to recogmze that there were “Com-
panions in Zealous Research,” of mert and distincuon, who
had never had the opportumty of election to Sigma Xt but
who, from the nature of their present occupations and the
character of their saentific discoveries, were well quahfied

*The 1964 Procter Prize award address
+Copyright 1963 by Catherine Drinker Bowen, with permsston of
Atlanuc-Little, Brown & Co, publishers
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to share in the encouragement of scientific research, the
principal objective of the Sigma Xi Society. In the colleges
and universities of the country. the parent Society had
atained a prestige, paralleling that of the older Phi Beta
Kappa Socicty, but limited to professors and students in
the sciemtific ficlds. In order not to alter the academic back-
mound of the Sigma Xi organization it was decided, righdy
I believe, to establish a sister society with similar objectives
but operating in the industrial and government rescarch
centers of the land. At the last annual convention, in Decem-
ber 1963, it was reported that RESA now has cighty-five
branches instalied or authorized, a membership of about
11.000, and an endowment with a market value of some
$200.000. TFor a young lady in her teens, RESA (may we
call her a daughter society of Sigma Xiz), with such a splen-
did dowry, gives a very attractive and impressive promise
of aduhhood.

Mceanwhile, we wish to gain some perspectives on and
insight into the mutual relations between academia and
industry, private and governmental, as they have developed
since the industrial revolution initiated the rate of change
in scientific development. That revolution has become, in
these hatter decades, a scientific revolution, of chain charac-
teristics, resulting in an explosive expansion of technology,
an tntrusion into the lives of everyone, and a scope extend-
ing to the outermost regions of space and time. Alexander
sighed for new worlds to conqguer. Science and technology
have not only explored the moon but have reccived and

understood messages about events that occurred before
man was.

Catalysis

It is convenient to use as a launching pad for an excursion
into the roles of academia and industry the subject of cataly-
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sis and catalytic reactions. It was the researches in the first
decades of the nineteenth century, largely in university and
institutional centers, which uncovered the actwvity of finely
dmvided platinum 1n a variety of oxidation processes Edmund
Davy, Doberemer, Sir Humphry Davy, Erman, Turner,
Henry, and Faraday are ail associated with this activity.
Dulong and Thenard in France showed that gold, silver,
and even glass shared the same property if the temperature
of these agencies was sufficiently raised Faraday’s researches
provided msights mnto the mechanism of catalytic change
and 1nto the causes of “posoning,” contributions that re-
mained unmatched well into the twentieth century. Berzelius,
mn 1835, coordmated a number of 1solated observauons and
outlined tus i1deas about a “catalytic force” which Liebig
regarded as superfluous, subsututing a hypothesis of “molec-
ular vibrations,” unassmlable because 1t could not be sub-
mutted to experimentaf test

A Bristol vinegar merchant, Phillips, m 1831, was the first
to attempt to use platmum mdustrially for the oxidation of
sulfur dioxide His material rapidly posoned and the process
was abandoned Squire and Messel, in 1875, made the proc-
ess a technical success, using platmum catalysts to convert
sulfur dioxide from pure sulfuric aad n “oleum,” sul-
furtc aad contamning dissolved sulfur tnioxide. The industrial
production of oleum by the contact sulfuric aad process
was the achievement of German industrialsts at the end
of the mneteenth centurv, they solved the problem of re-
moving posons from the sulfur dioxide obtamed from
pyrites, and thus paved the way for the massive develop-
ment of the dyestuff mdustry, with syntheuc indigo as the
imual industrial target

The honors in the field of hydrogenation and dehydro-
genation go to Sabauer and his co-workers 1n the unnersity
laboratories of Toulouse Nitrogen fixation to yield am-
monma stemmed from the classical researches of Haber in
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Karlsruhe and Berin. The Badische Anilin u. Soda Fabrik
had transformed the thermodynamic and equilibrium studies
of Haber on a variety of catalysts to a technical process,
ready in May 1914, an achievement that {reed Germany
from dependence on Chilean salipeter and led ultimately
to the penetration of synthetic ammonia into the explosive
and fertilizer industries of the whole world, In 1925, the
same German technical organization adapted the discoveries
of Sabaticr to the production of synthetic methanol on oxide
catalvsts, the hydrogenation—dehydrogenation character-
istics of which Sabatier had amply demonstrated. His studies
of metal hiydrogenation catalysts, such as nickel, led directly
to the industrial development of fat-hardening.

Major basic scientific contributions to the study of re-
actions at surfaces came from the work of Langmuir in the
laboratories of the General Electric Company at Schenectady,
work which provided research activities far and wide in
university centers such as Cambridge, Bristol, and Prince-
ton in the 1920s. During the same period, the Fixed Nitro-
gen Research Laboratory in the United States Department
of Agriculture entered the field of basic research on the
synthesis of ammonia. Doubly-promoted catalysts, slow
sorption of nitrogen as a rate-determining step, and the
definition of surface area by the Brunauer-Emmeu-Teller
method are among the outstanding contributions from
government laboratories to this field.

Reviewing the whole story, one has to conclude that
academia provided the initial impetus, the continued injec-
tion of new ideas and concepts. Industry contributed mag-
nificently to technical ('lcvclopmcnl, and government labora-
tories supplied much that neither industry nor the academics
had found.

Were we to extend this survey to the developments of
the last thirty years, especially in the petrochemical field,
in the production of polymeric materials, rubbers, and
plastics, the same pattern of interactions could be observed.
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Radio Astronomy

Just over thirty years ago one of the newest sciences was
born, as a direct result of communications research wn the
laboratories of the Bell Telephone Company. When Karl
Jansky set up in Holmdel, N ]., m the fall of 1930, a 14.6-
meter rotatable antenna and 1ts associated receiving and
recording equipment, he listened to static from local thun-
derstorms, static from thunderstorms some distance away,
and stauc from a third group “composed of a very steady
hiss static the orgin of which 15 not yet known.” In April
1933, at a meeting of the International Scientific Radio
Union, Karl Jansky preséhted a paper on “Electric Disturb-
ances Apparently of Extra-terrestrial Ongin ” We recognize
the scienufic modesty behind the use of the word “appar-
ently” and we know that Jansky was receving his messages
from a large ellipuical area which 1s aligned with the general
direction of the Milky Way

We have been witnesses to the birth and development of a
new science that oniginated i an industrial laboratory Within
one generation the new science had penetrated the uni-
versities, and discovery followed discovery with bewildering
speed. The reach of our senses has been enormously magni-
fied Radio stars were found beyond the himuts of the astro-
nomcal mstruments  Exploding stars, galaxies mn collision,
spiral arms mn our local galaxy, and signals from nerghbor-
mg galaxies and from the sun, Juptter, and Venus, powerful
radio-emnters, have been found Around the world, para-
bolic reflectars are focusing signals not only from the outer-
most reglons of space but also from the efforts of man,
satellites around the earth and expediuons around and onto
the moon and other planets Jodrell Bank monttored Ranger
VII unul the moon passed below the horizon just before
mmpact Higher resoluttons and much greater mformation
can be obtamned bv using a radw-cross The Astronemy
Center ot the Unuversity of Sydney 15 now bulding a large
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cross-type radio-telescope at the Malonglo Radio Observa-

{or \
CTrOss

wide.

The
lems
has i
ston

some twenty miles from Canberra. The arms of the
are approximaiely one mile in length and forty feet
At present the ecast—west arm has been completed.
novth—south arm poses more difficult technical prob-
and, it is hoped. will be completed soon. Radiation
seen detected over a small waveband at 21 cm, an emis-
line produced by the neutral hydrogen atom concen-

rated within the spiral arms of our galaxy and in other

galaxies besides our ownt?!

Studies in radio astronomy range in wave length from
perhaps 1 cm to about 30,000 cm. .. this is roughly 12
octaves. Previously the wave length range available to
the astronomer extended from about 3,000 to perhaps

Sout

30.000 A, or roughly 4 octaves. Between the wwo lies a

vast region ol about 12 octaves!

hworth summarizes, in conclusion, the achievements

ol the radio astronomer in these words:

Following Reber’s very creditable start at mapping the
radio heavens, the astronomer is now filling in a sub-
stantial amount of detail. With his new tools he is having
quite as much of a field day as did Galileco more than
three centuries ago when, with his newly invented tele-
scope, he discovered in rather rapid succession, the
moons of Jupiter, the rings of Saturn, and the dark
spots of the sun's disk as well as certain mountainous
features of the moon.

Nuelear Science

Fhe development of nuclear science has been confined
almost exclusively 10 academia from its beginning in the



ACADEMIA AND INDUSTRY 7

last decade of the nmeteenth century to the time when
Fermi and his group first demonstrated the existence of a
nuclear chain reaction.

The discovery of X rays by Roentgen in 1893 was followed
rapudly by Becquerel's discovery of radioactivity and by the
demonstrations of the existence of the electron in the last
five years of the nineteenth century. In these same years,
the Curtes were resealing the presence of radium and of
polomum 1 separations from pitchblende. Rutherford
showed the complex nature of the radiauons, the first two
components (the - and g-ravs) having different penetrat-
ing powers Pierre Cunie found a radiation which was not
deflected in magnetic fields and was designated y-radiation.
By 1908, Rutherford and Rovds had proved that the a-
particles were helum nucler, which became the probes for
the study of atomrc structure Alpha-parucle scattening led
Rutherford tn 1911 to suggest the modern picture of the
nuclear atom Sodds, Russell, and Fajans were studving the
radioactive elements and therr transformations from which
resulted, 1n 1913, the concept of 1sotopes In the same vear,
J J Thomson demonstrated the existence of such 1sotopes
in nonradioactne elements. a domam which Aston nchly
explored from 1914 onward Also i 1919 Rutherford,
bombarding nitrogen with a-partcles, changed nitrogen
nucler into oxygen nuclew.

Researches by Bothe and Becker i Germamy, and by the
Joliats m Pans, were the prelmmaries to the proposal by
Chaduick 1n 1932 of a new radiation consisung of uncharged
particles with the approximate mass of the proton The
eustence of neutrons was expertmentally established and
became the newest tool in the production of new 1sotopic
and radioactne species because of s ability 1o penetrate
the charged nucler of atoms The deselopment of parucle
accelerators by Van de Graaff, Cockeroft, and Walton, and
by Lawrence placed othier tools at the disposal of the scienust
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for the exploration of the nucleus and its Imnsform?lions.
Finstein's statement of the generalized equivalence of mass
and energy provided the quantitative bases for the c.ncrgics
required for or produced by nuclear t*:msformanns.. It
was, however, the imteraction of neutrons and uranium
nuclei, initiated by Fermi in 1934, which culminated in the
observations of Hahn and Strassman in 1939 that the prod-
ucts of interaction were nuclei approximately onc half the
mass of the original nucleus, one of the products being
barium. Meitner and Frisch, in Copenhagen, vealized the
significance of the observations and were aware of the im-
mense energy that could be released in the fission. This
energy velease was confirmed immediately in many labora-
tories throughout the scientific world. It led to the demon-
aration of the nuclear chain reaction by Fermi and his
group on December 2, 1942, “in secret, in a war laboratory,
heavily financed by the United States” as H. D. Smyth ob-
served . Nuclear science passed out of the hands of the
academicians; industry and governments took over. To
continue, in the words of Smyth:

In many respects the discovery of uranium fission marks
the end of an cra in scientific research. It was truly
international, it was made by small groups working on
a small scale, tor the most part in university faboratorices,
and it was made in the atmosphere of freedom and
frankness that had meant so much to science, It remains
to be seen how fully we can return 1o such conditions.

Waves and particles. 1n 1913, Niels Bohr published his work
on the hvdrogen atom, with the electron in stationary states
revolving avound the positive nucleus, the proton, absorption
and vadiation involving quanta, hv = E, — E,. where » is the
frequency. B is Planck’s constam, and E, and E, arc the
energies in the two states. The experiments of Franck and
Hertz verified the prediction of discrete encrgy levels in
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processes 1mvolving collistons of electrons with atoms, but
attempts to extend Bohr's ideas to more complex nuclei
than hydrogen presented increasing difficulues met empiri-
cally with more and more quantumi numbers until, finally,
they gave way to the new quantum mechanics of Schroe-
dinger and Heisenberg 1n 1925-26. By 1930, the applica-
tion of the new principles to the electronic structure of
atoms and their chemical behavior was well advanced.

It was Lows dc Brogle, in 1924, who paved the way for
the new wave and quantum mechamics He reversed the
customary mode of thought concernmg the atomistic dis-
crete structure hitherto charactenistic of matuter. As with
radiaton, with wave properues and quanta, de Broghe
proposed that material parucles could also possess the wave
nature of ight This development 15 perunent to our present
theme, since confirmation of the wave nature of ¢lectrons
was obtaned mnt 1927 by Davisson and Germer i an industrial
rescarch laboratory from a study of the reflecuon of elec-
trons from a single crystal of nickel G P. Thomson, in the
same year, provided the additional evidence required, by
demonstrauing that a stream of accelerated electrons, pass-
g through thmn films of metal, produced characteristic
diffraction patterns, the radius of the diffracuon ring being
proportional to the wavelength A of the electrons diffracted,
2 wavelength given by the de Brogle relationship,

A= h/mv

with a partcle of mass m and veloaity v, & being again Planck’s
constant Thomson has recently generously pomnted out
that the earher work of Davisson m industry led lim to s
experiments 1n academia

Tools and Techmques i Scientific Research

It would be mmpossible 1n the course of one address to
survey the respecuve contributions of unwersity, govern-
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ment, and industrial rescarch in all branches of scientific
effort. As an alternative, one can summarize the tools and
techniques that are employed in modern science and show
how great is the mutual influence of academic and industrial
science in these areas.

A typical story in such development is to be found in the
area of photosynthesis. Fifty years ago, an examination
question on this topic could be adequately answered by a
basic overall equation:

he
CO, + H,0 ~ O, + (CH;0),

The examinee would receive high marks if he put /v over
the arrow connecting reactants and products. How research
in the intervening years has progressed to the point that
Calvin could receive the Nobel Prize in Chemistry in 1961
for his rescarches in this field can be well illustrated by an
excerpt from a recent hook by Calvin and Bassham on this
subject. Figure 3 in their book reproduces the results of a
radioautograph of a two-dimensional paper chromatogram
of an alcoholic extract of the alga, Chiorella pyrensidosa, after
10 seconds of photosynthesis with radioactive carbon dioxide
CH0y. Identified in the chromatogram are alanine, malic
acidd, aspartic acid, phosphoenolpyruvic acid, triase phos-
phates, 3-phosphoglyceric acid, sugar phosphates, and sugar
diphosphates. The experiment involved the development
of chromatography, the use of radioactive isotopes as a tracer
tool, and autoradiography to determine the extent and mode
of entry of radioactive carbon into the photosynthetic cycle.
As long ago emphasized by Newton, the new scientist sur-
veys farther horizons from the shoulders of those who have
preceded him.

A random sclection of advances over the years can be cited
in illustration of tools and techniques stemming {rom major
discoveries in science for which industry provided superb
cquipment for use in future rescarch, We can think of
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Svedberg's centtifuges and their development for weight
determmations of Lage molecules; of Tiving Langmun’s
utilzation of the metany vapor pomp to produce high
ey of Urey's discovery of denteriam and his no lesy ime
portant Jormalation of Satope sepavation involving rero-
point encrgy dillerences, which gave 08 heavy nitsogen N,
of ‘Tiselins' electiophoresis appatatus; of Martin and Synge
demonstrating the prindples of chiromatoguphy with thei
instriemental developments, with columns, paper, and thin.
film chromatographs; of Bridgman's high-pressute gech.
ey that, combined with temperatares readhing 1o 9,000°F
for buel intervals o 10 5,000°T for howrs, resulted in the
producnon of jndustrinl sman-made diamonds by the General
Eleense Company. Progress in sobd-siate physics anil semi-
conductony came togely from the industrial Liboratorics,
amd the findings of Shockley, Brattain, and Bardeen in the
Lahoratories of the Bell elephone Company gave the world
e transistor and s mnifold applcations m all aseas of
science and bie Labby's technique of cathon dating gave
a new ool 1o archacological and allicd geodonometrsal
studies, Cockeroft, Walion, and 1. O Lawsence did 1he
pioneenng wotk that has led 10 the deselopment ol the
mubtibion-clecnon volt nadines pow i tse i the explor-
aton of he nucdeus Powell's observation ol nghe-cnergy
parttcle tracks in emubsions and Glaser's bubble-counters
are csential complements to sl work mchenuddear field
The Mosshauer eflect now takes its place among those yields
ing ainstruments for 1he eluadation of chemcal structures,
notably m the newly mvestigated noble gas compounes,
Nor st one overlonh the more mundane speasosopic
wsttaments which m the mirared, viuble, and ultyavioley
provide mvaluable achnes §or the elucdanon ol complex
organic structtnes [ostrument makers have connributed
overwhelnungly 1o the tapid awdvances ol odern soence
both s the wmveraties and mdasiry
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1 forbear, for reasons of colossal ignorance, to say any-
thing about the computer revolution now twenty years old.
In the Bell Laboratories Computing Centers, for example,
the demands for computing services have grown expo-
nentially since 1950, doubling in about thirteen to sixteen
months. While leadership in computer science and tech-
nology has now reverted to the industrial laboratory, there
are memorable names from academia associated with the
development. One thinks initially of the English logician
R. Turing in 1927, of Vannevar Bush and his differential
analyzer, of Howard Aiken at Harvard and his computing
machines, of john von Neumann’s interest in ENIAC in
Philadelphia and joniac at the Institute for Advanced
Study and his posthumous book The Computer and the Brain.
Industrial rescarch “has now accomplished some of von
Neumann's most daring aspirations, such as the design of
computers by computers, the virtually complete solution
of the mechanization of algebra, etc.”t¥

Still more recent is the development of masers and lasers,
now a bare ten years from conception, with academic origins
through the studies of Townes, of Weber at the University
of Maryland, and in Russia."! The patent of Schawlow and
Townes, granted to them at the Bell Laboratories and em-
bodying their concepts as published in the Physical Review
in December 1958 opened up the whole domain of optical
masers and lasers, the development and application of
which in science and in industry is now in full cry.

A Personal Glance Backward

In 1917, Captain E. K. Rideal had been withdrawn from
behind the Somme trenches where daily he had dosed water
supplies with chlorine for the troops in his area. In the
Munitions Inventions Department in London we were
studying the catalytic conversion of water gas and steam
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to give a cheaper hydrogen supply. We used a flue-gas
analyzer for carbon dwxide which metered the gas supply,
absorbed the carbon dioxide in alkali, and then by re-meter-
ing gave the CO; content as a difference. At the request of
the Royal Air Force, we adapted this machine to the deter-
mination of oxygen in hydrogen by catalytically converting
to water and measuring the volume change. Stll later, we
devised a continuous recorder for carbon monoxide in
hydrogen by preferential conversion of the monoxide to
dioxide, absorption 1 hme water, and determination of
the change 1n electrical conductivity Subsequently, i 1922,
with Guy B Taylor at the DuPont Company, this method
of gas analysis was generalized with a machine which dosed
gas samples and absorbing liquid 1n suitable amounts. We
began our report of this work with the statement that
“Chermcal industry has been singularly backward mn en-
couraging the develop}nem of automatic devices for control
of operations ™

In 1921, Dr R M Burns inmated the Princeton program
on adsorption of gases by catalyuc matertals To obtain his
vacuum he used a Toepler vacuum pump, with a device of
Professor G A Hulett subsututing a4 water pump for the
laborious 1ash of raising and lowermg lilograms of mercury
Langmutr mercury vapor vacuum pumps do not appear
m the record of Princeton adsorpuon studies before 1927,
when Kisuakowshy used them n lis work on adsorption
by methanol catalysts

Harvey Neville, at a bench adjacent to Burns, was study-
ing the mteraction of steam and carbon as catalyzed by
alkali carbonates He also was indebted to Professor Hulett
tor his method of dosage with steam  1lus was generated
by a heated wire immersed in water heated externally with
steam, the electrical mput to the wire deternumng the steam
produced 1 am atraid that gas analyses were made by hand-
operated Orsat apparatus
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Earlv efforts to discover the nature of the adsorbed species
on cat;"dvsts were made by Gauger, using electron collisions
with hyélrogen adsorbed on nickel, and by Wolfenden and
Kistiakowsky measuring ionization potentials, the former
with adsorbed hydrogen on nickel, the latter with nitrogen
adsorbed ‘on iron. Kistiakowsky attributed an 11-volt ioniza-
tion potential to adsorbed nitrogen and a 13-volt potential
to adsorbed hydrogen. He argued that the results indicated
adsorbed atoms rather than molecules.

In a further effort to ascertain the properties of adsorbed
hydrogen, studies were conducted on atomic hydrogen
produced at room temperatures by photosensitization with
excited mercury. Here it may be emphasized that it was
necessary to build the sources of resonance radiation, one
interesting {form being built from two quartz-to-glass seals,
the quartz ends fused together and the glass ends becoming
G-702 P glass cathode and anode compartments respectively.

When the para-hydrogen conversion was invoked to indi-
cate activated adsorption of hydrogen on various catalysts,
it was necessary for Sherman to build his own thermal con-
ductivity cell. Sull more so, when deuterium was used as
an isotopic tracer in exchange reactions, it was necessary to
use ultraviolet spectroscopy as an analytical tool for deutero-
ammonias and deuterobenzenes and to adapt infrared
spectra for analytical purposes for the measurement of
deutcromethanes and alkanes. Soon a mass spectrometer
became indispensable, and one, was built from Nier’s blue-
prints. There were no infrared or mass spectrograph ma-
chines to purchase at that time. It was well into the post-World
War 11 period, when the most active mass spectrographic
work in Princeton was over, that the first Consolidated mass
spcct'rogmph was purchased for Frick Chemical Laboratory.

It 1s interesting to note how many and varied techniques
h:}vc been employed since those early days for the explor-
ation of. adsorption by catalytic materials. One thinks of
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Selwood's various essays in the field of magnetochemistry,
and of proton relaxation and catalyst accessibility; of Turk-
evich’s studies in electron microscopy and small-angle X-ray
scattering; of Eischen's studies of infrared spectra of ad-
sorbed species with, now, an extended ibliography from
centers throughout the scientific world; of Beeck's fechniques
of thin films of catalyst merals which, since his death, have
yielded a rich harvest to Kemball, Tompkmns, and others;
of radwactive tracers, principally of tritium and carbon-14,
which have helped to delineate the catalyst surface; of gas
chromatography which permutted Emmett to perform, in
minutes, reactant gas analyses which in the 1920s would
have occupied days, or permutted Beebe and others to explore
by alternative techniques the basic problem of adsorption
equilibrium, nuclear magnetic resonance and electron spin
and paramagneuc resonance have been brought into play;
semuconductvity and catalysis by compounds and d-band
holes m metals and alloys have led to electronic interpretation
of catalysis Al this magmificent development 1n just one
area of scentific research has been made possible largely
by the contnibutions of industnially developed mmstrumenta-
tion n the postwar period and has enormously accelerated
the pace of progress This 1s probably the most significant
mpact of industry on academia m scienufic research

I end on a personal note In 1925, by a deductive leap in
the dark, I suggested that catalyst surfaces could not be
homogeneous, that from the heterogeneity might stem some
of the most characteristic properties of catalytic materials
Active centers became the focus of argument “about it and
about ” There were no tools then to force a decision But 1n
the intervening years, as Ehrlich of the General Electric
Research Laboratory®! pornted out a year ago®

The outstanding feature of the past decade has beef-i ~
the development and perfection of a vartety of experi-
)
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mental techniques that allow a new and deeper insight
into the structure of surfaces, and into the elementary
atomic events occurring on them. .. What is important
is that experiments properly executed and interpreted,
can now remove from the realm of speculation most
of the clementary facts dealing with interplay of “gases
and an initially clean surface. This tremendous advance
has, in large measure, been made possible by the re-
duction of ultrahigh vacuum techniques to a matter of

complete routine.

Muller’s field ion microscope resolves the details of the
atomic arrangement of the surface, and Ehrlich has shown
that direct observation of adatoms is indeed- possible..

W. O. Baker™ has informed me, on this same topic, that
low-energy electron diffraction studies conducted by Germer
and MacRae at the Bell Telephone Laboratories have ex-
plicily confirmed the prediction of activated surfaces and
that, in the same laboratory, Lander has shown differences
in the spacings and thus in the valence bonding of silicon’
atoms on especially prepared cleaved surfaces of the element,
employing also low-energy electron diffraction. Industry
thus makes academic dreams come true.

The Future

What does this peering into the past tell us about the
future? Long ago 1 said that the mantle of the prophet lies
uncasily on the scientist. 1. 1. Rabi in an article in the New
Scientist“l expressed it more pungently. “It is a characteristic
of scientists in general that they have no flair for px‘.edicting
the future. That is better done,” he wrote “by the H. G. Wellses
and Aldous Huxleys.”

We can, however, indicate trends in academic, industrial,
and governmental relations which will surely emerge in
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the coming decades We can be certain that the present
exponential growth in science that has characterized the
post-World War 11 years will continue until economic and
other factors produce a developmental plateau. The rela-
tions between academa and industry will become more
inumate and interrelated We can expect the lag between
discovery and apphication, which formerly was some twenty
years but which has shortencd so dramatically in recent
times, may well be further abbreviated. The explosive in-
crease i the number of scienusts makes certain that the
tempo of application will remain high.

It has been in the unversiues that the “seed corn” of
technologrcal progress has often been raised during the past
century This makes st mmperative that, 1 the universitics,
there exist a chimate favorable to the production of basic
sctence from which technological applications nexorably
result That chmate requires leisure time to think, on the
part of firstrank suentists, unhampered by undue calls
on their services as consultants to mdustrial and govern-
mental agencies, to the maximum degree possible Such
saenusts must be free to roam where their scienufic spirit
moves them, again unhampered by calls for the soluuon
of particular saenufic and ndustrial problems. To that end,
we mught well consider a major extension of gosernmental,
foundational, and indusinal financial support to hey scr-
epusts 1 the umversities across the land to pursue ther own
saenufic objectives, without regard to particularized con-
tractual obhigations and requinng only the reports on their
endeavors that emerge 1 their saenufic publications By
»ay of example, one can note the annual reports on re-
searches, published by research professors, research fellows,
and research students, that appear annually tn the Year
Books of the Royal Society of London Endowments approach-
mg §55 milions permt expenditures by the Roval Socety
n excess of $200,000 per vear for such purposes In addi-
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tion, the Society administers parliamem.a‘ry.grams for .re-
search professorships and scientific investigations, exceeding
$350,000 in the year 1963-64. The researches so supported
are characterized by their basic scientific interest and their
freedom from anything other than personal choice. These
choices range from molecular biology to X-ray spectroscopy
and radio astronomy, from Mendelian populations to high-
energy physics and satellite launching, from cavitation to
geochronometry.

Industries on the eastern and western seaboards of this
continent have already demonstrated the immense signif-
icance of the pursuit of basic science in their own research
laboratories, and its fruitfulness. Until a similar condition
obtains in the areas between these rich scientific technological
concentrations, the potentialities of the country are not being
fully realized. To attain progress in the central areas, con-
sideration might well be given to the establishment of re-
search institutes now in successful operation in the south,
the southwest, and in Stanford, to name just a few, where
a central research institute, competently staffed by skilled
personnel, can count on the support and cooperation of
interested industries. For the scientifically underdeveloped
areas of the country some consideration might be given to
plans for and probable future of such research institutes.
A current example from Canada has been recently discussed
by Dr. A. D. Misener, Director of the Ontario Research
Foundation,!”? a plan to strengthen Canada’s technology,
to lessen Canada’s reliance on foreign technology, and to
halt the “brain drain” which has resulted from the lack of
research opportunities. A versatile research community
is planned for-a 339-acre site near Toronto. The Foundation
will occupy 100 acres of the plot. The remaining acreage is
is to be allocated to industrial companies that wish to partici-
pafe. The International Nickel Company of Canada, Con-
solidated Mining and Smelting Company, Dunlop Inter-
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national Research, and British American Oil Company
have agreed to jom and purchase land The Province of
Ontario is giving both financial assistance to and encourage-
ment of the project. Sheridan Park will constitute a challeng-
ing enterprise which might well be emulated in areas south
of the Canadian border,

“The gross national product in the United States has been
tising by 25 10 30 billion dollars annually in recent years,
and will soon surpass, if 1t has not already passed, the 600
billion dollar mark What fraction of this huge productive
effort should be returned for the further support of science
and technology, with which academia and industry may
ensure the future progress of the country, 1s a question that
should engage the serious consideration of all who are
qualified to contribute to the answer It will be an important
answer for the welfare of the country

In accepung the Willam Procter Prize for 1964 1 wish to
acknowledge ail the help, kindness, and consideration from
students, colleagues, and friends that alone have made this
award possible
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2. LIQUID HELIUM

By LvLe B. BorsT
State University of
New York at Buffalo

Liquid helwm has amazed physical scientists for more than
three decades As a substance, 1t 1s so remarhable that a new
category called quantum hquids was established, of which it
1s the only member. By examining liqud helum, we see a
new world, different from the one we hnow, where quantum
phenomena are major effects and are not confined to the sub-
microscopic world of atomic physics We perhaps have our
first peek 1nto “looking-glass house,” where things are topsy-
vy Superfiurd hehum may be the first maternal 1n which
the atom plays no part Superfluid helium may be an element
m the Anstotehan sense which 1s continuous and has no
structure

Heltum, as a gas, shows no surprising characteristics m-
consistent with its low molecular weight 12! It will permeate
substantal objects, the more raprdly the higher the tempera-
ture, but this 1s true in varying degree for hydrogen, neon,
and other light gases Solid helum, likewse, has relatively
few characterisucs that are unexpected But Iiquid hehuam 1s
a different matter entirely

The size of gas molecules has fong been measuted by de-
termining the unavailable space during compression, When
the {rec space becomes suffictently small, the gas condenses
o 2 hquid (f the criucal temperature 1s not exceeded) The
stze of 2 molecule of liquid 1s what one expects from the gas
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measurements. In liquid helium, however, the density of the
liquid is a quarter of that expected, so the molecule (or atom,
since helium is monatomic) has four times the expected vol-
ume. The wide spacing of the atoms cannot be explained by
classical physics and is considered primary evidence of quan-
tum effects.

In 1923 De Broglie asked: If light waves have particle prop-
erties, can material particles not have wave properties? De
Broglie waves have been the foundation for modern wave
mechanics. In the case of helium, De Broglie waves, extend-
ing beyond the atoms, overlap and prevent the atoms from
approaching cach other closely. This wave-overlap prevents
liquid helium from freezing. In this respect helium is unique,
since it is the only liquid that does not freeze. In order to
form crystals, helium atoms must be forced together until
the intermolecular Van der Waals forces predominate and
form the grdered lattice. Even at temperatures of less than
1°K, solidification occurs only at 30 atmospheres pressure.

Liquid helium at its normal boiling point of 4.2°K is in-
teresting but not remarkable. It is transparent, and colorless,
is a poor conductor of heat, and is an electrical insulator, It -
has a low viscosity and a low heat of vaporization. It is a vex-
ing substance to handle but not remarkable. As the tempera-
ture is lowered, it contracts, as do most substances, until the
temperature of 2.18°K is reached. At this temperature, the
liquid suddenly expands. The rate of expansion diminishes
as the temperature is further lowered until, near 1°K, the
rate is zero and the normal contraction returns. The transi-
tion at 2.18°K is sudden and comprehensive, and marks the
boundary between classical and quantum fuids.

The very nature of fiquid helium changes at the lJambda
point (2.18°K). Although the liquid is a poor conductor of
heat above this temperature, below it, it becomes the best
conductor we know —500 times better than copper or silver!
Generally, good conductors of heat are also good conductors
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of electricity, but helium has no free electrons and remains
an electrical msulator. Thermal conductivity in helium must
be of 2 completely new variety; for its description, a new phe-
nomenon 1s identified: second sound Above the lambda
pownt, hquid helium 15 constantly boiling, since even in the
best apparatus some heat penetrates. Below the lambda point,
all bubbling stops for the heat 15 conducted to the free sur-
face where evaporation takes place This transport of heat
is best described by the equations of acoustics; and although
no one will ever hear “second sound,” the term is appropriate.
Above the lambda pomt, hquid helium can be stored indefi-
nitely 1n a Pyrex vacuum flask Below the lambda point, how-
ever, the vacuum soon deteriorates because helium creeps
through the glass. Helum-I1, the low temperature form, is
a superfluid It penctrates cracks and holes that no other
material can find The unwary apparatus designer who leaves
a voud m his apparatus accessible by superleak, will have an
explosion when the temperature rises, for pressures of thou-
sands of atmostpheres can easily develop.

Attempts to measure the viscosity of the superfluid lead to
contradictory values Andronikashvili cleverly demonstrated
these anomalies by studying the rotauon of a series of closely
spaced disks immersed in the hquid His apparatus consisted
of a verucal shaft upon which the disks were mounted, sup-
ported by a torsion fiber, so that the system could osallate
much as the balance wheel of a watch. He noted the period
of osallatton 1n air and, knowmg the charactenstics of his
fiber, determined the moment of inertia of his system. 1f%the
same measurement were made 1n a viscous hquid (hke salad
oil) the moment of nertua would be that of the shaft, the
disks, and the ot between disks In helum above the lambda
pomt, the hquid was carried by the disks and showed the ex-
pected density At a temperature near 1°K, however, no he-
hum was carried. Apparently the hquid showed zero viscosity,
for 1t did not reflect the motton of the nearby disks As the
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measurements. In liquid helium, however, the density of the
liguid is a quarter of that expected, so the molecule (or atom,
since helium is monatomic) has four times the expected vol-
ume. The wide spacing of the atoms cannot be explained by
classical physics and is considered primary evidence of quan-
tum effects.

In 1923 De Broglie asked: If light waves have particle prop-
erties, can material particles not have wave properties? De
Broglie waves have been the foundation for modern wave
mechanics. In the case of helium, De Broglie waves, extend-
ing beyond the atoms, overlap and prevent the atoms from
approaching cach other closely. This wave-overlap prevents
liquid helium from freezing. In this respect helium is unique,
since it is the only liquid that does not freeze. In order to
form crystals, helium atoms must be forced together until
the intermolecular Van der Waals forces predominate and
form the grdered lattice. Even at temperatures of less than
1°K, solidification occurs only at 30 atmospheres pressure.

Liquid helium at its normal boiling point of 4.2°K is in-
teresting but not remarkable. It is transparent, and colorless,
is a poor conductor of heat, and is an electrical insulator. It
has a fow viscosity and a low heat of vaporization. It is a vex-
ing substance to handle but not remarkable. As the tempera-
ture is lowered, it contracts, as do most substances, until the
temperature of 2.18°K is reached. At this temperature, the
liquid suddenly expands. The rate of expansion diminishes
as the temperature is further lowered until, near 1°K, the
rat¢ is zero and the normal contraction returns. The transi-
tion at 2.18°K is sudden and comprehensive, and marks the
boundary between classical and quantum fluids.

The very nature of liquid helium changes at the lambda
point (2.18°K). Although the liquid is a poor conductor of
heat above this temperature, below it, it becomes the best
conductor we know—500 times better than copper or silver!
Generally, good conductors of heat are also good conductors
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of electricity, but helium has no free electrons and remains
an electrical insulator. Thermal conductivity in helium must
be of a completely new variety; for its description, a new phe-
nomenon is identified: second sound. Above the lambda
point, liquid helium is constantly boiling, since even in the
best apparatus some heat penetrates Below the tambda point,
all bubbling stops for the heat is conducted to the free sur-
face where evaporation takes place. This transport of heat
is best described by the equations of acoustics; and zlthough
no one will ever hear “second sound,” the term is appropriate.
Above the lambda point, iquid helium can be stored indefi-
nitely in a Pyrex vacuum flask. Below the lambda point, how-
ever, the vacuum soon deteriorates because helum creeps
through the glass Helwum-1I, the low temperature form, is
a superfluid. It penetrates cracks and holes that no other
matenal can find The unwary apparatus designer who leaves
avoid in his apparatus accessible by superleak, will have an
explosion when the temperature rises, for pressures of thou-
sands of atmostpheres can easily develop

Attempts to measure the viscosity of the superfluid lead to
contradictory values Andronikashvih cleverly demonstrated
these anomalies by studying the rotation of a senies of closely
spaced disks immersed 1 the liquid His apparatus consisted
of a verucal shaft upon which the disks were mounted, sup-
ported by a torsion fiber, so that the system could osallate
much as the balance wheel of a watch He noted the period
of osaillation in arr and, knowing the characteristics of his
fiber, determined the moment of inertia of his system. If¥the
same measurement were made 1n a viscous hquid (Iike salad
oil) the moment of ertia would be that of the shaft, the
disks, and the o1l between disks In helum above the lambda
pont, the liquid was carried by the disks and showed the ex-
pected density. At a temperature near 1°K, however, no he-
hum was carried. Apparently the hquid showed zero viscosity,
for 1t did not reflect the motion of the nearby disks. As the
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temperature was raised, various fractional densities were .ob-
served until the full density was reached at the lambda point.
The term “normal component” was applied to the fraction
of the liquid that rotated, whereas the remainder was termed
the superfluid component.

If two branches of a U tube be connected by a capillary and
if one branch be filled higher than the other, the liquid levels
will oscillate over minutes or hours until they become equal.
No such phenomenon is known except in liquid helium below
the lambda point. The explanation given is that the normal
component cannot pass the capillary and that the superfluid
passes back and forth, changing the composition and the
temperature. If, then, one branch is heated, the composition
of the fluid will change and the superfiuid will move toward
the high-temperature side, producing a pump. This appears
to be a violation of natural laws akin to perpetual motion.
When, however, the applied heat is included in the thermo-
dynamics, the system becomes a heat engine, without work-
ing parts, in which heat is converted directly to mechanical
work. Now if the hot branch has a restriction, hydraulic pres-
sure is produced and liquid is projected to form a fountain
when the liquid reaches this point. This fountain continues
to play as long as there is helium in the system and the two
temperatures are below the lambda point and are unequal.

When an open-topped container filled with liquid helium
is suspended above a pool of liquid (always below 2.18°K) it
will slowly empty itself. This emptying is not due to diffusion
through the wall. This happens in any shape container made
of any material. The liquid wets any solid, creeps up the wall,
and overflows to drip off the bottom. Again, thisisa quantum
phenomenon not found in other substances. The “velocity
of creep” is nearly independent of the nature of the container
and its height, the rate of flow depending primarily on the
wetted perimeter.

In contrast 1o helium-4, the rare isotope helium-3 shows

.
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none of these remarkable superfluid characteristics. Hehum-
- 8 was first studied in order to throw light on helium-4; how-
ever, 1t soon showed such remarkable behavior that it is now
studied in its own nght. In helium-3 there is an anomaly in
thermal expansion but of a very different variety Helium-3
1s paramagnetic Although helium-4 and hellum-3 are iso-
topes, they are more unlike than any other pair of isotopes.
In fact, they are so different that, when a solutton of equal
parts 1s cooled below 09°K, the hquid separates into two
phases The heavier, the helum-4-rich phase, shows super-
flud properties, somewhat suppressed. The light helium-3
phase shows no superflurdity Again these differences are of
aquantum nature Helwum-4 has even particles m its nucleus,
two protons and two neutrons, whereas helium-3 has odd
particles, two protons and one neutron Odd and even num-
bers in quantum mechanics are gven the most profound im-
portance The staustics first proposed by Bose and Einstein
apply to hight and generally to systems having even character-
istics Fermn and Dirac developed stanisucs particularly ap-
propriate to the electron and to systems with odd character-
1stics Hellum-4 uses the mathemancs appropnate to radia-
uon problems, and helum-3, the mathematics of electnic
systerns
Quantum mechanics 15 usually considered as a highly
mathematical branch of theoreucal physics divorced from
everyday experience Historically, this has certainly been true,
stll, there are quantum problems m our world which have
the salient quantum features and which differ primarily 1n
scale from atomic systems. As an rilustrauon, let us take the
problem of traffic n a city In order to simplify the problem
we shall assume the blocks to be square and of dentcal size.
“ A common size 1s eight blocks to the mile Now let us assume
that there 1s a traffic hght at every mtersection All lights turn
green 1n a north-south direction simultaneously and 30 sec-
onds later turn green east and west, At what speed can cars
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. . . o Gl
travel in any direction without being stopped by.a red l{gh\.
1f a man driving north covers a block in just one minute, lights
will turn green as he approaches, however {ar he drives. His
velocity will be:

v = djt = Ys mile per minute = 7.5 mph

Southbound cars can travel at this speed also and so can cars
traveling east and west!

Is this the only solution to the problem? A car driving faster
than 7.5 mph will inevitably be stopped by a red light. If it
travels at half this speed, it will cover a block in two minutes.
At one-third the speed, in three minutes, etc. So the complete
solution is

_75
v== mph

with n an integer. The quantum number = is a consequence
of the uniformity of the street grid. Quantum numbers in
atomic problems appear in like manner whenever periodicity
occurs.

Such quantum numbers also occur in acoustics. In the
casc of the violin string they are called harmonics. If the
string vibrates as a whole then n=1 and the tone will be the
fundamental. Another tone an octave higher can be obtained
by damping the string at its midpoint. The string vibrates
in the form of an S with stationary midpoint and n=2. The
third harmonic is an octave and a half above the fundamental.
In this case the string vibrates in three sections. So, n can
take any integral value. In the case of a string of beads, how-
ever, n can take values only to the number of the beads, N,
for the Nth harmonic will represent adjacent beads oscillat-
ing in opposite directions.

The timpani or kettledrum is a two-dimensional vibrating
membrane that shows similar quantized overtones involving
two independent quantum numbers.

Vibrations of a three-dimensional solid require three
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quantum numbers g, 7, 2., of exactly the same nature.
The only musical instrument based upon vibrauons of a
masstve solid ts the musical anvil—a most mited instrument.
In the atomic realm, however, the theory of acoustic vibra-
tions of a crystalline sohid gave rise to a scienuific achievement
which will stand through the centuries, In 1912 Debye
studied this problem by counting the number of vibrational
modes or harmonics as a function of the quantum energy
of the vibranon He obtatned an expression for the internal
energy and heat capacity which has been the cornerstone of
our understanding of the sold state He determined that
the heat required to raise the temperature of a gnen mass
of sohd one degree must vary as the cube of the temperature,
if the temperature s sufficently low. As the temperature
rose, hugher values of n occurred so that as the quantum
number n approached the number of atoms N, as in the case
of the beads on the string, no new vibrations were possible
and the theory became that of a classical substance described
by the law of Dulong and Petit

Liquid helum shows the characterisucs of a Debye sub-
stance below 0 7°K and above 3°K. Between these temper-
atures we have the tremendous anomaly m heat capactty
and thermal expansion The normal component of Androni-
kashvilt correlates perfectly with the iternal energy of the
anomaly The nature of the superfluid, the nature of the
anomaly, and the nature of the lambda transion are the
perplexing  phenomena that a sausfactory theory must
explain

Current theories

Many theories have been proposed, diflering n ther
starting point and emphasis No current theory gives a sats-
factory explanation of all phenomena, so that the problem
15 by no means solved
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The first general theory was that of Landau. proposed in
1941 and modified in 1947.1 He considered the rotation
of the whole liquid to be a quantum phenomenon and de-
rived a relation between the energy and momentum of these
quantum states or excitations. He named his excitations
rotons in contrast to the acoustical excitations called phonons.!

In Figure 1, energy is plotted vertically and momentum
horizontally. The rate of change of energy with momentum
measures a velocity, so the slope of the curve represents the
velocity of sound. Phonons have a velocity independent of
their energy so that they are represented by the straight
line through the origin. Landau’s rotons show a parabolic
relationship and are represented by the dotted curve.

This assumed excitation permitted Landau to fit the experi-
mental heat capacity to 1.6°K, using three empirically deter-
mined constants. The same three -constants were used to
fit the normal component as well. Landau and other workers
have adapted the theory to a wide variety of phenomena
involving the superfluid. It has been a most constructive
and useful theory and has been the basis for most experi-
mental investigations. Generally speaking the superfluid
component has a negative definition. It is the absence of
rotons, i.e. the absence of the normal component. Below
0.7°K, liquid helium shows no excitations other than phonons
and can be described by the Debye theory. This is also true
of solid helium and of liquid helium near its normal boiling
point of 4.2°K where there is no evidence of superfluidity.
Landau gives no physical interpretation of the lambda point
except as the temperature at which the normal component

reaches 100 per cent (and the superfluid concentration
becomes zero).

I. In quantum mechanics waves and particles are equivalent, so for cach
!mrucle there must be a wave and for each wave there must be a particle; e.g.
in electromagnetic radiation, for each light wave there is a particle called the

p:\omn; m acoustics, for each sound wave there is the particle called the
phonon,
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A more recemt mterpretauon of superfluiditv has been
gnen by Fevnman ! He pomts out that the exatations are
of two kinds, one of long wavelength insolving the coor-
dinated, coherent osallavons of large numbers of atoms
fphonons), the other of higher energy and shorter wave-
length involving the mouons of 2 small number of atoms
(rotons) He considers the ulumate theory denvable from
the proper Schroedinger wave equation. In the absence of
this equanion, he tries vartous wave functions and chooses

29
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that representing a vortex or smoke ring as thF moqe] having
propertics most like rotous. He obtains a dispersion curve
(the relation of energy to momentum) similar to that found
by neutron scattering. He associates the superfluid with the
absence of molecular size excitations, vortices, or rotons.
Again there is no physical model of the lambda transition.

Cell Theories

A new theory to justifly consideration must either (a) give
a rigorous relationship between observations and a set of
well-defined postulates or (b) explain and relate observed
phenomena in a new light, encompassing a wider range of
observations and showing new relationships. The present
proposal cannot yet be derived from the Schroedinger
equation, although this is anticipated; nevertheless, it doces
interpret experimental observations quantitatively in a totally
new light.?

De Boer!®™ and Temperley!™ have independently proposed
cell theories of liquid helium. Atoms are considered in pairs,
free 1o rotate within a sphere defined by their necighbors.
The two kinds of excitations are then the coordinated motions
of the centers of gravity of many cells—the acoustic modes
or phonons, and the rotational states of the distomic rotors
within the cell. The Schroedinger equation can be expressed
and solved subject to the adiabatic approximation; i.e. that
rotation does not affect vibration, and acoustic vibrational
modes are not coupled to the rotations within the cell. The

2. Note added in proof:

The Schroedinger equation which leads 10 the anomalous thermaodynamic
properties is that of an n dimensional harmonic oscillator. The oscillators
characterize the normal modes of vibration among a sct of n diatomic rotors
as defined above. Two quantum numbers v and n appear in the partition
function: v the vibrational quantum number and n the rotor population de--
pendent only upon temperature (Nature, 204, 870, 1964),

The dispersion relation is obtained from the complete partition {unction
including phonons (Nature, 209, 187, 1966).
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results are the vibrational modes of Debye theory and a set
of equally spaced rotational states of the diatomic rotor,
This theory gives a clear differentiation between helium-3
and helum-4, since helium-3, having an odd number of
particles in the nucleus, will show all rotational quantum
numbers, whereas helium-4 will show only even values
(J=0,2,4) The absence of rotation (J=0) will be the lowest
state where only phonons exist and will be associated with
the Debye liquid for T<0.7°K Experimentally, the odd—even
refaionship accounts roughly for the fact that anomahes
in helwum-4 occur in the 1-2°K temperature range whereas
in hehum-3 they occur at 0-0.3°K. A cnitical examination
of expenmental data does not, however, disclose evidence
of well-defined rotational levels The weak coupling (adia-
bauc approximation) between rotation and vibration would
seem to be in quesuon

The present proposal 15 a strong coupling theory in which
vibrations and rotations are thoroughly and indisinguishably
mixed Since an analyucal dervanon from the Schroedinger
equation has not yet been obtamed, an approach 1s taken
as an extension of Debye theorv In Debye’s theory, the
modes 1n the x, 3, and z directions are thoroughly and com-
pletely mixed or coupled by assuming arburary and un-
related values of n,, n,, and n, A vibrauonal mode 1s de-
seribed by any three values of n The 72 heat capacity results
from this assumption Roughly speahing, the expenimental
heat capacity of helium below 2°K varies as the fourth power
of the temperature A four-dimensional Debje theory
therefore gres rough agreement with the data If now the
fourth dimension 1s related to the rotational mode of the
diatormic pair, a nonhomogencous space 15 defined wluch
acts like three dimensions at low temperature (where /=0)
but four dimensions at higher temperatures (where J=2is
postulated) Complete representation of the heat capm:n)
and of the normal component can be achieved to about 2°K.
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well beyond the region of validity of the simple Lallda}l
theory (Fig. 2). The density of the liquid can be fit to 2.12°K.
if an additional assumption is made that the /=2 state has
a density 1.2 per cent greater than the Debye liquid.®

The range of validity of the Debye theory is limited to
temperatures for which the number of acoustical modes
(phonons) does not excced the number of atoms or molecules.
The present theory gives a similar set of countable states
(involving rotation as well as vibration). When one equates
the number of modes to the number of molecules, a temper-
ature of 2.7°K is obtained which represents the upper bound
of the theory. It is believed that 2.7°K is. the theoretical
value of the lambda temperature (2.18°K by measurement).
The theory cannot be valid above this temperature.

The proposal requires the consideration of pairs of
identical helium atoms. No permanent binding is necessary
since only quantized rotation is required, the nearest neigh-
bors defining the cell. The nearest neighbor distance is
therefore assumed for the diatomic rotor. If helium-3 is
added to the liquid, He*~He" pairs form, thereby reducing
the number of He'-He* pairs. If the number of modes is
now counted to the number of He'-He* pairs expected,
the lambda temperature is found as a function of helium-3
concentration. A comparison with experiment (Fig. 3) shows
the form and the slope to be correct but, since the theory
predicts 2.7°K for pure helium-4, the lambda temperatures
are uniformly high. Support for the consideration of atoms
in pairs results also from a study of the Andronikashvili
experiment in He®—He* solutions. The concentration of
the superfluid component extrapolated to zero degrees will
be 100 per cent for pure helium-4. In solution, these extrapo-

3. In the case of liquid hydrogen, the high temperature form (75% ortho,
25% para) has a density 0.5% greater than the pure para (] = 0) form, Ther-
mal expansion will therefore not vary as T° but will reflect the ortho—para
composition at equilibrium at cach temperature.
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Fic. 3. Phasc diagram, helium-3 helium-4 solutions. Atomic
fraction helium-3 plotted horizontally. Upper line, calculated lambda
temperature; dashed line, observed lambda temperature. Lower
line, phase separation boundary.

Jated values diminish twice as fast as would be expected for
monatomic constituents, but quite in accord with the assump-
tion of paired atoms.

There is at present no adequate explanation of the lambda
point. It is considered to be a “second-order” phase transition,
and is virtually unique among liquids. In solids, similar dis-
continuities are common and are associated with a change
in the crystalline structure. Since liquids have no crystalline
lattice, this explanation is not permissible. A transition of
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the same nature was ohserved n iquid sulfur at 160°C durtng
the mineteenth century (Fig 4) Here, the molecular structure
has been well characterized both abose and below the transi-
uon temperature The transformanon is one of polvmensa-
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tion from an ciglu-membered ring (the lambda form 7T <
160°C) to a linear polymer of large molecular weight (the
mu form T > 160°C). The heat capacity becomes large and
has the same character as liquid helium although reversed
in the sensc of temperature. By analogy we can say that the
liquid becomes increasingly ordered as the transition temper-
ature is approached, in sulfur by increased molecular weight
of the polymer, in helium by increased number of rotation—
vibration coupled modes. The ordered state becomes thermo-
dynamically unstable and transforms into the simpler form:
in sulfur the eight-membered ring, in helium the monatomic
liguid.

The lambda point is therefore identified as a dissociation
temperature for the paired states. This occurs near the
temperature at which the number of modes equals the num-
ber of molecules. Above this temperature the liquid is
monatomic, again showing the character of a Debye liquid,
but lacking the character of a quantum liquid. There appears
to be a dissociation energy of 1.2 calories per gram—one fifth
the normal heat of vaporization.

The remarkable achievements of Landau’s theory stem
from an assumed relation between the energy and momen-
tum of his excited (roton) states. A major accomplishment,
predicted by Feynman, was the measurement of this relation
by the inelastic scattering of neutrons. An examination of
Figure 1 shows why Landau’s assumption was constructive,
for the states ncar the minimum are those that have roton
character. Deviations from the low-energy, low-momentum
phonon states are not a part of Landau’s theory but are an
important aspect of the present proposal.

It is therefore important to derive the dispersion relation
from the helion (strong coupled cell) theory. This is done by
assuming that both the roton and helion excitations give
alternative and correct expressions for the internal energy.
These expressions are equated, and common factors are can-
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celed to gne a relation between the excitations of classical
statistical mechanics and the helion. A fixed value of Debye’s
relative coordinate {(x=hv/kT) 1s introduced, and the result-
ing expression gives an excellent fit of the observed cunve up
to the minimum  In this formulation, the minimum corre-
sponds to the lambda point at which the number of modes
equals the number of molecules and dissociation occurs.
Beyond thuis mnimum only phonons will exist—a reasonable
mterpretation of the empirical data.

The theory suggests that the mmimum of the dispersion
cunve 15 another expression of the dissociation occurring at
the lambda temperature If this be true, then the minimum
of the dispersion cunve should follow the lambda temperature
as a funcuon of appled external pressure and in He’~He!
solution

Interpretation

Liquid helium 1s a Debye hquid at the lowest temperatures.
As the temperature 1s raised, acousucal modes are excited,
ging nise to the T? dependence of the heat capacity The
De Brogle wavelength 1s long, compared to any character-
sstic dimension, and the theory can be considered that of a
continuum. As the temperature approaches 1°K, the De
Broghe wavelength 1s approaching atomuc dimensions The
longest constructine dumension i the system 15 the arcum-
letence of the orbn of rotation of an atormc pair (5.8 A).
Since the nearest neghbor distance (3.7 A) 15 large compared
to the size of the atom (the effectne diameter of the electron
toud of the helium atom 1s 2.7A) and no well-defined fattice
exsts m the hquid, the diatormic par can be considered
enclosed in a spherical potennal defined by the nearest neigh-
bors Quantized free rotation will then be excited after the
manner of the ngid rotor The first rotational state occurs
45 IR, comparable to the energy of the vibrational states
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(phonons) and cannot exist at equillibrium in the absence of
phonons. The rotational and vibrational states are therefore
assumed to be strongly coupled. As the temperature ap-
proaches 7, more and more pairs are excited until all atoms
are participating. The number of modes then equals the
number of molecules. The addition of further energy causes
dissociation to the monatomic liquid, reverting to the Debye
liquid with conventional heat capacity and expansion.

The superfluid appears to be a state of complete quantum-
mechanical repose. At the absolute zero of temperature, no
vibration or rotation occurs. At finite temperature, the super-
fAluid is that fraction of the liquid associated with neither
acoustic nor rotation—vibration modes. The De Broglie wave-
length is long compared to any atomic dimension (15 A at
1°K) and the liquid can be treated as a continuum. In this
state, one can question the utility of the atomic theory, since
the liquid appears to be structureless. It can penetrate open-
ings of less than atomic dimensions. The flow of the liquid
as a film may be considered as a consequence of this structure-
less character. An atomic liquid will have a boundary at which
the density of atoms suddenly changes or becomes zero. If
the liquid is structureless, a boundary is a paradox. At the
edge defined by liquid, solid, and vapor, the liquid would
appear o respond by creeping over the solid and the paradox
of the edge of a continuum will be avoided. The Androni-
kashvili experiment is understandable in terms of the con-
tinuum, for viscosity is explained by a finite free path which
carries atoms into the flowing fluid. If, however, no atoms
are present in the continuum, no mean free path is possible
and no momentum can be transferred.

This theory of excited states would seem to be general for
monatomic noble gases, limited only by the freedom of the
paired atoms to rotate in the cell of their neighbors. Helium-6,
a radioisotope of 0.8-second half-life, would surely form a
superfluid if prepared in high concentration. An estimate
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indicates that the lambda pomt of the pure material would
be expected near 1.5°K. The next heavier noble gas is ncon
of atomic weight 20. The De Broghe wavelength would be
less than haif that of helium at a given temperature, and the
quantum mechanical wave mterference would be expected
to be considerably jess The combination of smaller nearest
neighbor distance and greater atomic weight gives a rotational
constant one quarter that of helium, so that the Debye fluid,
if it forms, would be found only below 0.2°K. The existence
of a lambda point cannot be predicted with assurance, since
the rotational state falls below the temperature at which
Debye medes are numerous, and the requirement for strong
couphng may not pertain. Moreover, the theory is that of a
liquid with no long-range order, so hquid neon would have
to be supercooled below 1s normal freezing point of 25°K
If, however, tus experumental difficulty can be overcome,
superflurd characterisuics might well be observed at tempera-
tures of a few tenths of a degree

Concluston

A new theory 1s proposed as an extension of the Debye
theory 1 which parrs of atoms are assumed to rotate, and
these rotauonal excitations are strongly coupled to the acous-
ucal vibrations of the Debye theory The rotaton-vibration
excutations, called heltons, are analogous to the rotons of
Landau and the vortices of Feynman Thes account quant-
tatnely for the thermodynamic anomalies m hquid hehum,
predict a lambda pomnt, account for the lambda pont in
He'-He* solutions, and give a dispersion relation of the
observed form The superfluid is that fraction of the liguid
corresponding o nerther acoustic nor vibration—rotation
exatations, or that fraction tn the zero momentum or ground
state As such, the superflurd 1s a continuum, and its charac-
tenistics 1mply the absence of discrete atoms
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APPENDIX

Strong coupling is assumed because the assumptions of the
adiabatic approximation are not fulfilled. The acoustical
velocity is 240 meters per second as compared to the velocity
of helium atoms in the J=2 rotational state in a 3.7 A-
diameter orbit of 170 meters per second. These velocities do
not differ sufliciently to justify weak coupling.

In the present theory, strong coupling is achieved by con-
sidering an inhomogencous space of four dimensions in
which the three equivalent axes are Debye coordinates but
the fourth is associated with rotation of atoms in pairs. A
four-dimensional spheroid has the formula:

WXt oyr 7@
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The volume of the spheroid is

D]
e
V=G b

&
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and the differential volume with respect to b is
3 > o
dv = = 72ab*db

Debye theory gives b=2v/c where ¢ is the velocity of sound,
and v is the frequency of the acoustical mode. The number
of cells available becomes

dzZ = IQTG Vdv
o

and the internal energy per mole is

dU = ViwdZ

C’h vikT . 1
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where I 15 the molecular volume, k, Planck’s constant, £,
Bolzman's constant, and T the absolute temperature.

The expression {or a is taken from the encrgy of rotation
of a diatomic gas and is the fraction of the molecules in rota-
von multiphed by an integer presently assumed tobe J (f+1)

2 @J+ ])e—lun)a/wl](].{. 1)
J=2.4,
a=

2 (2} “+ ‘) e—J(-I#l)B!AT
J=0,2.4,"
B is the rotational constant A%/8#*] with I the moment of
inertia f is the rotational quantum number which for homo-
nuclear atoms with zero nuclear spinis confined 10 0,2, 4,....
In nearly esery instance, contributions from f=4 and larger
are trivial, so @ may be approximated by

30 BHIAT

= T [ peounr

The low temperature approximation of Debye may be as-
sumed since T, 15 one tenth of the Debye temperature The
internal energy and heat capaaity of the helion anomaly then
become
_AmSIRTY T

_ 48aSIRT? QpSBILT ?’Be*ﬁﬂl’\’f
=" [1 + 5o T 5 o )']

U

To this helion heat capaaty must be added the Debye
{phonon) contribution which wiil predominate below 0 7°K
but which 15 not sigmificant above 1°K.

Empirical constants entering the expression are the molec-
ular volume (35 cm¥/8 gm mole), the 1eloaty of sound (237
mise) and the nearest neighbor distance (3.7 ;\.) which enters
the moment of inertia of the rotor

The normal component is accurately correlated with the
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internal energy. Landau derived an expression for the den-
sity of the normal component pa=4U/3¢ where ¢ is the
veiocity of propagation of the excitation: for phonons, the
velocity of first sound; for helions, the velocity of second
sound (18.5 m/sec).
The number of helions may be calculated
14
dN = T dz
If the low temperature approximation is used, the integrated
expression becomes

_2.404(360)VEPT? oSBT
B AR T+ 5¢- 0BT

N

If N is Avogadro’s number, a temperature of 2.7°K is ob-
tained, analogous to the Debye temperature (20°K). This is
identified with the fambda point. In a solution of helium-3,
in hefium-4 only He'-He* pairs can show the postulated
quantized rotation. If pairs occur statisticaily, the concen-
tration will be proportional to the square of the mole fraction
Nyy=XEN. The calculation of Ny, gives a curve of T, as a
function of mole fraction. (In this calculation /=4 may be
detected for nearly pure helium-4.)

The density of the liquid can be calculated by assuming a
perfect solution of two components, the Debye liquid and the
roton or helion component, differing in intrinsic density by
1.Z per cent but having the same expansion coefficient
(@=17.5+ 10" T3),

To obtain the dispersion relation, the expression for the

internal energy of this theory is equated to the classical
expression

47V T 2 gl [ (1 + Swa)hv
X € ”T/)_d/’ =8 ( emnlkrﬂf)]w pdp

Since the limits of integration are identical, the integrands
may be equated in the approximation of Boltzman statistics,
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€e~" = (1 + 3ma) hve~iT

Debye’s relative coordinate x=hy/AT is introduced together
with an addional adjustable constant alpha

QQrp-tirth

eemearih = (1 Al e pern 56"‘”"“) hve-at

[txis assumed constant, the frequency v1s formally analogous
to the temperature 1n the earlier expressions. Since frequency
1s proportional 10 momentum, momentum states will con-
wbute 18 sequence to the energy. Agun these momentum
states may be counted to Avogadio’s number so that the
lambda temperature should have an equivalent momentum
The minimum of the dispersion curve at 1.95 A~V1s therefore
dentified with the lambda pownt at 2 18°K. Tlis permits the
ewaluation of the constant x as 16 5, a value which gives a
good fit where the curve departs from the phonon line. The
theoretical fit 1n Fagure 1 1s achieved with x= 18 and a=0.3
No g priort Justification can be given for this value of alpha
at this ume
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3. HUMANISTIC BIOLOGY

By RENE DuBos
The Rockefeller Umiversity

Man's Nature and Man's Hastory

The conjunction of the two words “humamstic” and “biology”
will probably seem aritificial because very few scientsts, and
even fewer humanusts, really believe that biological knowledge
has relevance 1o the traits that account for the humanness
of man Admuttedly, biological determinants do not seem
at first sight to play a sigmificant role in the mamfestations
of life which are most charactenstically human, for example,
ecstasy, logic, or simply the experience of happmness and
dispair Rehgious and ethical doctrines, phlosophy, hn-
guistics, hiterature, the arts, are part of the humanities because
their problems obviously relate to the social and cultural
history of man, but their connections with the biological
attributes of Homo saptens are not so readily apparent “Man
has no nature, what he has 1s history,” wrote Ortega y Gasset

While 1t 15 obvious that man 1s the product of his socat
and cultural history, 1t 15 equally certamn, on the other hand,
that everything he does 1s condihoned by his biological
atnbutes The performance of each human bemg, and of
each human group, reflects biological necessiues and pro-
pensittes inherited from the evolutionary and expenential
past. Human deasions create social and cultural history,

but the raw matersals of this edifice are dertved from man's
biological history
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It is always dangerous. of course, (o use biological termi-
nology and concepts in discussing human affairs. Hall a
century ago, for example, the illustrious biologist Elie
Metchnikoff published under the title Etudes sur la Nature
Humaine a book in which he attempted to explain the prop-
ertics of the human flesh and the manifestations of the
human spirit in the light of the biological knowledge of his
time. His English translator, the zoologist P. Chalmers
Mitchell, found it difficult to convey the full meaning of the
expression Nature Humaine in Metchnikoff’s title. As he
wrote in the preface to his translation, “Human nature is
not an exact equivalent of la nature humaine, for the latter
phrase has a more complete significance, and definitely
implies, not only the mental qualities of man, but his bodily
framework, with its inherited and acquired anatomical
structure and body functions.” Mitchell thought that “The
Nature of Man” was a more accurate rendering of Metchni-
koff's title than “Human Nature.” In 1930, the American
biologist H. S. Jennings also recognized implicitly the
limitations of the phrase “human nature” when he qualified
it as The Biological Basis of Human Nature in the title of a
book which he devoted to “those aspects of experimental
binlogy that are of most interest in considering the problems
of human personality and society.”

Throughout the present essay, I shall use the phrase
“man’s nature” instead of “human nature” to emphasize
my conviction that the somewhat limited meaning implied
in the English usage of human nature does not convey the
depth and richness of the knowledge which biological sciences
could bring fo bear on cultural and social history. 1 shall
attempt to show that the psychological and ethical attributes
of man, and the preoccupations that constitute his human-
ness, are inseparable from the physiological needs and urges
which biological experience has inscribed in his flesh and
bones. My theme is that better knowledge of man’s nature
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would enlarge and deepen the understanding of man's
history .

The doctrine of evolution has made it obvious thag Ining
organisms cannot be understood except in the hight of their
past. Surpnisingly enough, however, the science of human
brology has been little influenced by the historical outlook.
The knowledge of man has progressed far, of course, since
Descartes and his followers tried to base it on the study of
the mechamical models with which they were famliar, but
its most spectacular advances have been along the road first
opened m the seventeenth century. There is an almost
universal tendency to idenufy the “science” of man’s nature
with the physicochemical descripuon of the body’s structures
and mechanisms, and with the laws which govern the trans-
mission of its hereditary charactenisucs Yet human liffe clearly
consututes an experience far more complex than the phe-
nomena which are encompassed by this limited approach,
uts dynamic processes constantly alter the physical and mental
structure of man as he responds to the challenges of the
natural environment and of the ways of hfe that he himself
creates. The almost complete wrelevance of present-day
biology to the humanities comes largely from the fact that
it emphasizes the mechamcal aspects of man's nature rather
than his experiences, it 1s concerned more with his being
than with his responding and becoming

Increasingly during recent decades, the exact hiological
sciences have been focused on the phenomena that are
common to all mammahan spectes and ndeed to all Ining
forms, This trend away from the speaal attributes which
partrculanize human betngs makes screntific biology appear
even further remote from humanistic preoccupations il'he
kind of knowledge to which 1t leads throws very hittle l{H‘“
on the problems which are the prmary concern of humanists,
mmely the human experiences 1n a particular Lulmre.v \.’el,
while they appear at first sight so coldly detached from living
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man. the findings of orthodox biological sciences have never-
theless profoundly influenced some of the largest philo-
sophical expressions of modern humanism.

Man in the Great Chain of Being

The doctrine of evolution has influenced all aspects of
modern culture by providing biological evidence for the
social concept of historical change. Surprising as it mayv
seem to us. it is only during modern’times that the myth
of eternal return has been displaced in the Western mind
by the concept of progress, namely the belief that the uni-
verse. and especially the world of men, is constantly moving
toward states differing not only from those of the present
but also from anything in the past. Whatever its origins,
the doctrine of progress did not become part of collective
consciousness until the theory of biological evolution pro-
vided a scientific model for it

Most enlightened persons now accept as a fact that
evervthing in the cosmos—from heavenly bodies to human
beings ~has developed and continues to develop through
evolutionary processes. The great rveligions of the West
have come to accept a historical view of creation. Evolu-
tonary concepts are applied also to social institutions and
to the arts. Indeed, most political parties, as well as schools
of theology. sociology. history, or arts, teach these concepts
and make them the basis of their doctrines. Thus, theoretical
biology now pervades all of Western culture indirectly
through the concept of progressive historical change.

One of the most relevant contributions of biological science
to sociology has been to provide a scientific basis for the
ancient cthical and religious doctrines of the brotherhood
of man, by demomtmtmnr that all human beings belong to
the same specices. Comparative biologv has rC\C'llcd further-
more, that man is linked to all h\mg organisms through
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a common hne of descent, and shares with them many charac-
(eristics of physicochemical constitution and of brological
organization, the philosophical concept of the “great chain
of being” can thus be restated now mn the form of a scientific
generahzanon. Even St Francis’ love of his brothers the
beasts and the Hindoo reverence for life can be regarded
as the poetical, ethical, and philosophical espressions of
the biotogical taw that all hving forms exhibit a deep under-
lying unity even though they are so strikingly diverse.
Paradoxically, the very success of comparative biology
and evolutionary doctrines in relaung man to the rest of
creatton may have retarded the growth of knowledge con-
cerning man limself Swce all living forms have so many
characteristics 1n common, biologists and even medical
scientists naturally tend to focus therr mvestugative efforts
on orgamsms which are simpler than man, and therefore
easier to mantpulate in the laboratory This tendency is
based on the widespread, though unproven assumption,
that understanding of man will eventually emerge from de-
tatled knowledge of the elementary structures and functions
which occur in all hving things One of the deplorable
consequences of this attitude is the common belef that the
only fields of biology deserving to be called “fundamental™
are those that deal with the simplest mamfestations of hife,
and preferably with lifeless reacuons and structures derwved
from ving things! Yet it 15 certamn that such a limited ap-
proach is not suffictent to create a science of hfe, let alone
of man
Vague though they are, words such as "mmnd” and “emo-
ton” nevertheless symbolize essental aspects of human hfe
which cannot be related to isolated morphological structures,
or formulated 1 physicochemical terms Thus, some of the
most interesting aspects of human life, and certainly the
most nfluential, do not come within the purview of what
2t present called “fundamental” biology. 1 hasten ta
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in other words, that the increase in size of {l.m human brfun
occurred simultaneously with the first phases in the Unfo'ldmg
of human culture. Man and his culture e.vo\ved, simul-
taneously, as it were, through a complex series of feedback
processes i .

It seems a reasonable kind of science fiction to imagine
that the first subhuman creature who used a tool thereby
opened an evolutionary channel in which greater ability to
use tools provided a selective ad ge. Through ' gou
evolutionary mechanisms, somatic changes and organization
of reaction patterns followed upon the development of
family structure and of practices for hunting in groups Soon
after, perhaps, the primitive forms of art, of religion, and
even of “science” also played their part n affecung the
development of neural processes and their integration. New
reaction patterns thus became progressively molded on the
ways of bfe, as the brain enlarged. And reciprocally, the
ways of life evolved as the bramn and s functions became
better fitted to them and more complex

The “higher” functions of the human brawm probably
result therefore from progressive structural-functionat
transformations giving rise t0 a system which permits the
physiological and behavioral adaptation of man to Ius own
culture By necessity, of course, this adaptation cannot be
perfect, since culture is continuously evolving What 1s ai-
most certain, however, 1s that the various components of
human culture are now required not only for the survival
of man but also for his existential realizanon, Man created
himself even as he created his culture and thereby he became
dependent on it

Anmhm: fact relating biological studies to humarstic
problems is that the higher the position of an ammal on the
ET}:"E::;‘; ltajd:;. .lhe more um?redxclab)e 15 1ts behavior

vitonmental stimull Up to the lower
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maminals, the emergence of relative independence from
external influences can be correlated with the appearance
of novel neural mechanisms, but no such anatomical sub-
stratum is yet known to account for the high degree of
freedom exhibited by the higher mammals. Irrespective
of explanation, however, it can hardly be doubted that man
is the most cvolved organism with regard to the degree of
his independence from the direct effects of the physico-
chemical environment. One of the most profitable approaches
to the definition of Homo sapiens might therefore be to
describe the mechanisms through which his evolutionary
ancestors have progressively increased their experiential
independence, thus creating his biological identity. But 1
shall limit myself here to a few remarks concerning man as
he exists today, or rather concerning his reactions with, and
his responses to, the forces which impinge on him.

I have purposcfully differentiated reaction from response
because those two words symbolize in my view the two ex-
treme cnds of the wide spectrum of interplay of man and
his environment. From one end of the spectrum, man
appears as an ordinary physiocochemical machine, complex
of course but nevertheless reacting with cnvironmental
forces according to the same laws that govern inanimate
matter. From the other end, man is seen as a creature which
is rarcly a passive component in the reacting system; the most
characteristic aspect of his behavior is the fact that he re-
sponds actively and often creatively. Man is able to shut out
some of the stimuli to which he is exposed; he modifies
others through symbolic and sociocultural mechanisms;
most importantly, he can use the effects of stimuli to his own
selected ends. All degrees of variation exist between the pas-
sive reactions with the environment and the creative re-
sponscs through which the personality asserts itself. Man
is the more human the better he is able to convert passive
reactions into creative responscs.
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The Dwvine Madness

The performance of any living organism in any ghen
situation 1s conditioned of course by environmental forces.
But s charactenstics are determined by the potentialities
and the hmitations winch the organism has acquired and
retamed from its evolutionary and experiential past. Ad-
mittedly, man often behaves as if he were completely inde-
pendent of his brological history. However, while his outward
behavior reveals such a large degree of freedom, physio-
logical reactions ehated in lum by environmental and socio-
culural forces appear to be very similar to those manifested
by his Paleolithic ancestors His ancient needs and urges
persist even when their overt mamfestauons are so mashed
or distorted that he Inmself 1s not aware of their existence.
The survival of the Paleohthic past in modern man accounts
for many puzzling aspects of his responses to the total en-
vironment—for the pathological as well as the expressive
and creatne aspects of his behavior

The extraordinary degree to which the physiological
processes of human hfe are sull linked to cosmic rhythms
provides a striking illustraton of the persistence of traus
having ther origin 11 man’s evolutionary past Modern man
1s wont to boast that he can control his external environment;
he can indeed illurminate is rooms at might, heat them during
the winter, and cool them during the summer, he can secure
an ample and vaned supply of food throughout the year
But even when he elects to follow unchangeable ways of life
n an envronment which appears uriform, all the funcuons
of lus body continue to fluctuate according to certamn rhythms
linked to the movements of the earth and of the moon with
respect to each other and to the sun His hormonal actiaties.
in parucular, exhibit marked dininal and scasonal rhy
and probably other rhythms also are linked to those .
cosmos,
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All aspects of behavior are affected by physiological proc-
esses. Man's responses to any situation are different in the
morning from what they are at night, and different in the
spring from what they are in the autumn. The writers of
Western stories are on a sound biological basis when they
recount that the Indians always attacked at dawn, because
the spirits of the white man were then at a low ¢bb. The
wild imaginings of the night, and the fears which they
engender, are indirectly the effects of the earth movements,
because the human organism readily escapes from the control
of reason under the influence of the physiological changes
associated with darkness. The lunar cycles are also reflected
in the physiology and behavior of animals and probably
therefore of man. It would not be surprising if the moon
worshippers as well as the “lunatics” were really affected —
as the words suggest—by lunar forces to which all of us are
also sensitive.

Scasonal changes, in any case, certainly affect most living
things, including man, even when the temperature and
illumination are artificially maintained at a constant level.
In the most mechanized, treeless, and birdless city, just as
in the hills of Arcadia long ago, men and women perceive
in their senses and reveal by their behavior that the exuber-
ance of springtime and the despondency of late fall have
origins more subtle than the mere change in temperature.
It is for good biological reasons that carnival and Mardi Gras
are celebrated when the sap starts running up the trees, and
that men commemorate their dead in late fall when nature
is dying. Thus, modern man in his sheltered environment
continues to be under the influence of cosmic forces much
as he was when he lived naked in direct contact with nature.
Similarly, he continues to react physiologically to the presence
of strange living things, and especially of human competitors,
as if he were in danger of being physically attacked by them.
The fight-or-flight response, with all its deep physiological
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accompaniments, is a biological carry-over from the time
when the survival of primitive man encountering a wild
animal or a human stranger depended upon his ability to
mobilize the body mechanisms which enabled him to engage
in physical struggle or to flee.

Man, on the other hand, evolved as a social animal, and he
can nenher fully develop, nor funcuon normally, except in
assoiation with other human beings. All social stimuli ex-
press themselves in the forms of phenomena which in their
turn condition the response to the life situations which had
evoked them Thus, crowding, isolation, challenge of any
sott have effects which have thetr origin in the evolutionary
past, and tend to imutate the kind of response that was then
favorable for biological success—even when such a response
is no longer suitable to the conditions of the modern world
Many aspects of human behavior which appear incompre-
ensible, or even irrational, become meaningful when
interpreted as survivals of attnibutes that were useful when
they first appeared durnng evolutionary development and
have persisted because the physical evolution of man came
to a relative halt about 150,000 years ago Phenomena rang-
ing all the way from the aberrations of mob psychology to
the useless disturbances of metabolism and circulation which
occur during yerbal conflicts at the office or at a cocktail
party are as much the indirect expressions of the distant
biological past as they are the direct consequences of the
stimuli that were their immediate causes

The urge to control property and to domimate one’s peers
are also ancient biological trats which can be recognized
the different forms of territoriality and dominance among
most 1f not afl ammal socieues Amimal behavior provides
prototypes of the lust for political power, independenth of
any desire for financial or other material rewards, which s

so common among men Even the play msunct and certam
kinds of aesthetic expression correspond to dertvasive buy
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nevertheless important biological needs which exist in one
form or another in animal species and which have probably
always been part of man’s nature.

These biological characteristics and many others that can-
not be mentioned here are woven into the very fabric of the
human racc, and they condition all aspects of human be-
havior. Unfortunately, they have been grossly neglected by
biologists. This neglect is the result of the historical accident
that scientific biology has been identified from its very be-
ginning with the concept that the body is a complex but
otherwise ordinary machine, and that detailed analysis of
its elementary structures and energy mechanisms is the only
valid approach to the understanding of the living organism.
Such an attitude had discouraged the scientific study of the
biological problems that do not lend themselves to the
reductionist analytic methods now in vogue among experi-
mental scientists. In particular, it has inhibited the study of
the biological phenomena which are the consequence of the
organism’s evolutionary history — for example, the manifesta-
tions of the ancient urges which do not come readily to the
surface under the conditions of civilized life, or the effect
of the scason and the hour of the day on the reactions elicited
by physicochemical stimuli and various life situations.

Yet, numerous observations have now established that the
oscillations in physiological and mental processes affect all
activities of the organism, and even the efficacy of therapeutic
procedures. The orthodox reductionist approach is not
suitable for the study of these phenomena, because biological
clocks, like the mind, disappear when the organism is dis-
sected into its lifeless component parts. In fact, the most
important problems of life can be recognized only when the
organism responds actively to its environment as an inte-
grated unit. Interestingly enough, space research is at present
creating a wave of interest in topics as earthy as the effects
on man of the tides, the seasons, and the diurnal cycles. Just
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as rockets and satellites are giving new importance to celestial
mechamics, so does the prospect of space travel call attention
to the potentalities and constraints which are the conse-
quences of biofogical rhythms,

Philosophers, writers, and artists have always been acutely
aware of the inmense role played by occult biological proc-
esses 1 human hfe. In Phaedrus, Socrates speaks with passion
of the creatne forces released in man by the “divine mad-
ness * The text of the dialogue makes it clear that the woid
“madness” as used by Plato refers not to pathological mental
states but rather to those deep biological attributes of man's
nature which are almost beyond the control of reason and
transcend uts reach These attrtbutes remain concealed under
the usual circumstances of ordmary lfe, but they constitute
the most powerful sources of inspirauon for the scienust
as well as the artist Creatrvity depends in part on the ability
to hear “the voice of the deep” and to tap resources from
regions of man’s nature which have not yet been explored

Nietzsche was refernng to innate forces analogous to
Socrates’ divine madness when he wrote in The Birth of Trag-
edy that the Dhonysman mspirauon 1s a necessary complement
of the Apollinian order In fact, as shown by Dodds in The
Greeks and the Irratwnal, ancient avilizavons were aware of
the exstence of these powerful biological needs of man's
nature which are not clearly perceived and thus appear ir-
rational They symbolized the occult passions—the divine
madness—by a ferocious bull strugghing aganst reason.

Empirically, all over the world, social pracuces have been
developed to let these occult forces mamfest themselves
under somewhat controlled conditions The Dionysian cele-
brauons, the Eleusiman mysteries, and many other myths
and rituals served as release mechanisms for biological urges
which could not find an otherwise acceptable expression in
the rational aspects of Greek hfe, even Socrates partaipated
in the Corybanuc rites. Needless to say, such ancient tradi-
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tions still persist even in the most advanced countries of the
Western world. though often in a distorted form. Even when
man has become an urbane city dweller, the Paleolithic bull
which survives in his inner self still paws the earth whenever a
threatening gesture is made on the social scene. The passions
depicted by classical tragedies have their roots deep in the
Paleolithic past.

Expericntial Innocence

All human beings have fundamentally the same anatomical
structure, function through the same chemical activities, ex-
hibit the same physiological manifestations, and even possess
the same occult biological needs; yet no two human beings
are alike. Clearly, knowledge of the attributes which are com-
mon to mankind as a whole is not sufficient to account for
the manner in which each individual person behaves as he
does, develops his own peculiarities, in brief becomes dif-
ferent from all other human beings. Since man’s sense of dis-
creteness is among his most cherished and most pronounced
characteristics, the failure of theoretical biology to emphasize
the uniqueness of individual human beings contributes to its
lack of influence on the humanities.

Individual persons differ, of course, by reason of the fact
that they do not have the same genetic makeup; only identical
twins are alike genetically. But at least equally important is
the fact that the individual characteristics of human beings
are constantly being shaped and modified by environmental
factors which endlessly vary with time, differ from one place
to the other, and therefore are never the same for two dif-
ferent persons. Recent studies have confirmed the ancient
knowledge that many characteristics of the adult result from
the cffects of so-called “early influences,” namely of those
cnvironmental factors which impinge on the organism during
early life, while it is still developing. Such formative effects
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can take place even in ulero. For example, even though the
Dionne quintuplets were genetically identical, they could be
differentiated shortly after birth, probably because their dif-
ferent positions during intrauterine life had differentially
affected their development. Prenatal and early postnatal in-
fluences can affect almost every trait— from nutrittonal needs
and rates of growth, to learning ability and emotional atu-
tudes Moreover, the effects of early influences are so deeply
rooted 1n the biologcal structure of the person involved that
they often and perhaps always persist throughout his whole
life span

Environmental influences shape personality through two
different groups of mechanisms. On the one hand, they de-
termine certain patterns of response which can affect all
mamifestations of behavior Physiologsts, psychologsts, psy-
chuatrists, and navelists have described, each in his own way,
a seemingly endless variety of condittoned responses ranging
from the imprinung of ducks by carly associations with a for-
eign object or the salivation of dogs at the sound of a bell, to
the pathological effects of the Freudian complexes or the re-
membrance of things past evoked by a madeleine dipped into
acup of tea The widespread belief tn the existence of an all
embracing and lasting biological memeory 1s symbolized by
Tennyson's statement 1n Ulysses, “I am a part of all that 1
have met ”

On the other hand, environmental influences contribute
also to the shaping of the personaiity by interfermg with the
acquisiton of new experiences Ideally, man should remain
TCCEPII\C to new Sllﬂ]ull, new events, and new situations in
order to conunue developing memally But in fact, the apti-
tude to apprehend the external world with freshness of per-
ception commonly becomes saturated as the nund and senses
become condinoned b) repea!cd experiences.

The envir es that are ubiq inagnen
geographical, national, or social group naturally tend to bring
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out many characteristics which are common to all members of
the grou‘p. For this reason, there is much trullll in Emerson’s
statement that “We resemble our contemporaries: even more
than our progenitors.’ But environmental influences also
affect each person in an individual manner, even when the
ways of life appear uniform in a standardized environment.
Genetic uniqueness makes for differences in response and
consequently in mental and physical development; further-
more, cach one of us lives in a private world of his own.
Human beings thus perceive the world, and respond to it,
not through the whole spectrum of their potentalities but
only through the areas of this spectrum which have been
made functional by environmental influences, especially the
carly ones, and which are not blocked by inhibitory mecha-
isms. 1 have intentionally formulated this problem in very
general and consequently vague terms, because the ward
potentiality is meant here to denote the whole range of the
organism’s genetic endowment, in both its physical and men-
tal expressions. The life experiences determine what parts of
this endowment emerge in the form of functional attributes.
In obscure ways, the kind of creation associated with the
word genius must be related to the developmental processes
that determine the manner in which the mind responds 1o
external stimuli. Whether it manifests itself by revealing here-
tofore unrecognized aspects of reality, or by making new
patterns out of facts already known, creativity often involves
the ability to contemplate the world with a holistic and un-
conditioned attitude. Complete receptivity, however, is the
prerogative of childhood, and of the few privileged adults
who have retained or recaptured the directness of perception
and experiential innocence which enable them to perceive
“things as they are.” Hence, the deep biological truth of
Baudelaire’s arresting and visionary image, “Le génie, Cest
Penfance retrouvée.” Genius is childhood recaptured.
Unfortunately, it appears that the knowledge acquired
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through the practice of daily life or by systematic learning
must often be paid by loss of ability Tor truly original creation.
Brancusi's statement that “when we are no longer young, we
are already dead” expresses the cruel but inescapable truth
that the mature stages of life are often encumbered with
tracitional and conventioant attitudes which mterfere with
the receptivity for new experiences. The fact that the human
personality tends to “set” with age suggests some functianal
“rigachificavion” of the potential ability for continual progres-
sive changes 1in the engrams stored in the brain—as if there
were sharp mitations to the experiential Iife span Thus, one
of the great problems of biology is to determine whether the
effects of early influences are truly irreversible, as ordinary
expertence seems to show, or whether they can be erased
partially at least, as a few animal expernniments suggest
Electrophystological studies have revealed that the activity
of neural processes tn the bram 15 continuous, and that the
effect of stimuli 1s to give form to the activity going on, rather
than to arouse mactive ussue These findings, as well as the
knowledge thar sensory deprivauon commonly results in a
transtent disintegration of the personality, seem to suggest
that ways may be found to prevent or retard the “setung” of
personality so that man's body does not outlive the better of
his mental faculues In practice, however, the only evidence
suggesting that the muind can be reshaped has come, tragi-
cally, from bramnwashing or confessions of political guilt, and,
more hopefully, from certamm forms of rehgious converstons
The loss of experiential innocence during childhood 1s of
course mevitable and 1 indeed a stne qua non of mental and
emotional growth But what matters 1s the hind of expenence
through whuch wmnocence 1s lost, because this determines 1n
large measure the shaping of the personality The ancienmt
dream of the Fountun of Youth mught acquire a new and
nicher meaning 1f an acceptable techmque could be dev cloped
to re-establish a state of receptvity in the fully developed
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and conditioned organism. Recapturing childhood, in Baude-
laire's sense, implies reacquiring the ability for direct appre-
hension of the external world. It would be the surest ap-
proach to a true enlargement of human life.

Man Creates Himself

The fundamental biological nature of man has not changed
since late Paleolithic times. The same arrangement of 20,000
pairs of genes still controls his physical development and his
physiological reactions; the implements he made during the
Stone Age still fit his hands; the ancient drives that shaped
his cultural evolution are still operative; the rituals and sym-
bolic representations which he performed in the Paleolithic
caves are still meaningful to him. But while Homo sapiens has
remained essentially the same, the manifestations of his life,
and the structure of his societics, are endlessly changing,
never repeating themselves identically. The permanency
comes from the nature of the raw materials out of which
human beings are made, the change from the creative re-
sponses which man makes to the challenges of his total en-
vironment. To live is to function, which means to respond.

Biological science has been immensely successful in describ-
ing the structures and mechanisms which constitute living
things, and through which they operate. But it has contributed
much less to the knowledge of man as a functioning organism.
Yet the human condition cannot be dealt with scientifically
unless a systematic effort is made to describe and analyze the
pattern of responses that man makes to all the stimuli which
impinge on him. For it is precisely this pattern that defines
the human condition. In my judgment, such knowledge could
be acquired if biologists clected to devote to the study of the
fiving experience as much skill and energy as they have de-
voted to the description of the body machine. Fortunately,
they can undertake this task with the confidence that they
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will find i the ammal Ringdom experimenal models for
many of the most interesting problems of human life.

The paradex 1s that while man unquestionably occupies a
unique place m creation, his responses 1o environmental stim-
ult have their counterparts in the life of one or another ani-
mal species Man's physiological urges, including the need
to play, are common aspects of animal life in nature; most
of his social activitics and organizations are also represented
in the different types of animal communities; even the ability
to express athtudes and desires through symbolic sounds,
postures, objects, and other representations 1s widespread
among amimals Furthermore, it has been clear ever since
Kropothin published tus book, Mutual Aid, A Factor in Evolu-
tion, that social atitudes ansing from biological necessities
can evolve into ethical prinaiples In brief, it will probably be
possible to find somewhere in the animal world expertmental
models suitable for the study of many aspects of human hife.

While models are useful and indeed essenual for the sct-
entific analysis of partucular problems, they cannot provide
a complete knowledge of man Models never truly represent
nature, This imitation 15 not pecubar to the knowledge of
man, or of other living organisms; 1t apphes also to inammate
nature as well On thus score, 1 shall content myself with quot-
ing statements made by Eugene P Wigner in Stockholm when
he accepted the Nobel Prize in Physics i 1963

Physics does not endeavor to explain nature In fact,
the great success of physics is due to a restriction of sts
objectives® it endeavors to explain the regulaniies in the
behavior of objects. This renuncation of the broader
aim, and the specificauon of the domain for winch an
explanation can be sought, now appears to us an obious
necessity. In fact, the specificaton of the explamable may
have been the greatest discovery of physics so far_

The regularities in the phenomena which physical sci-
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and conditioned organism. Recapturing childhood, in Baude-
lairc’s sense, implics reacquiring the ability for direct appre-
hension of the external world. It would be the surest ap-
proach to a true enlargement of human life.

Man Creales Himself

The fundamental biological nature of man has not changed
since late Palcolithic times. The same arrangement of 20,000
pairs of genes still controls his physical development and his
physiological reactions; the implements he made during the
Stone Age still fit his hands; the ancient drives that shaped
his cultural evolution are still operative; the rituals and sym-
bolic representations which he performed in the Paleolithic
caves are still meaningful to him. But while Homo sapiens has
remained essentially the same, the manifestations of his life,
and the structure of his societies, are endlessly changing,
never repeating themselves identically. The permanency
comes from the nature of the raw materials out of which
human beings are made, the change from the creative re-
sponses which man makes to the challenges of his total en-
vironment. To live is to function, which means to respond.

Biological science has been immensely successful in describ-
ing the structures and mechanisms which constitute living
things, and through which they operate. But it has contributed
much less to the knowledge of man as a functioning organism.
Yet the human condition cannot be dealt with scientifically
unless a systematic effort is made to describe and analyze the
pattern of responses that man makes to all the stimuli which
impinge on him. For it is precisely this pattern that defines
the human condition. In my judgment, such knowledge could
be acquired if biologists elected to devote to the study of the
living experience as much skill and energy as they have de-
voted to the description of the body machine. Fortunately,
they can undertake this task with the confidence that they
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will find in the animal kingdom experimental models for
many of the most interesting problems of human life.

The paradov is that while man unquestionably occupies a
unique place in creation, his responses to environmental stim-
uli have their counterparts in the life of one or another ani-
mal species Man’s physiolagical urges, including the need
to play, are commeon aspects of animal life in nature; most
of his social actwvitics and organizations are also represented
in the different types of animal communities; even the abulity
to express attitudes and desires through symbolic sounds,
postures, objects, and other representations 1s widespread
among animals Furthermore, 1t has been clear ever since
Kropotkin published his book, Mutual Awd, A Factor in Evolu-
tion, that social attitudes arising from biological necessities
can evolve mto ethical principles In brief, it will probably be
possible to find somewhere in the ammal world experimental
models suitable for the study of many aspects of human life.

While models are useful and indeed essennal for the sa-
entific analysis of particular problems, they cannot provide
a complete knowledge of man Models never truly represent
nature. This Limitation is not pecubar to the knowledge of
man, or of other living orgamisms; 1t applies also to inammate
nature as well. On thss score, I shall content myself with quot-
ing statements made by Eugene P. ‘Wigner n Stockholm when
he accepted the Nobel Prize in Phystcs 1n 1963

Physics does not endeavor to explamn nature In fact,
the great success of physics is due to a restriction of its
objecuves- it endeavors to explain the regularities 1n the
behavior of objects. This renunciation of the broader
aim, and the specificatton of the domamn for which an
explanation can be sought, now appears to us an obvious
necessity. In fact, the spearfication of the explamnable may
have been the greatest discovery of physics so far

The regularities in the phenomena which physical sci-
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ence endeavors to uncover are called the laws of nature.
The name is actually very appropriate. Just as legal laws
regulate actions and behavior under certain conditions
but do not try to regulate all actions and behavior, the
Jaws of physics also determine the behavior of its objects
of interest only under certain well-defined conditions
but leave much freedom otherwise.

The word freedom as used by the physicist has a meaning
which is very different, of course, from the one it has when
applied to human affairs. Nevertheless, cven though the anal-
ogy is only formal, I shall use it in an attempt to statc my faith
concerning the kind of contribution that scientific biology
can make to the humanities. First, however, I must empha-
size that the biological information discussed in the preceding
pages was not intended to give an account of the living, throb-
bing man whom the humanist tries to apprehend and the art-
ist to express. Its role was only to describe the raw materials
out of which man creates himself, through a continuous series
of personal decisions. A few remarks concerning the plastic
arts will serve to illustrate my view of the manner in which
man’s ability to choose and decide determines and limits the
relevance of biological knowledge to the humanitjes.

The paintings, statues, engravings, and other artifacts
found in Paleolithic sites leave no doubt that the faculty for
arlistic expression is very ancient; indeed, it does not seem
to have improved with regard cither to acuity of perception
or to skifl in representation over the past 20,000 years. There
is consequently every reason to believe that the ability 1o per-
ceive and to represent corresponds to deeply seated physio-
logical attributes of man's nature. This aesthetic faculty is
probably analogous to that which makes animals perform
movements or build nests which have an intrinsic harmony.
Certain colors clash or certain elements in a drawing appear
to be out of proportion, when the experience of them con-
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flicts with some built-in set of relationships in our own organs.
In comrast, we would not be pleased with the way certain
things look unless our organs and senses were so constituted
as to be m harmony with the proportions and rhythms asso-
aated with these things. Whether the manner in which the
senses or organs respond has a purely genetic basis or is the
product of conditioning influences, is irrelevant here. The
pomt I want to convey is that aesthetic consciousness depends
on innate facultics which are biological in essence and which
do not scem to have progressed since Paleolithic times.

However, the ability to perceive and to represent s not suf-
ficient by itself to create works of art; other factors are in-
volved which fall outside the realm of the biological sciences.
While human beings respond to their environment through
their biological attributes, they do not react passively as if they
were but mechamcal intermediaries 1n sumulus-response
couplets. The arust’s responsc 1s not mechanical, nor even
simply motnated by the need to cope with the emvironment.
Itconsututes rather an expressive behavior i which the arust
uses the environment for the purpose of self-actualization

The act of artisue creation thus provides a convenient ex-
ample 1o tllustrate the role of human choices in willing a cer-
12 course of acuon among the possibiliues of dealing with
external nature through the needs, drives, and urges which
are mherent i man's nature Similarly, all other aspects of
human hfe present opportunities for actne mtervention on
the part of man —the creature who can choose, eliminate, as-
semble, deaide, and thereby create

As is well known, man has now the technical means to trans-
form his hife and himself by pulaung his envir
as well as his physiological and mental processes, soon he
may even be able to alter somewhat his genetic makeup The
powers of action generated by scientific advances are so great
that the classical discussions on the ideals of the good life now
take on very practical meaning. Mankind —that 1s to say we—
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shall find ourseclves drifting aimlessly toward a state incom-
patible with the maintenance of the humanistic values from
which we derive our uniqueness, unless we formulate goals
worthy of the human condition and are willing to take a stand
at the critical time. This kind of freedom is the final criterium
of humanness. In the words of Paul Tillich, “Man becomes
truly human only at the moment of decision.”

Values and goals naturally involve choices and decisions.
But the more deeply human life is influenced by technology,
the more essential it becomes that these choices and decisions
be made in the light of the proper kind of biological know-
ledge. Man's nature constitutes such a highly integrated
system that it cannot be altered safely except within rather
narrow limits. Unconsciously, the writers of science fiction
acknowledge this fact when they make the human beings who
function in an automated world or who travel in spacecraft
continue to behave as if they were in a Boy Scout camp or in
lovers’ lane.

Since radical changes in human life are excluded by bio-
logical limitations, imaginings based on limited concepts of
the body machine, or on the hope of technological break-
throughs, are of little use in defining what the ideal man
should be. The glory of the coming age must be conceived
within the framework of man’s nature —of his biological limi-
tations as well as his potentialities.

Conclusions

In the very process of responding to environmental stimuli,
each individual human being creates his physical and mental
personality from the biological attributes which are shared
by all men. Human societies and cultures emerged from the
progressive integration of these responses. :

While the outward manifestations of behavior are governed
by the values and rules of cach social group, inwardly man
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continues to react to his environment in much the same way
that he did in the distant past, through the very same physio-
logical mechamisms which he has retained from his evolu-
uonary development. These ancient biological attributes ex-
press themselves in the form of reactions which are often
unsuited to the modern world and are therefore the cause of
difficulties; but, on the other hand, they also constitute a
source of nspiration for creative endeavors.

[ndividual human beings differ not only in their genetic
endowment but also by reason of the stimuli 10 which they
have been exposed in early life, both prenatal and postnatal ~
which give them an experiential uniqueness These early in-
fluences shape the physical and mentil characteristics by stim-
ulating into actvity certain parts of the genetic endowment,
and also by inhibiting the expression of others The extent
to which a person has retained the ability to apprehend the
external world 1n an unconditioned manner, and to respond
to it in his own way, probably plays a large part m hus cre-
ameness,

The role of the biologist 15 to study the raw materals of
man’s nawure and the mechamsms through which each person
uses them to create s own expenential individuahity Ths
role is becoming of mcreasing importance as human hfe be-
comes more deeply influenced by technology and therefore
more remote {rom man's evolutionary experience

By adding (o the knowledge of man’s biological nature,
science helps the humamist better to understand the human
condition and to define the good hfe Unfortunately, while
!nulogmal sciences have been immensely successful i describ-
ing the elementary structures and processes of the body ma-
ching, they have tended to neglect the study of hving as ex-
penience. Indeed, it 1s commonly stated that biology has lost
contact with the humanities because 1t has become oo “scien-
tific” and as a consequence no tonger deals with the problems
peculiar to the humanness of man. There 1s no doubl,_oi
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course, about the loss of contact, but the explanation of the
difficulty, in my judgment, is that biology is not scientific
enough.

By ncglecting the study of a large variety of man’s re-
sponses, biology is betraying one of the responsibilities of
science —namely, the development of objective methods for
describing all aspects of reality. Today, as in the past, the
most compelling and interesting problems of human life
come from the manner in which man reacts passively, and
responds creatively, to the challenges of his total environ-
ment. Biology will once more become a complementary aspect
of the humanities if it accepts the urgent social task to provide
knowledge of the raw materials of experience out of which
man creates himself.



4, CHEMICAL CARCINOGENS,
CARCINOGENESIS, AND
p‘ARClNOSTASlS

By Norman I CromwerLy,
University of Nebrasha

Cancer has been defined by Willis!" as an abnormal mass
of ussue, the growth of which exceeds and is uncoordinated
with that of normal tissues, which persists in the same ex-
cessive manner after the cessatton of the stmul: that evoked
the change  The study of chenucal caranogenesis has proven
to be one of the most rewarding and defimuve areas of cancer
rescarch It was m 1932 that Kennaway® and his colleagues
m England first demonstrated that cancer could be induced
mn expertmental ammals by a pure chemical, Many of the
suspected environmental cancers of man have sice been
reproduced i animals

In recent years there has been a renewal and mtensiftcation
of interest in the causes of cancer with the hope that a betier
understanding of the processes hnown as carcmogenests
will eventually lead to the control of tlus scourge of man-
hind, Expenimental cancer may be induced n three repro-
ducble ways by chemicals, viruses, and womang radiauon
In s brief account an attempt 15 made to mterrelate some
contemporary facts and concepts concerned with the caremo-
genic (cancer-formmg) and caranostatic {(cancer-arresting)
actions of certamn orgamic chemicals, with speaial emphasis
on the polycyclic hydrocarbon and heterocydic compousnds
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During the past several decades, a major effort in the
gencral field of experimental oncology has been directed
toward the discovery and identification of both carcinogenic
and carcinolytic agents. During the latter part of this period,
there has been a considerable shift in emphasis from simply
svnthesizing new agents toward the more basic question of
the mechanisms of action for both of these classes of sub-
stances. There would seem to be no fundamental reason why,
eventually, chemists should not be able to decipher both of
these related processes in chemical terms. However, before
this can come about, it may well be necessary for us to know
more concerning the precise biochemical differences between
normal and malignant cells and how these differences con-
trol cell division in each instance. Undoubtedly, the causation
of cancer and the control or reversal of malignancy will
turn out to have closely interrelated mechanistic bases. Both
for carcinogenic and carcinostatic agents, there must be a
reaction between the agent and some component of the cell
for cell growth to be inhibited. In both instances, the question
is which component (or components) reacts and is respon-
sible for the biochemical lesion that ultimately leads to the
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tiological effect. Cancer seems to invohe a chang? in lh.e
cefty hereditary mechanisms. A successful carcinostatic
agent would be one that would either prevem of reverse
this abnormal change in hereditary control of cell growth.

Of the three methods of treating established cancer—
surgery, radiation, or chemotherapy —only the first two can
be said to effect cures, and these cures represent somewhat
over one third of the patents diagnosed as having cancer.
If the best possible methods of diagnosis and treatmtent now
available were to be apphed, the cure rate might be raised
10 508 per cent For the other 50 per cent, it may well be that
some form of cancer chemotherapy offers the greatest
promise It 15 of course also possible that we may eventually
learn, through the study of carcinog how to
from our environment, or neutralize the effect of, the major
causatve factors associated with the ymuation and malignant
propagation of human cancer,

It has been claimed that, from a pracucal standpomn, the
major problem of finding a cancer cure is to learn how to
fight against dissermnated cancer cells hidden in remote
parts of the body. Some nvesugators feel that this will require
a fight by chemical means If it were not for the widespread
dissemination of cancer cells in the patient, he could be
cured by the removal of the localized tumor by means of
surgery or radration Thus 1t has been recognized that there
isa great need ta study the mechanisms of metastasis in detail,
especially in laboratory anymals

Much more effort needs to be placed on the study of the
mtfde of action of the drugs now known to have some bene-
ficial effect. OF the twenty 1o thirty agents now available for
f”" chemotherapy of cancer \n man, none provides an endur-
g cure except for very rare forms of the disease 13 The
proper use of these agents, however, makes 1t possible o
hold the disease n check many cases and to relieve symp-
toms and prolong useful hfe, Agents with a much hugher
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degree of sclectivity need to be developed. Even t.hc most
effective agents available today are much too toxic to the
patient. Drugs with a lower level of toxicity must be found,
or new methods of administration must be devised which
cither protect the patient from the extreme toxic effects of
the drugs or potentiate the cffectiveness of a lower nontoxic
dose of the drug.

Same progress has been made in the more effective ad-
ministration of known agents. Through use of the surgical
techniques known as perfusion and infusion,M localized
portions of the body are treated with high doses of a cyto-
toxic agent while the rest of the body is protected by some
neutralizing or counteracting chemical. Also, considerable
progress in combination therapy has been realized —that is,
in the combination of the various mentioned methods, such
as an application of chemotherapeutic agents after surgery
0 atempt w0 remove free-floating cells S and the com-
bination of cancer chemotherapeutic drugs with radiation to
reduce more effectively tumor masses. 6

It was suggested some time ago that it might be possible
to discover special growth stimulants that would cause cancer
cells to destroy themselves. Although this happy situation
has not yet been realized, the synergetic response of animal
tumors and tumors in man to therapy employing cither
growth factors (corticosteroids) or carcinogens (urethanc)
in combination with various antitumor agents has been
reported by several groups of workers in the United
States!™ as well as in other countries, ™ It has been found
that several types of compounds including known carcino-
genie substances ® %l gy growth-promoting agents,™} are
capable of sensitizing tumors to the growth-inhibiting action
of certain antitumor agents. These observations obviously
interrelate carcinogens, carcinogenesis, and carcinostasis.

Among the various drugs which have been found useful
in the treatment and palliation of some types of disseminated
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ncoplastic disease in man are chemical agents that have been
classified as cytotoxic agents, antimetabolites, antibiotics,
hormones, and alkaloids and miscellaneous compounds for
which no basis of action has been suggested. It scems un-
likely to expect that the mechanism by which these widely
varying substances bring about their biological actions will
prove to be preaisely the same, unless we mean by “the same”
the fact that reactions among the agent, a metabolite or an
induced substance, and some component of the cell must
be taking place when cell growth is inhibited. One may
immedsately decide that there are many modes by which
this nught come about There has been no shortage of
theories erther to explain caranogenesis by various types
of agents or the caranalytic (caranostatic) effect of the
better-known antitumor drugs

It must be admutted that theory has not yet played a very
successful role in the development of cancer research except
as a stimulus to further work. The developments made 1n
vecent years have been based almost entirely upon empirical
data Many of the present-day theories are mere restate-
ments of expernimental or obserational findings. The actual
mechansm of carcinogencsis 1s stll a matter of speculation,
At the moment 1t seems promsing to conunue to study 1t,
with the hope that, finally, an adequate picture will emerge
which tells us what occurs i ussue and m the cell duning
abnormal development and growth With this information
a hand, we may then hope better to manage the disease
in man

T}lc rebirth of nterest in caranogenests has brought forth
a wide vanety of actne agents of greatly differeat chemical
properties Such widely ciffering substances as plastic films
and metals, and complex organic molecules such as the
biological alkylating agents, polycychic hydrocarbons, and
polycychic heterocyclic compounds are known to inttiate
cancer Despite the large variety of factors that may be
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involved in the initiation of cancerous growth. it appears
that the necessary and sufficient alterations that take place
with the genetic apparatus of the cells are similar in cach
case. The particular properties of the cancer cell are propa-
gated to cach succeeding generation even aficr the induc?ng
agent is no longer present. Apparently, the chemical coding
ability of the nucleic acid of the cell has been altered '

Theories of Carcinogenesis

Several books!' have been written in the last few years
which review the numerous theories and hypotheses ad-
vanced to interpret carcinogenesis. In all instances, the
authors conclude that these are as yet far from adequate.
The most hopeful approaches to a solution of these problems
still seem to lie along rather empirical routes such as the
further discovery and detailed mechanistic study of agents
known 1o take part in cither or both the initiation and pro-
motion stages of carcinogenesis.

One continuing approach to such empirical investigations
has been the synthesis and biological study of new members
of several series™™1% of large flat molecules known as poly-
cyvclic beterocyclic compounds which have, in common with
polycyclic hydrocarbons, the potential biological property of
being rather strongly adsorbed on protein surfaces. i
However, as has been pointed out previously, protein binding
is not sufficient to explain carcinogenicity. Many compounds
react with proteins but are not carcinogenic (i.c. acylating
agents, dinitrofluorobenzene, etc.). The abovenamed com-
pounds also inactivate enzymes; however, they are not car-
cinogenic and they do not react with DNA.2 There are many
data indicating that known carcinogenic hydrocarbons bind
1o proteins ' ! and although it has been widely suggested
that these same carcinogenic hydrocarbons bind to nucleic
acids, there was liule information until recently®=3 (hat
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this s actually the cased™ It has been suggested tfmt a pos-
sible function of & carcinogenic agent with the ability to bind
1o proteins may be its removal (“defetion”) <‘xf a nuclear
protein from coordination with DNA, thus allowing the DN{\
10 “run witd” and insteate cancer59 The deletion hypothesis
sad that tumoars resulted from the loss or deleuon of an
eryme system responsible for the control of normal growth,
possibly because of the combination between the carcinogen
and protem An afternatne possibility would be the deletion
of some repressor system &%

Clagson™ has suggested that the tho thearies which seem
of most importance m considermg a possible mechanism
for chemcal carcinogenests are based on (1) somatic mutation,
or (i} on the tmmunological theory of cancer. In spne of
the fact that many snvestigators appear to have assumed that

N * -

gens are not caranogens, and vice versa Thus it seems
vanecessary o wentify any porton of the caranogenic
process with mutaton. Nesertheless, the change from normal
to precancerous ussue during the process of itation must
imahe 4 change m henitable fearures of the cell

Greent™ considered malignancy to be the result of the
loss nf'spec\ﬁc anngens by the animal He suggested that the
‘tbtmxa) mduction of cancer takes place by two stages: the
interaction of the caranogen with the specfic antigens
andior mher.consmuems of the animal tissues to form
ijzgﬁs;:to:'n\ymm response by the host o the nssue—
P , ipleses accompanted by the ehminanon of the

pectiic antigens and the appearance of a neoplastic cell

1 has been generally found that :
;30 fombine with tssue consmiue
s suggested that annbodies react
Froupings on the

Somme experimer

all chemucal caranogens
nts, te pratems Kobar!
t with only cestamn chiemycal
antigemc substance surface.

) lave indicated that tha e o6
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chemical carcinogens in newborn mice does not adequately
protect them from later chemical carcinogenesis; i.e. no
tolerance is acquired. However, see the section on tumor
growth inhibition by polycyclic compounds and Ref. 30.

Indirect Carcinogens

Some effective agents appear not to be direct carcinogens.
Bovland e tihas found that the aromatic amines, 2-aceta-
midoﬁuorene and 2-naphthylamine, are converted in wvive
to the active compounds, which are probably arylhydroxyl-
amines having chemical properties somewhat similar to the
biological alkylating agents that are also carcinogenic. It
was found®? that 2-naphthylhydroxylamine (50 mg/kg) in
arachis oil twice a week for three months, intraperitoneally,
in fifteen random inbred strains of albino rats induced six
abdominal sarcomas, three abdominal carcinosarcomas of
diverse histological types, and one lymphosarcoma. An
identical dose of 2-naphthylamine induced sarcomas in %14
and possibly a salivary gland tumor in Yi4. These results
agree with the hypothesis that the 2-naphthylamine and some
other aromatic amines exert their carcinogenic action after
a metabolic conversion to hydroxylamine derivatives.

The arylhydroxylamines react with sulfhydryl compounds
to form 5-aminophenyl derivatives (many carcinogenic sub-
stances react with sulfhydryl compounds). A few years ago,
the Millers and their co-workers®! at Wisconsin showed that
N-hydroxylation is an important reaction which leads to
an active intermediate of carcinogenic amino compounds.
Ring hydroxylation is the other chief metabolic reaction but
seems 10 be a detoxification route. However, this area is
still under active investigation,!™ and the precise details of
the mechanism of carcinogenesis by the aromatic amines have
not been clearly established. A somewhat complicating factor
is the fact that there are sex-linked differences in the metab-
olism of N-2-fluorenylacetamide by rats.[*4
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collaborated with Stewart and Eddy of the National Institutes
of Health to study the nature of the infective and cancer-
inducing portion of polyoma virus.?8

When polyoma virus was inoculated into tissue culture
cells of mouse embrvo. the virus muliplied and produced
the characteristic cytopathic changes and released new virus
particles. The virus particles were isolated from the cell
culture fluid and their protein coatings stripped off to leave
only the bare nucleic acid. This isolated virus nucleic acid
was then added to a fresh virus-free mouse embryo cell
culture, and again the same cytopathic effects resulted that
had been observed with the whole virus. The new virus
particles developed in this latter culture werve isolated and
inoculated into mice or hamsters to produce the disease
characteristic of polyoma virus infections. Also, when the
isolated nucleic acid itself was injected into the animals,
polyoma tumors developed in a small number of them. The
isolated nucleic acid was inert to the enzyme RNase but
rapidly detoxified by DNase. It was thus established that an
infective cancer-producing DNA had been isolated. Since
then, the nucleic acid of the Shope virus has been isolated
and found to be an infectious DNA.

These findings are of considerable importance and serve
as a verification of the general concept that cancer is associated
with a permanem change in the cell's genetic center which
is controlled by a deoxvribose nucleic acid. The difference
m genetic character that leads to variations in the character-
istics and functions of different types of cells is based on the
differing details of the chemical structures of the DNA's
{rom various specices.

Thus, it seems inevitable that cancer cells differ from
normal cells in some specific fashion in the structure of the
deoxyribonucleic acid genetic center. The malignant powers
of these new cancer cells must be directly associated with
the particular characteristics of this special DNA. Intensive,
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conuneing imestigations in this basic area of research afe
ayongly indicated- . .

Jn the past it has been assumed that (l}e chcrmc.ﬂ cardno-
gens operate by removing the protective protein s!}eaxhs
from the latent irus, releasing the infecnous DNA in the
el Although there is hude direct evidence, it may well be
\hat the overall transformation nduced by the chemcal
agent n 2 fess specific fashion and over a much longer time
is closely retated, m part of the process, to that accomplish:d
more vapidly by she virus (or us bare DNA).

Energy Transfer and Caranogenesis

Several tmestigators have attempted 10 associate the
functioning of the carcmogenic polycychic compounds with
an energy transfer between the caranogen and the DNA
malecle at the geneuc center of the somatic cell, leading
10 2 chemical change which results in an altered and malig-
nant DNA 1 It has been shown by Szent-Grorgys and co-
uorf:np"’ that there is an apparent correlauon between
ardnogeme activity and the abilty of some compounds to
form chargetransfer complexes with molecular todine.

Blearon donation and acceptance by carcmogentc com-
pounds has bieen stuthed by Aflison and Nash®S far poly-
:}(ht f})drocarbons, serods, polyeychic heterocychics, and
d’:\?::t:‘ a:mes Charge—xransf?r complex formaton with
b, ;cz;:;‘::;t :;’v;i—r::;h 1,3,5-trinttrobenzene 1n
tecpmontyles e mcasuu;xance m complexes with
how  byey and the results found 10

vad general correlation {with nouceable d
anaty between Garcnogeniaty  and e
n _‘;:C«p(ancc. and  electron  donation

e ssimultaneo
1@ donate and acct;f‘:)!:c’z;;??sn; mfﬂnogﬂmc compounds
pseudoquinad charactes of resq ponbed 10 the Qunowd or

nance for the palyeyclic
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compounds. Steric factors and the stability of the car cinogen
under physiological conditions were also suggested as im-
portant factors.

It has been suggeqlcdl"’ 3%, 40} 1hat theory can be related
to biological systems by means of a “sandwich™type model
wherein the near coplanar carcinogen (polycyclic compound)
lies between two active sites in the metabolic system, one
serving as an electron donor, the other as an electron accep-
tor, forming charge-t ransfer complexes with both. Allison
and Nash suggest that this might™* be expected 1o cause
the carcinogen to exert a primary effect on oxidative phos-
phorylation, leading to the altered DNA molecule. From a
practical standpoint, their work!™ clearly indicated that
these tests demonstrating charge-transfer with  trinitro-
benzene and acridine would have found all of the major
carcinogens studied. However, several noncarcinogens would
also have been included in the positive group.

The Pullmans®! have attacked the theory of Allison and
Nash®4] and claim to have demonstrated that there is no
correlation between the electron donating and accepting
properties, and carcinogenicity. They cite examples of many
compounds presenting ideal conditions for carcinogenicity
according to the Allison and Nash hypothesis, which are
devoid of carcinogenic activity, Allison and Nash®* have
replied by pointing out that the energy coeflicient measure-
ments presented by the Pullmans are estimates rather than
actual measurements of charge-transfer formation. Also,
the original theory had taken into account the existence of
several exceptions.

Sung!"l has auempted to relate absorption spectra and
carcinogenicity. No proven carcinogen was found in 73
compounds with absorption spectra below 3854.5 my, but
42 per cent of compounds with absorption spectra above
354.5 mu (log € > 1) were carcinogenic, with Ap. between
354.5 and 368 mu were carcinogens. Included in this later



CHEMICAL CARCINOGENS 81

QUINOID RESONANCE

© .
—
[
I benz[n]anthracene
H® ﬁ
H®
I °
N — AN
[
I benz[c]acndine

H®

group were 3,4-benzpyrene, 3,4,8.9-dibenzpyrene, chol-
anthrene, 20-methylcholanthrene, various methylbens-
anthracenes, and methylbenzacridimes  The results are
thought to be m agreement with previous worh by this author
who demonstrated that, for 28 methylbenzacridines, %14
arcinogeme compounds have AE; below 1,132 keal and
1y, noncaranogemic compounds have a AE» above this
salue.

Wentworth and Becher™! have investgated a method
for determming the electron affimies of orgamic molecules
which employs an electron capture cell used as a sensitive
detector gas chromatography They have discussed the
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relationship between the electron absorption coeflicient
determined in this way and the electron affinity of the mole-
cule. The electron affinities and ionization potentials of
various aromatic hydrocarbons have been correlated. ¥
The stability of complexes formed between methylbenzenes
and polycyclic aromatic hycrocarbons was found to be pro-
portional to increased electron affinity to the polycyclic
compounds, adding further proof to a charge-transfer com-
plex interpretation.t* It would be interesting to atiempt a
correlation of clectron affinities as determined with carcino-
genic activity for a suitable series of compounds.

Huggins and YangH studied the ability of a wide variety
of carcinogenic and noncarcinogenic substances to induce
mammary cancer in rats. They came to the conclusion that
the molecular dimensions of the active polycyclic hydro-
carbons had a close resemblance to steroids insofar as the
planar dimension was concerned, but their thickness was
less, being 3.6A as compared with 5.6A for the noncarcino-
genic, nonplanar steroidal compounds. It was suggested
that these thin, flat molecules containing four to five con-
densed rings could be expected to interact with base-pairs
(guanine-cytosine or adenine-thymine) in the Watson-Crick
model of DNA, leading to a modification and carcinogenesis.

Boyland and Green!®! and Liquori and DeLerma!?? have
recently reported in vitro reactions between DNA and benz-
pyrene, dibenzanthracene, and pyrene. It is suggested by
both groups that the hydrocarbons intercalate between base
pairs in the DNA molecule. Results have been reported by
the latter group,! of solubilization experiments of benz-
pyrenc and dibenzanthracene in DNA-water solutions in
conjunction with observed changes in ultraviolet absorption
spectra and fluorescence spectra of the dissolved benzpyrene.
It is suggested that the aromatic molecules become inserted
between base-pairs in the “disordered,” stretched sections
of the DNA molecule. The nature of the sites is not specified,
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but it is stongly suggested that the empty spaces hetween
occasional bases, present in very small numbets, nay exist
n “undenatured” DNA and may be filled by the momatic
hydrocarbons. These may increase on denaturation of DNA,
on dilution, or on heating. Weak charge-ttansfer and dipole-
induced dipale=dipole [orces between the polar pugine bases
and the polarizable momatic molecules may stabilize the
complexes. Lerman"! used studies of sedimentation, low-
angle X-ray scattering, flow dicluoism, Qowpalarized fluor-
escence, and chemical reactivity to obtain evidence for
intercalation of acridines between two otherwise sequential
base-pairs in DNA. The binding is thought to require a local
uniwisting and extension of the double helix. Although
intercalation seems 1o be a prerequisite for mutagenicity of
the insertion—deletion type, the acridine structure is not
essential nor are all intercalating molecules found 10 be
mutagenic.

Brookes and Lawley 2} studied the binding of a variety
of tritivm-fabeled hydrocarbons with RNA, DNA, and pro-
tein in mouse skin. In one ease, a C'-labeled compound
was used. No binding occurs immediately after application,
and maximal binding takes place after 24-48 hours. The
results of a large number of expeniments show that the
partition of each individual hydrocarbon among the cellular
constituents, RNA, DNA, and protein gave a consistent
pattern which differed for the various hydrocarbons i a
fashion related to their cardinogenic potency as expressed
by the Thall index.* The extent of binding to tatal protem
or RNA showed no correlation in this regard, but binding
to DNA showed assignificant positnv e correlation with carano-
genic potency. It is suggested by Brookes and Lawles 20
that DNA is the essential cellular receptor of the carcanogens
The nature of the binding 1s not clear, but 1t 15 suggested
that 2 metbolite of the hsdrocarbon (Le an epoxide) 15
actually the bound form.
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1t scems probable that many compounds can be expected
to form charge-transfer complexes with DNA which are
not carcinogens. The important factor may be whether or
not the charge-transfer complex then proceeds to form an
addition product with DNA in the case of carcinogens.

Heidelberger®*) admits that DNA can be shown to bind
to aromatic hydrocarbons but claims there is no corrclation
with carcinogenicity, since no localization of radioactivity in
the nuclei could be detected in C*-containing hydrocarbons.
He has shown that the Boyland®' and Liqueori®*} experi-
ments are probably invalid. Actually, a colloidal suspension
between the hydrocarbon particles and the DNA seems to
form rather than an intercalated molecular complex. The
hydrocarbon seems to stabilize the DNA colloid to some
extent. Also the Boyland DNA was mainly single strand
rather than double strand.

The K-L-M Region Theory of Carcinogenesis

Although the precise details of the interactions of tissue
with carcinogens at the molecular level are sull not known
with certainty, considerable progress in this direction has
been made since the important pioneering work by the
French group of workers, reviewed by the Pullmans in
1955.14% This school developed an electronic theory based
upon molecular orbital calculations of activation energics
to predict which polyeyclic hydrocarbon should be the most
carcinogenic. They concluded that, in carcinogenic molecules,
the energy of the phenanthrenoid bond, designated as the
K (Krebs) region must not exceed a certain limit, while the
activation energy of the anthrenoid or meso (L) region of
the molecule must exceed another value.

It now appears that the statement of the original theory
was an oversimplification of the complex structural require-
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ments lor cacinogenesis Some recent elaborations of this
theory, taken in comunction with a consideration of steric
factors and the phyaical properties of the molecules, are
more encouraging and suggestive of further fundamental
studies,

L K

On the basis of new structural varauon studies and on
prevtous data, the role of the K-region of polycychic com-
pounds m caranogenesis has been recently reviewed by the
Millerstland the theory made more defimine for example
while substtutton of fluonne m the 3-posiion of 7-methyl-
hens{a]anthracene destroys caranogemats, the 6-fluoro de-
rnvative has nearly the same actinaty as the parent compotund,
These and other data suggest that, of the two h-region posi-
tions, walabihty of an unsubstituted 5-position 1s far more
unportant than a free 6-position

In summing up chers studies sath the angular benzacridues,
Lacassagne and co-workers!? concluded w1956 "1t now
seems certan that the greater or lesser caranogematy of a
mofecule 1s ftnked to very shight structnral differences, and
1t 15 probable that with only very rehined techniques will
there be success i understanding these diflerences The
miportant sterie effects—which govern the atfmny of the
molecule to 1ts biological carier —must not be overlooked
These effects are death demonstrated by the dwappearance
of caranogemaots when side chams on the vdrocarbon e
n poutted out in

lengthened (4 phenomenon which has be
the angular benzacndimes)” (see p 367 of Ref 17) Thus,
cght years ago, the Frendh workers recognized the -
portance of the major parameters imohed m caranogemic
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activity of polyeyclic compounds. which have recently been
restated and clabosated by new workers entering this field.
With the Hammeu substituent constant, o, and a substituent
constant, 7, defined as & = log Px ~ log Py (Py is the par-
tiion coefficient of a parent compound and Px that of a
derivative), regression analyses have been made of the effect
of substituents on the biological activity of carcinogenic
compounds on mice, The results clearly indicate that the
lipohydrophilic character of these molecules should be
considered in attempts to rationalize structure-activity
relationships. Specifically, these studies have led to a simple
explanation for the inactivity of the large molecules of six
or more rings and the higher alkyl derivatives of 1.2-benz-
anthracene. The large inactive molecules are generally too
lipophilic (larger values of log P), while small inactive mole-
cules are not lipophilic enough (low values of log P) (Hansch
and Fuitat®), They suggest that this parameter is a more
fundamental one to consider than variations in steric factors
or the importance of K- and L-regions in these molecules.

Chemical Reactivity and Carcinogenicity of Polycyclic Compounds

In general, both polycyclic aromatic hydrocarbons and
heteroeyclics show a low order of chemical reactivity under
laboratory conditions of pH and temperature approximating
physiological conditions. Thus, except for charge-transfer
complex formation, discussed previously, atempts to relate
carcinogenicity of a serics to the various members’ ability
to react with various standard reagents have met with only
Himited success.

In 1954, Badgert suggested that three reagents which
add to bonds (i.e. the K-region) rather than by replacing
functional groups might prove useful. These reagents were
ozoune, diazoacetic acid, and osmium tetroxide. Badger
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reported a “seny satisfactory correlation”™ between the raie
of addition of osmium tetroxide and the bond order at the
Keregion, caleulated by the molecular orbital method for
a group of nonsubstituted aromatic polycyclic compounds.
The agreement was seny good when the rates of reaction
were compared with the Pullmans’ electronic index. Thus,
there 15 good agreement between the excess charge at the
K-region and the rate of reaction with osmium tetroxide,
and 1t 1s thus shown that the osmium tetroxide reaction con-
firms the relatonship between the alculated electronic
indices for the K-region and the rate of reaction with a
reagent which attacks this part of the molecule

Badger found that both clectron-repelling (methisl) and
electron-attracung (cvano) groups comen benz(a)anthracene
mnto caranogemc matenal, one might note that some of the
clectron-attracung groups mav engage 1n H-bonding with
centers 1n DNA The OsQ, results indicated that the more
carcinogenic matenals often reacted the more rapidly with
0Os0,. which in turn reacts with those aromatic hvdrocarbons
having the greater charge at the K-region as calculated by
ather the salence bond or molecufar orbital method

The ozonizauon of polvavchic aromatic hvdrocarbons has
been extensnely imesugated by Monconi.*) who has shown
that ozone can react ar all three of the reaction sites desig-
nated by the Pullmans as the K-. L-, and M-regions Attempts
have been made to correlate K-, L-, and M-region actnan
of both caranogenic and noncarcinogenic compounds with
the path and mechanism of the ozonolysis reacuon It turns
out that ozone attacks the potent caranogens mainhy at the
L-tegion rather than ar the K-regron

It scems probable that the metabolic reactions likeh 10
be related to the course of these ozone reacuons are the re-
actions of detoxification rather than the charge-transfer
complex formation with ussue constutuents most ikeh to be

resp ible for the cara rmicaty e these senes

[
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nonnecrotizing dose of DMBA protecis the animal from the
necrosis-inducing  effect of larger amounts of the same
compound. These studies indicated that the presence of a
critical amount of adrenocortical stevoids in the advenal
gland was a prerequisite to the induction of necrosis by
DMBA.

Photodynamic Activity and Carcinogenic Action

As long ago as 1900, Raab®" found that the time required
for various dyes to kill paramecia depended on the light
intensity. Since then, dyes and related substances have been
referred 10 as “sensitizers” in the light-catalyzed processes
designated as “photodynamic.” This field was summarized
up to 1941 by BlumP The chemical reaction which occurs
in these processes appears to be a photosensitized oxidation
by the dissolved oxygen. Doniach and co-workers®® reported
that carcinogenic hydrocarbons were 10" 10 10% times as
active for killing paramecia as the dyes which had normally
been used as photodynamic sensitizers,

Koffler and Markert®1 have shown that DNA is degraded
photodynamically by methylcholanthrene and 1.2-benzan-
thracene. It is thus apparent that photodynamic action can
degrade macromolecules as does ionizing radiation, and the
carcinogenic hvdrocarbons are unusually effective sensitizers
for these reactions. Blum® has described the process by the
following steps:

D + hy — D' (activation of sensitizer)
D'+ 0O, — D+ O (activation of oxvgen)
O, + X — X (oxidized) {photodynamic reaction)

Where D is the sensitizer and X the substrate (e.g. macro-
molecule reacting,
Mouram and Donjach®*™ reported a rather impressive

corrclation between  photodynamic toxicity and carcino-
gentcity.
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The Doniach test system has been used by Epstein and
co-workers®™ to study photodynamic toxicity in several
series of polycyche aromatic hydrocarbons and polyeyehe
heterocychic compounds with wide structural variations, A
general correlation between photodynamic toxicity and car-
cmnogetiaity has been found. The test system was also success-
fully applied to the bioassay of pure samples of 3,4-benz-
pyrenc and some other polycyche carcinogens in the con-
centration range of 1075 = 107 gm/mls

The photodynamic response of paramecium to 3,4-benz-
pyrene appears 1o he ovygen-dependent, and marked pro-
tection 15 afforded by anuoxidants such as oxotocopherol
and butylated hydroxy amsole when added to the incubation
system.®*) The sensitinaty of the response could also be modi-
fied by avariety of other factors such as try ptophan, fractions
of plasma protemns, nononic wething agents, and inorgantc
salts. No evidence for the imolvement of —SH groups or of
peroxide formauon could be demonstrated i the photadsy -
namic process 3,4-Benzpyrene, or its presumed water-soluble
photodynamically active product, was found not to be firmly
bound to Paramectum candatum 141

After studving the photody namic response of 157 carcino-
gemie and noncaranogeme polycyclic aromatic hydracarbons
and heterocyclic compounds, Epstein and co-workersi*l
came to the following general conclusions in connection with
the relattonships among structure, caranogemicity, photo-
dvnamic actaty, and Iight absorpuiiy.

Sigmficant absorpuon of light from the cxpermmental
irradiation system was shown to be a prerequsite but not
sufficient requirement for Ingh photodynamic actiats
High photodvnamic actnaty s largeh confined to 4-
and S.ring compounds whether homocsclic or hetero-
avclic

Inactivity cannot be asenbed to difficulies in compound
solubthzanon or cell uptake alone

12

w
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4. A statistically significant association between photo-
dynamic activity and carcinogenicity was demonstrated.
With a defined threshold, it was shown that compounds
with high photodynamic activity are likely to be three
times as carcinogenic as compounds with Jow activity.
but the photodynamic assay cannot identify a particular
compound as being carcinogenic or noncarcinogenic.

[$3]

It appears that the preliminary use of the photodynamic
assay method would select a passing group for which the
odds of carcinogenic activity would be three times as great
as for compounds in the failing group.

Concerning the effect of structural variations, high photo-
dynamic activity, like strong carcinogenicity, seems to be
limited to compounds with four or five rings. Charge-
wransfer complex formation may be a common factor to both
carcinogenicity®~4° and photodynamic response. Charge-
transfer complex formation with tissue constituents such as
DNARI or proteins!™ could account for the observation
of the critical molecular geometrical requirements for the
polycyclic compounds both for carcinogenicity™! and for
photodynamic toxicity.**] However, Epstein and co-workers
have now found that there is no direct correlation between
carcinogenicity of a scries of aromatic compounds and their
involvement in forming charge-transfer complexes with
iodine, chloranil, trinitrobenzene, or acridine .81

Photodynamic assay has been applied to the assay of cryde
organic extracts such as atmospheric pollutants.®* This
application is based®! upon the fact that the principal
known carcinogen in the atmosphere is benzo(a)pyrene,
which is strongly photodynamically active, and, generally
in industrial areas, there is a high correlation between the
amount of this strong carcinogen and other polycyclic hydro-
carbons in the air.

In general it was found that amino groups on the I-position
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of pyrene, 6-position of chrysene (6-aminochrysene inhibits
growth of induced tumors ' and 4-position of fluoranthene
markedly increased ph(ywd)nnmic response of the inactive
or slightly active parent compounds, Both methyl and espec-
1ally ammo groups on the 6-position of bens(a)pyrene result
mn a marked decrease in photody namic activity as when these
same groups are mtroduced nte the 7-position of henz(a)-
anthracene

Among a senies of benz(c)acridines prepared by Cromwell
and co-workers!" and tested by Epstem T there is a marked
merease 1 actnity of the 7.9-dimethyl substtuent with suc-
cessne deereases for the 5.6-dimethn],7,10-climetin], and

Ld-dimethn] dematnes

The 3,6-dimethy] structure shows increased actisity with
clilorine m the 7-posivon, decreased with chlorine m the
10-positon, and decreased further with 9- or 1i-chloro
substituents It 1s interesung that, for the dimethylbenz{c)-
acridine sentes, the caranogematy s known to be strong
for the 7.9-dernatne, generally weak for the 5.6-dernatves,
and weakest for the 3,6-dimethn]-11-chlorobenz(c)-acri-
dine "1 The caranogeniaity of the new (1 5chloro dernative
has not yet been measured

In contrast with the high photodynanuc acuvity for the
7<hloro-5.6-dimethy Ibenz(c)acnidine, there 15 a successine
decrease i actinty for the corresponding 7-morpholino, 7-
phenoxy, and 7-acctoxy dernatnes 1 This reducuon 1n
activity may be assigned to the tmereased sterice requirements
for these larger groups It was also found that the 5.6-
dimeths Ibenz(e)acnidone 1 shows no photodynamic activaty

Another senies for which carcnogenicaity studies are as yet
wnmarlable are the § 1 Handeno<punoxalines 1% The parent
compound shows strong photodynamic actinty with decreas-
ng acisaty for the 11-ndroxy-11-mettn] and 5,10-h-N-
oxo-11-methyl-1 - droxy  dernamves  respecanels  The
1-one and 5-N-oxo-11-one dernatnes have a similar degree
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of photodynamic activity to the 11-hydroxy-11-methyl de-
rivative. On the basis of these studies, it is seen that a K-
region does not appear to be nccessary for photodynamic
activity, and linear as well as angular compounds are found
to be active. It seems of interest to study the carcinogenicity
of some of the indenoquinoxalines.

From the in vivo data reported by Epstein,B it appears
that significant light absorption is a prerequisite but not
sufficient for photodynamic activity. The exact focation of
absorption peaks does not appear to be important, and fluor-
escence is inconsequentiaf.

The work of Rice® shows clearly that benzo(a)pyrene
forws stable addition products with uracil, thymine, cytosine,
5-methyleytosine, guanine, and G-azothymine upon irradia-
tion with ultraviolet light above 320 my in aqueous solution
at pH 6-7.

It is suggested that the general structure of the benzpyrene-
pyrimidine adducts are as indicated in structure 11.
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These workers hope to be able to correlate carcinogenic
activity of various hydrocarbons with their ability to form
photo-adducts in 4 per cent aqueous sodium dodecyl sulfate
solutions. It would seem to be of more importance ;o seck a
correlation between carcinogenicity and the dark reaction

of a series of carcinogens with these biologically important
bases.
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Syntheses of New Polyoyche Heterocyehe
Compounds of Biological Intevest

A working hypothesis for carcinogenesis and carcinostasis
to gurde further rescarch with the polycyclic compounds
1s based on the following multifacet rationale, The carcinogen
wmitites an infectious DNA through a dual interaction with
the cell nucleus The nucleoprotein complexes with the
polyayche compound, and the DNA 1s laid bare for further
attack Intercalauon of the large flat polycscles between base-
pars 1n the more disordered stretched secuons of the DNA
chain follows Such ntercalation imvohes charge-transfer
complexation (electron donation and  acceptance) which
would be expected to provde increased stabilbity 10 such
disordered secuons of the DNA through m-orbital oserlap
Such specific complex formauon might mask part of the
nucleic acid cham (some of the bases) in the case of com-
pounds with erical steric requirements, leading to nter-
ference with the rephication process for the normal DNA
and alteration n the assembling of aminn aads in the nucleo-
protain by messenger RN A Thus, a new cell nucleus emerges
When 1t happens that there 1s no controlling mmune re-
sponse available trom the host. uncontrolled growth begins
and neoplasia 1s started which no longer requures the pres-
ence ol the onginal caranogen for ws propagaton It s also
possible that the caranogen plavs an important role in the
suppresston of the normal immune response expected from
the host to deal with appearance of strange cell nuclei
Complex formation between the carcinogen and specific
antigens smght result in therr loss by the ammal at this entcal
time, allowing for the uncontrolled growth of the abnormal
cell

Concentration factors arc of mmportance i the related
process of carcinogenesis versus carcinostasis, sce Refs
30 and 51 Thus, 1t 1s suggested that chemmcally mduced
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of photodynamic activity to the 11-hydroxy-11-methyl de-
rivative. On the basis of these studies, it is seen that a K-
region does not appear to be necessary for photodynamic
activity, and linear as well as angular compounds are found
to be active. It seems of interest to study the carcinogenicity
of some of the indenoquinoxalines.

From the in vivo data reported by Epstein,® it appcars
that significant light absorption is a prerequisite but not
sufficient for photodynamic activity. The exact location of
absorption peaks does not appear to be important, and fluor-
escence is inconsequential.

The work of Rice® shows clearly that benzo(a)pyrene
forms stable addition products with uracil, thymine, cytosine,
5-methylcytosine, guanine, and 6-azothymine upon irradia-
tion with ultraviolet light above $20 my in aqueous solution
at pH 6-7.

It is suggested that the general structure of the benzpyrene-
pyrimidine adducts are as indicated in structure II.
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I" hese workers hope to be able to correlate carcinogenic
activity of various hydrocarbons with their ability to form
photo-adducts in 4 per cent aqueous sodium dodecyl sulfate
solutions. It would seem to be of more importance to seck a
correlation between carcinogenicity and the dark reaction

of a series of carcinogens with these biologically important
bases.
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Syntheses of New Polyeyche Heterocyche
Compounds of Biological Interest

A working hypothesis for carcinogenesis and carcinostasis
to guide further rescarch with the polycyclic compounds
is based on the following multifacet rationale. The carcinogen
mitiates an mfectious DNA through a dual interaction with
the cell nucleus. The nucleoprotein complexes with the
polycyclic compound, and the DNA is laid bare for furthe:
attack. Intercalation of the large flat polycycles between base-
pairs in the more disordered stretched sections of the DNA
chain follows. Such intercalation involves charge-transfer
complexation (clectron donation and  acceplance) which
would be expected 1o provide mcreased stability to such
disordered sections of the DNA through mr-orlatal overlap.
Such specific complex formaton might mask part of the
nucleic acid cham (some of the bases) in the wase of com-

pounds with criical stenic requirements, leading to iner-
ference with the replication process for the normal DNA
and alteration i the assembling of amino acuds in the nudleo-
protem by messenger RNA. Thus, a new cell nuclens emerges
When st happens that there 1 no controling unmune re-
spanse avatlable from the host, uncontrolled growth begins
and neoplasta 1s started which no longer requires the pres-
ence of the onginal caranogen for its propagation It 15 also
possible that the caranogen plays an important role in the
suppression of the normal immune response expected from
the host to deal with appearance of sirange cell nudler
Complex formation hetween the carcnogen and speafic
antigens might result in thesr loss by the animal at dus criucal
ume, allowing for the uncontrolled growth of the abnormal
cell

Concentration factors are of tmportance n the related
process of carcinogenests versus carc . sec Refs
30 and 51. Thus, it 1s suggesied that chemically induced
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immunization against certain forms of cancer may become
a reality.

During the course of a general program involving the
synthesis of potential carcinogenic (cancer-forming) and
carcinolytic (antitumor) agents, new methods of synthesis
were developed which provide for a wide variety of new
types of derivatives of the biologically important benzacri-
dines!'™ and the less well-known indenoquinolines,'®® %
indenoquinoxalines, '@ and the benzophenazines.'*"! The
biological interest in compounds of this nature may be said to
have developed when it was discovered in Francel'” that
benzacridines of the angular type caused cancer on the skin
of inbred strains of mice when properly applied.

These new compounds are intended for testing both as
carcinogenic and antitumor agents, although, as a class,
they have been mainly recognized in the past as carcinogenic
substances. Since most known antitumor agents have also
been found to be carcinogenic in action with the proper
system, it seemed logical to us that series which have essen-
tially been known for their carcinogenic action might include
some examples that would prove to be effective antitumor
agents. Thus, by subtle changes in chemical structure, one

might be able to convert a series of compounds from essen-
tially carcinogenic substances to mainly antitumor agents.

.The relationship between chemical constitution and car-
cinogenic activity (and the related process of carcinostasis)
for these several series of large flat molecules is becoming
clcm"cr, and it is hoped that further work will provide for the
clucidation of these important biological processes.

It scems obvious that, il the organic chemist is to help
sglvc t'hcsc.rclm(?d problems of carcinogenesis and car-
bl than s S e s e
flects. In the \'c1ré al I»v}d) }é, net a{,Cflts showmg these
thcsc related pr(I)l);cm; l:;.:tn;ullc(‘;s:mﬂ- bring to bear u.pon

s standing of the mechanisms



CHEMICIE CIRCINVOGENS

Polyryic Ecemeyli Compmanis
Tie Brmororilnes

(G}
The Bensrphberammes
b4
© j24 k a =
O 2 oNonoom
€ OGS
(e} &

The Ieerommuiones ouf [ulrmnrme sz

NE—1.2-H—



100

17.

19,
203,

26.

28

29

NORMAN . CROMWELL

Al Lacassacse, N, I Hoi-Buu, R, Dauner, and F. Zazpera,
The Relation Between Carcinogenic Activity and the Physical
and Chemical Propertics of Angular Benzacridines, Advan. Can-
cer Res. +, 315 (1956).

See: The Relation of Protein Binding to Hydrocarbon Carcino-
genesis, by C. HEmriserGer, p. 179-92, in Ref. 12; and G, W.
Asrsr. and C. HEmELBERGER, The Interaction of Carcinogenic
Hydrocarbons with Tissues. VIIL. Binding of Tritium-labeled
Hydrocarbons to the Soluble Proteins of Mouse Skin, Cancer
Res, 22, 931 (1962).

See Chap. 13, Rel. 11,

P. Arexaxorr and K. A, Stacey, Comparison of the Changes
Procduced by lonizing Radiations and by Alkylating Agents; Evi-
dence for a Similar Mechanism at the Molecular Level, Ann. NY.
Acad. Sci., 68, 1225 (1958); sce also p. 195 of Rel. 12

. E. BovrLanp and B. Green, The Interaction of Polycyclic Hydro-

carbons and Nucleic Acids, Brit. f. Cancer, 16, 507 (1962).

. A, M. Liguort et al., Interaction Between DNA and Polycyclic

Aromatic Hydrocarbons, J. Aol. Biel,, 5, 521 (1962).

- J- M. Ricr, Photochemical Addition of Benzo(a)pyrene to Pyri-

midine Derivatives, J. Am. Chem. Soc., 86, 1444 (1964).

. (@) 1. 8. Lerman, Acridine Mutagens and DNA Structure,

J. Cell. Camp. Physiol,, 64 Suppl. 1, 1 (1964).

(b)) P. Brooxrs and . D. Laweey, Reaction of Some Mutagenic
and Carcinogenic Compounds with Nucleic Acids, ibid.,
p. 111

(c) C. HupeLsrreer, Studies on the Molecular Mechanism of
Hydrocarbon Carcinogenesis, ibid., p. 129,

5. () E.Co Mk and J. AL Milee, In Vivo Combinations be-

tween Carcinogens and Tissue Constituents and Their Pos-
sible Role in Carcinogenesis, Cancer Res., 12, 547 (1952).

¢y C. Henrisercer, Immunological Problems and Tech-
niguces, Cancer Chem. Reports, 20, 19 (1962).

See Ref. 11, Chap. 17.

- HO NG Greex, An Immunological Concept of Gancer: A Pre-

liminary Report, Brt. Med. J., 1, 1374 (1954),

E. AL K{)n.\"r. .;;i;'c and Heterogenicity of the Combining Sites
on an Antibody Mole . Cell. C 51 '
o (l!);‘;l’i), wly Molecule, J. Cell Comp. Physiol., 50, Suppl. 1,

Ref. 11, p. 432,



30,

3

33

3

CUFMICAL CARCINOGENS 101

I L. Dvwoand ¥, Tasans, Intibitory Effect of Polynuclear Hi.
drocarbons and Amphenone Analogs on Induction of Acute
Adremal Necrosis by 7,12-Dimcthy Ibenstajyanthracene, Cancer
Res, 23 (8) 1118 (1963)

(a} k. Boriasp, The Mechanism of Tumor Induction by Aro-
mave Amines and Qther Carcinogens, Z. Krebsforsch, 63
(4). 378 (1963)

(6) F Borrasp, C. L. Duses, and P. L. Groveg, Carcinogeni-
aty of 2.Naphthylhydrow! Aminces, Bnt. J Cancer, 17 (1),
78 (1963)

@) J W Crastrn. J A Mintsgr, and E. C. Mitgr, N-Hdro.
owlation A New Mctabolic Reaction Obsenved in the Rat
with the Caranogen 2-Acetslaminofluorene, § Biol Cher,
235, 885 (1960

6y E C Muurg, ] A Miusg, asn H A Hagruas, N-Hy-
droxs-2-acenlammofluorene A Meabolite of 2-Acety)-
amino-fluorene with Increased Caranogemc Actnan in the
Rat. Cancer Res, 21, 8135 41961)

D B Crassos and M | Asuros, The Metabolism of 1-Naph-
thslamine and Its Beanng on the Mode of Caranogeness of the
Aromatic Amunes, dcta IXn Int Cancer Congress, 19 (3-1), 539
(1963)

P H Wesseroir, POH O Grastiay, and | H O WrHseLRGER,
Differences in the Metabolism of N-Hyvdroxst-N-2-fluoreny]-
acetamude i Male and Female Rats, Biochemustry, 3, 808 (1964)
P honis and H 1 Faiw, Organic Peroxides ivdrogen Per-
oxide, Epoxides and Ncoplisa, Radwat Res, Suppl 3. 183
{1963)

 Progress Report X1, Virus and Cancer, pp 51-56, Sloan-Kettenng

Institute for Cancer Research, New York (Jan 1963)

N Amiey and R Easg, Mechanisms of Caranogencss, Advan
Biol Med Phys, 8, 375 (1962)

A SzENT-Gyoweat, | IsiaBike, and § L. Barrp Jr.. On the
Elcctron Donating Properues of Caranogens. Proc Nat Acad
Sa U, 46, 1444 (1960)

(3 A C Awsosand T Nasu, Electron Donavon and ceept-
ance by Caranogenic Compounds, Sature, 197, 70%01963)

3) B Pritmas and A Puians, Electron Aspeats of the
Interaciions Between the Caranogens and Possible Cell-
ular Sites of Therr Aan, J Cell Comp Phyol . 64 Suppl
1 91 (a0 .

) A C Awersos and T Nasw, Nature, 199, 171 (1963)



102

40,

41.

49,

43.

44.

6.

54,

NORMAN H. CROMWELL

C. Huceixs and N. C. Yaxe, Induction and Extinction of Mam-

mary Cancer, Science, 137, 257 (1962).

SHou-S1x Sune, Relationship Between Carcinogenic Power and

Electronic Transition Energy, C. R. Acad. Sci. (Paris), 257 (6),

1425 (1963).

(@) W.E.Wextwortn and R. S. Becker, Potential Method for
the Determination of Electron Affinities of Molecules:
Application to Some Aromatic Hydrocarbons, J. Am. Chem.
Soc., 84, 4263 (1962).

() R.S. Becker and W. E. WentworTH, Electron Affinities
and lonization Potentials of Aromatic Hydrocarbons, ibid.,
85, 2210 (1963).

() W. E. WentworTtn and E. Cnex, Molecular Interaction
Between Methylbenzenes and Polycyclic Aromatic Hydro-
carbons, J. Phys. Chem., 67, 2201 (1963).

}- Inart, The Relative Potency of Carcinogenic Compounds,

Am. J. Cancer, 35, 188 (1939).

A. Purrvay and B. Porisax, Electronic Structure and Carcino-

genic Activity of Arvomatic Molecules, Advan. Cancer Res., 3,
117 (1965).

. J- A MiLer, and E. C. Mieer, The Carcinogenicities of Fluoro

Derivatives of 10-Methyl-1,2-benzanthracene. 11, Substitution
of the K-Region and the 3'-, 6-, and 7-Positions, Cancer Res., 23
(2) (Pu. 1), 229 (1963).

C. Hanscn, and T, Fuita, ¢-o-w Analysis. A Method for the
Correfation of Biological Activity and Chemical Structures,
J. Am. Chem. Soc., 86, 1616 (1964).

7. G. M. Bancer, Chemical Constitution and Carcinogenic Activ-

1y, Advan. Cancer Res., 2, 73 (1954),

- E. ) Mowicoxt, and L. B. Taranko, Ozonolysis of Polycyclic

Aromatics. X1, 3-Methylchlolanthrene, J. Org. Chem, 28, 9526
(1963), and preceding papers in the serics.

- E. L. Wynper and D. Horrvany, The Carcinogenicity of Benzo-

fluoranthenes, Cancer (Phila.), 12, 1194 (1959).

. 1. N. Greew, Immunological Aspects of Cancer, in Cancer, Vol.

3, 1, ed. Raven, Butterworth, London (1958),

- N. P. Buu-Hor, Palycyclic Aromatic Hydrocarbons, Their Ana-

logues and Derivatives as Potential Pharmacological Agents,
Med. Exp. (Basel), § (4-6), 209 (1963).

. See Fig. 1, p. 227, Ref. 14,
. See Table 1V, p. 138, Ref. 14.

Q. Raan, Z. Biol,, 39, 524 (1900).



5

-

&

CHEMICAL CARCINOGENS 103

H F Bruw, Photodyname Action and Dueasrs Caused by Liztt,

Rembhold, New York (1941). h

a) J C. Mormsst and . Dostacy, Nature, 140, 554 (1937);
Lancet, 234, 1156 (1938)

) O Dosicn, Brit | Exp, Path, 20, 227 (1939),

H hossuer and 1 L \ARxeRT, Proc Soe, Exp Biol Med, 76,%)

agsh

ta) S S Epsteis and M Burrotons, Some Factors Influenc-
g the Photodsynamic Response of Pararecrym egudatunm
10 3.4-Benzpyrene, Nature, 193, 337 (1462)

(6) S S EpsTrin et al, Photody namic Bioassas of Benzota)p-
rene with Paramecum caudatum, | Nat Canerr Inst, 31,
163 (1963)

) 5 S Epstrn, The Photodsnamie Aanm of Pohadic
Hydrocarbon Caranogens. Ext de Aeta UIC e C XIA,
(3-4), 549 (1963}

td) & % EpstEIn. M Brrrotaass, and M Ssearz, The Photo-
dinamic Effect of the Caranogen 34-Benrpirene, on
Paramecium caudatum, Cancer Res, 23, (1), 35 (1463)

ey S EpsTEn, M Suart, H L Fata, and N Mavtie, The
Correlaton Between Photodynamic and Caranogemic Ace
tniues an Polvavelic Compounds, ibid | 24, {5), £33 11954

(f/yS S Epstern I Buron, | hortas, \f Suag, and N
Mantee, Charge-Transfer Complex Formauon, Carano-
genwary, and Photodwnamic Acuany of Pohevdie Com-
pounds. Nature, 204, 730 (1964)

Prinate communication to N H Cromuelltn R K Bot twree,

e rdle Memor) Laboratory, Lnisersity of Wisconsn, Madi-

son, \ug (1960

&) N H Crouwrnig and I A Nifises unpublished






5. COLOR NAMES FOR
COLOR SPACE

By Arrnoxse CHaranss
The Johns Hophins University

The nchness, vaneny, and importance of normal color experi-
ence are truly remarhable, Our abihity to see colors contrib-
utes immeasurably to our ideas of beauty and to the acsthete
appreaanon of objects i our everyday world, Color 15 used
routinely 1 business, industry, saence, and medicine to code
and wdenufy objects and to communicate informanon And,
finally, color scems to be assocrated with avanety of affectine
responses, feehngs, emotions, and moods—such as Uhng,
disihing, exatement, and depredston

For these reasons, 1t 1s not surprising to find that there has
been a great deal of saenufic work done on color viston and
color perception Richter’s two biblrographes!'# for example,
contamn well over 6,000 entries even though they cover only
the fiftcen-year period from 1910 through 1934 Despre all
this work, there are many fundamental things we stll do not
know about ths subject As one flustration, there s suil much
uncertamty about preasely how various wavelengihs of radi-
ant energy are transformed into nervous epergy and differ-
entially coded for transmission to the gher nerve centers of
the brain

Color can be studicd anvwhere along a broad spectrum of
problems At one extreme, some scientists are deeply mter-
ested i the microfunctioning of the reunal clements and i
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the photochemicals that transform electromagnetic energy
into nervous energy. At the other extreme, one can find re-
search warkers concerned with responses to color as an aid
to understanding the structure and dynamics of personality.
The problem I wish to discuss falls somewhere near the mid-
dic of this spectrum, for 1 am primarily concerned with the
common color names that we can all usc to talk about our
color sensations.

Strangely enough, in all the vast literature on color and
color perception, the topic of color names is one that psy-
chologists have largely ignored. To be sure, studies involving
color naming have had a long and respectable history in psy-
chology. In fact, one of the very carliest of these was begun
by James McKeen Cattell while he was a fellow at The Johns
Hopkins University in 1882-83.1" But Cauell and the many
psychologists who used color-naming tests after him were in-
tevested in these tests almost exclusively as dependent vari-
ables. Typically, investigators have used the time taken to
name a set of simple colors, or the number of errors made in
naming some simple colors, as a measure of other things—
mental ability, the effect of drugs, the effect of fatigue and
so on (sce, for example, Berdie! Cauell}® Cattell and Far-
rand [l Remolit"l). Rarely was anyone interested in what peo-
ple meant by the color names they were using, The occasional
studies that tried to establish some denotative meaning for
color names confined themselves to the spectrum colors (see,
for example, Beare,®™ Dimmick and Hubbard,® and Pick-
ford!), 10 very few surface colors (Katzin and Murraytly
or to no more than five or six simple color names (see, for
example, Halsey021),

To focus more precisely on the present topic, let me pose
the question that got me started on this problem in the first

place: What is the maximum number of usable color names
{or all of color spice?
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18 hy Study Color Names?

Let's begm by asking, “Why should anyone study color
names>” Although there are several answers to this question,
one of the simplest 1s to say that colars and color names are
unportant for many industrial and engineering purposes.
You have heard, I hnow, that we are experiencing a hind of
second industrial revolution —a revoluton brought about by
new kinds of machines and macinne systems. One thing that
charactertzes this new class of machines is that they deal not
so much with tangible products, bike steel ingots, glass bot-
tles. and wasling machines, as with information —meanmgful
mformauon that can be understood, handled, and trans-
ferred from man 1o machine and vice versa

Let me give you an example An air traffic control center in
 large metropolitan arrport doesn't produce a single concrete
item that one «an pomt to, handle, or put mto a crate Its
prmapal product 1s information —nformation about mcom-
ing flights, outgoing Mights, weather conditons, and emer-
genaies For any one arrcraft the controller needs to know a
lot of dufferent things the identity of the arreraft, us alitude,
speed, distance, direction, ongin. and destuination. Some of
this information changes conunually: other pieces of the m-
formation are relatnely statc Since controllers n a large
metropolitan airport mas have to heep tabsona hundred or
more mrcraft at am one ume, vou can readily see that such a
sistem must be capable of handling 2 very consicderable
amount of information

Another familar example of modern sistems that deal pri-
marily with information are the giant computers that are be-
coming almost as common as desk calculators and shide rules
were a few decades ago

An essential part of mam of these mformation- h.lmllm;,
systems 15 that they must portras, or display. the mformation
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the photochemicals that transform clectromagnetic energy
into nervous energy. At the other extreme, one can find re-
search workers concerned with responses to color as an aid
to understanding the structure and dynamics of personality.
The problem 1 wish to discuss falls somewhere near the mid-
dlc of this spectrum, for 1 am primarily concerned with the
common color names that we can all use to talk about our
color sensations.

Strangely enough, in all the vast literature on color and
color perception, the topic of color names is onc that psy-
chologists have largely ignored. To be sure, studies involving
color naming have had a long and respectable history in psy-
chology. In fact, one of the very earliest of these was begun
by James McKeen Cattell while he was a fellow at The Johns
Hopkins University in 1882-83.°] But Cattell and the many
psychologists who used color-naming tests after him were in-
terested in these tests almost exclusively as dependent vari-
ables. Typically, investigators have used the time taken to
name a sct of simple colors, or the number of errors made in
naming some simple colors, as a measure of other things—
mental ability, the effect of drugs, the effect of fatigue and
so on (see, for example, Berdie,M" Cattell,”! Cattell and Far-
rand,!”! Remolit™). Rarely was anyone interested in what peo-
ple meant by the color names they were using. The occasional
studies that tried to establish some denotative meaning for
color names confined themselves to the spectrum colors (see,
for example, Beare ™ Dimmick and Hubbard,® and Pick-
ford!"l), to very few surface colors (Katzin and Murray (1),
or to no more than five or six simple color names (sce, for
example, Halsey!'*),

To focus more precisely on the present topic, let me pose
the question that got me started on this problem in the first

place: What is the maximum number of usable color names
for all of color spacc?
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Wiy S Gl Nama?

Let's bemin by asking, “Why should antone ‘.‘“d." “.’lqr
e Althouzh there are sereral answers (o this question,
onc of the simplest is to sav that colors :u.xd co?or names are
ymportant for man industrial and engincering purposes.
You have heard, I Lnow, that ne are esperiencing a kind of
weond industrial resolution—a revolution brought about by
new binds of macdmnes and machine systers. One 1hing that
characterizes 1his new cfass of machines is that they deal not
s much with tangible products, like steed ingots, glass bot-
tles, and washing machines, as with information - meaningful
information that can be understood, handled, and trans-
ferred from man to machine and vice versa

et me give vou an example. An air traffic control center in
alarge metropolitan airport doesn’t produce a single concrete
itern that one can powt to, handle, of put nto a crate. Iis
principal product ts information ~informanon about mncom-
ing fMghts, outgoing Mights, weather conditons, and emer-
gencies. For any one awrcraft the controller needs to know a
lot of different things. the 1denuty of the arcrafy, its alutude,
speed, distance, direction, ongm, and destinanon. Some of
thit nformanon changes continually; other pieces of the m-
formation are relamely stanc. Since controllers w a large
metropolitan airport may have to heep tabs on a hundred or
more diresaft at any one ume, you can readily see that such a
system must be eapable of handing 2 very considerable
amaunt of mformanon

Another famihar example of madern systems that deal pri-
man.l) with information are the gant computers that ave be-
toming almost as contmon as desk calculators and slide rules
were 3 few decades ago.

“!::"n:::‘:l\:: ‘l"l"’c" of many of these nformation-handhng

; Yy must portray, or display. the informanon
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they are processing so that their human counterparts can see
it and interpret it quickly and correctly. When large amounts
of information have 1o be disp\aycd for human users, color
turns out to have some extremely uscful properties (sce, for
example, Harris et al. !l Morgan et al.,l"? Smith " and
Smith and Thomas!). Because colors can be so effective for
coding information, the engincer or systems designer some-
times wants to know what is the maximum number of differ-
ent colors that can be used for this purpose. This is quite a
complex question because, to be useful for coding informa-
tion, a set of colors must satisfy some very special require-
ments. First, any color in the set should never be confused
with any other color in the set. Second, every color in the set
should be readily associated with a common color name.
Third, some color codes should be usable by ordinary people
with litle or no specialized training in color. And therein
lies the origin of our problem for today.

The Dumensions of Color Space

Color sensations can be classificd and ordered without any
reference 10 the characteristics of the stimuli that arouse
them. Over the past several hundred years, artists, philoso-
phers, and scientists have devised many such classifications
of colors according to their similarities and differences. Al-
most without exception, all such schemes agree that some
sort of a three-dimensional model is needed 1o represent
adequately the full gamut of color sensations which the normal
person experiences. Figure 5 shows a diagram which is widely
used by psychologists and color scientists for this purpose.

Hue. Hue is perhaps the most important of the three fun-
damental variables of color as a mental phenomenon. Itis the
main quelity factor in color and is what the ordinary person
means when he says color. Another way of saying itis that hue
is the essential clement that leads us 10 refer to colors by such
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WHITE ‘

YELLOW

BLACK

Fi6 5 A schematic representaton of the psychological
dimenstons of color space

distinctine names as red, yellow. green, blue, violet, and so on.
Hue sensations do not, however, occur 1n discrete groups
}nﬂcad, they shade imperceptibly from one to another and,
indeed, form a complete arcle, as illustrated 1n Figure 5
Starting with red, for example, one can describe color sensa-
tons which become progressively sellower, that 1s, the red
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first becomes orange-red. then orange, vellow-orange, and
finally vellow. From vellow one can proceed similarly by con-
tinuous gradations to green. blue. violet, and back to red
again.

Brightness (lightness). The second variable of color sensation
is brightness. the quantitative aspect of color sensation. It is
casv to imagine two colors, sav red. of identical hue but differ-
ing in brightness. Common terms which are used to refer 1o
variations in brightness are light and dark. As with hue. how-
cver. the brightness dimension also forms a continvum. shad-
ing imperceptibly from very light to very dark hues. In tech-
nical work. brightness is used to refer to variations in the
imensity of lights; lightness to variations in the intensity of
surface colors.

Saturation. The third variable of color sensation is the most
difficult 1o explain in words alone. without reference 10 actual
color samples. Perhaps the best way of defining saturation is
1o say that it is the percentage of pure hue in a color. In this
sense, it is roughly parallel to the concept of the purity of a
chemical compound. In common speech, words such as pale
or deep, weak or strong appear to refer to variations in satura-
tion. Light brown, for example, is a weakly saturated yellow
red of medium lightness, and moderate pink is a weakly
saturated light red. In Figure 5, saturation is represented by
radit originating at the center of the diagram and extending
in all directions from the center. In this diagram, white, gray,
and black are colors of zero saturation and thus of no hue.
The white—gray-black continuum varies only in brightness,
or lightness.

Color space defined. Now, when I say color space 1 mean that
three-dimensional space which models color in all possible
variations of hue, lightness, and saturation.

The Munsell color system. Although one can study color sen-

ations without reference to phvsical stimuli, it is nonctheless



111

feat] \uES FOR COLOR SEACE

1t that seFSIARS of color are ntosx consistently 3“‘:::23
cheted by sl af the appropriste kmds.:'ﬂ\? mo' et
penesat st of surface colors anailable for sclentific an t
et worh s faund 1n the Munsell Bookof Cfﬂaf  Thisisalorge
collection of carefully prepased colored chips, spaced €0 rep-
et shaat equally noticeable color differences Taken
wogether, the Mumsell chips coer wirtually the full gamut of
acofors reproducible by ordwary paints and pigments. The
maser colors of the Munsell system have also been depomed
wth the Mol Bureau of Standards, where they have been
measured and caibrated so that they can be related to other
vt mezsaEmen: syvems In addion to Ruswing he
the dimensions of color space, the Munselt system isentremely
ueelud for specifying colors m business, suence, and industry
i3 wanafactarer specifies the color of one of his producs
im Munsell terms, anyone else can go 1o 2 Munsell atlas and
find ot precisedy what cotor he means

For alf us adsantages, the Munsetl system s a collecion of
stndsrdizes eolors usefut primantly 2s 2 sy5em of color no-
rmmﬂrﬁ(urt and specification for sctentufic and techmcal worh,

nguage of the Munselt systemm 1 fovmemn -+

wsndimns .
4 . crovc e 25 YR refers to g A‘r-
::m: hur,xmc 410 2 speafic hightness (or value), and t?l:c 6
h\hp chentar sz\uraiaon {or chroma} Cine caneasily find oyt
- tg;:\':\(l\ gr«xSx?nhexacdy what such 3 color iuo)u' like, but
98y o the Munsell system (
s hardly one th,
N‘u;d“hr ordinary colar deseryprions T s
- :i mr:(cr 1© the Munsely SyStenn. fates swhe  com,
e, expenmentat work § want tg disess Acchay ‘i{;n(:
0 the Mupsely system ax;;
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On the Total Number of Discriminable Colors

One approach to our problem of colors and color names
is to find out how many discriminable colors there are in
color space. No one really knows this. We can, however. arrive
at an estimate of this number?® by discovering how many
discriminable colors there are in the hue circle (about 200),
multiplying these by the number of discriminable steps in the
lightness dimension (about 450), and multiplying that prod-
uct by the number of discriminable steps in saturation (this
varies from about 15 to 165 in different parts of color space).
The final outcome of such a series of computations is a very
large number —about 7,295,000 discriminable colors!

Although this might appear to constitute an enormously
useful reservoir of colors upon which to draw, it turns out
10 be of virtually no use at all for the kind of practical problem
we started with. Let's look at the difficulties with this approach
for, in so doing, we will be able to sece more clearly the com-
plexities of the problem.

Absolute versus comparative judgments. The first difficulty with
the omputations above is that they are based on values ob-
tained with the most sensitive methods available o the psy-
chophysiaist. Generally, this means two colors presented side
by side, under good viewing conditions, and with the observer
being required to state merely whether the two are the same
or different. This involves a comparative judgment, a kind
of discrimination which the human eye can make with exqui-
sue Ppreasion.

But the situations in which colors are used for coding infor-
mation o not permit such niceties of observation. In an
information display, a color may appear by itself and the ob-
server may be required to identify it as being this or that.
Observations performed under these conditions are some-

times referred to as absolute judgments in the psychological
literature ™
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One of the fascinating things about these two Kinde of
situations 1s the tremendous shrinkage that occurs when one
goes from comparative 1o absolute judgments ‘Take, for
cxample, the visible portion of the clcclmmngnclicsp(‘(lrlun,
that region stretching from approsimately 380 to 780 mype.
If one explores this region step by step, using the most re-
fined methods avatlable to the psychophysicist, one will dis-
cnver that there are upnard of 150 discriminable wavelengths
n the visble spearum.™ Now present a set of spectrum
colors one by one and ask the observer 1o attach an arbitrany
labet to each Exen atter observers have had extended pric-
tice, the maximum number of different colors which they can
idenufs without appreaable error s no more than 12 or
13t 21 [ his shrinkage from 150 to fess than one tenth that
number represents a tremendous contraction m the poal of
colors available for pracucal work

Indusdual differences There ss sull a tunther complicavon
that we must face m this busmess 1f we msnt that colors be
Libeled wath common names nstead of aritrary labels This
complication ts that people appear to differ in whatthey see—
Just as they difler i beight, weight, reacuon tme, or i any
of the thousand or more wass we can measure them Ino-
dentlly, let me make ot absolutels deat that m this discussion
I am climinaung {rom consideration all persons with color-
siston defeats The differences 1 am concerned sath are dif-
ferences one can find among so-called color-normal nd:-
vduals

Let us return agan 10 ow vsible spectrum, spread 1t out
before an observer, and ask hun to ocate that part of the
spectrum that represents the purest orange, the purestaellow,
the purest green, and so on Let the obsenver take s ume
and sk hum to repeat s determmations several tnes Com-
pare the results vou get from several observers and vour are
sure w discorver a remarhable ting What appears to one
observes as a pure vellow looks orange to another What ope
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observer is willing to call a yellowish-green, another will c€111
bluish-green. And so on. Each observer is internally consis-
tent. that is, he can repeat his own determinations with re-
markable accuracy. But the differences between individuals
are disconcertingly large (see, for example, Dimmick and
Hubbard ¥ Halsey, '3 and Pickford ™).

What is the source of such inconsisiencies? Do they arise
from genuine differences between visual systems —differences
between the way vour eve and mine respond to the same stim-
ulit Or are such discrepancies primarily due to differences
in the wav we have learned to attach color names to our color
sensations? These are intriguing questions and, at the mo-
ment, we can only speculate about the answers to them. But,
however they arise, differences in the way each of us uses
color names are one of the added complications we shall
clearly have to face in our search for color names that we can
usc in color space.

How Many Color Names Are There?

Another way of tackling our problem might be to go at it
by wav of color names themselves. What is the situation here?
No one really knows how many different color names there
are. Kelly and Judd prepared a dictionary of color terms for
the National Burcau of Standards in 1955, and that compila-
tion contains over 5,000 different color names. The diffi-
culty, however, is that the number of color names, unlike the
number of discriminable colors, is not some fixed, finite num-
ber. There are people in our world of advertising and industry
who dedicate themselves to the invention of new color names.
Indeed. the guiding principle for people in this kind of work
is “New names for old colors every year.” As a result, we find
oursclves being deluged with such exotic names as aflerglow,
air castle blue, Aladdin’s lamp, Andrinople berries, angel blue, angel
red, apache, aphrodite, April sky, Arab, arabesque, atlantis, atone-
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ment, Awstralian prne, autumn blonde, autumn brown, autumn glory,
aufumn go[zl, autumn green, autumn Imj: autwmn oak, and qutiumn
tan, Just to name a few that begin with the letter “a." Rest
assured that these are not my inventions. Some manufacturer,
somewhere, has used each of these names to refer to some
particular shade of lipstick, face ponder, fabric, or tile.

There 1sn’t even agreement in the different segments ot
ndustry about the precise defimition of some of these terms.
For example, in the Plocheie color system used by interiot
decorators, autumn brown refers 1o a strong yellowish brown,
ayellowssh brown of high saturavon. In the Standard Color
Card put out by the Texule Color Card Association, however,
autumn brown refers to a moderate brown, a brown very low
n satration

If we ehnunate all obvious inventions of the adsertising
arts, we can sull find many color terms which have httle inean-
ing for the merage person Indeed, 1t 1s extremely unhikely
that terms such as alabaster, ametlyst, caerulewm, carmne, char-
trewse, claret, cyan, ebony, fuchsia, heather, heliotrope, hemp, mdigo,
Japonca, jasmine, madder, and mauve can even be found within
the vocabulany of the av erage American adult. Let me remind
you that, according to the Amenican Education Assooation,
in 1960 the medsan adult in the United States had completed
only elesen years of schooling The very fact that you aie
teading this means that sou are a member of . sclect minonty
of our populaion Once agmn, when we find people whe
know and use spectalized color terms m their work, we often
find disagreements i what they mean by these wonrds In the
field of color photography, for example, cyan referssoacolor
between blue and green To an artsst, howeves, eyar v nnu h
bluer color What an arust calls red 18 red magenta 10 o colot
l""“"mphcr And so on,

Tthink, youwill agree that our brief excugson tn thewanld
of cwlor names tas so far been a ssngularly wnresarding e
e One quickhy becomes bewildered by then ehicer by,

-
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confused by the lack of agreement about what they mean, and
muystified by their exotic and esoteric qualities.

Color names in common use. Let us now follow another ave-
nue and ask what color names one finds in common use. One
of the few studies 1 know of this prablem is reported by Paul-
ine Evans.B! She surveyed seventeen best-selling novels and
found 4416 color terms used in these books. Of that total
number. 4.081, or 92.4 per cent. were accounted for by only
twelve terms. These, arranged in order of most to least com-
mon. are: white, black, blue. red. gray. green. brown. gold,
vellow, pink, silver, and purple. OF the total of 4,416 terms,
1,066, or 92.1 per cent, were unmodified. Only 7.9 per cent
were modified with words like “dark.” “pale.” “pinkish.” and
so on.

The common language, in other words, appears to get
along with no more than about a dozen color names. But
surely there must be some middle ground. We can’t help fecl-
ing that if we look hard enough we ought to be able to find
more than a dozen color names to blanket the vast domain of
colar we can all see.

ALY

The Denotative Meantng of Some Common Color Names

My latest approach to this problem has been a direct frontal
assault on the question of what people mean by various color
nimes. In particular, 1 have been looking for consisiencies,
and for differences, among color names in terms of how nor-
mal people use them in designating real colors.

There are atleast two ways one could go about this kind of
problem. One is to show an observer a large number of dif-
('cl"unt colors and ask him to name them. This technique, 1
think, has a number of disadvantages. 10 you do not limit the
munher of color terms you aflow the observer to use, vou will
generafly end up with such a large assortment of different
names, with and without qualifiers, that it is difficult to know
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what e do with them. There is no casy way of quantifying
the outcome of an experiment of that type

For this reason, we did the sevase Mind of expariment. We
spread out o Lirge artay of colots before an olsaner, then
gave Jum acolor name and asked bim 1o find the ane color
which, m Jis opmion, best exemplificd that color nume. In
short, we asked the observer to define what exch color name
meant to ey, by ponung 10 a parncular color,

The color names tested  1able € shows the color names we
have tested s vou see, the color names are made up of tvo
patts, what we call (1) basic color names, and (2) modifiers,
By andd Large, these basie color names and modidiers were
selected from the National Burean of Standayds dictonary of

Tantr 2 Tae Basie Coror Natis s Mopibiks Usip s

s Stumy Toe Grovreises o 11 Baste Cator Noasaes

Suow 1 Sty SErs iv1o wancs 1k COloR N aEs WiRe

Divinen DERISG e Smusisiraaion of tie Lests Excnm

A Noen Briow, Tary Cotor Nae Was Usin ween
Fury Monnseg

v Colm Nanmes Modifers
Red tran iNo modifier)
Pink g Vellonash gieen Vivd
Wiite* Vellow gieen Shong
Cacennhivllos e
Olne Ihep
ek
Yellow Blue Lign
Orange Blunh-green e
Brown Greansh-blue avnh
sy Whiate
Tarple Reddnh-puiple ash) ey
Violey Py plsshirrs) nshy Black
Parphsh-blue Par plish-penk §
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color terms, 22 although we have introduced some additional
terms of our own. With the few exceptions in the footnotes
10 the 1able all basic color names were paired with all modi-
ficrs. Some examples of our color names are wvivid green, pale
blue, deep olive, gravish-purplish blue, and viofet black. These
pairings of modifiers with names gave us a total of 233 color
names, the number tested in this investigation.

General testing procedure. For our colors we used all the color
chips in the Cabinet edition of the Munsell Book of Color (1,226
in all) and added to them 133 special colored chips gencrally
of higher saturation than are comained in the book. Weended
up, therefore, with a total of 1,359 different samples of color.

These colored chips were spread out on a large table, under
a carcfully controlled source of illumination approximating
natural daylight. The observer stood, or, if he wished, sat,
before this display. He was given a color name, for example,
vivid brown, and instructed to find that one color which, in
his opinion, was the best-vivid brown on the table. He was
given unlimited time 1o make his selection and he was allowed
to pick up the cards containing the colored samples, move
them about, or handie them in any way that would make his
search casier.

To reduce this task to manageable proportions, we did the
testing by groups of colors (as shown in Table 2). For example,
alt of the color names containing yellow, orange, and brown were
tested as a group. In this way we were able to modify the size
of the display and the number of colors through which the
observer had to search. We made sure, of course, that the
range of colors displayed was more than adequate 1o cover
those he might want to search through. At any one time, how-
ever, a display contained no more than about 550 colors.

The six different sets of colors, and all the color names within
a set, were tested in a different random order for cach of
the observers used.

The abservers. The observers were forty young adults, twenty
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men and twents women. They were required to have normal
color vision, good sisual acuit, and 1o speak Enghsh as their
native tongue The olseners were housewives, students,
secretaries, and teachers. As a group they were undoubtedh
above the merage intelligence of the population as a whole,

The base form of the data - At the conclusion of many weeks
of wsung we ended with 9.320 color selections — 10 for cach
of the 233 color names,

“able 3 shows the way in which the
raw ¢datt were tabulated for four of them It also shows some
of the statsuical measures that were computed 1o describe the
selections :

Our first interest was 1 getung some measure of the consis-
teney with which the forts subyects could agree m therr selec-
vons, To this end we first determuned n., the total number of
different selecuons made for each color name \est we com-
puted the frequencs of the modal. or most common selection,
M. the sum of the frequenaes of the (wo most commaon sclec-
vons, M’ and the sum of the frequenaces of the three most
common sclecctions, M binally, we used a rather comph-
cated statistic which ! borrowed from communicanon theor,
although we used the meastre sunpls as a summarnizimg sta-
tstic haveng nothing to do with communication Thismeasure,
which I call the coeffictent of consstencs, 1s defined by

[ _ Liflogs /)]
Comn [0 ]og: 10]

where U 15 the uncertann, or amount of mformaton
among the selecuons made by all forty obsenvers, Umyy 18 the
MIVMUM uNCCrEnty, or maxpnum amotnt of informanon,
possible amang the sclections, and f s the number of times
cach of the 1 colar chips was selected  Thes rreasare of con-
sistenay, or agreement. ranges from 000 1o 1 00 If all forn
stbjects made exactly the same chosce for s color name, the
value of € would be 100 1f cach of the forty subjects made a
different chotce for a color name, the coefhaent would be 0 00
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observers each agreeing on one of thirteen colors and the
fortieth picking a fourteenth color. A value of 0.52 could
occur il the forty observers had picked only six different
colors—seven observers cach agreeing on one of five colors
with the remaining five agreeing on the sixth. To sum up,
then. the agreement among color selections is better than the
distribution in Figure 6 seems to suggest.

Consistency of selections made by the two sexes. Since we 1ested
twenty men and twenty women. it is natural to ask: Were
there anv sex differences. and. if so, which sex was more con-
sistent?> The answer is that the women were significantly
more consistent. This finding is in agreement with those of
other studies which show that women or girls tend to be better
than men or bovs in other kinds of color naming (sec, for
example, DuBois,™ and LigonY).

Cansistencies for groups of color names. Figure 7 reveals some
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Fis. 8. Consistencies of selections according
to color name modifiers.

name (sce Table 3 for examples). T shall discuss here only
some of the findings for the hue sclections.

The mean bues for all the strong colors are shown in Fig-
ure 4 as arrows radiating out from the center. The scale and
the symbols around the inside of the circle show the locations
of the forty principal Munsell hues. The short arcs on the
outside of the circle are ranges for strong hues as defined by
color experts of the Inter-Society Color Council and the
National Burcau of Standards.*! In some cases, the agree-
ment between the ISCC-NBS definitions and what our ob-
servers did is excellent. This is true, for example, of strong
ved. strong orange, and strong yellow. In other cases, the agree-
ment is poor. Note, for example, that the mean selection for
strong green is completely outside the range of values specified
by the ISCC-NBS. A particularly interesting comparison is
that between strong purple and strong violet. Color experts
agree that violet should be a bluer color than purpte. Our
obscervers. however, coutd make practically no distinction



COLOR NAMES FOR (OLOR SPACEH 195

STRONG

Yollow,

G [t
ey zfm o 16y
S R
ey Ty oAt

L 90 Nverage e sclections fon the strong hues (airows) The
sedte and swinbols wound thic msade of the cde are dossgmations
fon e Munedl ures The segments of aes oo the outade ol the
ancde show the tanges of hucy detined by the 150 NBS mahod
ol desighatng coloty

between these twacolors In fact, they eveneversed the two!
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are spaced to correspond 1o equally noticcable color differ-
ences; that is, cqual distances ardbund the perimeter of the
circle correspond to equally discriminable hue differences.
When we first made our selection of nineteen basic color
names for this study (those in Table 2) we tried to pick names
that would blanket the hue circle almost uniformly. Our find-
ings show that we fell far short of this goal. There is a large
region between most of the Munsell greens and all the blue-
greens that was not sampled at all by our color names. There
is another large empty space between greenish-blue and blue
and still another between wviofet and purplish-pink. These re-
gions contain a great many colors which the eye can dis-
criminate if it wants to. But apparently we have not found
these colors to be sufficiently interesting to reward them with
their own distinctive names.

On the overlap between different color names. The selections
of color chips were sometimes nearly identical for different
color names. Table 3 illustrates some of these. Note, for
example, that 5.0 R 4/14 was the most common sclection for
red, pure ved, vivid red, and strong red. In fact, only two Munsell
chips (5.0 R 4/14 and 7.5 R 4/14) accounted for over half of
all the color sclections made for these {our color names,
Another way of saying this is that our observers regard red,
pure red, vivid red, and strong red as being essentially the same
color. This conclusion is supported by the means of the selec-
tions made to these four names (Table 3). The maximum
discrepancy among the four mean hues, mean values, and
mean chromas is less than half the difference between any
two color chips adjacent in the Munscll system.

‘Two measures were computed to quantify the overlap be-
tween the selections made to pairs of colors. One measure
was a simple tally of the number of times identical chips were
s~c(cctcd for different color names. The other, again borrowed
from communication theory, is a measure of the information
transmitted (or, as it has also been termed, the contingent
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uncertainty I51) between color names and color selections.
Here again, think of this only as a statistical measure of asso-
ciation, varying, for these data, between 0.00 and 1.00. These
tho measures agree so highly that only the first was computed
for all the data. Measures of overlap are now asailable for all
27,028 pairs of colors so that we can determine which color
names overlap and by how much.

“The results of this analysis reveal that there is almost com-
plete synonymy be(\\ccn vwolet and purple, and between

llowish-g and £ This identity holds not only
fnr the basic color names but for the basic color names used
with all eleven modifiers Although there is somewhat less
overlap between yellow-green and greenush-yellow, between
bluish-green and greenssh-blue, and between reddish-purple and
purplish-red, 1t 15 suficzent for us to conclude that we could not
expect people to make dependable discniminations between
the members of each pair

‘The situation with regard 1o modifiers 1s, in some respects.
even more mteresung First, the modifiers pure, strong, and
vrird appear to add nothing 10 2 basic hue name. For all prac-
ucal purposes, pure blue, vrid blue, and strong blue are svnony -
mous with just plain blue Deep and dark also turn out to be
synonymous, as do pale and fight Moveover, these generahza-
uons hold for all mineteen basic color names. All these find-
gs are at variance with the ISCC-NBS system of designa-
vons in which these modifiers were supposed to idenufy
distinct varanons in lightness and saturation Unfortunately
the ordinary person does not make these disunctions

There are also numerous other pairs of color names which
overlap, but these are more or less isolated nstances and do
not hold for enure sets of modifiers or basic color names
For example, although the mk and red colors appear to be
differenuated on the whole, pmkish-white and reddish-white are
not Similarly, orange and brown appear to be distinctn e except
for erange-black and browmsh-black
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On the total number of distinctive color names. We turn now to
what is probably the most interesting question, essentially the
question we started with: How many distinctive color names
are there? Imagine that we were to construct a very large
iable of data. Across the top of the table we list the color
chips, starting with the first and continuing through the
1,359th. Along the side of the table we list color names, start-
ing with the first and ending with the 233vd. Inside the table
we enter in the appropriate cells all the 9,320 color sclections
made by our observers. What we will have, in short, 1s a kind
of gigantic correlation table. containing 1,359 times 233 cclls.

The measure of information transmitted (or contingent
uncertainty), to which I have already referred, is a kind of
statistic which is ideally suited for data of this type. If we cal-
culate such a measure for this large table of data we obtain
a result equal to 5.49 bits. The antilog of 5.49 bits is 45. This
means that there are theoretically 45 different color names
for which color selections should not overlap.*!

Unfortunately, when we examine our table of data we find
that, in stll another respect, our selection of color names was
not as good as we had hoped. Of the total of 1,359 chips, 246,
or about 18 per cent, were never sclected at all. Our theoreti-
cal number of 45 color names does not cover the entire color
space of the Munsell system but only about 82 per cent of it.

We can, however, make some estimate of what the total
number of color names could be and bracket it with some
upper and lower limits. For the lower limit, let's assume that
we managed to find some additional color names to sample
the unused 246 color chips. Let's assume, further, that the
agreement for these new color names is no better than the
agreement {or that of our most variable color name, pale olive.
Under these assumptions we would need an additional seven
color names to cover the unsampled arca of the Munsell
system,

Let's follow another line of reasoning to sce what it will give
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us as an estimate, If 45 different color names can cover 1,113
chips. on the average, how many color names would we need
to cover 1,359 chips? That turns out to be about 55.

By putung all these computations together, we may say that
the 1ol number of different color names that could be used
for color space (as represented by the Munsell system) is most
probably between 52 and 55.

Postscript and Prospect

Let's stop now, take a look backward at what I've tried to
say, and then a ook forward at what this means for future
research.

1 started with 2 queston- What 1s the maxumum number of
usable color names for all of color space” We saw first that the
normal human eve s capable of discnmmnating upward of
7,000,000 different colors, but that this number 1s not at all
a fair esumate of the resenoir of pracucally usable colors We
saw then that the Enghsh language contains thousands of dif-
ferent color names and that our language 1s flexible enough,
and our culture rewarding enough, to encourage the prolifer-
ation of color names, although most of us have lttle :dea
what these color names mean On the other hand, the com-
mon Enghsh language, the language of the novel, seems to
get along well with no more than about a dozen different
color names.

A direct experimental antack on the denotanve meaning
of vanous color names has revealed some nteresung things
about what people mean by varous color names We saw that
some color names which appear to be quite different are, for
all pracucal purposes, synonymous We saw also that people
do not make disunctions between certawy modifiers which
appear to comey the wdea of vanauons in saturavon and
lightness. And, finally, we ended with the esumate that there
are probably between 52 and 55 usable color names for all
of color space
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As is 50 often the case with scientific research, the questions
we have uncovered are far more numerous than those we
have answered. Our 52 to 55 usable color names are theoreti-
cal, rather than actual. Inspection of our data identifies a
number of names which do in fact refer to different regions
of color space. But what of the unsampled parts of color
space? Can we find color names for them? Are there indeed
simple color names which we can use for the hues that lie
between green and blue-green? Or for the low-saturation
hues, which were also conspicuously avoided?

How do we learn color names? Where and how in the
genetic development of a child are associations established
between color names and color sensations? How does the
child learn to make the discriminations that provide him
with the color language he has as an adult?

Would we have obtained the same results if we had tested
observers who know British English instead of American
English? Would a French psychologist have discovered the
same number of usable color names as we did? Or a German
psychologist? In short, have we discovered something reason-
ably constant about human color perception, or have we dis-
covered something that is specific to people who speak a
particular fanguage?

These are only a {ew of the intriguing questions that occur
to me, and I am sure, to you as well. ,

In conclusion, if my brief remarks have colored your
thoughts with the warm glow of crushed strawberry, sunglow,
coral blush, or mountain haze, 1 will feel that 1 have, in part at
least, earned the privilege of addressing you. But if, by some
stroke of good fortune, 1 may have enticed a few of you into

exploring these questions further, I will feel that T have been
most richly rewarded,

Tam grateful for the assistance of Dr. Aleeza C. Beare, who
collaborated with me in some of the research described here.
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‘The work reported in this paper was done in partunder Con-
tract Nour-248(53) and in part under Contract Nonr-4010(03)
between the Office of Naval Research and The Johns Hopkins
Unnersiy It 15 Report No. 12 under the latter contract.
Reproduction n whole or in part is permitted for any pur-
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6. THE FINE STRUCTURE OF THE
BACTERIAL CELL AND THE
POSSIBILITY OF ITS ARTIFICIAL
SYNTHESIS

By ErxesT C. PoLLARD
Pennsyhana State Unnversity

In the past decade a scienufic revolunon has wken place,
which 1s perhaps the greatest saenufic revolution of all 1
refer to the achievements of a strangeh assorted group of
genenasts, hiochemists, virologists, physiasts, classical biolo-
gists, and even engineers, who have founded the sirangely
named, but powerful, subject of molecular biology. These in-
dniduals are not a homogeneous group. they are bound by
litle more than an intense ntellectual fernvor- they can disa-
gree sharply with one another, and they accord respect t any
one with the greatest personal reluctance These are all symp-
toms of men of saence who have suddenh developed sharp
msight and who are building a doctrine which will be used o
mterpret Ining thungs for the future, and probably the long
future

Ta set this revolution in perspectine, let us ook at a com-
parable revoluution in physical science which took place at the
turn of the twentieth century, when n a few vears we wit-
nessed the discosery of the electron, of X rays. of radicactiany
and the atomic nucleus, of the interpretation of spectra, and
of the nature of solid matter 1n about forty vears from the
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first of these discoveries the claim could fairly be made that
a complete understanding of normal inanimate matter had
been attained by science. In this claim cosmology is excluded,
and also the high-energy features of the atomic nucleus. What
is meant is essentially this: that for anything which can be
touched or perceived in the ordinary room, onc can find,
somewhere in the world, an expert who can tell you the pre-
cise structure of that object, how to alter it to your will, or
that it cannot be so altered if it is inherently impossible to do
0. Some latitude must be allowed in this claim, bearing in
mind that expense and time could be involved, and we are
cheerfully assuming that they represent no problem.

Now the suggestion 1 am making about the revolution in
biology is that in thirty more years, or, again, forty years
from the start, it will be possible 1o name any part of an or-
ganism, 10 find someone somewhere in the world who can
telt you its precise structure, how to alter it to your will, or
that it is inherently impossible to do so. This revolution, un-
like the revolution that concerned inanimate things, not only
affects our environment, making it casier for us to live in it,
but it concerns ourselves as living beings. If we widen our
imagination a little, we can see that we shall not only have a
profound ability 1o control discase, far beyond our present
ability, but we shall also be able to control factors which now
are outside our powers. To show the kind of potential ability
we might have, we should by then understand memory, and
indeed intelligence, and we should therefore be able to cure
our memory and intelligence defects by going to the appro-
priate biological engincer and geuing the proper operation
done on us. Clearly, the social revolution that could result is
not to be belittled, and it is indeed latent in the growing power
of imterpretation given us by molecular biologists.

H this claim is made honestly, then it should be followed
logically m' the conclusion that if we understand a cell we
should be able 1o make one; hence the title of this article and
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the examination of what the task would entail, and what
might be the discoveries made on the way, if any. So my goal
15 to try to present the character of the structure and working
of the bacterial cell in a way that will provoke thought about
the problem of 1ts artificial synthesis.

Three further things need to be said before this task 15
undertaken. The first concerns the choice of the bacterial
cell. Why not a virus®> Why not a human cell?

A virus has been, to my mind, already synthesized. There
are at least four laboratories m the United States alone whete
nucleic acids are being made from cell-free systems One of
these nucleic acids has presumably had the necessary length
and complexity to provide the code for two enzymes and so
one can say that a virus has been made. The problem s find-
ing the necessary host, and thrs highlights the basic objection
to choosing a virus to represent the achievement of construc-
tion of a whole cell 1t 1s not, alone, fully representame of
hfe. So, at least as far as I am concerned, I cannot feel that
the true challenge has been met when we have made a virus.
Now 1f we choose 10 set up the task of making a human cell,
we are mvolved with something that 15 not normally found
out of contact with 10" ather cells m some hving being, with
a cell that bears the characterisucs of that sheltered existence,
unusual size, and the presence of subunits which are part of
its functioming —organelles such as mitochondna, for exam-
ple. At the moment, 1t seems to be unnecessarily hard, though
biological discovery may well show this conclusion to be wrong
one day However, for the present let us accept this view
The bacteral cell, which 1s quite capable of autonomous ex-
istence, under conditions which are most adverse, 15 certainly
lving' and cenamly a challenge sufficemly grem 1o us at
present

1 Studies made by indiniduals interested 1n means for tesung foy bfe on

Marst!! indicate that nowhere on the surface of the earth can one sclect a
gram of soil without also selecung 10,000 (minimum) ln g organisms
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The second preliminary thonght concerns what we mean
bvihea “m“a:ﬁ svthesis of 2 cell. By this T mean that we could
siart from the elements of a cell: carbon. nitrogen. hvdrogen.

Xygen. ﬂhomhorus. and sulfur. plus the trace factors, and
assure 0ur~eh es that there was no mvstery about completing
each necessary step all the way from the elements to the newly
ining cell made from those elements. without necessy anily
actually completing more than one step at a tme. If some
necessity arose 10 marshall monev and scientists to do the
whole task. as was found 10 be the case for controlled nuclear
reactions and radar. then it could be done. Knowing oz fo do
it is what we are discussing,.

The third preliminary thought is of great importance, ¢s-
pecially to biologists. To make the point. 1 shall return to
modern physics. The discoveries concerning the atom and
the atomic nucleus. pariicularly the latter. a school of thought
in which I began my scientific work. could never have been

made with our eves directly: they had 1o be made by hypoth-
esis and the test of experiment or, in better ters, by accurale

tmagination. Thus the fact that we can never see an atom of
sodium doesn't prevent us from knowing the orbitals that
characterize its structure. and if we want to construct models
that represent our ideas of these orbitals we can do so: and
such models are often very useful 1o students who are in-
terested in the way in which atoms behave, particularly in
relation to one another. Molecular biology has alveady shown
that many of the essental operations of the living cell take
place at small molecular dimensions, and so we cannot hope
to sce both the molecule and how it is working at the same
time. Thus, we are once again forced to the position of the
physical scientist, and must use accurate imagination to de-
scribe the eell, it we want to use enough detail 1o see the niech-
anisms at work,

This leads to the final introductory remark. In what follows
we shall have to draw thought pictures, already known to the

O
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of the Oak Ridge National Laboratory, who started his gradu-
ate work in v group at Yale. Itis a thin section. and it shows
the outline of the cell. The black dots that fill the majority of
the cell are probably ribosomes. and the relatively clear part,
which shows some evidence of fibrils and some structure in
the fibrils, we can call the nucleus. Before we discuss the
features of interest in this cell. an inventory of its contents,
given in Table 4. is useful to have.

Tasre 4. OQuTLINE OF NATURE AND CONTENTS OF
A BacteriaL CELL

Length, 3 microns, diameter, 1 micron
Volume: 2.2 X 1072 ¢¢
Water 70%: and of what remains:

DNA 3% Protein 70%:
RNA 12% Ribosomes (10,000)
Enzymes

Surface structural protein
. Lipid 6%
Phospholipid 1%
Polysaccharides 5%
DNA in one, two, or three continuous units
Molecular weight 2 X 10°
RNA inthree forms
Ribosomes: RNA —protein particles, 3 X 10% MW

To comment on this table, we can point out that the cell,
at a diameter of one ten-thousandth of a centimeter is already
very close to the wavelength of visible light, so that as we look
at it i the microscope we already. even for its outline, must
consider that it is scattering and diffracting light and judge
if our conclusions from what we see are correct. Any internal
structure we “see” must definitely be considered as scattering
centers and judged accordingly.

The cells appear to be very wet, with 70% water. But once
again, remember that the hard-boiled egg at breakfast, with
its firm denatured albumin, has 50 water, and isn't very
“sloshy.” So with that 705 the bacterial cell hasn™t too much
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this picture the scale is 1o1ally different, and 10 sisualize the
bacterium 1t is necessary 10 compare it with one of the dots
in the emulsion. The hine at the botom is about fifty times
the length of the bacterium. The technique used to get this
picture is very clegant and is as follons, Advantage is taken
of the base thymne, which is found only in DNA. It can be
readily procured with a tritium label and the tritium, when
it undergoes 1adioacine decay, emits a beta ray of very low
energy which will cause the development of only one or two
photographic emulsion grains. Thus, the presence of de-
veloped grains means the presence of DNA What Dr. Cairns
does is 10 label the bacterium sery fully with this kind of thy-
mine and then with great care and skill, and he 1s par excellence
the one who can do this, extract any DNA, place 1tan contact
with a photographic emulsion] and let the image develop as

[ s —— S
. . -
: s
PR
Tl . s >
- - .
_ o ° — . 3
2] L g -

Fi 12\ radwautograph of the DN then from £ cols cells

This DNA has been labeled with H3hvmine and extracted with

oo £+ < *1Sprng Harbor Labora-

etation of Ultrastructure,

. Cell Biology ¢ \eadergre
Press, 1962)
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the tritium decavs. The result is what is in the figure, and it
shows dramatically how the long continuous piece of DNA
has been released from the structural form it must have had
in the cell. Clearly, one of our problems is to “put” this DNA
inside the cell: it is not simple.

In order to gain some idea of where to put the DNA we
can consider some work done by Dr. Caro and Dr. Van Tu-
bergen, working for Dr. Forro at Yale. This work was actually
part of a Ph.D. thesis. Again what was done was to label the
bacterium with trittum thymine, and in this instance to take
random but consecutive slices of the bacteria which had been
embedded in methyl methacrylate as if for electron micro-
scopy. The slices were then studied by the same technique
of radioautography that we have described, and the question
asked whether all slices had about an equally probable chance
of developing grains of emulsion, or whether some had no
chance at all, because there was no DNA in that part of the
cell and so no possibility of any radioactive decay due to thy-
minc. What was found was that considerable numbers of
zero grains were present, and by analyzing the data the con-
clusion was reached that the DNA is confined to a small part
of the bacterium which could casily be associated with the
part in the middie of the electron micrograph of Figure 10;
and indeed, if one looks closely at this quite remarkable pic-
tire one can convince oneself that there are fibrils in the
relatively empty part, and even that some sort of organization
exists there. Thus, we must put the DNA in the nucleus of
the cefl.

The next question which naturally arises is the location of
the RNA. In Figure 13 we show a remarkable combination of
clectron microscopy and radicautography. In this figure the
label has been given as tritiated uracil, which is not found as
stch in DNA but is mostly in one or another form of RNA. In
addition 1o this change, a very valuable technique of develop-
ment of the emulsion has been used. Instead of waiting for
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AUL LI HULIEAL TERIN LIS SUPELY eXAIpIe 01 LELIUGIL SKILL IS
also due to Dr Lucien Caro

the whole grain of silver bromide to develop, the develop-
ment is halted quite early and fisation mtroduced The result
ts that the inception of the latent image can be seen nsteac
of the fully blackened whole gran, and a far better resolution
15 so obtained. It can be seen that the origin of the radioauto-
graphic 1mages all hie beyond the central part we assocate
with the nucleus. Therefore, it seems reasonable to assign the
RNA to a part of the cell which is outside the nucleus

Inferences Regarding the Cell Structure Prelummaries
Regarding Ordered Synthests

With these figures we really exhaust the part of the de-
scripuion of the cell that can be made reassuring with electron
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micrography. and we have to embark on the process of imag-
ining. in a guided way. the kind of structure that must be
responsible for the various processes in the cell. To do this
we need to have an idea of the most fundamental processes
at work, and which must be considered to have their proper
place in the cell. It is the character of these fundamental
processes which has been clucidated by modern biology. and
so we have to give a short account of this subject in order
to be able to suggest ways in which the parts of the cell are
located and how they work together.

We begin with a compact diagram of four kinds of nucleic
acid, shown in Figure 14. On the left is the all-important
DNA, which is shown schematically and not realistically. It
is in reality in a double helical pattern and so must twist and
untwist for some of its functions. For our present purposes
the helical structure is not important, and we have simplified
the representation. The essential features arve the double

NUCLEIC ACIDS

DNA mANA rRNA tRNA
b A\ T——] ‘r—A U U-J
—T A ;—-T A C
—~G  c— F~G  c— G —
1t A [ - A
[c G—1 {-—c G~ A —

A Ter =-p U C ]
~C G lr-c G o
—~G ¢~ r-c o U e
——C G~ :--C G U sl
—C G }--c G C
b T At :—-T A A ]

i

Fre. 140 A very s('hﬂn;l}i(‘ representation of the four kinds
of nucleic acid,
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structure; both chains are polymers of adenine (A), guanine
(G), cytosme (C), and thymine (T), which are linked through
a deoxynbose sugar and phosphate and the requirement that,
in the chain opposite, every thymine find an adenine and
cvery guanine a cytosine. In this way a presenation of thein-
structions 15 made, for, although the tvo chams are quite
different, the existence of only one also guarantees that the
other can be made absolutely exactly, DNA also has the re-
markable property of bemng fixed once made. Unlike the other
components of the bactenal cell, DNA does not “turn over,”
but once it 1s completed remains as such, unless rather dras-
tic external arcumstances ntervene. Tlhis permanence of the
DNA 1s also necessary to mahke 1t effectne as a hereditary
codescript, to repeat the remarkably predicine words of
Schrodinger ¥ We need to remember that one million or
more bases i a continuous hine form the actual molecule of
DNA Agan we remuind the reader that Schrodinger pre-
dicted that this codescript would have to be an “aperiodic
crystal.” Hiswords do really descnibe almost exactly the strange
Lind of structure we see mn these gant molecules.

The next hind of nudlerc acd 1s messenger RNA, probably
the most exating and strange maternal in nawre Intense
study of this maicral will certainly be repaid by great saien-
tilic exatement and as adsice to a young scentst reading
tlus article, T suggest that he or she settle down to a long
occupation with 1t and 1ts behavior Its single-stranded, and
1t 15 made as a complementary copy of one strand of DNA,
which has been indicated 1n the figure as a dotted strand.
This means that the RNA 1s almost 1denucal with one strand
of DNA, and would be identical except for the presence of
the base uraal, istead of thymine, and the additional oxy-
gen i the sugar part of the polvmer This messenger RNA
has a molecular weight of about onc million, making it far
smafler than the DNA, though by no means small, and u,
together with a considerable apparatus., which we shall shortly
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describe, is the means by which the cell guarantees that the
instructions on the DNA are used to make protein of the
precise kind needed. In bacteria, the messenger RNA is‘ not
permanent. It has a half-life which depends on the condition
of the cell (temperature and oxygen supply, for example) and
which is about one minute at optimum temperature. This
means that the amount of protein that can result from one
molecule of messenger RNA is limited.

Since we have much more to say about this RNA later, we
can consider the other two forms. The ribosomal RNA which
is shown next, reading from the left, is, in some ways, not yct
understood. It is permanent, in the sense that it does not de-
cav rapidly, and its known function is to form part of the ribo-
nucleoprotein ribosomes. It is known that it is also made to be
complementary to some stretch of the DNA, but it (the nature
of this stretch) is not wholly clear to us. It is relatively bland
in its function and because it is harder to study we may have
one or two vears to wait before we know much more about it.

The last form of RNA is wansfer RNA, the little RNA,
sometimes called “soluble™ RNA. This is exciting at the mo-
ment because, just as I began this paper, the remarkable work
of Dr. Hollev's group at Cornell became known® The fea-
tures of tRNA that are important to us are first, the provision
for ataching a particular amino acid at one end of the RNA,
and sccond, the presence of a triplet “code” of three bases,
somewhere about the middle of the molecule, which are
capable of establishing a firm relationship with three comple-
mentary bases on messenger RNA, and so of bringing the
appropriate amino acid into place for incorporation into the
chain of a protein. In the schematic diagram, the amino acid
sclected is phenvlalanine, and the code for this is three ade-
nines, which match up with three uracils on the messenger
RNA. The tRNA has a secondary structure, which is thought
to h.txvc i great deal of complementary base pairing within
nself, as indicated. Holley's group have shown the antiva
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sequence of 77 basescand then werk opers up e vt haae
in the determination of nudleiv adid sequenies T thiiv g,
the tRNA carried the code for atanine “They shon vl
possible final structures for it, v that even when the whale
sequence is known, the whole story iv not in

We need 1o remind the reader that there aie nineteen
amino aads, for which the stiuctunes ave nicely ser o oy e
late Dr. Quastler’s very perceptive boak, Dfunmation Thomy
in Biology 1! Joming these so that the amino group and -
boxy!l groups coalesce with the excluslon of w watey smnleenle
causes the formation of the peptide henel, and Dy dofing this
to perhaps 100 to 300 such aminag acids we obtain Hie 1w
material of a protein For it to be of any biologual signify-
cance that we know at present, it snost have o e it s
quence, and this 15 assured by the “holy srinny” of DNA
RNA 10 proten.

Ordered Synthesss in the Coll
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NEW CELL DNA

/ DNA

POLYMERASE
TRANSCRIPTASE tRNA
rRNA
mRNA
METABOLITES
PROTEIN
ENZYMES

MATERIALS

Fis. 15, A schematic diagram of the regulated
synthesis of a living cell.

have quite a problem assimilating these into the confines of
the tiny volume of the cell as it s,

We can start the process of secing how these actually must
be by ooking at the suggestion made by Dr. Cairns as to the
way in which DNA replicates (Fig. 16). Since DNA is of heli-
cal form, the management of it in any kind of way along its
length is bound to require some spinning process. Dr. Cairns
suggests that there is a “hypothetical” spinning apparatus
which is at one end of the DN A, and we can start at that point.
It is shown as the black triangle. The replication of the DNA,
which has been shown to progress uniformly in a lincar fash-
ion by Yoshikawa and Sucokal™ and Lark, et al.® is in the
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Fi. 16 Dr Cairns’ suggestion about the
mechanism of DN\ synthests

form of a kand of *Y,” and 15 shown Iy represenung the new
DNA as black and the old DNA as dotted. The synthesis
progresses around the conunuous DN\ strand and, at the
end, the spmning mechamsm 15 supposed to repheate also,
the o then separate into the DN\ needed for the tvo
daughier cells This DN A 15 both old and new as can be seen

To move on quickly 10 one of the “factones” of the cell, 1n
Figure 17 1s shown a schematic representaton of shat 1 be-
Ine must be happemng The shape need not be i this form.
for example., a shape more Iike 4 “so-v0° mught be even better
o1 1t could be much more spread out, but nevertheless thrs
hind ol thing 15 indicated  To comment on 1t first. the
DN\ must separate some time, so it s mdicated as sepa-
raung just before it enters the factory  The acual pomt
of synthests 1s double and takes place where the new strands
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Fic. 17. A schematic diagram of the polymerase “factory,”
sometimes called the “growing point” for the DNA.

appear. To achicve it I have suggested that two polymerases,
cach of different specificities, must be present to handle the
difficult problem of synthesizing DNA which is presented
differently in two strands. The component parts that are
immediately needed by the synthetic process are made in situ
from the four bases, phosphate and sugar. This requires quite
an assembly of enzymes which can make the four compo-
nents and keep them at high concentration in the little region
near the synthetic points.

In reality, the excitement of this kind of figure lics in the
rate at which the DNA is moving through the factory. If one
takes a pencil and sweeps it up the figure as fast as it can be
moved, this is still about ten times too slow. It also has to be
realized that the speed is definitely matched by the great
accuracy, which is such that only one mistake is made in every
10% 1imes when the conditions are at their best.

To justify the need for a “factory,” the following piece of
reasoning is offered. On Figure 18, the component parts
which are assembled into nucleic acid are shown, The TP,
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Fic 18 The structural formulas for the four compounds of base,
sugar, and tnphosphate which are used to synthesize DNA

which 1s thymidine triphosphate, illustrates one of the com-
ponents of DNA, and 1t 1s assembled 1nto the chamn of DNA
by breaking off the last two phosphates and joining the re-
maining one to the sugar of the next triphosphate to form
the sequence “base —sugar ~ phosphate, base —sugar —phos-
phate .." which extends to millions for DNA and thousands
for RNA. To consider what happens e need to know some
rates In Table 5, some rates are gnen.
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Tapie 5. SonME RaTES OF SYNTHESIS
BY THE BacteriaL CELL

DN A synthesis 3000 base pairs per second .
mRNA synthesis as high as 100,000 base pairs per sccond
Protein synthesis 5~50 amino acids per second per polysome
Enzyme turnover often 1000 per second; it is very variable

Some comment on these is in order before they are used in
discussion. The rate for DNA synthesis is that which is found
both for bacteria when they are growing normally and opti-
mally and for bacterial viruses. The rate for messenger RNA
is hard to estimate because it is not certain whether all the
DNA is synthesizing messenger at once. If it 1s not, then the
figure given is justified.

One very simple assumption can be made regarding the
process of assembly of the DNA and this is that the triphos-
phate must simply collide with the right place. It need not do
so with the right aspect, for it is likely that rotational brown-
ian movement will correct the faulty collision very fast, nor
is it necessary for the enzymatic process to take any time after
the collision. Both these factors might take some time, so the
assumption made is truly an extreme representing the fastest
that can possibly be done by normal chemical methods.

Now the rate of collision can be estimated in the same way
that Smoluchowski did and as I described it,®! and the very
simple expression, the sole formula in this article is found.

¢ =27 DRC

where D is the vate of collision at a target spot of total radius
R (this is the sum of the radius of the impinging molecule and
the spot to be hit) and € is the concentration a long way away
from the point of collision. Now if we substitute the known
vilue of &, we have only to know D and R to be able 1o osti-
mate the concentration of the phosphates which must be
present. The value of I was measured by Dr. Lehman at Penn
State, for representative substances ' and the value of R can
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be estimated with fair accuracy as it imoles the radius of the
triphosphates So the concentration can be found. Attempts in
our laboratory to measure the actual concentration of the tri-
phasphates have not been 100 successful because they are ob-
viously very small Deoxyadenosine tnphosphate can hardly
be present i more than one twenticth of the amount needed,
and the gencral impression 15 that the amount is still Iess. On
the other hand, thymine, as the free base, is present 10 about
the rght amount. This small concentraton of triphosphate
leads one to wonder whatis at work. Is chemistry to be aband-
oned or ts there some way out? One way 1s that taken in Figure
17, where 1t 1s suggested that the machinery to make the tri-
phosphates 1s very close to the polymerases, so that the con-
centration of the triphosphates throughout the whole cell 1s
not that wiich 1s needed 1o drve the reaction at the rate ob-
senved. More work needs to be done on these actual concen-
trations before the argument above can be taken too Interally
However, the evidence 1s suggestuve that there 1s some organ-
1zation at work n assembling the DNA
If ve now move on to the process of protemn synthesss, thus
can be considered by looking at Figure 19 This 1s a strange,
straggly-looking figure, but 1t stll can be used to gne a lotof
information The long line with the short whiskers 1s the mes-
senger RNA, and the whiskers represent the bases that form
the method of coding for the nght protemn. The first acton s
the attachment of a ribosome to the messenger RNA, and thrs
promptly makes possible the attachment of a transfer RNA
molecule with an amimo acid on 1t at the end. The nbosome
then moves on one “notch” and another transfer RNA comes
1nto place with another ammno acid held at the end, withats
amino group and carboxyl group both held ready for the
union and formation of the peptide bond Tis may well be
achieved by means of a pepude bond enzyme, 1f the enidence
from Dr Schweet's laboratory i) 1s right, and as we beleve
1, we have shown a dotted outline of this enzyme behnd the
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Fic. 19. A very schematic representation of the ideas
involved in protein synthesis.

carboxyt and amino groups, ready to function. Another tRNA
molecule is shown as being on the way. While all this has been
happening, another ribosome, in fact about five more, have
been working their way down the messenger RNA and each
one has been manufacturing protein. One that has nearly
completed its chain is shown on the right, and the final action,
after the whole chain has been finished, is to shape itsclf into
its final conformation, represented poctically on the far right.
This is the form necessary for the enzymatic function to be
cffective.

Once again we have to think about rates. If the slowest
probable value is waking place, then the ribosome is rolling
along so that the clicks go at about the rate of a good typist
wping cach leuer. It should be remembered that there are
o typewriters going together at once: the ribosome and the
peptide bond enzyme, to say nothing of the five other sets of
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Fi. 20 The formation of messenger RNA by copying
one strand of double-stranded DNA

operators farther down the messenger RNA To keep the
analogy, the output 1s at least as good, per polysome, as a good,
efficient, and large office 1f the rate 1s as lugh as 1t might be,
then we have to think that the rolling of the nibosome and the
operation of the pepude bond enzyme 1s like a low musicat
note, perhaps like the hum of the A C. As this hum prog-
resses, think of the protein as sweeping down the messenger
RNAn tune with it [ find it most exciting, for it is nota single
process at all but involves at least two factors operating to-
gether

Our last factory 1s the one that makes messenger RNA. 1f
we accept the evidence from Dr. Berg's laboratory 4 then
both strands of DNA must be present Quite a variety of evi-
dence suggests that only one of the strands 1s “copred ” So
n Figure 20 we have tried to show this The messenger RNA
is the tbe-like object formed on the contntious strand of
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DNA with the dotted strand also present. The actual point of
svnthesis is shown, with the four bases making their way into
the synthetic point. To hide abysmal ignorance, we show the
shape of the enzyme as a simple rectangle. Again we need to
think of speed. In this instance the enzyme is moving so fast
that one can hardly dare to suggest a comparative speed. It
is moving down the page, with sharp streaks of messenger
following its motion, and its speed is such that it would be
hard to “stop” with the best clectronic flash. Somehow, a ribo-
some must be involved with the messenger, and we have
drawn one in the vicinity to remind the reader of that fact.

A Schematic Picture of the Cell

We are now ready to see what happens when we try to put
these features into the confines of a bacterial cell. The result
is seen in Figure 21, It obviously calls for comment, in fact it
is meaningless without, as it is intended only to focus thought.
We can take the DNA first. The “old” DNA is shown as the
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thin line, starting at the spinming mechanism of Dr. Cairns.,
It winds back and forth until near the top of the cell it divides
and passes through the polymerase factory, which we hase
shown as attached to the cell membrane '3 ¥ The new DNA
is shown as a thicker hine and is here indicated as in two be-
ginning daughter nuclel, getting ready to dnide. It would
probably be better to put these two daughter nuclei inside the
old DNA so as to be pushing them outward as the cell pro-
gresses The o ends return to the spinning mechamsm.

To take the formation of messenger RNA and polysomes,
we have great difficulty. The process 1s shown as forming on
the DNA, and the polysome, transfer RNA, and finished
protesn are indicated  However, the mmpresston so gained 1s
too quict and simple In reality, the whole of the outer part of
the DNA must be covered with the apparatus that mahkes the
messenger and polysomes, and almost the only way toconvey
the dea of this mntensely actve part of the cell 15 1o suggest
that the whole of the DNA 1s covered with a swarm of bees,
actively making the products

The component parts of tRNA, free enzy me, und nibasomes
are shown at each end of the cell, although there 1s some
doubt whether there really are many of these free agents
the cell.

Comment 1s mn order on o other features of the diagram.
The first 1s the small whisker at the bottom, one of the pih
which hanve been studied notably by Maccacaro! and Brin-
ton 8! These are interesting because some of them are m-
volied 1 bactenal conjugaton and some mn the process of
mvasion by small RN A-contaming viruses, as has been shown
by Edgell in Ginoza's laboratory at Penn State Each of these,
at a conservative estmate, must contan 120 protem mole-
cules, all identical, because a single mutation can remosve the
whole whisker Now, according to Levinthal 7 the output
of a single polysome 15 tnents protem molecules, after which
the messenger RNA has decased. and so more than one polv-
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some must be involved in the synthesis of one of the pili.
Since it is not easy 1o see how a very large object like a poly-
some can diffuse readily in the cell, it seems probable that a
set of six or so messenger RNA molecules is made together
very near to the place where the “pilum” is being formed.
This argues a kind of deliberate action on the part of the mo-
lecular apparatus of the cell, and it is significant that this type
of process must be occurring in other places. Put very strongly,
the cell has a design for each of the pili, and so, very probably,
for many other of its features.

The last feature that needs comment is the presence of sets
of enzymes near the surface of the cell. This kind of organized
set of enzymes is found in the electron transport system of
mitochondria,!" and evidence for something like it was found
by Kempner and the author™ some years ago at Yale. In
looking at the radiation sensitivity of the ability of the bacter-
ium to incorporate glucose into the macromolecular {raction
of the cell, it was found that the sensitivity was far greater
than that of one cnzyme molecule. Now if the enzymes re-
sponsible for the whole process of assimilating glucose were
all separate, then the inactivation of individual enzymes would
not have much effect, for there are hundreds in the cell. On
the other hand, if the enzymes are in grouped units together,
then the inactivation of any one enzyme will destroy the oper-
ation of the group and the sensitivity is explained. Because
the processing of metabolites should take place near the entry
point of the materials into the cell, these systems of enzymes
have been placed near the surface.

To continue the process of understanding the nature of
the cell, two more strokes of the brush should be added to this
picture. One is Figure 22, in which an attempt has been made
to portray the section of the DNA right through the middle of
the cell. It is roughly to scale, with the DNA being 20 Ain
diameter and the separation between strands about 100 A.
The figure is very laborious to draw and it is quite easy to get
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Fre 22 An attempt to show a cross section of the DNA mn the cell.

lazy about it Nevertheless, it can be seen that very large num-
bers of strands of DNA hate to be shown 1 this cross section,
1n fact about 900 of them The concentration of the DNA in
this way 15 sgmficant just alone, but two things need to be sard
about 1t in addition One 1s that, at least on the surface of the
DNA where this 1s moving mnto the polymerase factory, the
DNA s actually 1 quite rapid motion. If one were to try to
represent 1, the reader should draw his finger 1 and out just
about three inches on this scale at about the rate of one m and
one out every two seconds In other words, the DNA, as it
moves into the replication apparatus, 15 moving at the rate
of one micron per second Furthermore, il the transcription
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pracess is primarily taking place in the outer layers of the
DNA, then there is a very rapid pecling off of the messenger
RNA all around the surface of this DNA. This remarkable
activity associated with this many-convoluted kind of worm is
again a very striking and curious part of the cell.

. N Lirio
‘ I ? I % , MEMBRANF PROTFIN
BMETABOLITES /
t o ;‘ / . BLOCK DF ENZYMES
CHANGED l" .~

METAROLITE
% 3 w ACTIVE SITES

Fie.. 23. The membrane and associated enzymatic structures.

‘The last stroke of the brush is shown in Figure 23, in which
the surface of the cell has been indicated. This must, once
again, be thought of as schematic and is intended to indicate
the association of lipid and protein with the lipid as the little
hooked candy cane-type of structures and the protein as the
hexagonal larger units. This follows the suggestion of Dr.
J- F. Daniclli, and the separation between the layers is prob-
ably somewhere in the neighborhood of 100 A, as indicated.
Mauy more of these should be drawn, but the fatigue of'indi-
c:x}ing them grew great and it is better just o rely on the idea
f)l a schematic picture. In order 10 understand correctly what
is }mp;?cning, however, one should recall the dynamics of the
operation of the cell; this means that, during the time the
reader has been reading the words about the membrane,
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probably ene more lipid molecule has appeated in the sa.
face, and possibly one more combmation of lipid and protein,
One fas to realize that the cclf membrane is not of the natire
of a balloon, which expands without changing the amoumnt of
material in 1t, but instead 15 2 mechanism whicly actually bus
more and more matenal arranged in this layered way as time
goes on, So that again, as we have continued to wrie this
paragraph, another unit of membrane has appeared in these.
1t must also be recalled that, in all probability, matessal for this
membrane must be fed from the mside of the cell outward.
How to do this is of great mterest, and is not solved at the
present ume,

Below the membrane are represented the systems of en-
zymes which are suppased to synthesize the necessary meta-
holites. These systems of enzymes are drawn n a non-geo-
mietric way to stress the fact that they are living systems, one
must realize that they are in fact ten enzyme molecules or so
put together, A few of the enzymatically active surfaces have
been indicated, one of winch, for example, will collect the
curved molecule on its surface and there join to it the straight
molecule to produce the sickle-shaped object farther down
This is a representation of the process of the assembly of the
metabolites from the materials supplied by the outside en-
sironment of the cell In thinking about this picture one
should also recall that something must be going upward to
the membrane as well, so that this s truly a remarkable struc-
ture.

The author cannot avoid looking at the picture and real-
izing 1hat it must not only contam msight about the cell, bt
probably insight about lumself and that it mght be valuable
matenal for a psychiatnist in explaining the workmgs of
mind,

It could easily be wondered whether these imagmative
tures, which portray the nature of the cell, have any 1eality
or not. 1n arder to establish some bass for Judgment, fig
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ure 24 is shown the picture which was drawn under similar
circumstances in 1960.0" The comparison between this pic-
ture and the one in Figure 21 is of interest, because it affords
some idea of whether these pictures do represent something
that is moving forward to reasonably firm conclusions about
the workings of the cell, or whether they represent something
that is almost random and not connected to reality at all.

. P "KORNBERG" CYTOPLASMIC
BASCENT® RRA ENZYME MEMBRANE

CELL WALL SLIME LAYER

I P

I /%L}/ P Pl
7// /\ RIBOSOME

RIBOSOME IN

FORMATION NEW DHA

COCHA™ RETURNING )
Fnsane INTG OLD FREE ENZYMES

NUCLEYUS

RNA BEFORE HEW DNA FORMING
COMBINATION NEW NUCLEUS
WITH PROTEIN

Fic. 24, An carly (1960) representation of the cell
for comparison with Figure 21.

In the 1960 picture, several features can be seen that are
reasonably correct and several features are not so. For ex-
amp.lc. in 1960, the picture did contain one point of DNA
’r?p'hcmion. although it was not put on the cell membrane.
T'his scems to have been before its time and quite reasonable.
On the other hand, the DNA has ends, which is against the
modern idea that DNA is a continuous loop. Also in 1960,
the RNA is indicated as being made on the DNA, which is
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reasonable in the view of today's thinking, but in 1960 there
was no concept of messenger RNA, and in fact our thoughts
in these “old” days were that the RNA was made on the nbo-
somes and the ribosomes proceeded to make the protein
without any assistance from messenger. This is not held to
be 1rue tnday, One can therefore see that these piciures do
seem to represent a steady advance, and it does not seem to
the author to be unreasonable to make the claim that if, in
1970, a group of scientists resident in Japan, Russia, France,
the United States, and Sweden were brought together by a
UNESCO conference to compare their pictures of the same
cell, that these pictures would look remarkably alike and that
they would really bear some relationship to the truth,

The author would therefore like 1o end this section on the
optimistic note that the inferenttal method, or the method
of accurate imagnauon, does have the ability to tell us some-
thing about the structure of the cell and that this schemauc
drawing which we have just produced and the discusston we
have used 1s really something that we can consider firmly in
our tdea of how to go about attempting to synthesize such a
cell

Ways of Synthesizmg a Cell

It1s now our task to try to find ways in which this comph-
cated structure could be synthesized We wan consider one
sery quickly and dismss at. 1F 1t 1s necessary to assemble the
cell we have just described as we would assemble a watch, that
15 to say to make separately every individual component, (o
put them together and then, so 1o speak, pat it on l]ltj back
and it will start up, then 1 do not think we are ever going 1o
do 1t I da not believe we are going to be able to make the
DNA 10 one long strand, or thread it through the polymerase
apparatus, pull it out on the far side, loop 1t around, put the
transcnipuion mechamsms on the outside, encase st nats beau-



162 ERNEST C. POLLARD

ure 24 is shown the picture which was drawn under similar
circumstances in 1960.51 The comparison between this pic-
ture and the one in Figure 21 is of interest, because it affords
some idea of whether these pictures do represent something
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In the 1960 picture, several features can be seen that are
reasonably correct and several features are not so. For ox-
;unp.lc, in 1960, the picture did contain one point of DNA
rf'p.hr:uion, although it was not put on the cell membranc.
This seems to have been before its time and quite reasonable.
On the other hand, the DNA has ends, which is against the
modern idea that DNA is a continuous loop. Also in 1960
the RNA is indicated as being made on the DNA, which i;
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reasonable in the view of today's thinking, but in 1960 there
was no concept of messenger RNA, and in fact our thoughts
in these “old” days were that the RNA was made on the ribo-
somes and the nbosomes procceded to make the protein
without any assistance from messenger. This is not held to
be true today. One can thercfore sce that these pictures do
seem to represent a steady advance, and it does not seem to
the author to be unreasonable to make the claim that if, in
1970, a group of scientists resident in Japan, Russia, France,
the United States, and Sweden were brought together by a
UNESCO conference to compare their pictures of the same
cell, that these pictures would look remarkably alike and that
they would really bear some relationshup to the truth,

The author would therefore like to end this secion on the
optimistic note that the inferenttal method, or the method
of accurate imagination, does have the ability to tell us some-
thing about the structure of the cell and that this schematic
drawing which we have just produced and the discussion we
have used is really something that we can consider firmly
aur dea of how to go about attempuing to synthesize such a
cell

Ways of Synthesizing a Cell

It is now our task to try to find ways m which this compli-
cated structure could be synthesized We can consider one
sery quichly and chsmiss 1t If 1t 15 necessary to assemble the
cell we have just described as we would assemble a watch, that
is 10 53y 1o make separately cvery individual component, to
put then: togethier and then, so to speak, pat 1t on the back
and 1t will start up, then T do not think we are ever gomg to
do 1. T dq not beheve we are gong to be able 1o make the
DNAnone long strand, or thread it through the polymerase
apparatus, pull it out on the far side, loop 1t around, put the
transcription mechanisms on the outstde, encase 1t in 1ts beau-
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tiful membrane with the enzyme structures close to it, and
then sec it start. I believe we may definitely dismiss this right
at the outset.

However, to take another analogy, there is a way in which
we might think about it. Perhaps we could make the cell as
we make a crystal. If we wanted to make a crystal of alum, we
would make a concentrated alum solution, hang a small seed
crystal inside and go away, and the following day we would
find a nice crystal and say we had made it. In a certain sense,
we had not made it, and yet we would think we had. What
would have happened is that the crystal “wanted” to form, or
in scientific terms there were forces that would develop the
order present in the crystal, and these forces took over and
made it under the right circumstances. The question arises
whether there are forces that would take over and make the
living cell if we started it in the same way that we could start
a crystal forming. This is a tremendously important question
which has roots in both philosophy and in the extent to which
our knowledge of the laws of nature is still limited. Before
discussing these philosophical points, it might be worth while
to look at something slightly less formidable than the concept
of actually making a start on a living cell and having it finish
itself. What is much easier to contemplate is the idea that we
might be able to make a primitive form of a living cell and
then hurry its evolution. If we are going to make a living cell,
and if the analysis here given is of any use, then the method
which suggests itsclf as the best is the one just described. Find
out what a primitive cell is like, make that, and then hurry
up the cvolution by deliberately producing the things we
know will one day lead to the proper present-day bacterial
cell.

There is some real hope that we might be able to find out
something about the primitive cell in the recent work of
Hoyer, McCarthy, and Bolton.*! Their work contains a sug-
gestion that the DNA in cells has been essentially overpre-
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setved—that the necesaty possessed by the cell 1o keep its
DN mtact may actually have caused so great a restriction
on s degradation o1 removal that DN has accumulated in
mamy cells i such a way that we can look at it even though
it1s today not very functional If this should prove to be e,
and 1t s certamly an attractive by pothesis, then we will find
stretches of DN present-din bacterial cells which repre-
sent much earkier stages 1 1ts exstence. We might be able to
infer from these what would be the most primitive we could
“get anay with™ and from the mference we might be able to
start the constirction of the DN necesan to opetate as an
extremel prinutve celt 1teould be that, i faet, cells in thei
veny early stages were not bult w use the “holy rmny™ of
DNARN AL and protem We would have o make our con-
dustons with tegard to that and start tvng to assemble the
very sunplest posaible htnd of thing, and then by knowing the
wavan whieh ouanons have ocaurred, by alieratton and ex-
tension of the DN A so add the necessary parts as to bung
the cell o bemg much taster than the thowsands and mil-
lions of vears it must have taken T s the method which
v suggested as the wav m which the cell mght be made
It now necessary to comment on what would be imvolved

It ss legitimate oty use mnunon m makimg suggestion
and preditions The author well remembens an octston,
when he was an impressionable graduate student, when Lord
Rutherfurd outlimed his theors of the ot nuclens 0 Ths

wasm 1927, fie sears priot to the divcovens of the neatron
In b theorencal account, Tord Rwherford emplosed al-
readh owtdated forms of quantum mechantes, e used the
modifcaton of the Bohi-Sommerteld thems with halt-
quantum numbers, and he used a great mans dear mluuf\
tons of the best theory of the day W did ot tare well,
1 remember the polite but mstent grilling to whichihisg
man, at that e esseaually tvice 2 Nobel Lareate, presic
ol the Rovat Soaen, reaprent ot the Order of Merit, .
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perhaps the greatest figure in science of his day, was sub-
jected. 1 remember Lord Rutherford’s face grew redder and
redder until finally he brought his hand down on the table
and he said “Gentlemen, I feel it in my bones that there are
neutrons in the nucleus.” It is hard to say whether his theory
was a good theory or a bad theory in the light of the fact that
he was right on this major premise. What we are asking our-
selves is what do we “feel in our bones” with regard to the
living cell and the problem imposed with regard to its syn-
thesis. We have already discounted the idea that we could put
it together like a watch, and we have suggested the best way
would be to think about an early cell, to make it, and then to
accelerate its evolution. The question is, does the cell auto-
matically contain something which has an orderly and regular
behavior, even though it has complex components, even at
the most primitive stage at which we could possibly recognize
a cell? This is a very crucial question and one that is at the
heart of the entire situation we are discussing. If it is indeed
possible that the semichaotic behavior of chemical systems
can lead progressively by ramification upon ramification to
something as complex, as ordered and, one might almost say,
as “thinking” as the cell we have just described, then we
should indceed press resolutely forward to show that this is
true. And if it is, then there is no question that the greatest
triumph for our knowledge of our laws of nature will be in
this successful synthesis by what we know at present of a living
cell. On the other hand, if it should prove that all our attempts
to do this fail, and yet we are faced with the reality of living
systems in abundance growing and developing and behaving
in the way they do, then we will be forced to contemplate
somcething new and something different about life which is
not present in our scheme of nature as it is known today. The
question arises whether this type of new thing, which is in-
herently shown at its maximum in living things, though one
would hope that it penetrated the whole of nature, is some-
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thing we must look for and first find before we can make a
lising cell de novo. The sharp philosophical question is not
resobved today nor does it seem simple to suggest the way in
which it will be resolved. There is only one good way to go
about finding it, and that is by designing experiments reso-
lutely in terms of the concept that the present laws of physics,
and of physical chemistry are indeed adequate to explain all
living things. Using this idea, we then push resolutely with
this explanation and conduct experiments in those areas
where the explanation appears to be marginal Thus, it would
seem to be wise, if one is really nterested in this kind of ques-
tion, to Jook not only at the structure of cells but at the way
the structure 1s changing with ume In other words, it is the
rates of synthesis perhaps, and not the actual accuracy of
synthests, which may pose the challenge. Put more succmnctly,
since living things do contain the fourth dimension, we must
study all four dimensions 1f we study living things with great
care.

Whether these studies and this attitude will resultina com-
pletion of the project mentioned at the beginning of this
paper, namely the logical assembly 10 our minds, step by step,
of the way to put together a hwving cell, or whether we will
find steps that are missing that cannot be completed, 15 sull
open to question It 1s because this question 1s open that the
work 1s 50 exciung and so demanding and that one does feel
this 15 indeed the great fronuer in saence today.

In one concluding remark, I would like to return to the
analogy of the saentific revolution that occurred early in this
century. It 1s true that the essential understanding of inani-
mate nature was cbtained within forty years of the discoveries
made at the trn of the century However, in makmg these
discoreries, even though great adaptations had to be made
early, asin the case of the Bohr theory, the final confrontation
of good accurate theary with the problem of (hwo electrons
in an atom led to one of the greatest surprises in physical
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science of all time, namely the idea that we must substitute
an explanation in terms of probability for an explanation in
terms of continuous certainty. This substitution did not di-
minish our skill and understanding: rather it increased it. We
are now able to make confident predictions about atomic be-
havior, about chemical structures which are based on this
theory. Nevertheless, it must be conceded that the theory as
it came out produced not only surprise but, it would be fair
ta say, shock.

The question that is fairly before us, and posed by the
problem of the artificial synthesis of a living cell is the ques-
tion whether life and its understanding will also bring with
it to the scientific community, now as a whole, the same de-
gree of shock that was produced then.
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7. THE STRENGTH AND WEAKNESS
OF BRITTLE MATERIALS

— By C. J. PuiLrips

Rutgers, The State Unnersiy

The behasvior of briule materrals 1s much ble the mythological
box of Pandora Both are full of surpnses, contradicuons,
hopes, and frustrauons

There ts a strange fasanauon abour a mythological
character that has retaned s vitaliy up to our own day
and, 1n the course of ume, has lent tts name to Enghsh
queens as well as to French policemen, to the philoso-
pher's stone as well as to a gang of fifteen-vear-old mur-
derers it Phuladelphiat!)

In one version of the story Zeus gave Pandora a box, mon
beauuful, but which ke forbade her to open. As most women
might do she opened 1 anvway, thus Ictung out all the evils
which since have attended man Oniv onc thing, hope.
remained mside

~#  Let us now look at the behavior of 2 1y pical bruttle matenal,
glass We know how (o treat speaially and to test fairhs sizable
sihca glass fibers and attam tensile strengths exceeding
2,000,000 ps1, a fantastic value. It 15 not too difficult 10 ewch
with 2ad much larger glass rads and break them at (cnf:lc
stresses over 500,000 psi. again a very high strength New
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chemical tempering methods, applicd to quite massive glass
objects, result in moduli of rupture greater than 100.000 psi,
still quite a respectable figure. But now the paradoxical nature
of the situation appears. Some of the treaunents needed to
attain these high strengths are completely impractical from
any present commercial point of view. All the articles so
treated are degraded in strength, usually to a small fraction
of the original value, by the kind of handling that is necessary
to make them into objects of utilitarian value. We have no
practical wav to prevent the scuffs, scratches, abrasions, and
chemical attack that come from making and using glass
products. Surface coatings—lacquers, paints, silicones, and
plastics —are expedients which may temporarily alleviate the
problem, but they do not solve it Thus, we find most glass
products breaking at stresses of 2,000 to 20,000 psi—seldom
over 50,000 psi—two or more whole orders of magnitude
lower than we believe their theoretical strength should be.
When we leave the lid closed on Pandora’s box, all is well. As
soon as we open it, we destroy the very things we have created.

A Proper Frame of Reference

In recent vears excellent reviews have appeared which
cover the behavior of brittle materials, and some of these are
not restricted to glass. Overall, they include the publications
of Jones ™ Orowan Pl Shand I Walton,® Averbach et al. o
Charles and Fisher,t"! Charles,™ Hillig.#) and Ernsherger.™
Consequently, in this paper, the only references cited will be
those considered ol prime importance, or those that arc nec-
essary to the continuity of the discussion.

A very proper question at this point would be: Why an-
other review now? There are really five reasons. The most
obvious is that it updates the information by at least another
vear or two. The second is that it presents the data to a circle
of readers with broader and more diversified interests than
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those to which the publications histed above might appeal. The
nest reason is simply that it is written by another person, with
a different point of view and with whatever plus and minus
factors this may include. The fourth reason is somewhat more
subtle. It has to do with a proper frame of reference. Frns-
berger began his teview with this statement:

It is probably safe to say that more tangible progress
has been made m our understanding of the strength of
glasses within the last five years than was made v the
entire preceding period of thirty-five years dating back
1o the initial formulation of the Gnfith crack hy pothesis,

~ In certam areas, and these mclude Ernsberger’s own beau-
tiful work,, this is indeed true In other areas, it probably is
not. For example, Schurkow!!": 2l had already broken fused
sihica fibers in vacuum at stresses ranging fiom 1,700,000 to
2,300,000 psi, stresses as high as we have obtaned to date In
the period 1931-36, Greene and Phullips, working at Corning
Glass Works, had already produced sizable aad-etched com-
meraal glass rods which broke at stresses exceeding 400,000
pst One Ys-n vod withstood a stress of 410,000 psi for one
hour before it broke. With three-point loading on an 8-n
span, the deflection at the center was approximately 1.75 m
Another rod, ¥s in. m diameter, withstood a stress of 300,000
ps for several days

- Itis hard to beheve these are preces of “bnttle” matenal
This part of the story is brought up to date, 28 years later, by
higures 30 and 31. Thurty years agoe the cffects of surface
abrasion, static faugue, area under load, and tesung 1n vac-
wum were all appreaated, if not thoroughly understood It
did not seem expedient at the ume, for good and sufficient
business reasons, to pubhsh this informaton 1t 15 brought
up now, not to establish prionty or to be contenuous  4s the
lalian proverb says, “The gravevards are full of atter-
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wisdom.” But it does point up the fact that, in certain direc-
tions. not as much recent progress has been made as one
might desire. The last reason for the present review is that
it presents certain new data in a form that may be interesting
and stimulating to other workers in this field.

Brittleness and Ductility

The word “brittle” appears in the title of this paper but we
have not as vet defined it. Nor is it casy to do so. We might
sav that any material is brittle which obeys Hooke's law right
to the breaking point without any permanent plasticdeforma-
tion whatsoever. This means that as soon as the stress is
applied to such a material the atoms or ions shift to new off-
center locations, but no bonds are broken until the ultimate
strength is exceeded. Removal of any lower stress permits the
atoms or ions to return immediately to their original low-
energv positions without any permanent change in structure.
If, an the other hand, at stresses below the ultimate, bonds are
broken and the atoms or ions move to new locations, plastic
deformation has occurred and some or all of it will remain
after the stresses are removed. Such a material is called
“ductile.” This sharp distinction between the two types of
behavior is gradually disappearing because it is now realized
that, in “real” (as distinguished from “ideal”) materials, there
is considerable overlapping. For example, given the appro-
priate geometrical constraint, rate, and type of loading, and
ambient temperature, such an apparently ductile material
as a copper alloy may be made to exhibit a briule type of
fracture, as in a notched bar impact test. The reverse is also
truc: materials normally considered brittle may sometimes
exhibit ductility prior to fracture. Nevertheless, the differ-
ences arve far greater than the similarities, and there will
seldom be confusion between the two. In fact, Dr. L. C.
Iyte, comments on the quite striking agreement in the
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behavior of six widely different brittle materials: brick, coal,
concrete, gypsum, rocks of different kinds, and glass. This
behavior is normally very different from that displayed by
ductile substances.

Ceramics and Chowee of Glass for Detailed Study

Ceramics may be briefly defined as products made from
nonmetallic, 1norganic materials, generally involving high
temperatures during their manufacture or use. They run the
gamut from single crystals at one end, through polycrystal-
Iine materials which may or may not have a substantial glassy
phase, and fimsh at the other end with glasses which are
usually considered completely noncrystalline, i.e amorphous.
With trivial exceptions, all these ceramic matenals are brittle
in the sense described above As such, they have receised
much less study and attention than the matenals called duc-
ule, notably the metals. This may be because they are manu-
factured in much smaller quantities, they are often extremely
complex in composition, and they are sometimes quite 1n-
homogeneous A few years ago, Bradstreet!*!) semifacetiously
described the manufacture of ceramics as a process in which

minerals of inconstant composition and doubtful purity
are exposed to able heat long gh to carry
unknown reactions partly to compleuon, forming the

heterogeneous non-stoichiometric matenals known as
ceramics

Although much progress has been made in recent vears in
controlling some of the vanables Bradstreet mentions, we
would sull be wise in this review to seek out first a ceramuc m
which some of these vamables are already mimimized Such

/@ material 15 glass. It 1s also a classic example of a brule
material par excellence. Like most brittle solids, glass usually
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breaks at stresses less than 1 per cent of the theoretical ul-
timate strength. But, in glasses, we feel quite sure that the
imperfections which reduce strength are confined 1o the
surface. In crystals, on the other hand, imper{ections may in-
clude dislocations, interstitials, vacancies, stacking faults. and
impurity atoms. For polycrystalline materials, we must add
internal cavitics and grain boundaries. We can simplify our
task considerably if, initially at least, we confine our study ta
glasses and, in most cases. to silicate glasses. It is worthy of
note that much more work has been done on the strength of
glass than has been done on any other ceramic. It was also
the material chosen by Griffith' for his pioncering work on
strength. His theory is still viable almost fifty years later and
is applied o rupture in briulde solids of all kinds. ‘

The Structure of Glass

An abbreviated but reasonably precise definition of glass
is that it is “an inorganic product of fusion which has been
cooled to a rigid condition without crystallizing.” At high
temperatures, glasses are true liquids, but liquids of ‘great
viscosity. At 2800°F a typical glass might have the same vis-
cosity as honey or molasses at room temperature. This vis-
cosity increases continuously and very rapidly as the tempera-
ture drops. It is this tremendous increase in viscosity = by
roughly 100 billion thmes as the temperature falls from 2800°F
to BOO°F —combined with rapid cooling as the glass is shaped,
that serves as the principal impediment to crystallization.
At low temperatures glasses appear to be hard, rigid solids.
As a matter of fadt, they are actually in a state intermediate
between a liquid on one hand, where no permanent atomic
neighbors exist, and a crystalline lattice, on the other hand,
where all neighbors arve fixed in perfect orderliness. In this
amorphous or vitreous form of matter permanent neighbors
do exist, but there is also a certain disorder characteristic
of the liguid state from which the glass was born,
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The Random Network Theory

In 1912, X-ray difiaction in crystals was first observed.
W, H.and W. L. Bragg, father and son, immediately began
an intensive N-13y imvestigation mto the nature of solids for
which, m 1915, they were jointly awarded the Nobel Prize.
Before their work ended, they had shown that in hundreds
of silicates, despite their complex chemical composition,
there was a beawtiful simpliaty and orderhness in basic
structure. Imanably, there were four oxygen ions arrayed
around a central silicon, thus forming $10; tetrahedia. The
corners between the tetrahedia could be shared in a ariety
of ways, and the overall sunawe could be quite complicated
This need not concein us here. What is important 1s that, in
all enystalline forms of S10; uself, the basic unis of structure
are these same tetrahedra with the Si-O distance varying
between 1.5 and 17 A, depending on the particular type of
crystal Each ovygen atom, m turn, 15 shared by two silicon
atoms so that the structure may be thought of as bt up by
pairs of tetrahedra which share the corners No two tetra-
hedra meet at more than one cotner, but all corners of all
tetrahedra are actually shared. A very spacious three-dimen-
stional structure may thus be built up m several ways, and the
$1-0~8t ines may or may not be strught Such a structure
an be indicated by the top view 1n Figure 25 The fourth
Imkage to cach Si s omitted so that the structure can be
represented liere 1n only two dimenstons The X-ray diffrac-
tion pattern for such a crvstal shows sharp diffraction hines
The Neray pattern of fused silica, on the other hand, shows
difTuse bands rather than sharp hines Following the proneer-
ing work of Zachanasen!™! and of Watten!" and their co-
workers, the random network theory mterprets these diffuse
patterns by postulaung that $10°* tetrahedra are sull the basic
building blocks m silica glasses but that there 1s also a con-
siderable degree of disorder, as shown in the lower view m
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Fic. 25. Top: Schematic two-dimensional representation of a
crystalline form of SiOz; bottom: corresponding glassy form of
Si0z2.

Figure 25. Fourier analysis of the spectra of glassy silica docs
indeed show an average Si-O distance of 1.62 A, in good
agreement with data for silica crystals. This is only a statistical
order, however, and all quantitative description of the struc-
ture stops at about 7 A from cach Si as an origin. As other
atoms or ions, such as Na or Ca, are added to the basic silica
structure it is believed they occupy positions such as those
shown in Figure 26. The nonbridging oxygen atoms thus
created carry a negative charge, and the metallic ions are
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held 1n place by jonic forces. It would appear that the intro-
duction of any network modifier of ll“.S Lind r.nusl weak®n
the structure by breaking some of the primary Si-O m.:u\‘or‘k
Linkages. Evidence will be given later in this paper that this
may not always be true.

o O
s 00 @Dna Ge

Fic 26 Two-dimensional representanon of a
soda-hme—silica glass (after Biscoe)

Other Theontes of Glass Structure

In recent years, structural heterogeneities have been
discosered in glass which cannot always be sausfactonly
explained by the random network theory. These discoveries
are the result of new or improved techniques m X-ray analy-
sis, electron microscopy., infrared spectrometry, and the use
of other touls not available thirty years ago We will not dwell
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upon them in detail here because the literature is already
quite extensive. In one review by Prod’homme ' thirty-cight
relevant references are cited. Jellyman! has excellently
summarized the overall situation as it exists today. He says:

Zachariasen's and Warren's concepts of the glassy state
are still valnable as working hypotheses, but most inves-
tigators on the subject today have reservations as to
whether there is complete randomness of structure down
to the atomic scale. [t may well be that glasses contain
more-highly-organized and less-highly-organized do-
mains of dimensions up to a few hundred ;\ngstmms and
that variations in chemical composition can occur on
this scale.

Itis tronic that, in many ways, we know more about the strue-
wre of man-made materials of recent origin than we do of
glass, which has been made for thousands of years.

Estimates of Theoretical Strength

Britteness, {ortunately, is not synonymous with weakness.
Al theories agree tha silicate glasses should be very strong.
The strength of their chemical bonds calls for it. The various
theories do not agree very well with one another, quanti-
tatively, but none predics an uhimate or theoretical strength
less than  1.500,000 psi, and some predict strengths of
5,000,000 psi.

The mathematical equations developed in estimating maxi-
mum strength will depend upon the type of force-separation
function that is employved. “The simplest, and crudest, is
simply to estimate that a strain of 0.1 10 0.2 would be required
before a plane of atoms would be compleiely removed from
the auractive force of its neighbors. Rupture would then be
expected at a maximun stress of (0.1-0.9 E, where I is
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Young's modulus. A second method should giveanimproved
estimate As Gilmant®™ remarks,

Common sense tells us that the net stress between the
atoms in a crystal must be zero in the absence of applied
stresses, fuust rive 10 some maximum value as the atoms
are pulled apart and then must fall to zero again as the
enystal breaks into two or more pieces.

A
L— q, \
\
\
/} Az ]
i 27

7 Simple dittomic torce-separation diagram

The same reasomng certanh can be applied to glasses, par-
ticularhy 1f they are simple $10; glasses The torce-separauon
dugram might then look Iike Figure 27 where ay 1s the equi-
librium separation between St and Q, o, 1s the ulimuate stress
required to pull them apart. and A 2 1s the effecuse “range™
ol the wteratomic forces The wmual part of the cune can
be approxumarely represented by



182 C. J. PHILLIPS

L TX .2 ax
o =0y Sin 75 = oy SN Y

For small increases in the distance between the atoms

stress 0
£= strain | x/ag )
50 -
-z @
dx  ag
In this same part of the curve
do _ 2 woy,
d« A 3)
Equating {2) and (3), and solving for o,
_ EX
o, = 27(10 (4)

If the Si~O linkages supply the main cohesiveness (and they
may no! in complex glasses), we would expect Ma, to rgmain
relatively constant. If we say that M/2=a,, which is not un-
reasonable, then o,=E/w. For fused silica E=730 kilobars
or about 10,600,000 psi and o, would be about 3,400,000 psi.
As we use more sophisticated force—separation assumptions
we get other equations, but the value just calculated is start-
linglv close 1o the estimate of 3,400,000 psi by Hilligt and
of 3,500,000 psi from the very complicated model of Naray-
Szabo and Ladik.?!

Returning to the simple model of Figure 27 we can strike
an energy balance between the energy 25 of the two new

surfaces produced, and the work done per unit area during
fracwure, which is

AR
f oy, sin (2ax/N)dx = A
o

-~
"

=25 3)

But, from equation (4), A=270,a./E, so that when we sub-
stitute this in equation (3) and solve for o, we get
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r= (T) -
Charles™ summanizes the methods of esumating the surface
energy S tor fused siicn and armves at a value of 1,750
ergs/em? I ag 15 1aken equal to the cquilibrium $i-0) seputae
tion of about 16 A, we get a theoretical strengaly of 2.8 x oM
dynesfem? or about 4,000,000 psi, a valie hot very different
Trom thase gnen above. It would appear that we must sotne-
how explain, not the strength of glass, but the weakness of
glass

Inglis and Stress Concentration

The solution by Inglis™®! of the notch problem sas the first
step toward relatmg observed Luolure stresses 10 aimae
strengths He showed that irregulanities of laws could act s
stress concentrators so that stresses at the flaw sp could be
very much greater than the localls applied stress, aned smpght
actually exceed the ulimate strength of the outersl and s -
mit flaw propagation and fraciure

Ingls first worked with the two-dinensvoml snsanon
where the flaw could be convidered as an ellsptscal bole sn s
plate under tension as n the top porton of higure 8% 3r
found that the stress was greatest at the ends of he oipne
where the radius of curvature s smallest Thus stress o, s
related to the applicd stress o, by the equatinn

Ta_ gl "
' b
where a and & are hall the mapor and balf the guner cxm !
the cllipse He further stomerd that, if the (rark sy a e
ellipucal two-dimenviona) notel, av sn the Vs geezt 1f
Figure 2+, erpuation (7) wontldd will apply $e £y et

P

that of the fyw wa srregular i dhape, bt fazzera m T80
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the tip elliptic in shape, the stress concentration would be

Zaep (47 (8)

T p

approximately

where a is now the crack depth and p is the radius of curvature
at the tip.Jis easy to see that if e=107% in. and p=10""in,,
the stress concentration factor is 200. If the applied stress oy,
(which is what we measure) is 20,000 psi, the actual stress
at the crack tip is 4,000,000 psi and this may be suflicient to
cause rupture.

| N
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S O e . .
Fio. 28, Stress-concenirion at clliptical
holes and notehes (after Tnglis).
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crack tip radii such that the stress values produced are equal
to those actually existing where the bonds are undergoing
separation. Elliot® and Gurney®"! have studied the situation
at the atomic level. They have suggested some correction
factors, but in view of the no doubt greatly oversimplified
assumptions made by Griffith and all other workers in this
field, it cannot be said that Elliot and Gurney or other inves-
tigators have basically changed Griffiith’s original concept.
The sole exceptions to this are the “flaw-genesis™ theory of
Poncelet!®™! and Marsh's theory® *1 of plastic flow at the
crack tip, which are discussed later in this veview.

It will be noted that the Inglis equation makes o, propor-
tional 1o V1/p. In any real crack, the question is how to
define p. It would appear that it could assume any of a very
wide range of values, depending on kind and degree of me-
chanical surface damage, chemical attack, etching, ctc. On
the other hand, the Griffith equation does not explicitly
involve p at all. Orowan ! believes that the Inglis and Griffith
criteria are  cssentially identical, simply expressing the
same facts in two different forms. Hilligh"! does not agree.
He believes equation (9) is necessary for failure but is not
suflicient, whereas he considers equation (8) both necessary and
sufficient. It is interesting that if we combine the two we get

_ SES 112
=\ (10)

and now the crack depth has completely disappeared! Al-
though the preceding exclamation point indicates surprise,

Hillig is not surprised that the crack depth disappears. He
feels that equation (9) is really an inequality:

QN H2
0= (255)

wa

As @ result, equation (10) has meaning only when p has the
dimensions of an atomicaily sharp crack. If we do let p=a,
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we see that this is VB or 1.6 times larger than the o, from
equation (6). .

Working with flaws very much smaller than the artificial
cracks used by Griffith, numbers of people, in a number of
dilferent ways, have apparently confirmed the inverse square
oot relationstup of equation (9) between stress and crack
depth. These include Tillewt, Charles ™ Levengood ™
Mould and Southwick, 2 Shand, ™ —all with glass —and
Borry ™M with glassy organic pelymers Later in this paper a
new relationship will be shown which will involve both E and
the crack depth. *

The Gbrerved Strength of Sthieate Glasses

Let us now review the basic mechanical behavior of glass,
as we encounter it m everyday hie, and scef we can relate it
1o the theories we have just discussed

The condition of the surface First, 1t should be noted that
fracture in glass 15 always imuated by a tensile stress Even
under torsion or compression the mitial fracture 15 at nght
angles to the maximum tensile component. We can be quite
centain of this because glass fracture surfaces, such as that
shown in Figure 29, show charactersstic nidges, ripples, and
other fine structure which can often be interpreted to show
the exact ongin of the break. the path 1t followed, and the
selocity with which 1t proceeded These patterns are the
fingerprints of the fracture process. Except when there are
gross infiomogeneties m the interior, the break alwass starts
from the surface and always 1n an area under tension. The
condition of the surface 15 therefore of prime importance.
How important ss shown in Table 6 These are results ob-
taned at Corning Glass Works sn the period 193136 but they
have }mcx| repeatedly confirmed by many mvestgators since
thattime. Allvalues are for rods of a smgle composition which
finally broke, 1n a three-point bending test, after one hour
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Fie.. 29, Fracture surface of a glass rod (after Poncelet).

under the stress shown. Figure 30 shows a rod loaded to
about 125,000 psi, which was stll unbroken in 1962, twenty
six vears alter it was first stressed. Figure 31 shows that when
the stress was released, the rod returned 1o its original
straightness within the limits of measurement. There was
absolutely no evidence of permanent deformation. With
some glasses there is a good deal of “creep™ after the initial
mstantancous deflection. It is slowly recoverable, perhaps

TaBrr 6. Frrecr or Surrack CoONDITION

Glass rods Y in, diam.
Load duration — 1 hr.

Treatment Brealing Stress, Psi
Severely sandblasted 2,000
As received from factory 6,500

Acid etched and licquered 250,000
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hie. 30 Frched ¥z i glass rod loaded to 125,000 psi by Phatlips
m 1936, as it looked 1 1962 after 26 vears under conunuous load

completely, certainly largely, and so 1s not a permanent dis-
toruon But sometimes ths 1ecovery may last tor avery long
time,

able 6 makes 1t obvious that dehberate mechamcal dam-
age 1o the surface can badly weaken the glass And, since
ctching i hydrofluorie aad actually removes some of the
surface, 1t 15 equally obvious that swface must already have
contaned something which drasucally weakened 1t Shand!*
pomts out that most flaws exsst for a good reason For exam-
!’k'. 1t has been hnown for mamy years that grmdmg cracks
in plate glass and optical glass persist after polishing and can
be rescaled by a hght hydrofluoric acid etch and suitable
Hlumnaton. The originatng flaws m ordmary plate glass can
olten be dearly seen under a magmfication of 200X, and
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Fic. 31, W. W. Shaver, under whose supervision the original
work was done, has removed the load and the rod shows no observ-
able permanent deformation.

Shand has measured depths from less than 0.0001 in. to as
much as 0.005 1n., a ratio of 1 10 50.

Statistical Theories

The flaw theory inevitably leads to a host of statistical
theories of {racture. All are based on the reasoning that *a
chain is only as strong as its weakest link,” so they tend to
fall into a pattern that has been summarized by Epstein.®®
All predict certain results which appear to be true under
specific circumstances. We must not be surprised, for exam-
ple, if we break a group of a hundred supposediy identical
Ya in. diam. commercial glass rods and get a spread between
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maximum and minimum breaking stresses of 2.5 10 1. Statis-
tically, this would be interpreted as meaning that very severe
flaws were present in some rodds, much less sexvere in others.
“These theories also suggest that strength should decrease as
area under maximum stress increases, because, as area in-
reases. so does the chance of finding a more damaging flaw.
Thus, alt other things being equal, glass tested in straight
tension should be weaker than in cross-bending, and shont
glass rods, fibers, or laths should be stronger than long ones.
Small-diameter fibers should be stronger than rods. There
is a tremendous mass of evidence, accumulated over the past
forty vears, that these statistical predictions are correct when
the class exhibits strengths at the usual commeraal level or
sirenihs centainly not exceeding some such figure as 500,000
o In fact, a recent paper by $priggs et al shows an area
efieat for other ceramic matertals, including sapphire, MyO.
and sarious grades of ALO; and SiC. The ratin in strength
tetween bending and straight tension data 1s almost exacth
2w 1, 23 it often s for glass.

However, when the glass bemng tested 1s ven stronz. the
sutivial theories fail in two wans. Although he did not repont
it until ten sears kater, Orto™ had alreads found thay of
drawn under the proper conditions. fibers could have equat
or vers nearly equal strenzih even when the rano of dam-
€leTs was a3 great as 2 1o 1. Thomas. ™ ¥ worlung with the
same glasy ued by Ouo. but with further refinements in
techrinue, found no change whatsoever in arength for fiber
27;2?’,:2?? : ard 6> 107 . The predicuon that
Voremer, dhe Sa“t::ca;et a3 :rm mu;; 2es 15 oo fulfilled.
330000 i was onh ;) B‘: -‘)fm:n the median valuc of
predi that the du l;’t'f ent. whereas statsucal thenres
[£3¢ wure srenzth .mezﬂ "\Y'; n"l;q“ nerease @ the meduan

ekt eont bm*:: ”fulf reporting on work done

e, hers in aoss-hending and also

4121
“hazined modyl of rupture around 500,000 P31 under loads
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of several scconds’ duration. For loads of 0.01-sec duration
the sirengih increased to 610,000 psi. The scatter was ap-
proximately 2.5 per cent in both cases. Braithwaite and
Sucovi® worked with the same glass composition used by
Otto and Thomas but with rather coarse fibers, 4 X 107% to
6% 1077 in. in diameter. The glass was melted by induction
heating and the fibers were drawn and tested in a controlled.
uliraclean atmosphere. The observed strengths were essen-
tally constant at 403,000 psi 22 per cent. Evidence of this
tvpe leads us to view the statistical theories with increasing
caution. They are probably meaningful only where there are
farge numbers of flaws. This probably is not true for most
fibers. Chechulin /™ in fact, claims to show that the strength
of small specimens must be virtually independent of size, and
that, for fibers, this will be true for diameters below about
2% 107" in. He claims that for thicker fibers the strength will
depend not only on the degree of drawing but also on the
diameter, 1o an extent that increases with the thickness of the
fiber. There may be some degree of confirmation of these
suggestious in a comparison of the results of Thomas on fine
fibers and those of Braithwaite and Sucov on fibers ten times
farger.
Sandardization of Test Conditions

In an carlier paragraph, the expression “all other things
being cqual” was used. Unfortunately, with glass, other things
are not alwavs equal because the strength also depends ou
temperature, rate ol stress application, atmosphere sur-
rounding the specimen, and previous thermal history. Lack
of apprecivion and control of these variables has led to much
discordant dara in the terature. As Greene™ says, “it is
obvious that strength is not a well-behaved, rcpr‘oducib!c
property like density. thermal expansion, or viscosity.”
PrestontB comments that some of the earlier approaches had
“all the finesse of a bull charging a haystack.”
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Scveral things can be done to help standardize the test
conditions. In actual service the glass will be subjected to a
wide svaricty of man-made scuffs, scratches, and abrasions.
Thus. 4 standard abrasion of conuolled severity on the area
of greatest stress i the test samples may give a surface more
closely representative of conditions n actual use. At the same
time, it will reduce the spread of test values. OF course, all
hope of gettmg really high strengths is lost by this procedure.

A second method of controlling some of the vanables
depends on the fact that, in most tests, glasses exhibit static
fatigue. In a very short time impact test of perhaps 1074 sec,
most glass arucles are nearly twice as strong as in a test of
several minutes” duranon. Phillips® has shown that the same
cffect 1s exlubited by polycrystalline materials such as steaute,
zircon, woll, ., and three compositions  Fur-
thermore, the effect 1s quanutatinely the same, within =9 per
cent, as for a borostheate glass On the other hand, if the glass
is tested in very dry arr, or i lngh vacuum, or for very short
intennals (in each case after thorough outgassing), or at very
low temperatures, such as that of liquid mtrogen, 1t shows no
static fatigue at all Its strength 1s independent of rate of
loading or time The actual numerical values of the strengths
obtained in these several ways sull depend upon the nature
and extent of the surface damage, but all tend toward the
same value and thus 1s 2 maximum for that parucular kind of
glass and glass surface Ths, then, 1s a sccond way of stand-
ardizing the test conditions, and one that gives us a good deal
of msight nto some of the mechamsms mvolved m the frac-
lure process

Static F atigue

'!hc most complete and systemanc invesbigations of static
fatigue are those of Preston,t"l Baker and Preston.** Mould
and Southwich 41 and Mould 14 950 \fould studsed strength
32 function of five varables tume, temperature, ambient
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humidity, abrasion depth, and abrasion age. One of the most
intriguing aspects of this work was the discovery of the “uni-
versal fatigue curve.” The specimens to be discussed here
were aged for 20 to 24 hours while immersed in distilled
water and were broken at various time durations thereafter
while still under water. The specimens were standard labora- |
tory microscope slides which were abraded in six different
ways and then broken in cross-bending so that all fractures
originated in the abraded area. Twenty specimens were used
in each test. Despite the variety of abrasive treatments, when
reduced  strengths  (observed  strength/liquid  nitrogen
strength) are plotted against reduced time (observed time/f
time at which strength has half its liquid nitrogen value), the
remarkable result shown in Figure 32 develops, in which all
the data are adequately represented by a single smooth curve.
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Fra. 32, Unive rsal fatigue curve for glass abraded in Various ways
Gifter Mould). See text {or details. ‘



CIROVGTH AND WEAINESS OF BRITTLE MATERIALS 193

\oc'd bas sEowm thar the srength of aged abraded rods
troken i Fyxid nivozen w3y be as much 23 60 per cent
hisber than that of freshh abraded rods. This effect was
createst shen ke rods were aged in liquid water or in humid
armenpheres, but was entirels absent when they were stored
1n dns 2ir or vacuum. Because of this, the curve at the long
e side of Fizure 32 should probably be split into a family
of curves approaching vartous reduced strength values almost
horizontally. At these durations, under certain conditions,
perhaps Largels controlled by temperature and glass compo-
sitinn, the 3ging or healmg of abrasions wih time becomes
comparable to the stauc faugue effect, and compensates for it
An “endurance Imit” or limuts will be obsenved so that there
will be an applied stress below which breakage will not occur,
reqardless of the duranon of the test. Mould agrees that the
statement often found n the terature that the very long
time strength is about one third of the very short nme
swength 15 approximately correct

Mould behieves that static faugue results from changes,
under stress, in the shape and/or depth of surface flaws which
were devdoped by previous mechanical contact with the sur-
face These changes take place only when a surrounding
medium can react with the newly formed surlaces, thus
detteaung the surface energy Water appears to be the most
effeaive agent, and the rate of crack growth appears 1o be
governed by the focahzed stress at the crack tip and the water
or u?ur vapor concentration there. Mould behieves that the
mr(!un s a simple hydrolysis mvolving ounly the waler and
x’i!xc silica network {n contrast to ordmary chemical attach on
),ll“ ﬂlrf;.mcs. the presence of other 1ons m the glass or 1
:n‘;;"”‘:;lﬁl;i)r::ﬂir;:r:lsecmls to have littfe effear [t remains
ar pareh rhcm}m)( ,I:r,nl;pc, effect 15 purely physical M

3 ) g e stress corrastan theories of

Charlest@ and of Charles and Hallig,

P2 or perhaps o o
& mxture
oF the g, ¥ i e
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Four Ranges of Glass Strength

Some vears ago Prestont! suggested that there are really
three ranges of “strength” that have been investigated in
glass. Today we would have to say there are four subdivisions,
with of course some overlapping.

(1) In the low strength range are most massive connmercial
articles: plate and window glass, containers, and the like. In
almost cvery case, these will break at stresses ranging from
2,000 to 20,000 psi.

(11) 1n the second range. from perhaps 30,000 to 100,000
psi, are commercial articles which have been strengthened
by placing the surfaces in compression. This may be done by
physical means including chill tempering, or by chemical
means (chemical tempering) including high and low tempera-
ture ion exchange and surface or volume crystallization.

By controlled heating and cooling, using air under pres-
sure, we can make glass articles two to four times stronger
than they would normally be. All exposed surfaces are in
permanent compression  with  the compensating  tensile
stresses buried inside where they can do no harm. Since glass
abways breaks in tension and {rom the surface, these surface
compressive stresses must first be overcome, and the glass is
thus effectively strengthened. This kind of glass is called
“chill tempered” or “toughened.” You sce it, but probably
do not recognize it, in the side and rear windows of your
automobiles. Chill tempering has some rather severe limi-
tations in vespect 1o the size and shape of the glass that can
be treated. Corning Glass Works has recently developed
other reatments called “chemical tempering,” which place
the surfaces in even higher compression. In this way strengths
up 1o 100,000 psi are obtained. Fven when abraded, some
of the chemically tempered glasses can have a modulus of
rupture above 50,000 psi. When compared on an equal
weight basis, these glsses are about equivalent in strength
1o 110 stainless steel
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(11} In a third category, ranging roughly from 100,000
o 300,000 psi, are some of the fiber glasses, other glasses
which have received very special care in manulacture, and
sufl others which hase been acid etched. Thomas {as reported
by Jelyman!®™ and Holloway, ™ found that freshly drawn
s could support stresses of over 300,000 psi in the regions
which were free from visible defects Proctor, working with
rods which were not touched m the stressed areas between
remoal of the molten glass from the furnace and the final
fracture, ebtaned an werage unetched sirength of 152,000
psi with « mavmem of 387,000 psi When etched, the
strengths sometimes exceeded 500,000 psi, but there was
considerable scatter 1 the results.

The scatter just mentioned scems to he charactenstic of
most of the earlier results with acid-etched glass. Etch pits
and deposit marks are often observed, but their removal does
not seem to improve the strength sigsficantly. Recently,
howeser, Breasley et al U using commeraal rods heated and
drawn down to diameters of 0 012 10 0 036 1n , have reported
some remarkably eonsistent results with etched glasses of
three compositions After two hours of etching n dilute
hydrofluoric acid, a soda-lime glass reached a plateau of

130,600 psi, a borosihicate 380,606 ps, and a lead glass
300,000 psi- Carefully hand-drawn but nof etched soda-hme
and borostheate glass samples had average strengths 20 to
25 ier cent higher than those hsted above, but the scatter
was much greater. The same two glasses had sull gher
srengths when elched and then broken under liquid nirogen,
Strangely enough, the borosilicate now became the stronget
of the 1o, nsing o an average of 710,000 psi, while the
sadafime sose only 10 625,000 pst It is obvious that there
% much <till 10 e learned m this area, and 1t 1s equally
oltous that we have already transgressed nto strength
sulxdiision {(IV)

Before leasing thus section, the work of Symmers et al 5%
should e mentioned They worked with 4-mm soda-hme
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rods heated and necked down to 0.020 in., and broken in
straight tension. They “standardized” these rods by giving
them a 30-sec dip in 30 per cent hydrofluoric acid to clean
the surfaces. They then had an average strength of 77,000
psi =7 per cent. When etched, they did not reach some of the
very high strengths found by other workers, but they could
get 1o 250,000 psi. What is especially significant is that this
strength could be reduced 25 per cent simply by rubbing the
rods with a coarse cloth. There was about the same reduction
when one rod was drawn across another with a “sawing
action.” But there was a 70 per cent loss in strength when only
2.5 grams of ground and sieved glass was dropped Y4 in. onto
the etched surface! The rods were then only very slightly
“standardized” glass.

(I1\) In this category is a variety of observations ranging
from roughly 500,000 psi to well over 2,000,000 psi. The
remarkably consistent results of Thomas with fine fibers have
alrcady been mentioned. Hilligh™ used larger vods, about
I mm in diameter, drawn down in an oxyhydrogen flame
lrom large commercial stock. No special storage was cm-
Ploved except to avoid mechanical contact. Samples several
months old gave the same results as newly prepared rods. The
whole bending apparatus was immersed in liquid nitrogen.
Breaking stresses ranged all the way from 100,000 psi to
L970.000 psi for a sample 0.022 in. in diameter. The distri-
bution was bimodal, with nine samples breaking at about
750,000 psi and ten others at 1,150,000 pst. Still lower tem-
peratures (liquid helium and liquid hydrogen) had no effect
on the strengths observed.,

Morley et al® worked with much smaller fused silica
fibers, about 0001 iy, in diameter, prepared and tested under
well-defined conditions. They also found a wide range of
?“'L‘“g“‘s which decreased in this order: liquid nitrogen
HMMETSIoN: vacuum at room temperature; air at room tem-
perature; and air at higher temperatures. There was evidence

stronger than the
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o euer: i these sl Boevs. In liquid nitrogen,

':}::‘::{ 4 rar red from LIMO00 0 2300,000 psi. There
was 73 eviderce nf @ bimodal disuribution. '_fhe; concluded
ihat their samples 0 contained flaws bt did not speculate
h“i:::’rce"" 2nd others have teported fiber s(\'m\.gﬂls
nzing from 600001 to over 1.000,000 psi, when quickly
broken i air. These results are for commeraial diameters of
00002 to 0 0005 in.

Finulh, there are the ser lugh strengths reported for
“whiskers.™ Probably becamse of their very good surfaces, no
funbes preparation ts needed to make them very strong
Brenner!™ reports a value of 2,200,000 psi for ALO; and
Ryshkenitch™ gves 2.500.600 psi for BeO.

Curvent Status of the Mycrocrack

The impact of the Gnffith crack theory was so great that
it grew and prospered aver the years despate the fact that no
ane had cver veally seen such microcracks Many methods,
inchadng optical and eleciron microscopy, were employed
without success. Man-made scratches of course are visible,
bt even for glass of quite modest strength the surface 15
substanuafy featureless.

Andiade and Tsien® reported that hard borosilicate
glass. exposed 10 sodium vapor at 350°C o1 above, showed 2
aetwork of fine crachs. The paper was widely discussed, but
1t seemed that the wreatment was so severe and the tempera-
tures so high that the iterpretation of these cracks as corre-
q“,“{;ﬁ:g, 1[:: ;\(r:{::‘)‘ hee\usling cracks was quite questionable

E v of twenty years, four laboratunes in

r?;ml suceession reported addinon:
Gordon et af, s

The o eralt conct
Andrade.

al work with sodium capor
Argon™ Nakayama ' and Ernsherger “
COnclusion appeared 10 be that the cracks  the
Tsien pavtern \hat are artifacts may mdeed orgrrge
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at true microcracks. Ernsherger suggested that, to be more
certain of this, a method was needed which would avoid high
temperatures and which would put only the surface in a two-
dimensional state of tension. Fortunately, such a method
exists. It is called ion exchange and has been mentioned
previousty in connection with chemical tempering, although
compression rather than tension was desived there.

fon Exchange

Soda-lime glass can act as a cation exchanger. Most, if not
all, of the sodium ions are exchangeable, on a one-for-onc
basis, with other monovalent ions. The exchange obeys Fick’s
law. and the diffusion constant is determined by temperature
and by the size of the larger of the exchanging ions. If the
soda-lime glass is immersed in 2 molten bath containing
lithium and potasstum nitrates, the hthium ions will begin to
replace the sodivm. The potassium salt is nearly inert. in
this casc, so far as ton exchange is concerned, but has the
highly desirvable effect of lowering the melting point of the
mixture. As the sodium ion is replaced by the smaller lithium,
the oxide network tries to shrink into a smaller space. Since
the exchange is limited 1o a very thin surface zone (perhaps
107" in. deep), the shrinkage can be only perpendicular to
the surface, the massive glass underneath preventing shrink-
age w the other two directions, The thin surface laver is then
under hvdrostatic tension in wwo directions and, if Haws are
present, tracure will accur when the tension becomes great
cnough. '

One of the advantages of the lithium salts over the am-
monium bisulfate used by Acloque et alf7 s that a molten
droplet will not spread on glass, In his truly clegant experi-
ments, Ernsberger®™ ook advantage of this property to
avoid the flaws known to be associated with all cut cdgc_"s of
glass. He was thus able to show that the number of erack
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ariens resealed by fon exchange does pet T 1 Mt
o

I with time of treatment In fact there are e :z o
-pofished. or freshily deased surfeces o o e
of track origins no matter bow prulosad s
g e b ohar

ched, fire:
entrth free "
weatment Another weful feature of this ek :
when ume and temperature are suitabh chosen, _ﬂ*c (S5 RN
gronth does not accur dunuyg the ion exchan;

while the ghass is cooling. but onh after the ey

LIS et e N

L HSESS
is dipped imto water.

tutther refinements of this proces.™ b3 phetonees
technmgue, permutted 10n exchange mareas s lervuzhtha
an accurate (rack count could be made. In glarmrzgueln
plate glaws there appeared to be. un the eraz. 3w
cracks per square nch whach presumabh are Ssares oo

woed by e

duced in grinding and which have not been el
polhing operation In murror-quality plate cless, o2 oume
ber was veduced to 4,500 per square inch In wimdem Zioas
the flaws were much fewer in number and apparesth 2oe e
tesult of wechamcal damage m makng and handizz T
both plate and window glass, etching m diluze bydreds o
aud sharply veduces the number of microcracks. Few v
the tetonal of g, but erch marks remam o mon
srigmal posions,

The concluston that mechanual damase leads o =aro-
aracks seems certarr Ths need not be the kmd of darm =
vishie tn the naked eye ar even (o the electron mycrera e

in one expeniment, Ernsberger drew a flewble cass
tgtuly

across a clean, dry, hvdrofluonc aad-etched <urfoce

No damage was visible aptically. but won exchanze revend

3N extensne, compheated, herrin .
racks, In another eXperiment,
vere colled bemecn twa sheets
gl The lon-exchange pattern
otk of Summeys, Ward, and Su
 the context of 1hese rectre

gbone pautern of muze-
320-mesh abrasve parncies
of hvdrofluone sad-erched
1s shown in Fiure 33 The
garman should be recaTed
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Fie. 33, Ton-exchange crack patterns reveal surface damage
produced by abrasive particles rolled across initially flawless surface
(LE5X) (afier Ernsberger).

Ernsbherger also believes that devitrification nuclei can de-
velop at temperatures far below those where devitrification
would seem 10 be possible, and that these nuclei can be
the source of surface cracks. Figure 34 shows the result
when commercial sheet glass was heated for 2 hr at 650°C,
ion exchanged, and then etched lightly. He also shows

that an inverse relationship exists: microcracks can nucleate
devitrification.

Pulsed Stress Experiments

The microcrack population on glass surfaces is normally
invistble beeause the cracl el o v tey voaimn] rrrst el
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Eie 31 lonexchange pattern showing strength-impainng effect
of surface devitnficaton (1G3x) (after Evpnsherger)

When the ane worst flaw propagates rapudly the sample
breaks, but none of the other cracks becomes wvisible, because
the micrascopic failure has rehieved the stress on them If
the siress were of sufficienmly shon durauon one might expect
0 funit the growth of the most serous microcrack and make
visbile without destroying the speamen 1f 4 very short
time pube conld be made to travel through the sample, per-
Tags many owcrocracks might be made visble § € heldie
has done this A drop of water, traveling at supersonsc speed,
“atmude tostrilea glass plate erched with HF up to a bonnd-
3y hne The impact was made to occur @ the boundar y It

w3 found that visble cracks occusred only m the unetched
Porton of the field
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Two radically different types of experiments (ion exchange
and pulsed stress) thus demonstrate the existence of invisible
microcracks on the surface of glass. But are all pre-existing
flaws activated to grow and become visible under these test
conditions? We do not know.

Preliminary Conclusions and New Problems

Optically undetectable cracks can now be located, counted,
and assaciated with several types of mechanical damage. The
initiating flaw, after fracture, can also be measured optically
within strength ranges 1 and 1. Perhaps no other types
of flaw-making mechanisms are necessary to account for
strengths below approximately 500,000 psi. The new {rontier
has therefore shifted 10 apparently undamaged surfaces
such as on the fire-polished fused silica rods which Hillig
found 1o be flaw-free under the electron microscope. These
still display strengths two to five times lower than theory
predicts: with one or two exceptions, strengths show a wide
scauter; and statie fatigue sl exists.

Are there other, “intrinsic” flaws? Do tiny, invisible bubbles
act as stress concentrators? Is there glass-in-glass phase sepa-
ration on submicroscopic scale, as Watanabe et all™ and
many others have suggested? Are the phase boundaries in
such a svstem planes of weakness? Is this perhaps why fused
silica fibevs, presumably {ree of phase boundaries, seem con-
sistently stronger than fibers from other glasses? And what
about thermal history —is it or is it not important on this
high-strength plateau? It is obvious that there are still as
mam questions as there are answers. Let us therefore tarn
to some new data and to some new interpretations of old data.

Calcwdation of Young’s Modulus Jrom Composition

‘ With ane exception, all of the force-separation assump-
tons, such as the simple one that vesulted in cquation (1),
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show that the wltimate strength o, should be directly propor-
tonal to Young's modulus £, It should thus be of paramount
interest to know how £ varies with the chemical composition
of different glasses Phallips™ describes a method of doing
this for both sumple and complex sihcate glasses. The content
of each of 1he ondes 1s expressed in mole per cent, such as
v for SiO;. py for ALO,, ete. Lach onide 1s also assigned a
numenical coeflicient such as €, lor $i0;, C, for AlLQO,, etc.
The modulus of clasuaty 15 the sum of the terms Cyp, +
Cepet.. Copn This is not quite the simple hinean relation-
ship it appears 10 be Some of the coellicients, such as those
for the alkals, depend on and vary with the total content of
$10; plus ALO; plus a fracuon of the B0y Others vary with
the alkal content. One—the coefhicient for B,O; — depends
on the relatne amounts of ALO; and alkah with which it s
associated Data from thirtv-siv glasses reported i the hitera-
ture are used 10 deselop some very simple and systemanc
cemputational methods When these are applied to thirty-
fise different glasses, some with as mamy as eight constituents,
the merage difference between calculated and observed
values of E 1s less than =0 3 per cent, with the extreme dif-
ferences bemng —0 5 and +1 0 per cent These deviations are
an order of magmtude less than those obsersed by carher
workers

In this method of computmg £, the 910, coefhaent s 73
Kilobars per mole per cent for all glasses, mcluding fused
st for wiich Spimner!™ found £ 10 be 730 Mlobars This
use of 7 3 1s perhaps tantamount to say ing that, regardless of
T\lhllucr other constituents wie present, the $10; retams its
identty 1 the structure, at least so far as elasuat 1 con-
ft‘mcd It does not mean, as Charles™ has suggested by rather
indwet evidence, that L depends almost entirely on the
S1-0-§; hnkages alone On the contrary, the effects of the
S120-Na bonds are shown 10 be tar from neghmble

Inhe Phillips procedure., the cocthaent for CaO s high



206 C. J. PHILLIPS

and constant at 12.6 kilobars per mole per cent. ALQO,; also
has a cocflicient with a high value, and divect observation
shows us that some of the highest E values observed are in
calcium aluminosilicates. Obviously much remains to be
learned in this area.

Dependence of Strength on Young's Modulus

Despite the inadequacies of equations such as (4), a number
of people have commented, usually rather casually, that
observed (not ultimate) strengths do often seem to be propor-
tionaf 1o Young's modulus. Few scem to realize that, at com-
mercial strength levels, this is more often the rule than the
exception.

Data for glasses. Schwalbe ct all™ broke coarse fibers,
0.024 10 0.032 in. in diameter, in straight tension, using five
different glass compositions. The work was done one hour
after annealing was completed. The compositions fall within
the arca where the Phillips method can be used to compute
£ with considerable accuracy. When the breaking strengths
o, ave plotted against E, the straight line marked S, B, S in
Figure 35 is the result. Working with Ya in. diam. rods “as
receved” from the factory, Phillips, measured the trans-
verse strengths shown on the line marked P in Figure 35.541
Watanabe, Caporali and Mould!™! worked with twenty one
ghass compositions. Al were made into rods 0.050 10 0.085
in. in diameter, were given a standard abrasion, and were
then quickly broken in four-point bending in liquid nitrogen
without any aging. They themselves reject glass 21 because of
its anomadous behavior. Glasses 18 and 19 are outside the
limits of the Phillips method of calculating E. The athers can
casily be calenlated and range between the limits of 9,400,000
and 12,600,000 psi. The average deviation in the strength
v:tlm-s of the eighteen remaining glasses was =9.0 per cent.
When plotted against £, only two of the observed strengths



007
STRENGTH AND WEAKNESS OF BRITTLE MATE RIALS 207

€«
o F——r 5,85
o
43
-
u‘ 2
o
k3
e
X
- o
7 e il
© V2 = t T
/)
e | :
¢ 2 4 € e 0w (4 2] ¥
£ %10 %

1. 35. Linear relanonshup between sirengths and
Young's modult of glases

ave rwote than 9 per cent awan from the strarght ine marked
W, €. M on Figure 35. and these two are vers dlose. On the
ortet band, when the glasses are aged oner water. or actualh
brolen in water, there appears to be absolutely no correlanon
*ith E. Nevw, these are all fanly brw-level strengths. but there
b evidence that the same correlaton between o, and E exusts
for flers with sirengths ranging from 500.000 s 0K
P27 with moruli between 10,700,000 and 19000000 pst

Fizire 35 shrws that doubling E alwy doubles o, The same

10 bz true for fibers, although the mammiude of the
£arze s much greater
At ek

s prrat 2 simple modificition of the Gnffith equauon
U e'gkt be interesting, If we supprae that, in the handling
2% zles receties 1 manufzeture for under anntrofled ahra-

), 1
sl the actea) damaze as reflected 1n lh" ek depeh e bs
eenels nererererest oo = o
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can write a = d/E, where d is simply a proportionality constant
and cquation (9) then becomes

Q‘S 12
oe=E (’h‘d> an

This reflects dependence of o, on E, and can also account for
different magnitudes of o, through changing values of d
andyor §.

Data for Polyerystalline Ceramics

Smoketf™ suggested in a qualitative way that those poly-
crystalline ceramics with high E values would also have high
ensile and transverse strengths and vice versa. Davis and
Clements in Walton!™ showed that o,/E was quite constant
for certain wypes of refractovies and aluminosilicate bricks.
Fenstermacher and Hummel™ measured E and transverse
strength on thirteen specimens of 2A1,0,4-810, mullite bodics.
Although E was not a constant at room temperature, neither
was a,, and a plot of ¢, versus E was a straight line with
o./lo= 107" on the average. PhillipsH® broke Y2 in. diam.
commeraal ceramic rods (all supposed to be fully vitrified
and nonporous) in three-point bending with a 4 in. span and
a constant Joading rate of 10,000 psi/min. His results are
shown on Figure 36. There is the usual scatter, but again
o, 2= 1072 Onhy the extreme values of the Fenstermacher
and Hummel data are shown, but they fall only slightly above
and slighthy below the Phillips line. The point at £=10% psi
and o, = 1L7 X 10? psi is for a borosilicate glass and is quite
close to the line representing the glasses tested many years
before.P Finally, five points representing catalog data are
shown. These ave flexural strengths with the tests performed
i accordance with AS T standard D116-61T. The load-
ing rate in that test is considerably more rapid than that used
by Phillips. To take this into account the catalog strengths
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have been muluplied by 09 Thes then Lall very dlose to the
major straight line Omutting the higher strengths repre-
sented 1y the Schwalbe, Badger, and Siherman hine where
OCE~4X107, and the older Plullips data, this major line
shows the data for sin alumma ceramics {with 85 to 49 per
unt ALO; content). wo prades of steaute, mo grades of

aireon, and one cach ol cordierne, mutlite, wollastonite, and
borosilicate glass

bor pohenvstatline ceramics, H
g

selman!™ has already
wested that the “determmnation of Young's modulus may
tonstitute an ndirect non-destruction test for the effect of
portsaty on strength ™ The present data go farther and sug-
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gest this is also true for essentially nonporous bodies and that
the same or very similar strength-impairing mechaniss
must exist for all brittle materials, whether amorphous or
cryvstalhine.

2r-examination of Inglis and Griffith Criferia

A final re-examination of the Inglis and Griffith criteria
may now be in order. In equation (8) we still do not know what
a realistic minimum value for the tip radius should be. Al-
though the existence of microcracks now scems firmly estab-
lished in many cases, we do not know their actual length,
width, or depth. Itis hoped that such data may become avail-
able in the near future, but at the moment we do not know
what cither @ or p should be in the Inglis equation. Further-
more, i the cracks are numerous, as they often scem to be,
we would expect some interaction between them, whereas
the Inghs relationship, and all statistical theories, assume
that cach flaw acts independently.

Fxamination of the Grifhith criterion, equation (9), leads
to additional questions. £ appears, but what value of E should
be used? Hilligh™ has shown guite clearly that for fused silica
the numerical value of I increases with stress and is 60 per
cent greater at a stress of 2,000,000 psi than at zero stress.
The relationship between o, and E is nearly linear, but the
departure from linearity is in the direction opposite 10 that
predicted by Figure 27. If all glasses and, in fact, all britle
materials behave in this way, then £ will have to be made
stress-dependent.

Another question-mark is the surface energy S. Data on
surface energies of solids are meager. Only recently has
refiable information been obtained for copper. With non-
metallic solids, and particularly those with mixed fonic-
covalent bonding, as in glasses, the problem becomes ex-
tremely complex. Yet Griffith cxtrapolated from 2000°F w0
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foom temperature! Bilerman(*i offers an exen more wﬁO\{s
iesion [le does not believe that the surface energy S is
imolsed ar all in fracture phenomena. He argues that work
i dnge, Rot on Tupture as such, but on the delormations
Vexdinz o rupture. Whereas the Griffith theory considered
3 enmpetition between suain energy and surface energy, the
Pierman concept requires onfy a redistribution of strain
enesgy. Whereas the old theors assumes that none of 1he
work of fracture becomes heat, the new theors assumes that
et of 1t will be comverted to heat. The experimental results
(huznctsn 1 Schelhnger i appear 1o be in bener agree-
teent with the new than with the old hvpothesis. The spedfic
fracture work F, (o produce one cm® of new crack surface.
then becomes several umes greater than the § value of
Giffith, Shand ™! has also discussed how greats § wself can
san. Bikerman finafly arrives at an equation
- = (é’.—')l 2

a
% o2y

whech i similar 1 most respects 1o the Gnffih relatonship
bitin which F 15 much larger than Grffith's §

fwe mochify equation (42) by agam making e =4 E, wecan
wite

12

:E(é) "3

Sve method of further 1m estigating equations (11). (12},
4 (13} would certainls appear 1o be 3 most worthwhle
eerpnse,
;\! a1 atemame to the Gnffith theon. Poncelet'™ has
i;ft'd"c":‘? ::,:.";, sxrrcn:;th-(nnm)lhng flaws are actuallh gen.
4 1 7 4 E
P hhiili :"';!‘u:;:vc(ifrirsc:"s. l::n;;u,,h naturaf thermal
Vet ot " e n mathemaura) form
Srench ;_,:mgn* s for size effect crack propaganon rate.
IO Homers ;1). and state fatigue all seem to be reason-
s they are so imlar 1o the selationshsrs deres ed
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from the Griffith theory that, as yet, there is no clear-cut way
1o choose between the two alternatives. A radically different
:1ppmnch is that of Marsh 2523 who feels that the true brittle
fracture of glass is limited to perhaps 500,000 psi, and that
higher breaking stresses result from plastic (flow with a large
increase of specific fracture energy) around the crack tip.

Swummary

1n the fifty years which have passed since the pioncering
work of Inglis and Griffith, much progress has been made in
understanding the important and tantalizing problems of the
strength and weakness of brittle materials. However, much
also remains 1o be learned. Perhaps some of the new concepts
outlined here will eventually allow us to correlate chemical
composition, structure, elasticity, and strength. There will
no doubt still be the surprises, contradictions, and frustrations
already outlined. But hope will also remain at the bottom of
Pandora’s magical box.

I'he author wishes to express his sincere thanks to many
individuals and companies for their assistance: to J. H.
Munier, C. J. Parker, and W. W. Shaver, all of Corning Glass
Works, and to that company itself for permission 10 publish
certain old but useful daty; to F. W. Ernsberger and Pius-
burgh Plate Glass Co.; to ]. J. Bikerman and Horizons Incor-
porated: to R, E. Mould and American Glass Rescarch, Inc.:
to F. W. Preston and E. B. Shand. consultants; and 1o H. T.
Smyth, Ruegers, The State University.

Appreciation should also be extended 10 the Sclenium-
Tellurium Development Association, Inc. and to the Inter-
national Lead Zine Research Organization for financial sup-
port of parts of this work.
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8. THE LOGIC OF THE MIND

By J. Broxowski
Salk Institute for Biological Stadies

1 am honored 10 contribute 1o this scries, under the auspices
of two famous societies, and Tam also and rather particularly
grateful, 1 am grateful, of course, that you have asked me, a
newcomer to the American scene, who i< sull at the delightful
stage of bang bewildered by the unespected range and the
energy of your saenulic mterests

Yet when 1 sard that T am particularly grateful, 1 had a
second reason in omind Tts this A man of my preoccupa-
tions, that is, 4 practicng saientst with a passion for Iiterature,
is often asked to discuss the relaton of saence 1o hterature,
But usually be s construmed, by the broad nature of s sub-
jeet and of his audience, to do so i vers general terms. 1 feet
no stich constraint here This gines mie the chance to write
mote searchingly and, as 1t were, more professionally about
my subject than usual: and T ke that chance gratefully

1 gave aseties of leciures recentls atthe Amencan Museum
of Natural History in New York on saence and literature as
maodes of knowledge, which bave been published as a book
under the tite The Identity of Man There are a few places
bere and there m the book (1 think T count four) where 1
should have iked to speak mare fulls and more arcamstan-
tally, had 1 been spealing to a professional audience 1 shall
single out one of these places, which sketches what ma be
called the machiners of the mind, and make 5t the oceasion
for 4 Luger analisis here 1 hope to develop the others on
ather occasions,
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The mind is an clusive entity, whose workings are not
wholly confined within the brain. But because 1 am looking
at the logical processes of the mind, it is fair that I concentrate
in the first place on the brain as the organ in which these
processes must be mechanized. The subject of how the mind
works as a mechanism—what machinery we can imagine to
operate within the brain— has its intrinsic interest in any case.
We know that the brain is made of the same stuff as the rest
of nature, and its atoms must therefore obey the same natural
laws that other atoms do. In that sense, then, it is tempting
and even rcasonable to say that the brain must be some kind
of a machinc. But alas, to use the word machine in this catch-all
sense misses the crux of the question. The real question about
the human mind lies deeper. Tt asks: Is the brain a machine
with a formal procedure of any kind that we can now con-
ceive? Let me quote a pertinent passage from The Identity
of Man.

A machine is not merely a whirring train of gears or a
humming set of electric circuits. These happy, busy
strings of hardware are only the middle step, the visible
link, in a procedure which has three steps, and to which
the other two are as integral as this is. The machine is the
procedure, and the whole procedure, all three steps of it.
The first step is the instruction or input, which is the
modern form of the button that starts the machine: and
which must itself be precise and mechanical, an unequiv-
ocal set of holes or marks on a tape that directs the ma-
chine into one branch of its network of possible paths.
Then comes the physical machinery which obediently
carrics out the instructions and turns them into actions.
And the third step is the result or output, which is equally
decisive and definite: in a computer, it is another sct o'f
holes or marks on a tape,

Itis of cardinal importance here, and essential 1o my
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deseription, that the output from 3 nachine mua be
cxact and unambiguous as the input is. For a modern
machine, like a man, is asked in part 10 regulite sself,
and for this purpose it must be able 1o feed s outpu
back into itself as a new instruction, ls output mua
therefore be as sharp, within the tolerance of the ma-
chine, as capable of symbolic expression, as well definedt
and as single-minded as s inpot.

Language of the Bram

Our ficld of inquiny 1s thie gray region between the input
to the bramn and the outpu from it that s, between the infor-
mation that the senses send to the bramn and the instrucuons
or other tdeasions that wssue from 1t I thas gras vegon the
bramn mampulates the mput and draws condlusions from nt
Daning this process, the bram presumably uses some symbol-
1sm whiuch translates and codifies s concepunons of the out-
side world We do not know what this ssmbolic lLanguage s,
but of 1wt s indeed to be mechamcal (on any svstem that we
understand), ity umts must consist of configurations of aoms
and of changes n these conhiguranons which are displived
as clectrical signals 1f then the bram reasons ke a logieal
machine, these signs or untts that it employs in s rexsonng
must constitute & {formal language or senes aof languages
which follow prease rules, ust like the lainguage of symbols in
which we write out Jogical and mathematical arguments $The
bran cannot be « machine in am sense that we understand
unless its language 18 as strict and as artfioal On the logical
sense) as any of our own marks on a magnetic Lape

The ssmbols with whisch the brais works —its Linguage (or
successie Mnguagesi—are phvsical, chennicl and electrea)
But this makes them no different from marks on @ paper or
on a tape Provded that they are exaa, and are alwavs
tanslated exacth in the same wav, they constitute a torm st
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1 . [3 i |,
fouieal banguage, What i to he said abont them, then, comes
? ’ * N "'
not frons phiysies and chemistry andd hiology hut from ﬂyn”
H e § ’ ’ arilber g ¢ ‘”'»‘(

fBodie fogie, Vhis is why 1, o nysthenadic hlll,);)k)( .‘m‘m o "
abom it 10 physicists and chemists andd specialists i hiology,

Limitations of Axiomalic Systenrs

We know a good deal now abow symbolie langguapes and
the fogical procedures that they can expross whirh was not
known when 1 took the Mathematieal "Fripos i Cambridpe
i 1970, There were two of us who oftered what was caller
Mathenaticat Philosophy thiat sunsmers Max Black and LV he
man who Gad Jeenved 1o us ad been the prodigious, prod-
gl Frank Ramsey, B be bad died ety thn yeur, 3 month
before bis twentyseventh bivthday, and 1 fnaging (though
Poeannot be sure) that we were exsmined in his place by
his (viend Ricluord Braithwaite, Whoever the esaminey wis,
Be blandly asked us on one of ouy papers 1o diseuss the
Entscheidhngsproblem,

The Eutseheidungsproblem, the problem of decision, was @
startling, question which David Hitbert had poseds whethey
it 15 sel-evident —whether indeed #oean be shown —that all
wathienuntical wssertions which minke sense oan necessarily be
proved to be either (rue or false. The question hid gone
unaswered tor o dong time, and neither Max Black nor |
was ikely o sertde i short notice in o afiernoon. 1 no
fonger remember whin generad argumems produced in the
exsmmation roow {or and against the disputed possibility.
For history caught up with us and our examiner in 2 spees
taeubine way, ronically within g year,

Most professional sclentists now know what happened. In
HEM ooyoung Austrian mathematician, Kuvt Gode, proved
wwo remarkable and reasvkably unwelcome theorems, Vhe
fst theavem says that any logieat system which s not exees-
sively stmple (that s, which at e

.

stincludes ovdinary arith-
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tmetc) can express true assertions which nevertheless cannot
be deduced from its axioms  And the second theorem says
that the avioms in such a system, with or without additional
truths, cannot be shown in advance 1o be free from hidden
contrachctions. In short, a logical system which has any rich-
ness can never be complete, yet cannot be guaranteed 1o be
consistent,

That was in 1931, In the next few years, other unpleasant
theorems were established A M. Twing in England and
Alonzo Church in America showed that no mechanical pro-
cedure can be devised that can test every assertion m a logi-
cal system and n & finste number of steps demonstrate it o
be cither true or false  Flus s Hilbert's Entscherdungsproblem
in ns dieat form {n a sense, Godel's resalt s deeper than
thus; and Alfred Farshim Poland proved an even deeper lim-
tation of logic Tarsky showed that there can be no prease
Language that 1s unnersal, evers formal language which is
at least as nich as anthmeue contans meanmglal sentences
that cannot be asserted to be enher true or false

In order to leave no room for doubt, let me linger on the
essential content of these extraordmary and tar-1eaching
theorems  They ae theorems i mathemaocal logic, and in
one sense the mathematies cannot be removed trom them
“Thatas to sav, any logical svstem to which thes apply must in-
dude the arshmete of whole numbers as a basic and disung-
uishable part: But with this proviso, to which 1 shall seturn,
they apply to any system of thought which attempts to set up
a basis of fundamental axsoms and then to match the world Iy
making deducnons from them i an exact language ~ the
language of physics, for example. o1 the chemcal language
nsule the bram

Such asystem of antoms has alwavs heen thought to be the
wdeal model for which all saence sinves Indeed, it could be
saicd that theoretical saience 1s the attempt to uncoser an ulu-
mate and comprehensine set of avioms (induding matheman-
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cal rules) from which all the phenomena of the world could
be shown to follow by deductive steps. But the results that 1
have quoted, and specifically the theorems of Godel and of
Tarski, make it evident that this ideal is hopeless. For they
show that every axiomatic system of any mathematical rich-
ness is subject to severe limitations, whose incidence cannot be
forescen and vet which cannot be circumvented. In the first
place. not all sensible assertions in the language of the system
can be deduced (or disproved) from the axioms: no sct of
axioms can be complete. And in thesecond place, an axiomatic
“svstem can never be guaranteed to be consistent: any day,
some flagrant and irreconcilable contradiction may turn up in
it. An axiomatic system cannot be made to generate a de-
scription of the world which matches it fully, point for poing;
at some points there will be holes that cannot be filled in by
deduction, and at other points two opposite deductions may
turn up.

Implications for Science

The implications of these results for any theory of knowl-
edge have Jong been stressed, for example by Rudolf Carnap
and by Karl Popper. But in addition I am stressing here, as
I have done before (in The Common Sense of Seience in 1951),
their implications for empirical science. For I believe that any
exitet science must include in its system the axioms of arith-
metic, in the form of procedures which require us to disting-
uish all the whole numbers. For example, if we seek to reduce
all the sciences to physics, then we shall need the theory of
gronps and the statistics of assemblies of particles; and both
these operations are subject to Gidel's theorems, In the same
way, the statistical limitation on the recurrence of physical
svstems which Henri Poincaré first demonstrated in ergodic
theory are, in my view, another expression of Turing’s and
Church'’s theorem that it is impossible 1o decide for everv in-
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stance whether it is a consequence of the avioms, And finally,
‘Tarski's theorem demonsttates, 1 think condusively, that there
cannot be a universal description of nature in a single, closed,
consisient language.

1 hold, therefore, that the logical theorems reacl decisivels
into the systemization of emprrical science. Tt follows in my
view that the unwritten aim that the physical sciences have
set themselses since Isaac Newton's time cannot be attained.
The laws of nature cannot be formulated as an axiomauc,
deductine, formal, and unambiguous system which s also
complete And if at any stage in saentific discovery the laws
of nature did seem to make a complete system, then we
should have to conclude that we had not got them right.
ature cannot be represented w the form of what logiaans
now eall & Tunng machine — that s, a logical madnne operat-
ing on a basic set of avioms v making formal deducuons
from them 1 an esact language  There is no perfect deserip-
tion concenable, even n the abstract, m the form of an
asiomauc and deductine system

Of course, we suppose nevertheless that nature does obey
asctof Liws of her own which ate prease, complete, and con-
sistent. Butaf this s so. then their inner formulation must be
of some kind quite dilferent from any that we know., and at
present we have noadea how o concene 1t Anv desaription
m our present formalisms must be mcomplete, not because
of the obduracs of nature, but because of the lmtauon of
linguage as we use it And this imitation lies notin the human
Lallibility of language but, on the contrary, m s logieal m-
sufhaiency.

This s a cardinal pomt s the language that we use in de-
senbing nature that imposes (v 1ts arrangement of definitions
and axzoms) both the forn and the hnntanions of the laws that
we find. For example, it mas be held that s we can remove
the anthmetic from physics, we My et get an anomatie sys-
tem which 1s complete and consistent 1o not share this view,
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cal rules) from which all the phenomena of the world could
be shown to follow by deductive steps. But the results that 1
have quoted, and specifically the theorems of Gédel and of
Tarski, make it evident that this ideal is hopeless. For they
show that every axiomatic system of any mathematical rich-
ness is subject 1o severe limitations, whose incidence cannot be
forescen and vet which cannot be circumvented. In the first
place, not all sensible assertions in the language of the system
can be deduced (or disproved) from the axioms: no set of
axioms can be complete. Aud in the second place, an axiomatic
“svstem can never be guaranteed to be consistent: any day,
some Hagrant and irreconcilable contradiction may turn up in
it. An axiomatic system cannot be made to generate a de-
scription of the world which matches it fully, point for point;
at some points there will be holes that cannot be filled in by
deduction, and at other points two opposite deductions may
turn up.

Implications for Science

The implications of these results for any theory of knowl-
edge have long been siressed, for example by Rudolf Carnap
and by Karl Popper. But in addition I am stressing here, as
I have done betore (in The Common Sense of Science in 1951),
their implications for empirical science. For T believe that any
exact science must include in its system the axioms of arith-
nietic, in the form of procedures which require us to disting-
uish all the whole numbers. For example, if we seck to reduce
all the sdiences 1o physics, then we shall need the theory of
groups and the statistics of assemblies of particles; and both
these operations are subject to Gadel's theorems. In the same
way, the statistical limitation on the recurrence of physical
systems which Henri Poincaré first demonstrated in cr‘lg()diC
theory are, in my view, another expression of Turing’s and
Church’s theorem that it is impossible to decide for every in-
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stance whethier it is a consequence of the axioms And finally,
Tarskr's theorem demonstrates, T hink conclusively, thatthere
cinnot be a unnversal description of nature in a single, closed,
consistent language.

1 hotd, therefore, that the logical theorems reach deasively
into the systemization of empirical science. It follows in my
view that the unwritten am that the physical sciences have
set themselves since Isaac Newton's time cannot be attained.
The lans of nature cannot be formulated as an axiomatic,
deduane, formal, and unambiguous system which is also
complete. And if at any stage m saentific discovery the lans
of nature did seem 1o make a complete system, then we
should have to conclude that we had not got them night.
Nature cannot be represented i the form of what logicians
now call a Tunng machine —that 1s, a logreal machime operat-
ing on a hasic set of axtoms by making formal deducuons
from them inan esact language  There ts no perfect descrip-
tion concenable, even i the abstract, i the form of an
aviomatie and deductine system

Of course, we suppose nesertheless diat nature does obey
a sct of laws of her own which are prease, complete, and con-
sistent. Butif tlus 1s so, then therr inner formulation must be
ol some Lind quite cifferent trom any that we know, and at
present we have no adea how o concenve 1 Any descnption
woour present formahisms must be mcomplete. not because
of the obduracy of nare, but because of the hmtanon of
language as we usenr And this himtaon hes notin the hunun
Lallibality of language but, on the contrary, s 1ts Jogica) m-
sufliaency

This s a cardmal point atis the Language that we ase in de-
senibing natare that impaoses (by s arrangement of definitions
and avioms) both the form and the limitations of the Laws that
we find, For example, it may be held that off we can remove
the anthimeue from physics, we may vet getan axiomaue sys-
tem which is complete and consistent | do not share this view,
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cal rules) from which all the phenomena of the world could
be shown to follow by deductive steps. But the results that 1
have quoted. and specifically the theorems of Gédel and of
“Farski, make it evident that this ideal is hopeless. For they
show that every axiomatic system of any mathematical rich-
ness is subject wo severe limitations, whose incidence cannot be
foreseen and vet which cannot be circumvented. In the first
place, not ail sensible assertions in the language of the system
can be deduced (or disproved) from the axioms: no set of
axioms can be complete. And in the second place, an axiomatic
“system can never be guaranteed to be consistent: any day,
some flagrant and irreconcilable contradiction may turn up in
it. An axiomatic system cannot be made to generate a de-
scription of the world which matches it fully, point for point;
at some points there will be holes that cannot be filled in by
deduction, and at other points two opposite deductions may
wrn up.

Implications for Science

The implications of these results for any theory of knowl-
cdge have long been stressed. for example by Rudolf Carnap
and by Rarl Popper. But in additon I am stressing here, as
I have done before (in The Common Sense of Science in 1931),
their implications for empirical science. For 1 believe that any
exact science must include in its system the axioms of avitlhi-
metic, in the form of procedures which require us to disting-
uish all the whole numbers. For example, if we seek to reduce
all the sciences 1o physics, then we shall need the theory of
groups and the sttistics of assemblies of particles; and both
these operations are subject to Godel's theorems. In the same
way, the statistical limitation on the recurrence of physical
systems which Henrit Poincaré first demonstrated in créodic
theory are, in my view, another expression of Turing'’s and
Church’s theoren that it is impossible to decide for every in-
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stance whether it is a consequence of the axioms. And finally,
Farski's theorem demonstrates, I think conclusively, that there
cannot be a universal deseription of nature in a single, closed,
comsistent langage.

1 hold, therefore, that the logical theorems reach decisively
into the systenuzation of empirical science. It follows in my
view that the unwntten mim that the physical sciences have
set themselves since Isaac Newton's time cannot be attained
The Llans of nature cannot be formulated as an aniomatic,
deduane, formal, and unambiguous system which is also
complete And if at am stage in saentific discovery the laws
of nature did seem to make a complete system, then we
should have 1o conclude that we had not got them right.
Nature cannot be represented m the form of what logicians
now call a Turing machine —that s, a logeal machine operat-
ing on a basic set of axtoms by makmg formal deductions
from them an an exact language  There is no perfect descrip-
non concenable, even n the abstract, m the form of an
avomatic and deductne sysiem

OF course, we suppose nesertheless that nature does obey
aset of Lins of her own winch are preaise, complete, and con-
sistent. But 1f this 1s so, then ther inner formulanon must be
of some hind quite different from amy that we know, and at
present we huave no wdea how 1o concene it Anv descepiion
m our present formabisms must be incomplete, not hecanse
of the obduracy of nature, but because of the mitauon of
Linguage as we nse it Andd thes limntation hes not i the human
fallibality of Language but, on the comrany, i s Jogeal in-
sufhicieney

Thisss a cardmal pont at s the Language that we use in de-
sctibing natare thatimposes (b its arrangement of defumtions
and avioms) both the form and the mitations of the Laws that
we find, For example, 1t may be held that il we can remave
the anthmetse from phasics, we may 11 get an axiomate svs-
tem which is complete and consistent 1 do not share this siew,
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cal rules) from which all the phenomena of the world could
be shown to follow by deductive steps. But the results that 1
have quoted, and specifically the theorems of Godel and of
Tarski, make it evident that this ideal is hopeless. For they
show that every axiomatic system of any mathematical rich-
ness is subject to severe limitations, whose incidence cannot be
forescen and vet which cannot be circumvented. In the first
place, not all sensible assertions in the language of the system
can be deduced (or disproved) {rom the axioms: no sct of
axtoms can be complete. And in the second place,an axiomatic
“system can never be guaranteed to be consistent: any day,
some flagrant and irreconcilable contradiction may turn up in
it. An axiomatic system cannot be made to generate a de-
scription of the world which matches it fully, point for point;
at some points there will be holes that cannot be filled in by
deduction, and at other points two opposite deductions may
nrn up.

Implications for Science

The implications of these results for any theory of knowl-
cdge have long been stressed, for example by Rudoll Carnap
and by Karl Popper. But in addition I am stressing here, as
I have done before (in The Common Sense of Science in 1951),
their implications for empirical science. For I believe that any
exadt science must include in its system the axioms of arith-
metic, in the form of procedures which require us to disting-
utsh all the whole numbers. For example, if we seek to reduce
all the sciences to physics, then we shall need the theory of
groups and the statistics of assemblies of particles; and both
these operations ave subject 1o Godel's theorems. In the same
way, the statistical limitation on the recurrence of physical
systems which Henri Poincaré first demonstrated jn cr;;r)dic
theory are, in my view, another expression of Turing‘; and
Church’s theorem that it is impossible 1o decide for every in-
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stance whether it is a conseguence of the axioms. And fimally,
“1 arshi's thearem demonsttates, | think conclusively, thatthere
cannot be a universat description of nature in a single, closed,
consistent Linguage.

1 hold, therefore, that the logical theorems reach decisively
into the systemization of empirical science, Tt {ollows m my
vew that the unwritten aim that the physical sciences have
<ct themsehes since Isaac Newton's time cannot be attained.
“The laws of nature cannot be formulated as an axiomatic,
deducine, formal, and unaminguous system which is also
complete. And il at any stage in saentific discovery the faws
of nature did seem to make a complete system, then we
donld have to conclude that we had not got them right.
Natme cannot be represented m the form of what logicians
now call a Turing macdune ~that 1s, a logical maclune operat-
ing on a basic sct of axioms by making formal deductions
from them in an exact language. There is no perfect deserip-
fion concevable, even m the abstract, m the form of an
mmanc and deductne system

Of course, we suppose nevertheless that nature does obey
aset of laws of her own which are prense, complete, and eon-
sistent. But af thss 1s so, then thewr inner formulation must be
of sante ind quite different from any that we know. and at
present we hase no idea ow 1o concene it Any description
in our present formahisms must be incomplete, not because
of the obduragy of nature, but because of the hmtanon of
Language as se wse 1t And this hinutation lies not in the human
falhbadiy of fanguage but, on the contrany, s logical 1n-
sufficiency,

“This is a cardinal point. st is the language that we use in de-
scribing nature that imposes (by its arrangement of defimnons
and axioms) both the form and the hmitatons of the Laws that
se ﬁl\fl For example, 1t may be held thauof we can remove

Plete and consistent 1 do nat share thy view,
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but it is arguable: vet it does not scem to me to bear in fact
on our present formulation of the faws of nature. On present
evidence, we must conclude (in my view) that the human mind
is constrained to conceive physical laws in arithmetical fan-
guage: the whole numbers are literally an integral part of its
conceptual apparatus. If this is so, then the mind cannot extri-
cate the laws of nature {rom its own language —our formal
logic is not that of naturc —and we are not at all, as Leibnitz
and others have thought, in a “pre-established harmony”
with the language of nawuve.

Adding a New Axiom

Every scientific system, as we understand that phrase now,
is mcomplete: simply as a logical machine, it cannot cover all
the phenomena of nature. It therefore follows, not merely in
practice but in principle, that the system must be enlarged,
Irom time 1o time by the addition of new axioms, which can-
not however be foreseen or proved to be free from contradic-
tions. How does the outstanding scientist come 1o propose
such a decisive axiom, while less imaginative minds go on
tinkering with the old system? How did Gregor Mendel leap
to conceive the staistical axioms of genetics? What moved
Atbert Finstein to make the constaney of the speed of light
not a consequence but an axiom in the construction of rela-
tivity ?

An obvious answer is that the great mind, like the small,
experiments with different alternatives, works out their conse-
quences for some distance, and thereupon guesses (much
fike o chess plaver) that one move will generate richer possi-
hilities than the others. But this answer only shifts the question
from one foot 1o the other. Testill remains 10 ask how the great
mind comes W guess better than another, and 10 make teaps
that turn out to lead farther and deeper than youts or mine.

We do not know; and there is no logical wiay we can know,
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or can formalize 1he pregnant decision. The step by which a
new avtomn s added cannot itself be mechanized. His a free
play of the mind, an imention outside the logical processes.
‘This is the central act of magination in sdience, and it is in
all respects ihe any similar act in hte t can in fact be
taken as o dehininon of imagination. In this respect, science
and lterature are alike: m both of them, the mind decides to
enrich the system as it stands by an addition which is made by
an usmechanical act of free chowe,

As for the mvenuon that is added —the new relation in
sacnce or the imagmatine shaft of siston in hterature —its

birth 1s always the same. It begins i the muluple meanings
and overtones, the hidden ambigumies, which human Lan-
guage contas 1 spite of our best efforts to make 1t sharp
‘The language of thought consists for the most part of general
words, and although such a word may be as matter of factas
parallel or as sohid as mase, as down to carth as table, there 15
always about 1t a penumbra of uncertunty and ambnalence
from winch new relatons may suddenhy become pparent.
Parallel may become the begimnmng for non-kudidean geom-
asies, and mass mav become equnalent o energy, for the
universal reason that even o table cannot be dehined m 1erms
wluch allow us to say with absolute deasion of every object
in the unnerse that 1t 1s enher a table or not a table Frank
Ramsey, of whom | spoke earlier, proved that this s an mdis-
pensable factor in the deselopment ot amy saence, and m this
important sense, he anuapated some of the imphcanons of
Gaodel

It s charactenistic of human language that it s made up of
past metaphors and analogies. and thes are a ferule ground
for the exploration of ambiguty and the discovers of hidden
likenesses Here begin the unexpected fimks and conjuncions
which bterature (and all art) constantly produces, and the m-
venine wdeas of sacnce begin here (oo

How these ambnalences are developed i saence and m
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but it is arguable; vet it does not seem to me to bear in fact
on our present formulation of the Jaws of nature. On present
evidence, we must conclude (in my view) that the human mind
is constrained to conceive physical laws in arithmetical lan-
guage: the whole numbers are literally an integral part of its
conceptual apparatus. 1 this is so, then the mind cannot extri-
cate the laws of nature from its own language—our formal
logic is not that of nature—and we are not at all, as Leibnitz
and others have thought, in a “pre-established harmony™
with the language of nature.

Adding a New Axiom

Faery scientific system, as we understand that phrase now,
is incomplete: simply as a logical machine, it cannot cover all
the phenomena of nature. It therefore follows, not merely in
practice but in principle, that the system must be enlarged,
from time to time by the addition of new axiows, which can-
not however be foreseen or proved to be {ree from contradic-
tons. How does the outstanding scientist come 1o propose
such a decisive axiom, while less imaginative minds go on
tinkering with the old svstem? How did Gregor Mendel leap
to conceive the statistical axioms of genetics? What moved
Albert Eastein to make the constancy of the speed of light
not a consequence but an axiom in the construction of rela-
uvity?

An obvious answer is that the great mind, like the small,
experiments with different alternatives, works out their conse-
quences for some distance, and thcrcupon guesses (much
fike a chess plaver) that one move will generate richer possi-
bilities than the others, But this answer only shifts the question
from one foot 1o the other. It still remains to ask how the great
mind comes 10 gaess better than another, and to make leaps
tiat turn out 1o lead farther and deeper than yours or mine.

We do not know; and there is no logical way we can know,
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or s formalize the pregnant decision. The step by which a
new axiom is added cannot itsell be mechamzed. It is a free
play of the mind, an invention outside the logical pm?c?ic.s.
Tius is the contral act of imagination in sdence, and itisin
ot respeats fike any similar act in fieramre; it can in fact be
taken as 2 definition of imagmation. In this respect, science
and hterature are alike: m both of them, the mnd decides to
entich the system as it stands by an addigon which is made by
an unmechanical act of free choice,

As for the imention that is added —the new relation in
wience or the nnagmatpe shift of vislon m literature —1ts
birth is always the same. @t begins m the multiple meanings
and overtones, the idden ambiguities, which human lan-
guage comtains in spite of our best cfforts to make 1t sharp
" he language of thought consists {or the most part of general
words, and although such a word may be as matter of fact as
parallel or as solul as mass, as down 1o earth as table, there 15
always about it a penumbia of uncertanty and ambnalence
from which new 1elations may suddenly become apparent
Parallel may become the begmning for non-kuchdean geom-
ctries, and mass may become equnalent to energy, for the
universal reason that even a table cannot be defined n terms
wineh allow us to say with absolute deasion of every object
in the unnerse that 1t 1s either a table or not a table Frank
Ramsey, of whom I spohe carhier, proved that this 1s an indis-
pensable Gactor w the development of any science, and in s
mpartant sense, he anucipated some of the smpheatons of
Godef

1 is charcterisue of human language that 1 1s made up of
st metaphors and analogies, and they are a ferule ground
for the exploration of ambrgnuty and the discovery of tudden
lxk(jncm-s. Here begin the unespected hinks and conjunctions
hlu(]n terature (and all art) constantly produces, and the 1n-
sentive ideas of saence begm here 100

How these ambuvalences are developed in saence and n
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literature is the theme of The Identity of Man, and 1 can only
summarize it here. In science, the aim is to disemangle each
ambiguity, and to force nature to decide between the alier-
matives by a critical experiment. In this way, we progress in
science (as it were) by turning the information from nature
through the Iogical machine of the brain into an effective tape
instruction. In literature the ambiguities are not resolved. and
the brain works or plays with the information without ever
wirning it into a machine instruction. But in both, the new
imenton is taken by the same kind of step, and at the
moment when the step is taken we are in no logical system:
we have left one system and are about to enter and form the
other, and ave in a no-man’s-land outside logic.

Paradixes of Self-Reference -

The first half of my theme, which I have now completed,
has consisted of theorems in mathematical logic and their
apphication first 10 the language of science and then, inci-
dentally. o iterature. What T have shown there, the surpris-
ing demand that thev imply for a kindred imagination in
both, 15 unsetding, of course, and awkward, because this is
not at all how we wanted the grand panorama of knowledge
to look. But there itis, we must come to terms with it; and so
far 1 hane simph displayed what the terms are, as a matter
of fact.

Now I turn 1o the second part of my theme, to discuss a
sharply dsfferent aspect of the same problem. T shall still be
concerned with these maverick theorems in logic, but with
something clse about them: not so much with their existence
and tuplications as with their origin. For there is a common
source from which all these theore ‘ine, and itis uncom-
monkhy intevesting and rev -:1]i1§£;.ums wpringanditis uncon
' ..S;')u'mraily. fhc wa theorems of Gisdel, the theorems of
Fuving amd - Church, and Tarski’s theorem say different
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things. Fach of them establishes some bmitation on a logical
astem, ether on its completeness or its consistency, and
these himitatons are not quite the same. Yet they do form a
common family of hmutations, and this is because they all
arise from a common difficulty in all symbolic language. The
ficults is that the language can be used to describe not only
pans of the world but also parts of the language wself. In
¢ach of them, the proof hinges on a construction by which a
proposition about arthmeuc 15 expressed as a proposition in
arithmetic

Mam logical problems grow from this common ront,
namely that the range of reference of any reasonably rich
system necessanhy includes yeference 10 wself. This creates
an endless regress, an nfinite hall of mirrors of self-refiecuon
And the regress comes sharph to i focus 1 all the paradoxes
ol logic, winch are cousms of one sort or another to the classi-
cal contradiction that the Greeks knew  what they called the
Cretan paradox Tlns 15 the contradiction imphed by the
statement of Epimenides the Cretan that all Cretans are bars

There are mans modern forms of this and s related para-
doxes One form 1s Bertrand Russell's definiuon of the class
of all classes that are not members of themselves  Another 15
the paradox of Jules Richard, which (roughly) mses this a
sumencal dress. Godel constructed his theorems on this
patern Perhaps the punming. Iinguste qualin of these
contradicuons, ther oddiy lnerany plavfulness. s best dys-
played by 2 remark in the same ven by Groucho Mary, who
sard that Tie would not think of belonging 10 4 club that was
willing to have lum for a member Vet these ave not tgal
matters they face us whenever we contrast rufes and excep-
o, tolerance and mtolerance, and ol the human sssues
*)Il(h et and divade us 1in argument ar the same tme

The mathemaucl paradoses, and the devices derned
from them that Godel and others caploited for their theo-
fems, all have the same feature they depend on the use of
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coneepts whose range of reference includes the concept itself.
In short, the model for them all is the Cretan paradox, the
simple sentence, “What T am now saving is not true.” This is
obviously a self-contradiction: if the assertion is true, then by
its own Icvidcncc it is not true: and i the assertion is false,
then that tells us that what is being said must be true.

Bertrand Russell tried (with Alfred North Whitchead in
the Principia Mathematica) to untic the knot in this kind of
paradox, and to put an end to the infinite regress of asser-
tions about assertions, by constructing a theory of types. This
was intended to prevent us from using the same language to
discuss our language that we use 1o discuss the things that
the Janguage names. A hierarchy of types was created, start-
mg with simple sentences about things, going on to sentences
about sentences about things, then to sentences about sen-
tences which are themselves about sentences about things,
and so on. No one could look on this infinite construction with
anvthing but a suspicious eye, and so it turned out; the theory
of tvpes is an unhappy artifice. If as human beings we want
to use human language, then we must accept that part of its
richness is in its capacity 1o refer to itself.

I stress, in what 1 have just said, the word hman. Animals
use Janguage to signal to one another, and what they have to
say essentially refers o states of affairs (factual or emotional)
and o nothing else. Such a language has no problems of sclf-
reference: it is intended to pass information from one animal
to another, divealy and unequivocally as an instruction. In
this sense, René Descartes was right 1o say that animals are
wachines and human beings are not. Human language is
vicher precisely because we think about ourselves. We cannot
climinate self-reference from human language without there-
by turning it from a genuine language of information into a
machine Linguage of instructions.

In particular, all philosophy and epistemology operates by
its tature within the field where the difficulties lic, the fickd
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of sell-reference. 1 mean by sell-veference the construction
of sentences, in thought or in speech, whose range of appli-
cason imcludes that very ind of sentence. On this definition,
“Iam hungry” contatins no self-reference, but*Lam roubled”
“docs. All thimbang about thinking implics sell-reference: the
first statement of prinaple in the philosophy of Descartes,
Coguto ergo sum, refers to itsell 1t 15 this sery cogitation, or
the dlass of cogrtanons that mddudes it, which gies the speaker
the 1ight to assert that he 1s cogitating. Philosophy is not
possible without the regress of cogitauon about cogitation.
Whatever could be thought by machunes, philosophy certainly
could not, Indeed, on my siew of buman language, philos-
ophy could not even be thought about by ammals

Philosophy and Psyehology

It 15 dlear enough that statements in philosophy are, In
their nature, often dogged by self-seference, and dhat philos-
ophy as a disapline 1s therefore imited even more severels
than science by the logcal gaps that the theorems of Godel
and Farske have Lud bare In mathematcs and saence.at s a
surprise to find onesell bounded Iy these theorems, at s not
at all ebvious, and mdeed 15 unevpected, w learn tiat mathe-
matical and saennfic statements cannot be wholly deared of
sell-references (or of some cqunalent secursive regress) But
s evdent from the outset that phnlosophy 18 fuall of selt-
references, and therelore that il the breakdown m the ma-
chinery of Togic has its ongan - self-relerence, philosophis
s surehy subject to it Indeed atis dear that while mathematics
and sdence are subject to 1t onh from ume to ume, when a
new step has 1o be tiken, phnfosophy s sulje o it severels
and constanthy - because sell-reference s built tnto ts wen
micthod

1o the same way, we can see at once why psachology and
pochoanalvas, regarded as saences, are most severely sub-
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ject to the theorems of logical limitation. There was a time
when no clear boundary was drawn between philosophy and
psychology: Thomas Hobbes, john Locke. and David Hume
all wrote philosophy. much of which was a study of the mind,
and was, for its age, a form of psychology. Now that psychol-
ogy has entered into less conscious fields of the mind, the
logical problems that are created by self-reference are very
patent. Many natural scientists complain that psychology, and
other studies of human thought and behavior, lack the rigor
of a true science. This is usually excused on the ground that
such human studies arc young, and have not yet developed
the proper formal apparatus by which information can be
turned into exact prediction. But I suggest that the logical
theorems now show us that this excuse is mistaken. There is
an essential difficulty in casting thesce disciplines into an axio-
matic svstem: they ave limited, mére severely and more con-
stantly than the nawral sciences, by the self-reference that
underlics them everywhere. And it cannot be got out of the
svstem by the occasional addition of a new axiom. as in the
natural sciences. The axiomatic method as such may be un-
workable in these studies, and whatever machinery is dis-
cnered for them in the future will (I think) not be of this
traditional kind.

This is illustrated by Karl Popper’s account of how he be-
came disiflusioned with the psychoanalytic explanations of
Sigmund Freud and Alfred Adler. In natural science, re-
marked Popper, a theory is expected to make a prediction,
and one prediction only, about the outcome of an experi-
ment; and it is discarded if this forecast is not fulfilled in the
experiment. But the theories of psychoanalysis are not of this
kind at all; as Popper found, they are constantly explaining
that my neighbor on the right is polite because he has an
inferiority complex, and my neighbor on the left is rude
because he has an inferiority complex. If therefore I turn the
concept of the inferiority complex around, 1 get the unhelp-
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ful prediction that it may case my neighbors either o be
polite or to be rude. This is bot what we expect of a scientific
theonn, And indeed it is not: all arguments derived from
Freud's imvention of the unconscious have this paradoxical
content, predisely because their use of sell-reference creates
paradoxes The Cretan who said that all Cretans are hars
was talking a dassical form of the language in which the
puychaanalyst frames such concepts as the unconscious and
sts infenonty complex. If he had Ined not in Crete but in
Vienna, he would have sard that all Viennese have inferiorny
complenes

Self-Reference m Luterature

Beyond these borderhine hiclds stands, tull face, the par-
peular mierest 10 which 1 drawn the art of lieratre A
work of hterature 13 m the first place a descnpuon or a story
Wilhiam Wordsworth's poem The Daffodib 1s a description, and
the Ocdipus Rex of Sophocles 1s a story Neither o description
nor & stony need contan any overt sclf-references For exam-
ple. a description of my interests and the story of my career
are neutral accounts which do not demand that vou imvolve
sourself by refernng amy partof them tosourself. Unhappily,
when that bas been sad about this description and this story,
nothing ar all has been sad enher about The Daffodils or abow
Oedipus Rex Yes, 1t ts posable to have descnpuons and stories
whose content does not draw us into them, and m which our
minds do not reflect on themselves, but such accounts sunplhy
do not have the power ol Wordsworth and Sophodles
Nenher, I am afrmd, will they have ther immortalin

From these simple examples at s at once clear that litera-
ture 1s Ierature only when u demands and commands our
personal timolvement It is insistent becanse stansists that the
bland deseriptions of flowers and the remote Police Gazette
records of incest and suiade concernus They become part of
us and we of them. they draw us 1o the human race and the
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human condition, and they make us one with Wordsworth
on his couch and Jocasta in her bed and the plague-racked
men of Thebes all over the world.

What is true of literature is true of every art. The work of
art is a constructed thing, and is so even when it happens'to
have been {ound in nature in the form into which we now read
a human meaning. It has been made in essence. its meaning
has been created, by a human being: it expresses his vision of
the relation between man and natuve, and it invites us not to
like it or to dislike it but to be drawn into it. The work of
art compels us (when it is compelling) to look at the world with
it, and to look through it into the mind of its maker. We can-
not dissociate the work from its origin. which is to be a made
thing —a thing made by a man which expresses how the man
sees himself in the world. Tt interests us only as it engages us,
and asks us to see oursclves in the same world also. Although
what is expressed in the work is another man’s self, the refer-
ence is to ourselves because the reference is universally to the
human self,

Let me be explicit in my meaning here. T am not merely
remarking that there is self-reference in the moral reflections
of the Greek chorus, or in the reflections, “In vacant or in
pensive mood” that ill Wordsworth’s inward eye in solitude.
These are only of the same kind as the reflections of Des-
cartes in philosophy and of an analyst interpreting dreams,
But the self-references of literature, and of art in general, go
deeper than these formal thoughts. My argument is that lit-
erature is composed essentally of self-reference, and takes its
life from the dual tension between watching our own minds
from the inside and watching someone dlse’s from the out-
fide. And this is one of the classical paradoxes in the theory of
knowledge, how and when we know that others do indécd
feel as we do, which Ludwig Witigenstein for example dis-
(:USSC({ in the Blue Book long before 1 discussed it in The Ident-
ity of Man.
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The force and meaning of iterature is to present the lives
of others to us in such a way that we recognize ourselves in
them, and tne them from the outside and from the inside
together We do not understand Wordsworth unless our
heart alwo turns over at the golden host, and the tagedy of
Ocdipus differs from the gunplay in the Sunday paper only
il we recogize ourselves i the characters. We have to see
that Ocdipus 15 us, capable of killing a stranger at the cross-
roads and blundenng into a labvainth of horror. We have 1o
see that Jocasta 1s us, longing for the lost youth who so trans-
parently 15 & part of hevself i both senses: the son, whosalso
the symbol of her own youth, that shie longs to recapture and
sense agan m her leapmg womb And when we recognize ths
in Jocastaand m ourselves, s more iender, mote heartbreak-
mg, more deeph human than the explananions of psycho-
analysis OF course Freud was nght about the Oedipus com-
plex, but Sophocles wakes deeper echoes than Freud, be-
case he brings home o us the longang of Jocasta tor herself —
the sell that she was and the sell that she gave birth to —in the
same hushed breath wih the fannhar and tamily ealouss of
Oedipus.

Laterature and art Ine by, they come alive i, the sense of
our own self stretching into the acions and disasters of some-
one else’s self, amd thercby mapping the human self asawhole
Tus is how I put this part of i theme m The Identity of Man

1 hold that cach man has a selt. and enlarges us self
by hus experiences Fhat s, he learns from experience
from the expeniences of others as well as his own, and
friom ther mner experiences as well as then omter But
te can learn from thewr mner experience onls by enter-
mgat, and that 1s not done merely by reading a4 watten
1ecord of 1t We must have the @ikt to wlennly ourselves
sith other men, to relive then expertence and to feel s
conflicts as our own  And the contlicts are the essence of
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the experience. We gain knowledge of ourselves by ident-!
ifving ourselves with others. but that is not enough —that
only gives us the fantasies of sex and.the parodies of
power, the absurd strutting daydreams of Secret Agent
007 and Bullerfield 8. We must enter others in order to
share their conflicts, and they must be shown to have
grave conflicts, in order that we shall feel in their lives
what we know in our own: the human dilemma. The
knowledge of self cannot be formalized because it cannot
be closed, even provisionally; it is perpetually open, be-
cause the dilemma is perpetuatly unresolved.

Science and Literature

Let me recapitulate the steps in my argument. I treated my
theme in two parts: the fivst was concerned in the main with
science, and the second with literature. In both parts 1 was at
pains 10 show that the brain as a machine is certainly not the
kind of machine that we understand now. It is not a logical
machine, because no logical machine can reach out of the
difficulties and paradoxes created by sclf-reference. The
logic of the mind differs from formal logic in its ability toover-
come and indeed 1o exploit the ambivalences of self-reference,
so that they become the instruments of imagination.

In the first half of my thewe, T explained the limitations
(they derive from self-reference) that circumscribe any axio-
matic and deductive system of a reasonable richness, in math-
cuattics and (I hold) in the natural sciences. The logical theo-
rems which I quoted and explained show that this must be so,
and thev also show how these logical gaps have to be filled,
and new theorems incorporated as added axioms in a system,
at cach step. The decision 10 take new matter into our systems,
in science or in literature, has no analog in any logical ma-
chine. It is an imaginative step of a kind that we do not under-
stand but that we can watch in the work of a great scientist
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}ur a great writer; and 1t is alike in <ience and in hiterature,

“The second part of my theme goes further, Here T pointed
out that human language, when st is specifically human and is
concerned with reflection ant judgment about our own Ines,
is necessanly full of selfareferences. This is dear in philo-
sopliy and m psschology But it reaches deeper in literature,
beeause the essence of hiterature and of all art) lies i the
idenuficanon of ourselves with other human beings whose
ions we are watching and judging as if they were our own.
Here the self-reference is so integral that we cmnot construct

any of the provisional systems with which mathematics and
scicnce make do for a time, and wlich thes then amend when
the need arnses

In Iterature, there s no provisional descnpuon that can
take the place of the work uself We cannot replace i, as m
science, by an axiomattc svstem which will do until it turns out
to fall short and has 1 be enlarged. The references i lier-
ature by the writer to hunself and others, and by the reader
10 himself in what he reads, penetrate the work through and
through; and there 1s no wav of gettng round Godel's theo-
rems and Tarski's theorem and the others by any step-hn-step
procedure. Intlis respect, saence and Iteratare are different.

Neither science nor lierature ever gnes a complete account
of nature or of hfe In both of them, the progress {rom the
present acconnt to the pext account s made by the explora-
ton of the ambgnties i the Linguage that we use at this
moment, In saence, these ambigaities are resohved lor the
time being, and a svstem without amtegts 1s bkt up pro-
swonally, untilatis shown to {all short Tiusis why the results
of saence at amy gren moment can be presented on an aao-
matic and deductine nuachine, although nature as a whole can
never be so presented because no such machine can be com-
plete Whaterer hand of machine nature ss. i es different from
this

But i lterature, the amigunies cannot be sesolved even
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for the time being, and no provisional system of axioms can
be set up to describe the human situation as the writer and
the reader seek to see it together. Here the brain cannot act
as a logical machine even for the time being, by which I mean
that it cannot take in the information, sort out its ambiguitics,
and turn it into unambiguous instructions. That is not what a
work of art does to us, and we cannot derive such instructions
from it. 1 will quote at the last the passage from The Identity
of Man of which, as 1 promised at the beginning, this essay
is a detailed exposition. It states {or the machinery of the
brain the same limitations that [ have exhibited in its account
of the machinery of nature.

I am asserting that there is a mode of knowledge which
cannot be spelled out formally to direct a machine, It
may be asked, Any machine? If this is a question in the
present, then the answer is Yes. For example, we know
(from the work of Kurt Gédel and A. M. Turing) that
no machine that uses strict logic can examine its own in-
structions and prove them consistent. But is it is a ques-
tion about the measureless future, then it cannat bhe
answered. A machine is not a natural object; itis a human
artifact which mimics and exploits our own understand-
ing of nature: and we cannot {oresee how radically we
may come to change that understanding. We cannot fore-
see and we cannot conceive all possible machines —if
indeed the word «lf has a meaning in this sentence. All
that we can say, and all that T can assert, is that we can-
not now conceive any kind of law or machine which could
formalize the total modes of human knowledge.

There is however one respeet in which my exXposition now
gocs radically bevond this passage, not mc'rclv in detail but
in substance. That is in tracing the common ql;u]'m' of imagi-
nation in science and in literature 1o the logic of sclf-refer-
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ence, and m showing that, within this common qualiy, the
dfference of made between science and hterature reflecs the
differem extent 1o which self-reference enterstheir languages.
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9. FROM GENE TO CHARACTER
IN HIGHER PLANTS

By G. Lepyarp STEBBINS
Unneran of Californis at Davis

Men have alwavs been imterested in inding out why a parucu.
lar ammal or plant looks the way 1 dbes Biologists and Las-
men alike often (i to answer such g question as “Why does
the mraffe have such a long neck®™ The answer 4 biologest
would gine to this question would depend upon his traming
and interests A field naturalist maght rephy “Because thns firs
the mraffe to s environment by enabling him o get foexd from

the leaves of tall trees ™ A Darwinun evolutionist wonld say

“Becanse, i the remote past. centan ammals with longer
necks were better able to reach food and o produced more
offipning. 1o which they transmitted therr donger necks ™~
The answer of a developmental biolomst mizht be “Berause

n the embrniome and fetal development a Lirge quannts of
gronth hormanes becomes concentrated in the nek remon

thus sumulanng the excesane developrent of the seven nevdk
sericbrae and the tssues assocated with them ™ frnally o
modern molecular genetiast would be Liels to smawer “Bre
@use a part of the code 1 the DNY of the mmafies rucda
ames informanon for a lorz roek ™

When we Jook mer theowe ansmers oo after the orlrt we
QN ey see that nome G them n il wrony gnd e

ol them 15 more basx or 1mpema-t than rbery Et

b

oentaTs correct but 1maeT
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ever, one can ecasily find sophisticated. high-level discussions
of similar biological problems in which one of these types of
answers is considered to be the only significant biological one,
and the others are minimized or completely neglected. Even
when the need is recognized for these different approaches
to such basic problems of biology, cach type of answer is
often regarded as sufficient in iisell and separate from the
others. The more we learn about the nature of life, however,
the more we realize that these different avenues of approach
are intimateh connected with each other. and that each of
the types of answers given above is incomplete unless it takes
into account the facts which have led to the other answers.
This intimate connection among form, function, develop-
ment, heredity, and evolution is the main theme of the pres-
ent discussion.

At the level of the macromolecule, enzymes provide strik-
ing cxamples of an claborate, inwricate, and highly specific
structure associated with a precise and equally specific func-
tion. These molecules are the most directly connected with
gene action of any of the working parts of the cell. They con-
sist of one to four long chains of amino acid residues, the
arder of which in the chain is “coded™ by the DNA of the
genes. through the intermediary action of messenger RNA.
Fhis “primany steucture” of the polypeptide chain is the ulti-
mate basis of the very specific action of enzymes, but they
achieve this specificity through an intricate series of relation-
ships between different parts of the enzyme molecule and its
substtate, which are only beginning to be understood. My
account is based largely upon a recent review article by Kosh-
land.M

The prindpal facts can be illustrated by the molecule of
ribonuclease (Fig. 37), one of the best analyzed of enzyme
molecules. This single polypeptide chain of 124 amino acid
residues is completely inactive when stretched out. To be
active, it must be folded into a very definite pattern, which
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Hie 37 The ammo acnd sequence i the pohvpeptide cham of
nbonucease {Figs 37 and 39 show the telatonshup between strue-
ture and Funcuon of enrvine molecules From DE Roshilind o
Saaence, 142, 1963 Reproduced by permission |

is deternuned by the fact that certam residues of avsteine i
different parts of the molecule form disuthide (5-5) Iimhages
with each other Al polypeptde chans of aane ensvme
molecules must possess such a tolded. secondary structure
Malecules consistng of more than one pohpeptide chan
possess . tertiany structnse because of smilar hnkages be-
tween parucular residues on different chams

From this anformation we learn that certam amino acd resi-
dues whnch play no role at all i the reacnon between ensvine
and substrate are nesertheless of prime importance m deter-
mming the confignration of the ensvme molecule Ther tole,
furthermore, depends upon thar exact postion an the potv-
peptide chain TIns s becanse the abidny of the ensvme 1o
betame eflectinel attached to the molecules of the substrate
upan which it works depends i avens prease Lashion upon
the configuration of the molecule  The actnan of the tho-
nelease molecule i depolymetisng o1 breaking ap the
molecules of RN A 1s carnied out by certam of s resdues,

which conunute the “acne site ™ These are prinapalhy the
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histidine at positions 12 and 119, the lysine at 41, the gluta-
mine at 11, methionine at 13, aspartic acid at 121, and the
alanine at 122. Some evidence suggests that the active enzyme
is folded in such a way that positions 11 to 13 and 119 to 122
are rather close 1o cach other and to the substrate. On the
other hand, removal of all residues from positions 14 to 20
gives a molecule retaining 70 per cent of normal activity.
Other enzyme molecules, such as that of papain, can suffer
a loss of up to 70 per cent of their residues without seriously
impairing their activity.

Experiinents with enzyme molecules in which single amino
acid residues at the active site have been chemically altered in
various ways have shown that these residues may possess
cither one or two kinds of activity. Some of them hold the
substrate in place, probably by forming covalent bonds with
the substrate molecule, while others act directly upon that
particular bond of the substrate molecule which the enzyme
breaks or joins—in the case of ribonuclease, the bonds between
nucleotides of RNA. Thus, the specificity of the enzyme
molecule depends fundamentally upon three features of its
gene-determined primary structure, or sequence of amino
acid residues: (1) the position of those residues which, by
forming linkages with each other, determine the secondary
and tertiary stracture of the molecule; (2) the posttion of
those residues which form bonds with the substrate and must
occupy a position on the folded chain that enables them to
become attached 10 the substrate molecule; and (3) the posi-
tion of those residues which interact chemically with the
substrate molecule, and which, when the molecule is held in
plice, must be near to the part of it which they attack (Fig.38).

The most critical feature of the specificity of the enzyme
mo.lcc'ulc is the shape of the folded portion containing the
active site. As Figure 39 shows, it must fit the substrate mole-
cufe in such an exact fashion that its active residues are prop-
crly placed in relation 10 both the substrate molecule and
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Ho 38 Schemate representation ol an aine site Solid arcles
are “contat” amuno acds whose Bt with subsirate determines spea-
frany, tnangles are catabitic residues acting on substrate bond,
dicated by a pigged hne, open ardes wie nonessentral ressdues on
the suttace, squares are resedues whose mteracion with each other
muntans the three-dimensional stiucture of the proten (From
J el Chem , reproduced by D E Roshilind wiih the permnaon of
Dy Hus, Stan, and Mooe )

10 cach other For many vears, the hterature on enzvinology
has expressed thns telanonship by means of an analogy with
alockand ey Koshland, however has pomted out the weak-
ness of thisanadogy, simce locks and kevs are rigd strucnres
sheteas the polvpepude chams of ensvme molccules are
bighly flesible \ better anatogy ' s between the enzvme mole-
wle and one of the lighl complex tooly used m modern
surgery, such as the stapler for bindimg together o prts

1 dor thisanslog 1anmndebted 1o my oollengue Bl A S Fraser and
DY B Bherle of the School of Vete iy Meduine Unnetany ol €l
ferna Davn
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of a blood vessel.! These tools are designed to fit tightly the
blood vessel on which the operation is performed. and at the
same time to insert a small staple for coupling the parts of the

R SRR S
©3 SUBSTRATE 3

Al

< 'SUBSTRATE "

Tre: U sehierryyags H
hinI(;;;; v3~.).15.(!x(xx\‘.\lnc .x‘t'-p'rcscnmuon of an active site. Substrate
. £ mduces proper alignmemt of catalytic groups A and B so
that reaction ensues {top). Compounds which are cilixér o l'n"'c
or oo stadl are bound but fail to cause proper alignment of ¢ r‘l f‘
groups, henee fail 1o react (bottomy, 8 e
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blood vessel together. The Latter action is analogous o the
formation of a chemical bond by an enzyme moleaule with
swnthetic actnan

Hus analogy can be extended even further on the basis of
the evidence analyzed by Monod et al M which lnlll(‘.l!m that
the termmnal product of o sequence of enzymati
inhibns the enzvme sesponsble for the first
sequence,

feactions
action in the
though it does not interact with the substrate on
which the ensyvme s working. Instead, this terminal metab-
olte apparentls becomes bound 1o a part of the “inactive
site” of the enzyme molecule or “allosteric protem,”™ and by

daing so alters the configuration of the enure molecule mn
stch a way that it can no longer be acne 1 therr allosterie
protcin model of feedback mhbtion of enzvme acanaty proves
to he generally applicable, then we can tunk of the nadane
stte of the enzyme molecule as analogons to the handle of the
tool, and the termmal mbubing metabolite as an automatic
hand which sefeases the ensvme from s substrate when ars
workisdone The gene-deternnned order of anumo aad rese-
dues thus appens to affect speatiats i a fourth way By
determming the posttion, and parhaps the conditions under
which g form-changing mhibiror can be bound o the other-
wise inactinve site of the polypeptide cham, it ma regulate the
acnity of the enzvie moaclation to that of other enzymatc
reactions taktng place m the cell

The interrelavonstup of three of the fous tpes of answers
which mght be given to the question "Why does the molecute
ol nbonucease (or anmy other ennvmed have s parcolar
hpe of conliguration®” s seasanadih dear The patern of
tolding senves the fluncuon ot binding the molecule to s
sebisttate and placng the acine ammo acd vesidues o the
most advantageous posttion: posuible for thesr acnon on the
puticular chemial bond which s to e broken or jomed
The “nacive sies™ of the molccule may be amportant tor the
attchment ot regulaton or mhebitor molecules Develop-
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mentally, the pattern of folding is brought about by the attrac-
tion of certain amino acid residues for cach other, thus form-
ing the secondary and tertiary bonds. The hereditary basis
for both these propertics is the specific sequence of amino
acid residues, which is determined by the DNA coding of the
gene or genes which form the templates for the polypeptide
chains.

The evolutionary answer to the specific structure of enzyme
molecules is somewhat less clear, since it is hard to see how
the structure of an enzyme molecule could change in such a
wav that it could become adapted to a new function without
passing through several functionless intermediate structural
arrangements. A possible answer was given many years ago
by Weirl'h who suggested that duplication of genes in the
chormosomal complement could temporarily preserve func-
tionless intermediate states at one of the duplicated Joci,
from which occasionally new gene structures could arise that
would code for new enzymatic functions. This type of evolu-
tion, however, cannot have occurred very often. Most of the
enzymatic reactions which the cells of higher animals or
plants perform ave also carried out by the cells of some spe-
cies of bacteria and so were probably “invented” even before
multicellular organisms appeared. Most probably, the evo-
fution of enzyme molecules has involved chiefly their pro-
gressive modification o perform the same function in differ-
ent cellular environments or in harmony with new combina-
tions of other enzymes. This type of e;w.ymc evolution has
pmlm’hlv mkctn plce through the successive appearance by
g.cnf:uc n.muumn of new isoenzyines. The discovery that “fam-
xh‘c§ of isoenzymes may exist in a single organism, and that
differentiation in higher organisms may be accompanied by
-thc appearance of specific combinations of such enzymes,Fl
is of the greatest significance for explaining the evolution of
enzyine function. The most common lype of enzymne evolu-
tion has probably been the replacement of one isoenzyme
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bine. and one which links columbines to the related genera
Isopyrum and Paraguilegia, is A. ecalcarata, a species found in
castern Asia, of which the petals completely lack spurs. In
crosses between . ecalcarata and either A. vulgaris or A. cana-
densis, the presence or absence of petal spur is inherited as a
simple Mendelian character. so that the presence of the spur
is governed by a singled dominant genel®! Furthermore, the
difference between the bent spur of the European and the
straight spur of the American species is also governed by a
single gene (W, Gajewski, oral communication).

There are several veasons for believing that columbines
originated in the Old World. Consequently, the first step in
the evolution of the columbine flower {rom the white, ane-
mone-like type of flower found in the related genera of the
buttercup family mav well have been the acquisition of purple
color and the nodding position of the flower, as in the spurless
Asiatic cohumbine. This was a partial adaptation to pollination
by bumblebees, and was supplemented by the appearance
and establishment of & dominant mutation for bent spurs on
the petals. Columbines of this type then became widespread
throughout Eurasia, and one of them migrated to North
America. A purple-flowered columbine with short, bent spurs
(A scoprlorum) still occurs in the Rocky Mountains. In the
original North American populatons, mutations for red color
and straight spurs ook place. When these became combined
in populations growing in a region where bumblebees were
scarce and hummingbirds plentiful, the action of natural sc-
lection established populations of columbines bearing flowers
adapted to hummingbird pollination. Still another type of
columbine flower, with pade color and very long sp’urs. is
ch.:n'ucwris(i(' of several species found in our western moun-
tains. These, the most specialized and probably most recent
species of the genus, (e.g. A corrulea, . chrysantha, and .
frubeseens). are adapted to pollination by ni;;hlilving hawk
moths (Sphingidae). The evolution of the columbine flower is
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therefore closcly associated with mutations affecting its color
and structure, with migration of populations into new areas,
and with natutal selection for adaptation 10 new pollimators,

The developmental explanation of the differentiation of
the flower, and 1ts connection with gene action, are the least
understood of any aspects of our problem, Various ap-
proaches to it will be discussed in the remainder of this article.
The fuct that stiikes us most Torcelully is that many of the
genes responsible for differentiation produce their visible
action only tn very restriced parts of the plant. For instance,
the genes for petal spurs i the columbme stimulate cell di
viston in the petals but not m the sepals, even though sepals
are produced almost at the same ume as petals and are much
more like them i other features of thetr adult structure. The
genes for flower color m the red Amenican columbines act
in the upper part of the petal ta produce vellow, and i the
spur, the lower part of the same organ, to produce red color
Furthermore, lozalized diflerences in cells can be seen under
the micioscope 1 the form of large hairs wlich are scattered
over the surlace of the flowers Tlas means that, at a par-
ucular stage m development, certam cells 1ecene genetic -
formation that “telly” them to enlnge greatly and (o assume
avery disunane shape. while then neighbors enlarge much
more slowly and keep approunsately the same shape they
had when formed

Gene dction and Differentiation

These facts rase for us a question which has been m the
minds of genenusts ever since the chromosome theory of
herediny became established. and to which our answers are
stull parttal and impetfect How can cells contamng wdentical
nucler, and consequently wdentical mformauon at the level
of genic DNA, nevertheless develop into such different types
as a leaf cell, an eprdermal cell, & large hair, a vylem cell, or
asieve tube™
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Three general kinds of answers can be given to this ques-
tion. The first would be that we are mistaken in our belief that
all the cells of a higher plant or animal contain the same ge-
netic information, but that, in fact, the genetic code is altered
in a regular systematic fashion as cells and tissues develop.
Although recent evidence from nuclear transplantation in
frogs has suggested that in these animals irreversible changes
in the nuclei may occur during development, much evidence
from higher plants indicates that, in them, differentiated cells
have retained all the genetic information that was present in
the zygote at the time of fertilization, and are capable of re-
generating whole plants. Entire plants have been obtained
from single leaf cells of mosses,!™! epidermal cells of African
violets (Saintpaudia) " various kinds of cells in the carrot,land
sterilized cells of crown gall tissue in tobacco.!' One phase of
differentiation in all higher organisms tells us that a very high
degree of cellular differentiation must be possible without
changing the basic genetic code of information. This is the
formation of cggs and sperm or pollen tubes. These are
among the most highly specialized cells the organism pro-
duces, but at the same time they must contain unaltered ge-
netic information which they pass on to the next generation.

The next type of answer is that of differential gene action. This
would say that all the genetic information is present in every
nucteus. but that cach nucleus uses only that portion of the
total information which enables it to develop the particular
structure and function that is peculiarly adaptive to the tissue
m which it resides. An analogy which might illustrate this
amwer would be 1o liken the nucleus 10 an enormous church
organ containing thousands of pipes. 1T all the pipes were
opened and played at once, the result would be merely a
fhmfd(‘{'nus. cacophonous noise. But when the organ is serv-
ing s intended function, only a few pipes are played at a
time, and the regular succession of combinations of pipes
being plaved gives us a hyiin, an oratorio, or a fugue.
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This analogy can be carried f:mhcr.. because we now hlr::l.
some 1dea of what in the living organism would mrmpnh
to the organ player and to the vahes that open and d";"‘ c]
pipes Most of the evidence upon which these 1deas are hused
comes from research on higher amumals, but since st alment
certainly is equally applicable to plants, [ shall summanze
1t here, One of the most dramatic sequences of differentiation
m higher orgamsms 1s that from lana to adult m the mare
highly evolved wnsects Recent research on both moths and
flies has shown that molting and the differentiaion of the
adult structures are tnggered by the acuon of a stcrord
hormone known as ecdssone Th fact 15 of basic mportanee
10 geneticists, since flies pussess m certamn of their celly the
wellbnown gant chromosomes 1 which the poson ol
wndnidual genes can be revornized Furthermwre e
of these gene loat become o™ ey g pufled a
partcular stages of dervelopmer: sz 4 by und
the pattern of puffing i @ferezr ser s 4y e of
4m) partcular ussue M When oty oo -
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Furthermore, each of the loci observed responded to a dif-
ferent concentration of the hormone, One locus responded
10 low concentrations of ccdysone, another locus to higher
concentrations of the same hormone, and still others not at
all. Other, unidentificd factors in the larval cells were found
also to control puffing.

This evidence suggests that the role of the “player” is
played in part by hormones, some of which may control-
development by stimulating or inhibiting genc action. Varner
and Chandra® have recently obtained evidence which indi-
cates that the plant growth substance, gibberellin, promotes
the germination of barley seeds by activating genes respon-
sible for producing the enzyme alpha amylase. We cannot,
however, jump to the conclusion that hormones arc the only
regulators in gene action in development. As Dr. Beer-
mann!™ has pointed out, many kinds of differentiation are
restricted to single initial cells, such as the bristles of Drosophila
and the large epidermal hairs found on many plants. This
suggests that generalized substances like hormones, which
usually move through entire tissues or even the whole
organism, can he responsible for controlling only some phases
of gene action in development. )

The evidence from pufling in the chromosomes of flics
suggests that the ability of a gene 1o respond to a stimulus
by 5)'nl}\csizix1g RNA and proteins depends upon the struc-
twre of the gene locus itself. The critical characteristics of
gene structure need not, however, reside in the molecules of
i??ji\ s l‘:‘tt:]‘l‘ :t:ltil:: Zi‘c;l‘)'r‘()n{()snxnc.s _in higher organisms!*

" that they am, in addition 10 DNA, both RNA
o B b e e of ol

D ; : attracted particularly to the basic
proteins or histones. Stadies by Huang and Bonner!™ on
e B and sty by Ml o 11 o
complexed with hislm‘lc iv; unl}il& ‘t“‘c 5‘".)\\'11 e 'DX\A

§ un o synthesize RNA in the
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presence of RNA polymerase, but that remosal of the histone
actnvates the DNA. More recently, Allfrey etall' have shown
that, if the histone rensains complesed with the DNA hut
acquires acety] groups attached to the histone molecules,
it 1o longer minbits the activity of the DNA in senving as a
template for RNA synthesis, Since acetylation of histones is
reversible, the authors regard this process as a hikely method
for regulaung gene action i the nuclens

These diseoveries are far too recent for us o estmate
their general sggmficance at prosent. They need 1o beverified
on a great saneny of other kinds of chitomosomes, Never-
theless, thes do provde a possible brochemical basis for
regulating gene acnon at the level of the gene nself. Genetic
evdence for such regulation 15 well Anown in bacterial™
and muize 122 [ beheve w safe to predic that chemical
“sahves™ for wirnmy genes on and off sill be dlearly demon-
strated i the very near futre

Inflerentiation at the Level of Smgle Cells

These hormone and histone systems for regulaung gene
action, even af therr existence becomes well established s g
rariety of organssms, will sull be msufhaent to explam many
well-known features of cellular differenuation A conspicuous
feature of deselopment i ngher plants, as sel) asin ammal
ussues, s the unmediate and often stnking dhfferentanon
of the two danghter nucler from a single mitouc division,
begimning as carly as telophase A classic example is that of
the pollen gram or microspore dision i the deselopig
anthers of flowering plants 9 A the telophase of this diision
the genermn e nucleus, which will form the two sperm nudes,
15 already strikinghy different from the vegetanve nudeus,
whiech will direct the metabohsm of the pollen gram and
pollen tube. This differentiation s assocated with the posi-
tion of the generause nudens on the sile of the pollen grain
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which, at an carlier stage of development, was nearest to the
center of the pollen tetrad. If, as a result of treatment with
heat or cold, the pollen grain mitosis becomes reoriented so
that the nudlei lie side by side and equidistant from the inner
side of the grain, their differentiation into generative and
vegetative nuclei fails 1o take phcc.m} The most likely expla-
nation of these facts is that, even before the microspore tet-
rads are formed, some kind of cytoplasmic gradient exists
in the pollen mother cell between its outer and inner regions,
and that some features of this gradient persist until the micro-
spore division. Consequently, the daughter nuclei from this
division, which must be genetically identical, react differen-
tially 1o differences in their cytoplasmic environment. It is,
of course, possible that this differentiation is produced by
growth substances similar to the auxins, gibberellins, and
kinins which are responsible for differential growth of plant
organs, but we have absolutely no evidence that this is so.
Even if it is, we are left with the most critical question of all:
How can growth substances become unequally distributed
within the confines of a single cell?

Differential mitoses similar to those found in pollen grains
occur in a great variety of developing plant tissues. 1 have
observed that in the leaf sheaths of grasses, particularly those
high up on the stem, differential mitoses may lead not only
to the differentiation of stomata but also, dependent upon
the species, to one-celled hairs, two-celled hairs, or 10 pairs
ol characteristically differentiated cells, one with siliccous and
the other with suberous walls (Fig. 40, A). The differentiation
ol cell initials which will fater produce these different kinds
" of cells takes place in a region of the developing leaf sheath
halfway between the most actively dividing intercalary meri-
stem at the base of the sheath, and the zone of cell elongation
that exists in its upper half. In the meristem itself, all mitoses
are nondifferential, and the two daughter cells of a particular
mitosis arc indistinguishable until they divide again, In the
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Fic 40, A A portion of the outer (abaxial) surface of the devel-

. . . .
Reproduced at a magnification of 300%
B An earher stge of deselopment of the same leaf sheath,
showing formation of stomatal imtals and of short cells which will
gie nise o siliceous-suberous pars Same magmificavon

intermediate regron, mutoses i every row of cells produce
distally a cell which s smaller and has a denser ¢ytoplasm,
whereas the proximal cell from the same muosis 15 larger, has
a less dense oytoplasm, and mav be vacuolate (Fig 40, B)
Dependent upon the position of the cell row relative to the
sascular hundles, the smaller distal cell may divide agam to
produce ather a pair of guard cells or a sihcepus—suberous
pair, or may enlarge to produce 2 unicellular hatr, The larger
proximal cell always elongates and differentiates nto a typical
eprdermal cell

These facts can be best explained by assuming that mitoses
taking place m the menstem itself result in equal distribution
of both nuclear and cytoplasmic elements, but that, in the
post-meristematic divisions, certain elements of the cytoplasm
become unequally distributed, so that nucler in the distal end



256 G. LEDYARD STEBBINS

of the cell receive a stimulus to further division or to differ-
entiation of hairs, while the cvtoplasm in the proximal end
of the same cells is devoid of such stimulating clements. In
our laboratory. we are studving the fine structure of these
differentiating cells under the clectron microscope in order
10 find out whether some of their visible organelles are un-
equally distributed during a differential division. Our first
pictures show that plastids. mitochondria, golgi bodies, and
membranes of the endoplasmic reticulum are present in
about equal numbers in both of the daughter cells {rom a
differential division. The conspicuous difference between
these two cells is that in some instances the smaller one con-
tains a higher concentration of particles which, after fixation
with permanganate. look like minute granules. We suspect
that these are ribosomes. This difference, however. was not
found in all pairs of long and short cells. At present we can
only say that recognizable differences in the fine structure of
the cvtoplasm are associated with the differential mitoses in
the leaf sheaths, but that these do not involve the larger
organclles.

The key facts that may provide a clue to understanding
this phenomenon are first that differential mitoses occur only
in the transitional region between actively dividing meristem
and the zone of cell clongation, and second that the cytoplasm
is always polarized so that the daughter cell that will later
divide or differentiate most actively is in the distal position.
One might suspect that a cytoplasmic gradient is being set up
by some substance which is diffusing either upward or down-
ward over the epidermis of the leaf, but as yet we have no
evidence for this,

Genie Control of Cell Division Patterns

Fhe fact that many differential mitoses give rise 1o one
daughter cell which will divide again and one which will not,
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tells us that paterns of cell division can be controlled i part
by elements of the cytoplasm This fact will be of great im-
portance n helping 1o explain the mode of action of such
genes as those that control the formation and the shape of
the flower and uts parts, Since most of the sigmificant steps in
the evolution of fugher plants have involved changes in the
patterns of cell duvision, we cannot fully understand the proc-
esses of evolution until we hase learned something about
lLow these genes act. )

The action of these genes differs sharply in onc important
respect from that of genes which are responsible only for
the production of a parucular hind of molecule, such as an
amino aad or a prgment substance  Genes responsible for the
growth patterns must affect, m a very prease fashion, a suc-
cession of cell generanons The genes for spurs on the petals
of the columbine transmut mformaton o a group of cells at
the base of the petal which tells them w dnade a defimte num-
ber of umes, The number of cells per spur 1s nearly the same
not only m all five petals of a Hower but also m the different
flowers on a plant Irom the attachment of the petal o the
nectary at the base of the spur, the number of cells in cach
row is between 300 and 320 m the red columbine of Cali-
fornia This means that the gene complex responsible for
spurs i this speaes telis the cells 1o go through eight or mne
mitotic cycles, and to stop dividing when a definite number
of cells has been produced  Such action 1s best explamed by
assuming that these genes are of a regulator type and exert
therr effects speafically upon replicaion of DNA, the forma-
tion of mitouc spmdles, or both

Because they are long-lived perenmals and have very small
eells, the species of columbine are not very fasorable material
for studics of gene acuon m deselopment, Cultivated barley
15 2 better subject for such imesugatons, since 1t s easily
handled, it has relatively large cells and chromosomes, and 1ts
chromosomes are marked by a large number of recogmzed
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gene loci. many of which affect the structure of the reproduc-
tive head or spike. We have been studying two of these gene
loci and. in respect to one of them, have obtained some in-
formation about the way the gene alters the pattern of cell
division.

The gene concerned is a dominant known as hooded, which
has existed in collections of barley varieties for more than a
hundred vears. Its morphological effect is confined to the
upper part of the fertile scale or lemma which subtends the
floret and grain. It converts the awn or beard, which forms
the upper part of this structure, into a hood-like organ that
usually comains two extra rudimentary florets, connected by
a small stalk or rachilla (Figs. 41 and 42). Although the hood
ts a complex structure consisting of many different parts,
their development is controlled simultancously by the action
of a single gene. In F, progeny of crosses between hooded
and awned varietics, a simple segregation of 3 hooded to 1
awned is regularly found.

The first visible action of the hooded gene occurs when
the lemma primordium is about 300 micra long. At this stage,
the cells on the adaxial ov inner surface of the upper half of
the primordium start to divide more rapidly than do corre-
sponding cells of the awned genotype. These more rapidly
dividing cells also change the orientation of their planes of
cell division, so that they divide in three directions. The corre-
sponding cells of the awned genotype all divide with their mi-
totic spindles parallel to the long axis of the primordium,
thus giving rise to the long straight awn (Fig. 43, A and B).
In hooded barley, cell division in three planes soon gives rise
to an elevated dome or cushion, which in its histological struc-
ture reseinbles closely the axial meristem of the normal spike,
from which the functional reproductive structures are differ-
entianted (Fig. 43, C and D). The multiple end effects of the
hooded gene can therefore be understood if we assume that
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Fic 41 A porton of the mature head of hooded barley,
showing the threc spikelcts at a node (%)
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Fic. 42, The difference in structure between the lemma append-
age of awned (kK) and hooded (KK) barley. Arrows show the posi-
tion of developmentad gradients.,
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Fic 43 A and B Adaxial surface and cross section of the distal
portion of a Jemma primordiuim 1n awned barley
C and D The samce 1n hooded barley All magmified 188x
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it causes the cells in the upper half of the primordium to re-
vert to an carlier state of ontogeny. so that cells descended
from them go through a second cycle of organ differentiation.
This shift in ontogenetic states is apparently the consequence
of the accelerated mitotic cvcle and the shift in orientation
of mitoses from one plane to three.

B+ applving tritiated thymidine to spike primordia. Dr.
Ezra Yagil. from our laboratory. has shown that the acceler-
ated mitosis is associated with an increased rate of svnthesis
of DN A which is strictly localized in the region of the develop-
myg cushion. At a slighdy later stage. the area where the
cushion will develop stains heavily with pyronin and shows
drong incorporation of label after application of tritiated
ovtidine (Fig. -44). These experiments suggest that the chemi-
cal uction of the hooded gene. which shifts the ontogenetic
state of the primordial meristem and brings about the new
«vele of organ differentiation, is an increased rate of nucleic:
acd svathesis, first DNA then RN AL

Another experiment by Dr. Yagil provides further evidence
to indicate that all the differences between the awn and the
hood are brought about by a change in a single controlling
process, which shifts the path of development into a new
chuanmel. It plams of the hooded genotype containing devel-
opmng spikes are subjected to cold shocks of 5°C for ten davs.,
the hood can be converted into an awn. This change is qum{ti-
tative. and dependent upon the sensitivity of the plants, vari-
ous degrees of intermediate conditions between hoods and
awns <an be obtained. Thé intermediate condition exists for
all parts of the hood: as the overall shape becomes more awn-
like. the sarious rudimentary parts of the extra florets be-
come smaller or are suppressed entirels.,

‘The experiments with cold shocks tell us also that the kev
procesy controlling hood formation takes place at the exact
stage i devclopment when the change in cell pattern can be
seen in the lemma primordium. If cold is applied before the
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Fic 41 Longitudinal sectuons of the apical regions of lemmas
of awned and hooded barleys after treatment for 24 hours with
tnuated thymidine at a strength of 1 microcunie per milliliter, show-
ing nucler in which incorporation of thymdine indicates synthesis
of DNA durning the period of cxposure (233x)

primorcha have reached the stage of cushion formauon, they
do not respond  As might be expected, pnmordia exposed
to cold after the cushion 15 well formed continue to make
hoods regardless of the cold shock Al these results are best
explamned by assuming that hood formauon 1s controlled by
a single key process which brings about an increased rate of
nucleic aud synthesis, 1s temperature sensiive, and 15 sup-
pressed by low temperatures

We must next ash ourselves, 1s this hey process the primary
action of the hooded gene* We have some evidence to indi-
cate that 1t 1s not A few vears ago we compared hooded and
awned genotypes with respedt to their pools of free ammo
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acids in scedlings six davs old.1*® Although, at this stage, the
two genotypes are completely indistinguishable morphologi-
cally and histologically, they show significant differences in
the quantity of six amino acids, and these are much accentu-
ated if the scedlings are grown in weak solutions of the anti-
biotic chloramphenicol. At other stages of development, sig-
nificant differences have been {ound in carotenoid content,
which at some stages is higher in the awned genotype and at
others in the hooded genotype. These differences in chemical
composition at stages when no morphological differences are
evident suggest that the primary action of the hooded gene
mas be taking place at many, and perhaps all stages of devel-
opment, but that it has a significant effect on cell behavior
only in the lemma primordium. In another mutant. known
as agropyroides, which has morphological effects confined to
the upper part of the reproductive spike, differences in free
amino acid content can also be found at stages when no mor-
phological differences are evident.I*

These examples suggest that a third answer can be given
to the question of how cells with identical gene contents can
produce very different morphological structures. Some genes
nin be acting at subthreshold Jevels throughout develop-
ment, but have a significant effect on cell behavior only when
their action is combined with that of other genes to produce
a particular type of cellular environment. In this connection,
the factis perhaps significant that the stage of cushion forma-
tion in the hooded genotspe is one in which the lemma pri-
mordium in any type of barley is growing at its maximum
rate. and presumably a maximum supply of raw materials is
cntering the primordium. We might postulate that the
hooded gene is able to increase the rate of nucleic acid syn-
thesis significantly only when a maximum supply of raw ma-
terial for these svntheses is present.

Allthe available facts abowt the action of the hooded gene
mike sense on the basis of the following hypothesis. One of
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the secondary effects of this gene is to increase the rate of
nucleic acid synthesss, both RNA and DNA, in meristematic
tissue which is growing at its maximum rate. In the lemma
primordutm, this brings about simultancously an increased
rate of cell proliferation at the expense of cell enlargement
and a change n orientation of cell divisions from one plane
to three. In this way, a new reproductive meristem is formed,
which has all the properties of such a meristem, including the
abiliy to differentiate new floral parts A further postulate
is that the increased cell proliferauon is temporary, and that
a second cycle of organ differentiation takes place as the rate
of cell dnision starts to decline,

If this hypothes:s 1s correct, it may lead 10 a new under-
standing of how differences in genes can give rise to differ-
ences tn form. Parucularh sigmificant i this connection s
the suggested relauonship between rate and direction of cell
disision As exemplificd by the differences between awned
and hooded, this relationship can be expressed as follows
{Fig. 45) If the rate of mitosis 1s lagging behind that of cell

AWNED
HOODED
e @
0—B—— B —H
Briston bivtston pivision
FIG 45 The rel hip between cell and or

of cell dinision in awned and hooded barley
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enfargement. so that cells are becoming larger at each suc-
cessive mitotic prophase. then the orientation of cell division
will be governed by forces which govern the growth of the
tissue or organ as a whole and control the direction of cell
enlargement. 1, on the other hand. the tempo of successive
cell divisions equals or exceeds that of cell enlargement. so
that cells are staving the same size or becoming smaller at
sach successive prophase. then the direction of cell division
will be regulated by the tempo of the mitotic thythm, and.
with a maximum rate of this rhythm (i.e. a minimum duration
of the interphase between mitoses). the orientation of cell
division will be in three planes.

If this relationship exists generally in plant tssues, it will
o a long way toward explaining how the action of genes in
changing the rates of pracesses of cellular metabolism can
affect the shape of organs at the macroscopic level. It would
tell us thar any change in metabolism which would tend to re-
duce the length of the interphase between mitoses below a
critical level would autematically affect the orientation of cell
division. and consequently the shape of the resulting struc-
ture. Converseh. in tissues which normally are dividing in
two or three planes, an increase in the length of the inter-
phase between mitoses should tend to reorient mitotic spindies
in a single plane. This point is so important that evidence
bearing upon it should be obtained from other systems. We
have obtained such evidence {rom the developing stomata in
the leaves of barlev.

In a grass leaf, the stomaa are arranged in linear rows,
which extend the length of the leaf, and contain hundreds of
stomata. Each stomatal opening is flanked by two guard cells
and two subsidian cells. The way stomata develop in barley
has been deseribed elsewhere 2! Here 1 should like onlv 0
draw attention to the unique plane of orientation of the mi-
totic division which produces the wwo guard cells. In all the
previous mitoses which have taken place in the stomatal row,
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and 1n all dwvisions of epidermal cells between stomatal rows
as well as those in the leaf parenchyma, the spindle is oriented
parallel to the long axis of the leal. The final mitosis of the
guard cell-mother cell to form the two guard cells stands out
in hasing us spindle onented transsersely to the leaf axis,
How docs thus happen®

The orientatron of other mitoses parallel 1o the axis of elon-
gation of the leaf can be explamed by a well-established ten-
dency of mernistemauc cells to dnide in the direction of the
greatest rate of cell elongatton™ which, in grass leaves, is
always parallel to the long axis of the leaf. As a result, we
might explain the excepuional orrentavon of the stomatal
guard cell dnision on the basts of the observed fact that the
guard cell-mother cell elongates less before 1t dindes than
do the surrounding cells, and consequenth s elongaung hutle
or not at all in a direction parallel to the leaf axis IF. there-
fore, we could cause the guard cell-mother cell to elongate
parallel to the long axis of the leaf before dividing, we should
be able to change the plane of onientation of s spindic and
make it paralle] to the long axs of the leaf.

We have done this in tho wans In collaboration with Dr.
S § Shah,!”) barles scedhngs were immersed for one hour
n a solunon of ¢2 molar 2-mercaptocthanol  As demon-
strated by Maza and Zimmerman ™} this compound inter-
feres with the formauon of the mnouc spindle but has no
effect an DNA replicanton In our seedlings, 1t blocks mitoses
temporanly, but, after the dosage we used, growth s resumed
after about 16 hours, and the seedings develop normally
In leaf meristerns fixed 18-24 hours after treaument, small
numbers of mutoses of guard cell-mother cells are now on-
ented parallel to the long axis of the leaf These can be n-
creased sigmficantly by growing the scedings in low concen-
trations of gibberellin, which increases the amount of cell
clongaton

A much more suiking result has been obtamed from
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sheaths of stem or culin leaves, by the simple process of re-
moving them from the plant and placing them for 24 hours
on wet filter paper in a petri dish. Under these conditions,
mitosis continues for a short while, but, 8 hours after removal,
mitotic divisions have almost ceased. At about 16 hours after
removal thev are more frequent, while at 20 and 24 hours
after removal the numbers of guard~mother cell mitoses scen
in a fixed ieaf are, respectively, 47 and 32 per cent of what
thev were at the time of removal. Furthermore, about 88
per cent of the mitoses that take place after the quiescent
period have spindles oriented parallel to the long axis of the
leaf, and form guard cells not side by side but proximal and
distal 1o cach other (Fig. 46).

A
.~
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Fi.. 46, A portion of the outer (abaxial) epidermis of the devel-
oping sheath of the uppermost culm leal of barley, after removal
and placement for 24 hours on wet filier paper in a covered petri
dish. At right, a normal developing stomatal complex, At left, sev-
cral complexes in which reorientation of the spindle at right angles
to its normal pline has produced a proximal=distal arrangement
of the guard cells (920x), )

This effect has been obtained only in the sheaths of culm
teaves. When blades of these leaves or sheaths of basal leaves
are treated in the same way, few or no proximal=distal mi-
toses ave obtained. This is associated with the fact that, in
these organs, few of the guard cell-mother cells resnme mi-
tosis after the quicscent period.
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These experiments provide further evidence in favor of
the hypothesis that, in plams, shapes of organs are deter-
mined to a large extent by relative rates of mitosis and celt
enlargement occurTing in meristematic shoot apices and sery
voung pnmordia The genes that mold the different forms
of the columbine floner, as well as the delicate tracery of a
fern leaf, the regal ssmmetry of a hly flower, and the fan-
tastic sculpture of an orchid, may well do their work by com-
manding an army of cell nucles 1o execute complex sequences
of dinssions and rephcanons at ever-changing but carefully
and precisehy ontrolled rates The explorauon of such a pos-
sibliny has grear fasanation for a plant evolutiomst and
should provide problems for batansts toim estigate for mans
sears tn come

Our research has been aided over the vears by grants from
the National Science Foundation The research desenbed an
the later part of this paper was conducted waith the ad of
National Saence Foundanion grant HeB 2296
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10. LIQUEFIED NATURAL GAS
A NEW SOURCE OF ENERGY

By C. M. SLiercEvicH
University of Oklahoma

I, SHIF TRANSPORTATION

The populauon explosion accompanied by an ever-nsing
standard of hving 1s dramanically reflected in the world's gi-
ganuc demand for more energy As apth stated by Schurr

Modern man has made himself largely by burning fuel
The supply of fuel appears to be almost inexhausuble,
and a high level of fuel consumption 1s not a prerequisite
of development but a result of 1t

Sporn!®l emphasizes that the availability of energy does not
guarantee industnal development, rather, the capacity to con-
sume energy, not (o produce 1t, 1s the factor Sporn’s pomt 1s
directed toward misconception by world leaders following
the 1955 Geneva Conference on the Peaceful Use of the
Atom They beheved that the advent of the atom as an energy
source would not only provide a cheap, mexhaustible source
of energy but it would also convert overmght even the least
developed countries into economies and civilizatons com-
parable to those of the Umited States and Western Europe
What they failed to recogmze was that the mere presence of
available energy could accomplish hittle without the capital
equipment to utthze 1t
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Man's social. economic, and technical progress can be meas-
ured by his progress in using energy effectively. The United
States serves as a vivid example. With only 6 per cent of the
world’s population, it consumes about 35 per cent of the
world’s commercial energy (excluding wood, animal power,
cte.); whereas India with about I5 per cent of the world’s
population uses only 1.5 per cent. A study of our annual
energy consumption reveals the economic and technical
history of the United States as it emerged from an agricultural
cconomy during the colonial period to the present age of
spectacular industrial growth.

As late as 1880, wood was our major source of energy, but
by 1890 coal was supplying as much energy as wood. With
the growth of clectricity, coal quickly replaced wood and by
1910 was accounting for 75 per cent of the energy. Coal con-
sumption peaked in 1918 but, with the advent of the auto-
mobile, liquid petroleum products began to rise rapidly in
prominence. After World War I1, as a result of thé develop-
ment of welded, seamless pipe which made long-distance gas
tansmission lines feasible, combined with an enormous up-
surge in new residential housing, natural gas further de-
pressed the position of coal in the world's energy picture. The
growth in energy consumption and the shift in distribution
of energy sources over the past three decades are summarized
in Table 7.

It will be noted from Table 7 that natural gas experienced
the greatest rate of growth, 350 per cent; most of it has oc-
Furrcd in the United States. While the growth of liquid fucls
in the last few vears has stagnated, nawural gas has maintained
about a 7 per cent annual growth rate that could cause it to
su'r[');tss liquid fuels as the major source of cnergy.

Fhe world production and proved reserves of natural gas
for 1961 are presented in Table 8.

The amount produced as shown in this table does not in-
clude the vast quantities of gas that are wasted by flaring in-
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TasLe 7. Cuances v Exercy Consvurriov
BeTweeN 1929 anp 1960*

World United States
1929 1960 1929 1960
Total consumption n
million metric tons of
hard coal equialentst 1,711 4,235 777 1448
Distribution in per cent
Solid fuel 798 523 67.9 246
Liquid fuel 149 311 223 408
Natural gas 45 146 93 333
Hydroclectric 08 20 05 1.3

*Sar Am, 209, 114 (Sept 196%)
tThe thermal valuc of all energy sources 1s comerted to equnalents of
hard coal

Taste 8§ Wortb PROBUCTION AND RESFRVFS
OF NATURAL Gas*
(Trillions of Cubic Feet)

Proved

Cum Prod Prod Reserves

Through 1961 1961 End 1961
North Amenica 2428 146 3210
Middle East 100 114 1783
Iron Curtain 194 265 83 4
Afnca 03 [(Re3 515
South America 195 17 1y
Far East 28 017 o
Europe 30 055 191
Total Free World 2784 1824 6373
Total Iron Curtain 194 265 834
Total World 2078 209 7207

*Summartzed from Od and Gas [, 60, 75 (March 12, 1962)

to the atmosphere, parucularly in the Middle East and South
Amenca. The proved reserves, parnclarly . Europe, are
subject to substanual revision as of 1965, because of the
large amount of gas discorvered m Tolland i 1939 but only

o~
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recently disclosed as the third largest gas field in the world.
About 70 per cent of the gas produced in 1961 was in the
United States. The distribution among users and the corre-
sponding revenues are summarized in Table 9.

It is interesting to observe in Table 9 that the residential
customer provides more than 35 per cent of the annual reve-
nue, which approaches 6 billion dollars. The revenue pro-
duced by the residential customer amounts to 10 cents per
unit of thermal energy (equivalent to 100 cu ft of gas), where-
as the industrial customer provides only 3.5 cents per therm.
As will be explained later, it is this superficial bargain price
that industry receives—based on interruptible supply —that
actually catalyzed the development of the liquefaction and
rransportation of natural gas on an international scale.

To judge from its effective wilization in the United States,
particularly in the last twenty years, natural gas plays a promi-
nent role in an expanding, industrial cconomy. The situation
in the United States has been unique in that it not only has
about half of the world’s proved reserves of natural gas but
also that the gas can be distributed competitively from the
major producing areas in the southwest! to all the consuming
centers by means of pipelines. On the other hand, some of
the highly industrialized nations like Japan are (as yet) neither
blessed with indigenous gas reserves nor can they be reached
by pipeline from major producing areas. Since it is imprac-
tical to transport natural gas as a gas in bulk form, onc
obvious solution would be 1o liquefy the natural gas and
transport it as such in ocean-going tankers. The advantage
in hquefaction is that roughly 600 cu ft of natural gas at
atmospheric pressure shrinks 10 1 cu ft of liquid. Other
techniques which have been considered are transporting in

I NJH'H‘:I' gas has been found under less than per cent of the nd area
n{ the United States, This gas is transmitted in pipelines (10 10 36 inches in
diameteri o consuming markets as far as 2,000 miles away at pressures
hetween 200 and 1000 pu,
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Taste 9 U.S SatFs oF Naturat Gas Durine 1961

Average
Number of Thousands
Category Customers of Thermst Rn-nme;m

29,103,000 31,790,900 §3,183,081.
E::Eg:;lﬂ 2, lg" 000 9,599,200 760,033,000
Industral 136,000 46,841,400 1,629,5093,000
Other 38,000 4,815,100 1 6,000
“Total 31,671,000 93,079,600 $5,731.815,000%

gamn n therms

the gas phase at tugh pressute, by absorpuon w lijuds, b
adsorption on solids, and by reversible chemcal combina-
tionls) A comparison of these vanous systemms s gen w
Table 10.

Since 1t is impractical 1o store o1 transport Lige volumes of
gas at any pressure above atmosphenc, the most competitne
alternative 10 hquefacvon 5 adsorpuon on fuller's earth
Other solids such as carbon can be used, but s adsorpmne
capacity 15 Jess than 10 per cent of fuller's carth Constderable

Tanie 10 Couririson 0F VARIOUS Sya i oK
STORING AND TRANSPORTING NATURAL (ag®

Cu Ftof .
Volume Requred ~____(onditons
to Contain 1000 Ten 11 ”

Syem CuFig npem ure  Pressure,
Liqucfaction 16 “ 0 n
Adsorption N i

(fuller's earthy) ) 23
Hydrate z D) _-) "') ! 3
Absarption & o

{in propane) 65 o
Compression 23 ?) ““';(; (":)’(‘;

)

*Chem Eng Progr, 58, 13 (Nen 191,2)



978 C. M. SLIEPCEVICH

AT B Y

developmental work was done, including the operation of a
pifot plant in Warren. Pa., by the Floridin Co. and J. F.
Pritchard Co. in 1949-50, on fuller’s carth adsorption.l®!
However, because of its 3:1 disadvantage on containment
volume as compared to liquefaction, and the fact that the
same temperatures and pressures are required, this process
has never been commercialized.

At this point, it may be well to review some of the more
pertinent propertics of natural gas. It is found in porous,
subsurface, imperviously capped formations in various parts
of the world (sce Table 8). Some wells are more than three
miles deep. Nawral gas is frequently found with petroleum;
about one third of the U.S. production comes from oil wells.
Natural gas in the United States generally contains between
80 and 95 per cent methane:® the balance includes cthane,
propanc, butane, pentane, etc. Small amounts of carbon di-
oxide, nitrogen, helium, water vapor, and hydrogen sulfide
are present in most natural gases. Natural gas, along with
petroleum, oil shale, nawural gas liquids, coal, and lignite, is
classed as a fossil fuel.

Where the natural gas is composed primarily of methane,
much of the chavacteristic behavior of natural gas can be
predicted from the properties of methane, which are sum-
marized in Table 11.

Since the critical temperature of methane is —116.5°F, it
cannot be liquefied at any pressure, however great, above this
temperature. The liquefaction temperature or boiling point
at one atmosphere pressure is ~258.68°F. This boiling point
is compared with other gases, which are commonly liquefied,
in Table 19,

Liquid methane is a colorless, clear liquid that resembles
liquid air; its density is about one half that of liquid air. Be-
cause it possesses superior wetting characteristics, liquid

i} - L Dt .
-}. fn the Muddle East, much of the gas contains less than 50 per cent
methune,
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TaBLE 11. PROPERTIES OF METHANE

Formula
Molecular weight
Gas density at 60°F and
1 atm 1n Ib/cu ft
Specific gravity at 60°F
and ! atm (ar=1)
Criucal temp , °F
Criucal press , psi abs
Boiling pont at
1 atm press.
Freezing pomt at
1 atm press
Density of liqud
at —263°F 1n Ib/cu ft
Heat of vaponization at
boiling point i Btu/lb
Net heat of combustion
atatm press in Btu/cu ft
Flammability himits
volume per centin air
Lower
Higher

CH,
16.042

00424 (0 679 gm/liter)

0355

—116 5°F (—82 5°C)

673 1 (45 8 aum.)

—258 68°F (—161.5°C)

—296 46°F (—184°C)

25 9 (415 gm/liter)

2197 (122 1 cal/gm)

911 (21,240 Btu/lb or 11,800 caligm)

50
150

Taste 12 Bomne Pornr oF Sovme Covaox Gases

Substance
Ammonia
Freon 22
Propane
Carbon dioxide
Ethane
Ethylene
Freon 14
Methane
Oxygen
Nurogen
Hjydrogen
Hehum

Normal Boiling Point
— 281
— 414
— 437
—109 3 (sublimes)
-1276
—154 8*
—1984
—2587
—297 3
—3205
—4230
—1521

*Temperatures below —150°F are usually considered crvogeme im the trade
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methane produces a more severe irritation in contact with
the human skin than liquid air does. It is this characteristic
wetting property that may serve a useful purpose in cryogenic
surgerv as a replacement for liquid nitrogen.

Historical

The commercial liquefaction of natural gas dates to a small
plant that was built in West Virginia in 1910 to compress
natural gas, refrigerate and separate what was called liquid
natural gas, mostly ethane and propance, which was bottled
and sold locally. A patent application had been made by Cabot
as carhy as 1914 for the liquefaction, storage, and barge trans-
portation of liquid natural gas"l and in 1917 a patent was
issued (U.S. Pat. 1.225.574) 1o him covering the apparatus
for condensing nawral gas under high pressure and cooling.

In 1917, during World War I. the United States Govern-
ment commissioned the Linde Co., working in cooperation
with the Bureau of Mines, to construct a plant in Fort Worth,
Texas, for extracting helium from natural gas. The helium
was 10 be used in dirigibles for the Allies. By the time enough
helium (90 per cent purity) had been produced to fill one
dirigible and was readied for shipment overscas from New
York, the Armistice was signed.™* The process of recover-
mg helium was based on liquefaction of natural gas. Some
ten years carlier, Professors H. P. Cady and D. McFarland
at the University of Kansas discovered that many natural
gases contained around 1 per cent helium, (

After the war, the government, under the Jjurisdiction of
fhc navy, constructed a farger extraction plant at Fort Worth
14921 In 1925, Congress placed all helium activity under
the U.S. Burcau of Mines at Fort Worth. When the gas field
near Fort Worth plaved out, the plant was closed and dis-
mantled. A new one was erected near Amarillo, which went

o operation i 1929 and has continued 1o produce helium
ever since.
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In the early 1920s, patents were issued on insulated con-
tainers for river barges, suitable for transporting liquefied
gas™ In 1937, tvo patents were issued (U.S. Pat, 2,082,189
and 2,090,163) to L. Twomey on methods of liquefaction,
storage, and delnery of liquefied natural gas through dis-
tributing lnes 'Y

In 1937, H. C. Cooper.? then president of the Hope Natural
Gas Co., became interested in hquefaction of natural gas with
the result that a pilot plant was erected at Cornwell com-
pressor station of the Hope Natural Gas Co of West Virginia
in 1940. The liquefaction capaaty was 300,000 cu ft of natural
gas per day into a corkansulated storage container for 1
million cu {t of gas (equnalent to 14.500 gal of liquid) Be-
causc of the successful operauon of this plant, it was used as
the basis for the design of a larger mstallation at Cleseland it

The Cleseland Natural Gas Liquelaction Plant of the East
Ohio Gas Company went into operation on Januars 29, 1941
Total construction costs were $125 nullion This plant was
known as a peak-shavang plant sice 1ts purpose was to hiquefy
surplus natural gas from the pipeline dunng the periods of
low customer demand m the summer and 1o regasify the
liquid from storage to supplement the pipeline gas durmng
peak demands in the santer Thus plant was the first and only
one of us kind n the Unied States, however, at least two
hquefied natural gas, peak-shaving plants were scheduled to
go on stream n 1965

The Cleveland plant had a capaats to iquefy 4 million cu ft
of gas a day, to store a total of 150 mithon cu ftof gasas a
liquid (equnalent o 18 mithon gal hquid) in three cork-
mnsulated (3 ft thuck) spherncal tanks (57 ft i diameter). and
to regasify the iquid at a daily rate of 72 million cubic feet
After three years of successful operation, a fourth tank was

3 About this same ume Fgerton 10 England was tng to promote the

separation and siorage of lquud methane by the Brtsh Gas Industry 0
meet seasonal sanations in demand on manufactured gas ™
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installed in 1944, This tank was a vertical cvlinder, 70 {t in
diameter and 4% ft high. surrounded by 3 ft of rock-wool
insulation. Its capacity was 90 million cu ft of gas (equivalent
to 1.1 million gal of liquid). Eight months after installation,
the new cvlindrical tank failed on October 20, 1944. Because
of inadequate dikes, liquefied natural gas (hercafter referred
to as LNG) flowed over the ground surface and into the
sewers of the city. The resulting explosion and fire caused
widespread destruction ($6.8 million) and loss of lives (128).
A team of investigators from the Burcau of Mines observed
that, among several possibilities, the most likely cause of
failure was the improper selection of metal. The 3.5 per cent
nickel steel which was used is not considered adequate for
this service even by present-day standards of greatly im-
proved fabrication techniques. The damage after tank rup-
ture was attributed to the inadequacy of the earthen dikes.
Despite the magnitude of the disaster, a significant conclusion
by the investigation team is quoted from the Bureau of Mines
report: 114

Regardless of the cause of the disaster at the lique-
faction, storage, and regasification plant of the East Ohio
Gas Company, the application of the system for liquefy-
ing and storing large quantities of natural gas is not in-
validated. provided proper precautions are taken.

Nevertheless, the Cleveland plant was not operated again.

In 1947, Dresser Industries Lid. of Dallas, Texas, designed
and constructed a plant near Moscow, Russia, at a cost of
6 million dollars. This plant had a liquefaction rate of 4.5
million cu frof gas per day (comparable 1o the Cleveland plant)
with an equivalent gascous storage volume of 162 million
cu fi. Linle information is available on the operating recovd
Qf' this plant other than it has been giving continuous, satis-
factory service. Although the original purpose of the plant
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another barge for transporting 1o Chicago. Another feature
of the plan was to uulize the refrigeration contained in the
LNG, during regasification at Chicago, to freeze and preserve
the various products from the stockyards operation.

After considerable preliminary investigation, research, and
devclopment, construction of the barge-mounted liquefaction
plant and the transport barge was undertaken in 1934 at
Ingall's Shup Yard in Pascagoula, Miss About this time, Prince
deaded 1t would be desirable 1o hayve . close working associa-
ton with a company expenienced 1 gas processing After
talking to several prospects, he found an understanding ear
w E F. Battson, senior vice-president of Conunental Oil
Co. Contmental Oil took a one-year option on a possible joint
venture with the Stock Yards group A task force composed
of Continental O1l o personnel and several consultants was
organized under the direction of J A Murphy, who at that
time was serving as Battson’s techmical adusor This group
not only made a detaled evaluaton of the work done by the
Chicago Stock Yards Research Division but they also carried
out an mdependent, cconomic and engneenng feasibihty
study  These stuches concluded that the Mississipp barge
venture was not economucal, but that ocean transportaton of
LNG from gas-surplus countnes to gas-defiaent countries
oflered o very attractse potentia) Wah thus understanding.
Continental Ol excrased 1ts option 10 a jomt venture, and 1n
1935 Constock International Methane Ltd  was organized
with equal ownerstup by Conunental il and Unton Stock
Yards and ‘Fransit compamies. The name Con-stock was ob-
viously denved from the parent companies

Even though the original barging scheme was abandoned,
1t was decded 1o utthee both barges as pilot plants for demon-
strating the technical feastbihity and obtanmg safuable design
data for a commercial semture The barges were complered
m late 19535 and were then transferred 1o Bavou Long, La .
for extensne testing throughout 1936




9284 C. M. SLIEPCEVICH

aencrating power for the Chicago Stock Yards, and its dyna-
mic chief executive William Wood Prince, to break the icc and
take the bold plunge. Armed only with his sclf-imposed motto
of awareness: “Remember Cleveland.” Prince rolled up his
sleeves and went to work on LNG in 1951

The Constock Breakthrough

Most of the gas supplicd to industry falls into the so-called
interruptible category. Contracts with gas companies recog-
nize that domestic consumers have first priority on the supply.
In periods of severe weather, the supply to industry frequently
has 1o be restricted. For this reason, industry must maintain
standby facilities such as coal, liquid fuels, or manufactured
gas to carry them through the period of interrupted service.
However, industry is willing to accept this inconvenience so
long as the gas companies will grant them a bargain price for
the gas when there is a surplus during the summer months.
As was noted in the comments related o Table 9, the average
price paid by the industrial customer is about one third as
much as that of the domestic customer per unit of thermal
cnergy.

According to one source*" “a Chicago gas company inju-
dicioush tried to raise the price of the natural gas (interrup-
tibley it was selling 10 a power company controlled by William
Wood Prince,” then president of Union Stock Yard and Tran-
sit Co. and a managing trustee of the thirty-company Prince
trust. It was then—in 1951 —that Prince and one of his con-
sultiamts, Willard Morrison, conceived the idea of liquelying
natural gas an the Gulf Coast and barging it up the Mississippt
River to Chicago. The original plan, which was handed to his
Chicago Stock Yards Research Division to develop, was to
construct a barge-mounted liquefaction unit which could
move around to nearly depleted or remote gas wells (where
the cost of gas is very low) and to liquefy the gas directly into
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anothier barge for transporting o Chicago. Another feature
of the plan was to uulize the rehigeration contined in the
LNG, durmg regasification at Chicago, to freese and preserve
the vanous products from the stockyards operation

After considerable prelunmary imestigation, 1esearch, and
development, construcnion of the barge-mounted hiquefaction
plant and the vansport barge was undertaken in 1931 at
Ingall's Ship Yard i Pascagouls, Miss About this time, Prince
deaded 1t would be desirable 1o have a close worhing associa-
tion with @ compam experienced i gas processing After
talhing to seseral prospects, he lound an understanding car
in E. P Batson, senmior vice-pressdent of Conunental Oif
Co. Continental (il took a one-vear option on a possible joint
venture with the Stock Yards group A sk force composed
of Contnental Ol Co personnel and several consultants was
orgamzed under the directon of | Murphy, who at that
time was setvmng as Battson's techmcal advisor This group
not onth made a detarled evaluaion of the work done by the
Chicago Stock Yards Research Division but thes also carnied
out an ndependent, cconomic and engineering feasibility
study. These studies condduded that the Mississippy barge
vemure was not economcal. but that ocean transportation of
LNG from gassurplus countiies 1o gas-deficzent countries
offered a very attractne potential Wath this understanding,
Conunental O1l exercised 1< option to 4 jomt venture, and in
1935 Constoch International Methane Ttd  was orgamzed
with equal ownerstup by Continental (il and Unton Stock
Yards and Iransit compames The name € on-stock was ob-
voush derned from the parent compames

Even though the ongnal barging scheme was abandoned,
1t was deaded to atfize both barges as prlat plaits for demon-
straung the techmcal feasiihity and obtanmg valuable design
data for a commeraal venture  The barges were completed
m late 1955 and were then transferred to Bayou Long, La.
for extensn e tesung throughout 1936
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While these tests were underway in Bayou Long, Constock
concentrated on a crash program of research, development.
and engincering analyses on all phases of the project, directed
toward the commerdial venture. Included were innovations
in gas proccssing and liquefaction techniques, material evalu-
ation and development, ship designs, cargo handling, storage
tanks, ctc. The most amazing aspect of the program was the
wav it was accomplished by its subsidiary, Constock Liquid
Methane Corp. They operated with a skeleton stafl directed
b J. A. Murphy and housed in less than 500 square {eet of
space in a New York office building. Specific rescarch and
development assignments were doled out to the laboratories
of the parent companies in Chicago and Ponca City, Okla.
In addition, several consuliants from universities were em-
ploved on a part-time basis, primarily to translate the research
results into design criteria for practical applications. The bulk
of the enginecering design and construction was handled by
J. F. Pritchard Co.. Kansas City, Mo. (gas processing, lique-
faction, and plant construction); Gamble Brothers, Inc.,
Louisville, Ky. (wood and insulation specialists); J. J. Henry
Co.. N.Y. tnaval architects and marine engineers); and A. D.
Litde. Inc., Cambridge. Mass. (storage and cargo-handling
methods).

By the spring ot 1947, complete designs, specifications, and
drawings for the liquefaction plant, tanker, and terminal
faciliics had been completed. Comprehensive analyses of
potential gas sources and markets were also made. It was
thercfore possible to establish the economics for LNG ship-
ments between a variety of ports all over the world. At this
Sage, i number of foreign countries, among which were
England, Germany, France, Italy, Sweden, and Japan, ex-
pressed interest in importing LNG, By the fall of 1957, the
Briush Gas Council made a declaration of intent to import
I,.\'.C; ata rate equivalent to 100 million eu fi of gas per day,
which amounted to abow 10 per cent of their total gas con-
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sumption, However, e T

untilafter o0t viclde between

snn Do shaugh the Constock ship

ppcarcd e sound, thete wasas yet o pront that

I NG conld be tansported overseas by tanker, paticalaly
in tongh weather,

Comtoch agreed 10 eret tiquelaction atsd Landestonage
facilities on the Calcasien River near Lake Chnles, L, while
the British Gas Conneil supplied she untoading and tesminal
stnage Lacilities at Canves Ibine nen Lotdon, Constock el
the Gas Comnail agreed 10 share in the costs of converiing
diy-cargo tnher; for this ppose, w new company, Biitish
Methane, Lul, way tormed to own anil operte the ship,

Lake Charles fnctlities Uhe hegoelaction plant, Land st age,
aned Joading termumal were erected an o ety iere site and
placeel it operaton duting the Later parrol 1958 e bage
mnunied liguelacgon ume, which was aned 4 the Bavon
Tong tests, way moved 10 Lake Chales A simplified flow
sheet of the modiiied Claude @expandert eyede used on the
harge is shown i Diygare A7 Althongh tas ovede s telatnely
inefhcient, it has the advamage of bemg hightey and mone
compact, aned (herelore mome ydaprable o mstallaion on s
harge shiere space s linnted 1 mteresting o tote that
this pifor hquetacnon ang with aated lgelacion capaoty
of 7 million ot ol gay per day swas 17 times barger
capmity than the Cleseland or Moscaw plants of the 191t

The hguid from the plat swas sosed i a tank baving o
capacity of 147 mnlhon gal equisalent 1o 120 mithon au h
ol gas) Up unol 1961, st swas the bigesteses lngh foy
storing aryogenne liguids thelow  19071) Lins contaner s
doubleasallee, with an alwnmnm mner ok separated bom
an auter steel tank by 810 of peshie msolaton Jis outer h
mensions are 78 (0w diameter by 61 % 10 igh N photagraph
ol the ajte at Lake Chatles (P A8) ahows the stovage otk
aned bargeamounted Tiguetaction a0
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While these tests were underway in Bayou Long, Constock
concentrated on a crash program of resecarch, development,
and engincering analyses on all phases of the project, directed
toward the commerdial venture. Included were innovations
in gas processing and liquefaction techniques, material evalu-
ation and development, ship designs, cargo handling, storage
tanks, etc. The most amazing aspect of the program was the
way it was accomplished by its subsidiary, Constock Liquid
Methane Corp. They operated with a skeleton staff directed
by J. A. Murphy and housed in less than 500 square fecet of
space in a New York office building. Specific rescarch and
development assignments were doled out to the laboratories
of the parent companics in Chicago and Ponca City, Okla.
In addition, several consultants from universities were em-
ploved on a part-time basis, primarily to translate the rescarch
results into design criterta for practical applications. The bulk
of the engineering design and construction was handled by
J. F. Pritchard Co., Kansas City, Mo. (gas processing, lique-.
faction, and plant construction); Gamble Brothers, Inc..
Louisville. Kv. (wood and iasulation specialists); J. J. Henry
Co.. N.Y. (naval architects and marine engineers); and A. D.
Lide, Inc., Cambridge, Mass. (storage and cargo-handling
methods).

By the spring of 1947, complete designs, specifications, and
drawings for the liquefaction plant, wnker, and terminal
facilities had been completed. Comprehensive analyses of
potential gas sources and markets were also made. It was
therefore possible to establish the economics for LNG ship-
ments between a variety of ports all over the world. At this
stage, a number of foreign countries, among which were
!-.ng!:md: Germany, France, Italy, Sweden, and Japan, ex-
prc"s.scd nterest in importing LNG, By the fall of 1957, the
Bn‘mh Gas Council made a declaration of intent to import
LN.(; ata rate equivalent to 100 million cu fi of gas per day,
which amounted to ghowt 10 per cent of their otal gas con-
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sumption. However, signing a firm contract was deferred
unul after several trial shipments of LNG were made between
the Gulf Coast and London, Even though the Constock ship
designs appeared to be sound, there was as yet no proof that
LNG could be uanspotted overseas by tanker, partcularly
i rough weather

Constock agreed to erect liquefaction and land-storage
faciliies on the Calcasicu River near Lake Charles, La., while
the British Gas Counal supplied the unloading and terminal
storage facilines at Canvey Island near London. Constock and
the Gas Counal agreed to share n the costs of comverting a
dry-cargo tanher, for this purpose, a new company, British
Methane, Ltd , was formed to ovn and aperate the ship

Lake Charles facilites The hguefacuon plant, land storage,
and loading termuimal were erected on a twenty -acre site and
placed in operation durmg the latier part ot 1938 The barge-
mounted hquefacuon untt, which was used i the Bavou
Long tests, was moved o Lake Charles A simphhied flow
sheet of the modified Claude (expander) cvdde used on the
barge 1s shown m Figuie 47 Although this ovele 1s relatnely
meflicient. w has the advantage of bemyg hghter and nore
compact, and therctore mote adaptable to mstallation on a
barge where space 1s limted It 1s interesting 1 note that
this prlot liquetaction umit with 4 rated hquefacuon capaats
of 7 nulllon cu t of gas per dav was 17 umes larger m
capaaty than the Cleveland or Moscow plants of the 1940s

The hquid from the plamt was stosed m @ ank havng 4
capaaity of 1 17 mllion gal (equivalent o 120 mulhion u fu
of gas) Up unul 1961, this tank was the Largest ever built for
storing ervogenic liquids (below —150°T) This contamer is
double-watled, with an aluminum mner tank separated from
an outer steel tank by 3 frof pcxlnc wsulatton Its outer di-
mensions are 73 ft in chameter Iy 61 5 ft lagh A photograph
of the site ar Lake Charles (Fig +48) shows the storage tank
and barge-mounted hiquefaction unit ™1
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Fi6. 47, Flow sheet of methane liquelaction barge.

Methane Proncer: For transporting the LNG, a CEM-AV]
dry-cargo ship (5.000-ton class) was converted to the MV
Methane Pioneer at the Alabama Drydock & Shipbuilding Co.
in Mobile. Al during 1938, according 10 plans and de-
signs developed by Constock and J. §. Henry Co. A dry-cargo
ship was selected because she has large double bottoms and
wing tanks which can be used for ballasting. a particular prob-
lem raised by the low density of fiquid methane (about 40 per
cent of the density of water). In addition, other innova-

uons i FE .
ons in muli . the ship for CrYOgenIc service were ve-
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Fig 48 Constoch’s I NG hquefacnon tenminal at Lake Charles, La

quired ' However, only the msulauon and cargo tanks
will be mentioned here since they represent the major ac-
comphishments upon which the success and economues ol the
project hingecl 122

The horzontal cross section of a tanket's hold space 1s es-
sentially rectangular Theretore, in order 1o obtam the mani-
mum utihzation of this space for liquid cargo, the horizontal
cross section of the cargo tanks must ikewise be rectangular
Cylinder tanks would be caster and much cheaper to fabn-
aite, but unfortunatel thes would uuhze only =74 or about
80 per cent of the cargo space Because of the lugh cost of
the ship—almost twice that of the comentonal tanker —for
LNG senvice, the economics dictate that the space utulization
be greater than 90 per cent, thus pusmatical tanks (rectangu-
lar parallelopipeds) are used  Unfortunately. prismatical
tanks introduce two severe design problems high stresses in
the flat walls caused by ¢ychical, dynamc loads from rolling,
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pitching. and heaving of the ship; thermal stresses in the
walls caused by sharp, vertical temperature gradients when
the tank is only partially filled. Obviously, one large tank
filling the entire cargo space would be cheaper than several
small ones. However, regulatory bodices for ships have limits
on the size of individual compartments with respect to dy-
namic loadings, free-surface liquid effects, and safety under
colliston conditions.

Working within these shape and size limitations, the next
step was o select the material of construction. Although all
materials, metals, plastics, concrete, wood, etc. show an in-
crease in strength with decreasing temperature, most of them
become britde at low temperatures. For this application,
the choice narrows to aluminum (5,000 scries alloy), stain-
less steel, or 9 per cent nickel steel P Aluminum was selected
on the basis of economics.

As was mentioned before, the prismatical tanks are expen-
sive, so it was necessary to optimize the design. In order to
do so, a method for making stress analyses had to be devel-
oped.# The general configuration of the tanks and relative
location in the ship are shown in Figures 49 and 50.

In Figure 49, it can be noted that the aluminum tanks are
surrounded with insulation, which had to meet the following
requirements.

L. The insulation must maintain the ship’s structure near
ambient temperatures. Since the steel used in the hull
cannot withstand LNG temperatures without becoming
brittle, the insulation must also perform as a secondary,

liquid-tight barrier in the event one of the aluminum
tanks springs a leak.

9 T L . .

2, The bouom insulation must be capable of withstanding
the enormous stresses (due to the ship's motion) gener-
ated at the bottom key of the tank.

3. The insulation must provide a prescribed rate of boil-
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Fie. 19 Cross scettons of vessel showing pristatical tanks

off of LNG af the vapors are to be used to generate
power for propelling the shup

N

Since the msulation has o be attached to the ship's
mner hull, it must be able 1o withstand the severe ther-
mal stresses (=230°F on one face and amtient on the
other) without vielding
In the event of fire on board ship, the msulation must
be able to mantan structural mtegrny for at least four
hours when 1ts outer tace 1s exposed to a temperature
of 1200°F

Balsa wood was the only sulatng matenal that was
adcqu‘lle to sausfy all these p:lruuxl.lr requirements In
general, amy matertal whose ratto of yicld stress 1o thermal
stress 15 greater than one can be sulycclc(l to cryogenic

[%)
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Fre. 50, Cutaway of cargo tank showing internal bracing.

temperatures in a fully restrained condition so that it is
not free o contract. Table 13 compares this ratio for several
common materials of construction. Although cast iron has
a ratio of 2.3 it is not suitable for cryogenic service because
it becomes brittde even at 0°F. Nine per cent nickel steel is
not recommended for use below liquid nitrogen temper-
atares. With s high ritio, 2.2-9.2, wood is one of the best
materials for crvogenic service? ts chief disadvantage lics

4. Wood i eve 1 . 1 H
~l et fm(hng we at hlgh wmpergiures, such as in spu(‘(:truﬁ
nose ¢ ﬂn('\.("l
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Taste 13, RAto o Yie1n Siress 1o THERMAL
Sikess ror CoMMON MATERIAMLS

Material (S, /el (AT ) *

Wood 22-02

23

L2
Foamglas 0.4%
Concrete 03
Stainless steel (301 anncaled) 028
Ahummum alkn (3.000 series, annealed) 022

* S =Vrekl pomt i compressn
Coxfligienn of e nmal cxpansion
F = \lodutus of clasticn

AT = Lamperaure dificrental, 50°F @ =320°) = So0°f

m the diflicults to predict stresses Being an anisotropic
maternal, one mast consider thiee ulimate suengths and
9 Porsson ratios i analvses

The final design problem mohes the mnsulanon and
cargo tanks together  keononues nught indicate a thickness
of wsulation which results in prohubitne thermal stresses
bemg generated i the tank walls, since the thetmal stresses
merease with decreastng insulatton thickness, as shown in
Figure 31

The mstallation of the alununum ks 1s shown m Figue
32 Figure 52.4 shows the hold space hned with balsa panels
which are so lammated as to gne idental phsteal properues
m two dimensions  The panels are faced with Vs inch ply-
wood They are 4x8x 1 {1 thick and are jomed together
with plynood scabs and hiberglass tosettes Tigure 528 shous
one of the aluminum tanks, measuning 29 X 40 and 32 ftgh,
having a capaaity of about 260,000 gal, bemg lowered mto
the hold Figure 52C. shows the fist tank i place, the clear-
ance between the sidewalls of the tank and msulation aserages
about 1 inch in order to manize on cubic carrying capactty
Four other sumlar tanks, when mstalled, bring the total
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ALLOWABLE DESIGN STRESS

THERMAL STRESS

1
t
; MINIMUM INSULATION THICKNESS
]

THICKNESS OF INSULATION

Fic. 51, Variation of thermal stresses in
1anks with thickness of msulation,

capacity 1o over 1.40 million gal (equivalent to 115 million
cu {tof gas).

Figure 53, lefi, shows a Cl-M-AV1 dry-cargo ship before
couversion: right, the Methane Pioneer after conversion. The
ship is over 350 ft long, 50 ft wide, and 40 ft decp, a healthy-
sized pitot ship but tiny compared 10 present-day tankers.
The Methane Pioneer 100k on her first load of LNG, equiva-
lent to 115 million cu ft of gas, and departed {rom Lake
Charles on her historic voyage, January 28, 1959. She arrived
at (Izm\.'c} Island on February 20, 1959, and discharged her
cargo mto two insulated, land-storage tanks, cach having
a capadity of 670,000 gal (equivalent to 55 million cu f1
of gas).

Over the next year, ending in March 1960, the Methane
Pioncer made six more trial shipments. The ship performed
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Fie. 52 Installabon of aluminum tank in Methane Pioneer

1 Insulated hold space

1 Lafung the tank
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C. Installed tank

admirably. even in verv heavy scas where rolls exceeding
45° were recorded ! 2031 Having proved that LNG could
be wransported overseas by tanker, LNG shipments from
Lake Charles were terminated because the Methane Pioncer
was onlv a pilot ship and had less than onc fifth of the
minimum carrying capacity for economical operation. Since
then, the Methane Pioneer continued in service as a refriger-
ated butadiene carrier between the Gulf Coast and Holland.

An idea which was conceived nine years earlier by W. W,
Prince to solve alocal power company’s problem in Chicago
had become an international enterprise. The world, particu-
farly the skeptics —and there were many —awaited with great
interest the maiden vovage of the Methane Pioneer. Hardly
had she docked w Canvey Island before many others were
dashing madly 1o get into the LNG business and reap the
benefits at the expense of Constock’s pioncering leadership.
Constock, after nine years and some $15 million of invest-
ment had proved not only to herself but for all her pmcmi:\l
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Fie 39 [eft. G-M-AV] before comverston
Raght, Methane Proneer alier comerston

competitors that the Job could be done  Ahthough Constock
had developed a protectine wall of several hundied mter-
national patents, these alone wete not enough to discourage
competition

Commercial Ventures

Early m 1960, Roval Dutch,Shell jomned forees with Con-
stock, and a new company, Conch Intetnational Methane
Ltd, was formed Royal Dutch/Shell and Conunental Ol
Co. each acquired a 40 per cent mterest, and Unwon Stock
Yards and Transit Co 1ctuned the balance of 20 per cent
The headquarters were moved to London to mitate the
first commeraal venture for hauling LNG from North Afnica
to England The only actvities that remamed the States
were the prlot plant projects on gas purtfication, submerged
pumping, in-ground storage, and fire tests, at Lake Charles,
insulation development at Gamble Brothers m Lousuille,
and bastc research at Continental Ol Co i Ponca Gity, Okla

The London headquarters were raply etpan(k‘(l to
provide for rescarch, development, engineering, marketing,
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admirably, even in very heavy scas where rolls exceeding
45° were vrecorded 21 Having proved that LNG could
be transported overseas by tanker, LNG shipments from
Lake Charles were terminated because the Methane Pioneer
was only a pilot ship and had less than one fifth of the
minimum carrying capacity for economical operation. Since
then, the Methaue Pioneer continued in service as a refriger-
ated butadiene carrier between the Gulf Coast and Holland,

Anidea which was conceived nine years earlier by W. W.
Prince to solve a focal power company’s problem in Chicago
had become an international enterprise. The world, particu-
larly the skeptics —and there were many —awaited with great
interest the maiden vovage of the Methane Pioneer. Hardly
had she docked w Canvey Isknd before many others were
dashing madly 1o get into the LNG business and reap the
benelits at the expense of Constock’s pioncering leadership.
Constock, after nine years and some $15 million of invest-
ment had proved not only to herself but for all her potential
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1308 telt, CALAV] before comersion
Right, Methane Pronerr afier comversion

competitors that the job could be done Although Constock
had developed a protecune wall of several hundred mrer-
national patents, these alone were not enough to discourage
compeution.

Commercial Ventures

Early in 1960, Roval Dutch/Shell joned torces with Con-
stock, and a new compamy, Conch Internanonal Methane
Ltd, was formed Roval Dutchi'Shell and Continental it
Co. each acquired a 40 per cent mterest, and Umon Stock
Yards and Tranut Co retuned the balance of 20 per cent
The headquarters were moved to London to mtiate the
first commeraial venture for hauling LNG from North Afrca
to England. The only actinities that remamed i the States
were the pilot plant projects on gas punficauon, submerged
pumping, in-ground storage, and fire tests, at Lake Charles,
Insulation development at Gamble Brothers m Lousville,
and basic research at Contmental Oil Co m Ponca City, Okla

The London headquarters were raprdly espanded to
provide for rescarch, devclopment, engneering, marketng,
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and patent services. Their first step was to initiate con-
struction of a liquefaction plant and larger tankers modeled
after the plans developed by Constock. Shorty thereafter,
in the spring of 1960, Conch entered into an agreement
with the French government to purchase gas® {rom the big
Sahara Hassi R'Mecl gas field and to build a liquefaction
plant near Arzew, Algeria, on the North African Medi-
terrancan coast. The liquefaction plant was to be financed
and built by a new company, CAMEL (Cie Algierienne du
Methane Liguid) owned jointly by Conch and French interests.

Although Britain presumably was to provide the initial
market for this plant, and construction of the plant was
undertaken, more than cighteen months clapsed before the
U.K. government announced its approval in January 1962.4
The delay was due to political angles involved: coal-industry
opposition and the Algerian turmoil following its liberation,
which raised questions regarding the stability of the Saharan
gas as a source for imports. However, in the final analysis,
the British Gas Council decided that the Sahara gas was
as rehable as the Briish sources for oil which—in the
minds of mamy Eurapeans since the Suerz crisis—are not
too certain B

After Algeria gained its independence, it demanded and
ubtained additional participation in the LNG venture. The
final lineup of operating companics is as follows:

- Liquefaction Plant by CAMEL (40 per cent Conch, 40
per cemt French interests, and 20 per cent Algerian
Government).

2 Gas Production at Hassi R'Mel Gas Field by Ste. d'Ex-
ploitation des Hydrocarbures d'Hassi R'Mel.

& Pipeline® from gas field o Avzew by SOTHRA (combi-
nanon of French and Algerian interests).

2. Conttany 1o popula belel, the contract price for the gan was around

9% e . .
cuts per LOO cu fe which w no better than current gas prices on our
Cult Coaw

5. Thiee hundied snles of 9o fs s,
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e

. Transportation by British Methane 1td (50 per cent
Conch and 50 per cent British Gas Coundil) which buys
LNG, ships to England, and sells to British Gas Council.
Transportation by Gaz de France, the rencly counter-
part of the British Gas Coundil, which buys LNG and
ships to France &

w

With the deciston by the Dench to pasticipate in the initial
sentine by contracung for 50 nullion cu ft of gas daily, the
capacity of the hquefaction plant was 1ased from 100 million
to 150 million cu ft per day, with Britun under a fifteen-yen
contiact to take 100 mihon cu ft per day, The liquefaction
cycle selected was based on a cascade tiele developed by
Constoch. The termmology “cascade” dernes sts usage from
the fact that the gas 15 progressnely cooled m a senies of
steps, as shown schemaueally i bigire 54 The second law
of thermodynamus provides that, as the difference in tem-
perature between the refugeratng medium and the medium
being cooled is dimmmshed, the more efhaent the pracess
becomes In the lumt, the most eficiem process would be
one in which the temperatie difference was ze10 However.
pracucal cost linutauons force a compronnse 1o a finte
temperature difference, which as noted i Figure 5t amounts
to 5°F in cach step except one of the ethvlene stages (8°1)

A comparnison of the power and fuel consumptions {or the
arous LNG hquefaction plants that had been budt by 963
is presented m Table 14, Although the theoreucal, deal
power requirement 1s only 183 horsepower per nulhon cu it
of gas per day, the pracucal fact that no machiery such as
compressors and expansion engimes have been bl as vet
which are 100 per cent efficient, and 4l cconomeal heat ex-
changers must operate with fimte temperature differences,
raises the theoretcal imit fiom 185 ho sepower o aso-called
practical it (by taday's standards) ol 400 hoirsepower The

Arzew plant s not far away from this bt with 469 horse
power
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Fre.. 54, Schematic of Jiquetaction of natural gas by means of cas-
cade avele in Ageria (data from Chemical Engincering, 71, 182,
Qo B2 1964,

The storage {adilities for quiefied natural gas at Arzew
amount to 17 million gallons of liquid or equivalent to 1 bil-
hon cu ft of gas®™ There are three double-walled, above-
ground storage tanks, cach having a capacity of over 2.5
million gal. These tanks are modeled after the Lake Charles
tank with a scalenp factor of about two. Two of these tanks
have an inner shell of aluminum and the third 2 9 per cemt
nickel steel inner tank. All three have 3 ft of perlite insulation
bc(\;'cun these inner shells and an outer shell of conventional
steel.
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Tamie 14. Courartsox oF LNG Liqueractiox Croirs

Horsepouwer  Per Cent g
Inlet Gas Per Mitlion Total Feed Used

Cycle Pressure, pu CuFtGasiDay  as Luel
1deal 500 185%
Pracucal Limn 500 400t
Clescland cascade 615 662+ )
Russian cascade 725 660t
Constock barge

expander 1,000 1,000* 30
Arzew cascade 463 46Y* 8
Conch expander 467 310% 10
Transco cascade

peak-shaving 313-190 716§

*C. L. RiTiew, Chem Engr Progy, 58, 61-09 (1902)

+Estimated

3P S Paarand R 1 Awaston Gas Age, 117 (ALrchi 10 1958

§R Marnis, Peasol Management, 36 81 {Dec 1901) (actna) harseponar
required 1s 621)

The rest of the storage, which amounts to 55 per cent of
the total, or 9 million gal, will be 1 a frozen caviy 122 fem
diameter and 114 ftinto the ground  Tlus s-ground storage
principle was deseloped by Conch™ i 1s based on the prin-
aple that the moisture m the ground freezes to hme a caay,
and serves as an ice barrier that prevents leakage and at the
same tme supplies adequate insulanon The use of this m-
ground storage results m a saving over comentional above-
ground storage i the neighborhood ol about 3 cents per gal
or, in this case, about $ 150,000

The storage facthues will supphy three tanbers, cach of
them making about thirty round tnps per vear, and delner-
ing about 7 milhon gal of liquid (equnalent to over 500 ml-
tion cu ft of gas) per tnp  Iwo ol the tankers. the Methane
I'r’mtm and the Methane Progress were built m Brush and
lrlS‘} shipyards respeanely  These tankers are essentially
replicas of the Methane Proneer having prismatical alumi-
num tanks and balsa woad msulation Howeser, the French-
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built tanker, appropriately christened the Jules Ferne has
seven cyvlindrical tanks of 9 per cent nickel steel insulated
with 17 inches of Klegecell” on the bottom (conical-shaped,
rather than keyed). The vertical walls and roof cousist of 2¥2
inches of Klegecell covered with a liquid-tight sealant to act
as a sccondary barrier. The walls and roof are further insu-
lated with perlite Apparendy, the French were able to
realize sufficient economies in going to the cylindrical, rather
than prismatical tanks, despite the 20 per cent loss in cubic
capacity. 1t has been reported?! that the French ship cost
$10 million to build against the $13 million for its British
counterpart: the $3 million savings could have tipped the
balance for cvlindrical tanks, not to mention a possibility that
the Conch-patented ship designs might have been evaded.

The terminal facilitiecs on Canvey Island consist of seven
conventional above-ground storage tanks, including the two
that were used on the trial shipments with the Methane Pioneer,
for a total capacity of 14 million gal or a gas equivalent of
over b1 billion cu fi. The liquid is vaporized from storage in
a novel scheme of heat exchange with propanc and scawater
which is capable of producing about 1.7 megawaus of power
as a bonus. The vaporized gas then goes into an 18-inch
pipehne extending some 300 miles northwest for delivery to
8 local gas boards, which will cither blend the natural gas
with manufactured gas or reform it to the lower calorific value
needed in domestic burners [

I'he investment costs for an operation liquefying and trans-
porting LNG are enormous; an order of magnitude estimate
is given in Table 15, To these figures must be added the cost
of the unloading terminal facilitics, which are comparable

in cost to the liquefaction plant if gas reforming and pipeline
distribution facilities are included.
7. l'u'nd.n arence fiction writet who half a century ago referred to natural
Haas a8 3 ol enetgy soure,

8. Polvwandchlorde,
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Tablt 15, AprROXIMATE COS15 FOR LIQUEFACTION AND
OreRSEAS TRANSPORTATION

1. Caputal imestment
a Liquefaction plant

100 mullion cu ft/day $40 x 1
b. 2Tankers @ $13 %X 10*

Basic stup 30%

Cargo handhing 20

Insulation 12

Alum tanks 18 26 X 10¢

$66 % 18

2 Annual operating costs (source

to market about 1,500 miles) SI13x 10
3 Drrect cost hquid natural gas

delnered before 1axes,

admimstrause, rescarch, and

sales expense and exeluding

cost of gay at source $0:36 1000 cu ft

The costs given in Table 15 are to be viewed with resenva-
tion since they can sary wideh depending on the locabts: For
example, one reterencet quotes the cost of the Arzew -
quefacton plant as $60 nullon  Esen correciing the figure
of $40 mullion gven m Table 15 tor a 100- 10 150-muthion
cubic feet per day plant, the corresponding figure would be
around $30 milion A later reference™ pegs the total costs
in Algenia at $70 million, another reports $86 8 mulhon 21
From these figures it 1s possible to arrne at an estmated total
imestment in thas first LNG project as summanzed m Table
16 in round figures.

Whatever the final myvesument figures become, Coneh 1s
under a I5-year contract to supply Britam with 100 million
c f‘ of gas per day at a price of 88 cents per thousand cu i,
which indicates a slow payout The corresponding costs of
manufactured gas in England from both o1l and coal range

from $1.07 10 $1 75 per thousand cu [t depending on the
process used.2
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Tarre 16. Revisep EsTIMATE OF TOTAL INVESTMENT
vy First LNG VENTURE
Alillions of Dollars Invested

Gas pipeline
(300 miles of 24-inch line from

Sahara gas ficlds 1o Arzew) S 35.0
Liquefaction plant, Arzew 85.0
Twao tankers 25.0
Unloading and distribution in London

Camey Island facilities = § 8.0

Reforming plant = 21.0

Distribution line = 21.0 50.0
Fotal §195.0%

* This total does not include the French tanker and the unloading and
distribution facilities in France. However, the gas pipeline in Africa was
constructed apart from this particular project. Its cost probably balances
the French invesunent in a tanker and unloading terminal. Therefore. the
total imvestment resulting divectly from the gas liquefaction is in the neigh-
borhood of $200 million.

Future of LNG Traunsportation

The first commercial shipment of LNG from Algeria ar-
rived in London on the Methane Princess, Qctober 12, 1964.
Since then, the Methane Progress and the Jules erne have been
brought into service. Much of the excitement regarding the
potential markets for LNG in Western Europe was chilled
to subzero proportions when gas was discovered on July 29,
1959.89 by NAM (Nederlandse Aardolie Maatschapij l—joimly
owned by Roval Dutch/Shell and Standard Oil of New Jersey).
The extent of the reserves was not publicized until around
the middle of 1962, when it became rather evident that the
ficld was the largest in Europe.#) Up to this time, the Po Val-
lev in northern taly and Lacq in southeastern France pro-
vided the bulk of the natural-gas supply in Europe. By 1964,
it became clear that the Duteh field was the third I:u:gcst in
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the world, ranking behind only the Texas Panhandle and
the Sahara ficld. Although the extent of the Dutch discovery
was not known prior to 1963, Royal Dutch/Shell as a partner
to this discovery surely must have been aware of the ultimate
impact of Dutch gas on LNG when they joned forces with
Constock in 1960

It is certain that the Dutch gas will cut deeply into the for-
merly potential LNG markets in Holland, Belgium, Sweden,
northern France, and Germany. The Dutch discovery has
kicked off an exploration panic across the North Sea and
extending mland nto northern England. Engineerng feasi-
bility studies of laying a gas pipeline across the English chan-
nel are already 1n the advanced planning stages

France 1s attaching the natural gas supply problem on all
fronts, The Jules I'erne had not even made its first shapment
when France announced plans to build another tanker four
times as large.® For several years they had studied and ex-
perimented on a pipeline under the Mediterranean 1o bring
Algeran gas to Spam and on into France,™ #) but recently
admutted that the project was shelied because of Franco-
Algerian political problems [*') However, at the same time,
Ben Bella revealed tus plans for a Medrerranean gas pipe-
line to Europe with a second gas liquefacuon plant in Eastern
Algeria I

Even with the Dutch finally announcing that they were
priaing their gas compentitnely wath other fuels, as low as 35
cents per 1,000 cu fi, while contmuing with expanston of dis-
tribution lines, Jersey Standard, the other half of NAM (dis-
coverers of, and partners i producing Holland gas) gave
their answer to the North Sea successes by releasing plans
for shipping Libyan gas to Italy and Spam. The hquefaction
plant, which will be located on the Mediterrancan coast, 100
miles from the Essos Zelten area fields, will have a capaaty
of 300 multion cu ftof gas per day —wice the size of the Arzew
plant. Tankers will start shutthng to Italy and Barcelona,
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Tapte 16. Revisep Estivate oF ToTAL INVESTMENT
ixn First LNG VENTURE
Millions of Dollars Invested

Gas pipeline
(300 miles of 24-inch line from

Sabara gas ficlds to Arzew) S 35.0
Liquefaction plant, Arzew 85.0
Two tankers 25.0

Unloading and distribution in London
Canvens Island facilities = § 8.0
Reforming plant = 21.0

Distribution line = 21.0 50.0
Total $195.0%

* This total does not incude the French tanker and the unloading and
distribution facilities in France. However, the gas pipeline in Africa was
constructed apart from this particalar project. Its cast probably balances
the French mvestnent in a tnber and unloading terminal. Therefore, the
total mvestment resulting directhy from the gas liquelaction 1s in the neigh-
borhood ot $200 million,

Future of 1LNG Transportation

The first commercial shipment of LNG from Algeria ar-
rived in London on the Methane Princess, October 12, 1964.
Since then, the Methane Progress and the Jules Verne have been
brought into service. Much of the excitement regarding the
potential markets for LNG in Western Europe was chilled
to subzero praportions when gas was discovered on July 24,
FO3U.5 by NAM (Nederlandse Aardolie ?\'Iaznschapij;j()ixll!}'
owned by Royal Dutely/Shell and Standard Oil of New ).crscy).
The extent of the reserves was not publicized unuil around
the middle of 1962, when it became vather evident that the
ﬁckf was the Jargest in Europe Up 1o this time. the Po Val-
kty m northern Ty and Lacq in southeastern France pro-
}-ulcd the bulk of the natural-gas supply in Europe. By 1964,
it became clear that the Duteh field w;;s the third lm:gcst in
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the world, ranking behind only the Texas Panhandle and
the Sahara field. Although the extent of the Dutch discovery
was not known prior to 1963, Royal Dutch/Shell as a partner
to this discovery surely must have been aware of the ultimate
impact of Dutch gas on LNG when they joined forces with
Constock in 1960.

1t is certain that the Dutch gas will cut deeply mto the for-
merly potential LNG markets in Holland, Belgium, Sweden,
northern France, and Germany. The Dutch discovery has
kicked off an exploration panic across the North Sea and
extending mland into northern England Engineering feasi-
bility studies of laying a gas pipeline across the Enghish chan-
nel are already 1n the advanced planning stages.

France is attaching the natural gas supply problem on all
fronts The Jules Perne had not exen made its first shipment
when France announced plans to build another tanker four
times as large.’! For several years they had studied and ex-
perimented on a pipehine under the Mediterranean to bring
Algerian gas to Spain and on mto France,P % but recently
admitted that the project was shelved because of Franco-
Algerian political problems.®!! However, at the same time,
Ben Bella revealed his plans for a Mediterranean gas pipe-
line to Europe with a second gas liquefaction plant in Eastern
Algeria ™

Even with the Dutch finally announcing that they were
pricing their gas compettively with other fuels, as low as 35
cents per 1,000 cu ft, while continuing with expansion of dis-
tribution hnes, Jersey Standard, the other half of NAM (dis-
coverers of, and partners in producing Holland gas) gave
their answer to the North Sea successes by releasing plans
for shipping Libyan gas to Italy and Span. The hyguefaction
plant, which will be located on the Mediterranean coast, 100
miles from the Essos Zelten area fields, will have a capaaty
of 300 million cu ft of gas per day —rwice the size of the Arzew
plant Tankers will start shutthng to Ialy and Barcelona,
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with the {ormer taking 80 per cent of the cargo, by late 1967,
Total investment will be around $200 million.*!

While others are looking at Middle East and West Pakistan
gas for transportation to Japan, Australia, and South Africa,
Polar 1MG Corp., a subsidiary of Union Oil and Marathon
Oil Co., is negotiating a contract with Tokyo Gas. Co. to de-
tiver 35 million cu ft of gas per day from either Alaska or
British Columbia,"* 4!l Originally, the timetable looked for
1965 as a shipping date, but it was delayed to 1967 after
natural gas was discovered in Niigata, Japan.t®

Scandinavian oil industry leaders are talking about a joint
venture to import Sahara gas, despite the proximity of the
Holland and North Sea fields.!*]

It is no secret that Conch, Union Oil, Ohio Oil, and others
arc looking at both the east and west coasts of the United
States with an expectative eye. California’s demand for gas
is expected to reach 8 billion cu {t of gas per day by 1982, at
which time it is estimated that they will be producing less than
1 billion cu fri#.

Australia, which is still considered a good market, is con-
tinuing to show substantial increases in their own gas fields.!*!

Venczucla flares more gas by a factor of almost two than
is currently consumed in all of Western Europe. They missed
their chance of becoming the first source for NG when they
could not come to an agreement with Constack on gas price
back in 1958, but they very likely will enter the picture soon.

Looking to the year 2000, when the world's energy con-
sumption will climb to five times the current rate,'! it is rea-
sonable to conclude that wansportation of LNG will continue
to prosper. Even though natural gas continues to be discov-
cred all over the world, there is an interesting opposing force
which will act to increase the cost burdens on distribution by
pipeline. As population density increases, right-of-way cost
for pipelines vises drastically, Holland, with @ population
density of 910 per square mile, coupled with the need for
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myriads of underground road and water crossings, is faced
with pipeline construction costs that are two to three times
higher than the average elsewhere.*! Already they are re-
signed to the fact that at least half ther production will have
to be exported

Competition from other fuels will always be a problem, but
the petroleum and gas industries thus far have demonstrated
a unique—so far as energy sources are concerned —adaptive,
pricing-control charactenisic which keeps its products mov-
ing on the open market. Continued research and develop-
ment will lower the cost of producing LNG  Modest improve-
ments can be expected in the hquefaction and storage aspects;
however, the next big jump will occur when shipbuilders
abandon the nonon that an LNG carrier must look and act
exactly ke a comenuonal ol tanker and start bulding
carrier to conform to the needs of the cargo Some trends
have already been noted, ranging from modest!***"! 1o others
more darmg -3

II PEAR LOAD SHAVING AND OTHER LSES

At least one promsing use for LNG which does notimvolve
the hquid transportation problem ts known as peak-load shay -
mg, or sitmph, peak shaving This concept can be most easth
described by referring to Figure 35, in which the variauon m
daily demand for gas by a local uulity throughout the vear
is shown. It 15 obvious that the sinusoical curve represents a
highly 1deahzed smoothing of the actual curve. which has
numerous peaks and crevices The demand peaks on the
coldest day 1n winter and bottoms on the hottest day m sum-
mer. The yearly average daly demand 1s represented by the
horizontal broken line, and the shaded areas labeled deficit
and surplus are equal In order to obtun the best price and |
10 be guaranteed a supply, the local unliy must contract
purchase from the gas pipeline company at a fixed rate s
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{I) TYPICAL AVERAGE SEASONAL VARIATION
OF TOWN GAS DEMAND.
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Fie. 55, Variation in daily gas demand with seasons of the year,

vear round. If the purchases are made on the yearly average
daily rate, customer demand in the winter months cannot be
met. On the other hand, there will be a surplus of gas avail-
able in the summer months.* The obvious solution is to “save™
the surplus in the summertime and draw on it to make up the
deticitin the wintertime. However, because huge volumes of
gas would have to be stored. no man-made storage is prac-
tical.

In some regions of the country there are depleted gas
and,or oil fields or aquifer' where large volumes of gas can
be stored underground. In this case the solution is simple; the
utility company stores surplus gras in the natural underground
reservolr and draws on it during cold weather when con-
sumer demands exceed pipeline capacity. The amount of

4 The teatment here conudetably simplified. Gas distribution and
pricng i 4 comples putter 19

W Aquiter here reters 1o g geologic anticline or trap having o siraam

of permeable water-beartnyg sandstone o mestone which cun be developed

for storage of g, In some cases, ssht caverns or abundoned cout mines can
be used for sonmg gas,
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such storage in the United States is increasing rapidly; in
1962, the capadity was 3.56 trillion cu ft (about half is usable)
as compared to a total marketed gas production of 13.3 tril-
lion cu fu The big storage concentration, fortunately, is in
the more populated areas in such states as Pennsuhania,
Michigan, Ohio, West Virginia. California, and Illinois. Never-
theless, there are many areas, particularly New England, the
East, and the South, where other measures hase to be taken.
For example, the surplus gas could be sold to local indusiry
at a bargain (interruptible) rate, in which case synthetic gas
would have to be used to supply the deficit. The synthetic gas
is frequentls manufactured by thermal aracking of residual
oils, catalytic reforming of propane and butane, or blending
propane and air with the pipeline gas.

As an alternaine to manufactured gas for peak loads, but
not competitine with natural underground gas storage. nat-
ural gas could be liquefied and stored during the summer
months and then vaponzed durng the winter months to aug-
ment the pipelne supply to meet pealk demands, The Cleve-
land plant was buwlt for this purpose m the earh 1940s.
Within the last ten vears. technological improvements in
liquefacton equipment and crvogenic storage have tipped
the economic balance in fasor of LNG over manufactured
gas for pealshaving. Realizing this potenual, Constock In-
ternational Methane Ltd and J. F Prichard Co. formed a
new compam, Constock-Pritchard. Inc . earlv m 1958. o
develop and construct LNG peak-shaving plants.

As a further boon 10 I.NG peab-shaving, the concept of in-
ground storage for LNG was developed 1n the earh 1960s.
Working independently, Conch,!™ * ¥ the American Gas
Associaton B 32 3) and Phillips Petroleum Co ! each devel-
oped their own versions. A schematic of the in-ground stor-
age, piloted by Conch at Lake Charles in 1961, 1s shown in
Figure 56. The construction of the cavitv-in~ground (CIG) 1s
as follows:
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56. How liquid methanc is stoved in frozen ground by Conch.

Freeze pies for circulating refrigerant are sunk to the
requived depth along the periphery of a circde whose
diameter is 20 10 10 per cent greater than the diameter
of the intended cavity.

The ground is prefrozen by circulating an external re-
frigerant, such as propanc, to form a frozen ring.

- When the inner diameter of the frozen ring reaches the

diameter of the cavity, the unfrozen ground, bounded
by the frozen ring, is excavated.

During excavation, an insulated roof is installed.

The cavity is now ready for filling with LNG.

The prefreezing operation climinates the need for costly
shoring during excavation since the frozen ground has struc-
wral strength comparable 10 conerete, It also prevents mois-
tre penetraton during excavation. The frozen ground acts
as an impermeable barrier to any penetration or loss of LNG
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into the surrounding ground and also provides adequate in-
sulation to prevent excessive boil-off during storage

The temperature chistuibution measured during the Lake
Charles tests is also shown in Figure 56. The problem of theo-
retically predicting these isotherms and the rate of heat leak-
age into the cavity 15 not easy.™ % It is necessary to hnow
the heat leak quite accurately in order to establish the size of
the refiigeranen equipment needed.

Equally important 1s a knowledge of the properties of
frozen ground, concrete, and other construction materials
at these low temperatures i order 1o be able to predict the
structural integrity of the cavity with ume [ #-%1 Review of
the design problems mvolved 1n cavity-tn-ground storage is
given by Sharp!®” and by Khan et al (69

A number of arucles on the economics of peak shaving
with LNG have been published.l” 71 The basic differences
between LNG transportation and LNG peak-shaving plants
are

1. Peak-shaving plants tend to be of much smaller hquefac-
tion capaaity, but their saporizauon capacaity 1s larger
since they must be able to deliver gas at a very lugh rate
for the few (5-15) coldest days n the year
The hiquefaction section of peak-shaving plants lies idle
one tlurd to one half the year, whereas in LNG transpor-
tation 1t operates around the clock
Peak-shaving plants require relatnvely more storage than
LNG transportation plants The cost of storage in the
former runs over 25 per cent of the total investment,
whereas 1n the latter 1t 1s usually below 10 per cent
Even though the peak-shaving plants require no mvest-
ment in tankers, loading and unloading docks, reform-
g facilives, etc, the total nvestment per umt of hque-
faction capacity tends to run 1020 per cent higher than
LNG transportation plants Both of them run pretty close
to $1 of total investment per cu ft of gas hquefied

[X]

[

*
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5. The unit sclling price of gas delivered to the pipeline
will run about 30-30 per cent higher in a peak-shaving
plant than an LNG transportation plant, depending on
whether reforming costs are included in the latter.
Round figures for the LNG transportation plant are
$1.10 per 1000 cu ft as compared to S1.50 per 1,000 cu
ft Tor peak-shaving.

It is 1o be understood that the above figures are used for
illustrative purposes only, in an attempt to typify and com-
pare a peak-shaving plant having a liquefaction capacity of
around 10 million cu ft of gas per day with a wansportation
plant of 100 million cu ft of gas per day. Depending on the
location of the site, these figures can vary drastically.

Four 1L.NG peak-shaving plants in this country were sched-
uled to begin operations i 1965, The first one went on
stream carly in 1965, It was built by Constock-Pritchard Inc.
tor Transcontinental Gas Pipeline Corp. (Transco) on 420
acres in the Jersey meadows near South Hackensack, N.J.,
at a reported cost of $S12 million. Tv will have a liquefaction
capacity of b million cu {t per day into 1 billion cu ftof equiv-
alent gas storage with a maximum vaporization capacity of
200 mitlion cu v of gas. Transco will initally sell the gas to
erght utility companices from Georgia to New Jersey for winter
peak-shaving at a cost (reported 1o be $2.20 per 1,000 cu f1)
about half 1o three quarters the cost a utility would pay to
manufacture its own peak-shaving gas. Because of the marshy
nature of the ground., which rendered above-ground storage
impractical, Transco will use inground storage consisting
of wawvity 115 {1 in dinmeter and 165 1t deep ™ with a capac-
iy of 12 million gal of liquid or a billion cubic feet of gas.

The second LNG peak-shaving facility is under constrie-
tion at a cost of 83 mithon near Birmingham, Ala.: it will be
Jointhy owned by Air Products and Chemicals Co. and Ala-
bama Gas Co. This plant is shightly smaller than Transco’s.
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1t has a daily liquefaction capacity of about 4 million cu ft of
gas and a vaporization capadity of 85 million cu ft. The stor-
age consists of a conventional, aboyve-ground, double-walled
tank having an inner liner of 9 per cent nickel steel and
insulated with 3 ft of perilite. The storage capacity is 7.2
million gal or 600 million cu ft of gas [% In proximity to this
plant, Asr Products is involved in a cryogenic complex which
includes a gas-reforming plant to produce hydrogen from
natural gas. The hydrogen is used for manufacturing am-
monia and as feed to a 30 ton per day hydrogen liquefaction
plant which will supply NASA's Pearl River test site near New
Orleans. In addition, some of the LNG from the peak-shaving
plant might find outlet as a rocket fuel. A multiplicity of
cryogeme products from a single complex offers intriguing
economic returns and could set the stage for a healthy growth
in cryogenic processing, which, to date, has been monopolized
by the producuon of hquid nitrogen and oxygen.

A third LNG peak-shaving plant was planned for late 1965
at Chula Vista, Cabf., buwlt by American Messer Corp for
San Diego Gas and Electnic Co The hquefacuon plant will
use pipehine pressure drop 1o liquefy natural gas in an ex-
pander gcle at a capaaty of 2 million cu ft of gas per day.
The storage tank 1s identical with the one at Birmingham ex-
cept that it uses 3 ft of perhte insulaton nstead of 5 ft. The
aparizaton capacaity 1s 60 million cu ft of gas per day The
cost 15 $2.7 mllion 1™

A fourth peak-shaving plant was built for Wisconsin Natu-
ral Gas Co at Oak Creel, Wis., between Ractne and Vhlwau-
kee. The plant has an above-ground metal, double-wall tank
providing the equnalent of 250 milhon cu ft of gas storage,
a vaponzation capacty of 30 million cu ft of gas per day.
and a net liquefaction rate of 750,000 cu ft of gas per day.
Chicago Brnidge and Iron Co are the designers and builders
of the plant, which was scheduled to go on stream in the fall
of 1965 (74
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As LNG peak-shaving plants become more widespread
across the United States, other uses for LNG will develop be-
cause of its increased general availability at reduced costs.
Two promising possibilities are as a rocket propellant and as
a fuct {or supersonic aireraft.

Prior to 1959, LNG was considered a possible candidate
as a rocket fuel. However, it scemed to drop out of the pic-
ture when NASA ok over the space program and concen-
trated on such fuels as RP-1,% hydrazine, and liquid hydro-
gen, Within the last several years, NASA has had to modify
ity thinking somewhat, Although liquid hydrogen, in combi-
nation with liquid oxvgen, provided the high performance
characteristics needed, there were some applications, such
as space storability, recoverable vehicles, ete., for which the
hivdrogen~oxygen system—as well as other fuels—was un-
suited. In this respect, LNG offers the most attractive alter-
native, When LNG is used in combination with the oxidizer,
FLOX (a liquid mixture of fluorine and oxygen), its perform-
ance is commensurate to the hydrogen-oxygen svstem.”
Compared to RP-1, hydrazine, and hydrogen it is the safest
material o handle P and s cost is substantially lower than
bydrazine and hydrogen, being only slightly higher than RP-1.

In additon, its propertes are such that it can be adapted to
cexisting rocket hardware, or it can lead to simplification in
new hardware,

Fhe enormous heat dissipation problem presented by
supersonic jets will require the development of more ther-
mally stable fuels which <an serve as a heat sink for cooling
the engine and the leading edges of the air frame, in addition

L Sl 1o et fuel

12 Anather interesing compatison of performance is afforded by the
dextiage Suturn Procket 1 the present RSULOX booster stage wege urpi:u:rd
by ENGTLOX, the paviosd for solas ssstem escape coudd be increased from
3508 10 10300 b Tlas perbotmance even exteesds the pinload of 7,000

1 which could b pot o solar satem escape by replacing the third stage,
LH, LOX, wthe prosent Safurn 1, winh o nudear engine
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to maintaining the required temperature in the cabin for both
the payload and electronic instrumentation. Some of the
thermally stable fuels that have been considered cost twenty
to fifty times as much as jet fuel. Whether or not supersonic
Jjets will exer become a reality hinges on fuel economy. LNG,
with its superior performance and cooling capabilities, added
to the fact that its cost 1s comparable to jet fuel, offers the
most promising solution.

Both of these applications are being invesugated by the
Research Drvision of Continental Oil Co For their studies,
and to supply test quantities for others, they have erected a
liquefaction and purification unit at Ponca City that can pro-
duce up to 600 gal per day of liquid methane having a purity
of 99.9+ per cent

The fact that LNG 1s currently not generally available
should not serve as a deterrent to 1ts ulumate use as a rocket
or supersonic jet fuel

Even if LNG were not being desveloped for heaung pur-
poses, it would mernit development for rocket and arcraft
fuels Although the 10tal consumpuion of LNG by the rocket
industry would represent an msigntficant fracuon of the
total natural gas currently produced, it can be readily lique-
fied at any site near a pipeline or imported as LNG at a cost
substantally lower than the other rocket fuels, with the ex-
ception of RP-1 (and ammonia of it enters the picture). On
the other hand, supersonic jets, with their voracious appe-
tites for fuel, could eventually consume up to 10 per cent of
the total natural gas production m the United States In this
case, the demand 1s sufficient to realize the savings in manu-
facturing costs 1n large-scale plants, consequently, the LNG
could be produced competitively solely for the purpose of
replacing present-day fuels On the other hand, the day 1s
rapidly approaching when LNG will be available in pracucally
every major population center m the world to satisfy either
a peak-shaving or a base-load demand Since supersonic jets
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will fargely confine their operations 1o such centers, the gen-
eral availability of LNG may well exceed the current. general
availubility of jet fuel. Even today. certain preferved jet fuels
are difficult to obtain abroad.

Summary

The next decade will probably reveal an unprecedented
arowth of a single commodity. liquefied natural gas. as a
major factor in supplving the world’s demands for energy.
Although the pioneering cfforts of Constock were primarily
directed toward the foreign markets, the demand for LNG
in the United States, both as peak-shaving and base load.
could even surpass many of the foreign markets. Both the
East and West coasts are fecling the pinch for more gas. Al-
through the nation’s 1,500 gas transmission and distribution
companies are laving pipclines at the rate of about 30.000
mites per year and a cost of about $1.7 billion per vear to an
atready established piping network of over 700,000 miles 7
it is questionable whether they can keep pace with the growth
in demand, notwithstanding predictions to the contrary 71
e cost of construaiing pipelines in this country varies from
S10.000 1o S280.000 per mile depending on the terrain and
pipe szes Anoaverage cost for good pipelining country is
atound SH00.000 for a 30-inch pipe, or roughly an average
ol from $2,000 10 $3,000 per mile per inch diameter of pipe,
Phese costs indude right-of-way, surveving, communications
for remote operation, maintenance, meter stations, miscel-
ancous materials, and compressor stations."™ The cost of
transporting natural gas by pipeline is about 1.7 cems per
LOOO cu f per 100 miles, which is about double the corre-
sponding cost for transporting it by LNG tanker. When one
n‘ddi‘ 10 the LNG figure the costs of liquefaction and regasi-
fication. the pipeline and LXG begin 10 approach an even
rade-off for the same distance between the source and the
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market In fact, Venezuelan gas for the East Coast and Alas-
kan gas for the West Coast, or possibly Mexican gas for either
coast, could put the squeeze on pipeline gas, which is experi-
enaing a steady vise in cost, year after year, If LNG does not
dent the pipelme market, it certainly will establish a ceiling
for the “city-gate” price. Furthermore, if gas prices at the pro-
ducing felds continue to rise at present rates, coal shipped
from the north by barge or tanker could displace gas for
power generanon m the southwest.

In the last analysis the total energy picture will depend
greatly on the continued development of atomic energy and
direct comversion devices such as the fuel cell, the thermiome
comverter, the thermoclectric generator, and the magneto-
hydrodynamic converter. Of these, the fuel cell and the mag-
netohydrody namic generator will probably hase the greatest
elfect on the wncreasing use of natural gas for generaung
powar.

The use of LNG as a starting 12w matenial for petrochems-
cal processing represents 4 good, profitable usage even
though the quanuty, as compared to fuel consumption, 1s
only a matter of a few per cent

Finally, political factors such as import regulations and
nationalization of privately owned plants i foreign coun-
tries, could be the tail that wags the donkey

In retrospect, if the wniter has faled to convey the signifi-
cance of Constock’s successful pioneering cffort, then let 1t
be remembered as an outstanding technical achicvement In
this era of daily breakthroughs, however, it 1s appropriate to
quote Dr Harvey Brooks, Dean of Engineering and Apphed
Physics at Harvard Universiy

Breakthroughs are mainly figments of publicity agents’
tmaginaton They come slowly, a series of steps, advanc-
ing the arc There’s more prior art than we're led to
believe It's a matter of sudden reahzation
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11. SYSTEMS ANALYSIS AND THE
VISUAL ORIENTATION OF ANIMALS

By TaLsot H. WATERMAN
Yale University

The purpose of this paper is twofold Most directly it reviews
our current research on the wvisual responses of aquanc
ammals, mamly crustaceans In addinon, 1 auempts to
demonstrate the usefulness or perhaps the necessity of using
some approprate formalism like systems analysts 1n the ade-
quate study of biological problems even of a relamnely
simple sort.

The need for an expliat methodology of this kind anses
from the nature of bwology Living beings, and esen their
component organs, tissucs, and cells, are multivaniable sys-
tems m which numerous elements are complexly unterrelated
As a result, few of these varmables are purely dependent or
purely mdependent Furthermore, despite spectacular prog-
ress 1n some areas of the hife sciences, many essentia com-
ponents and their mterrelations remain quite unknown
Consequently. some formal strategy 1s clearly necessary mn
bology for effectnely formulating questions, planning
expermments, and analyzing data

Systems analysts, or similarly structured general analyucal
approaches hike control theory, cybernetics, game theory,
deasion theory, communication theory, and mformation
theory !t would seem to be highly approprue for this
purpose Such methods were all devised for dealing with
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complex “goal-direrted™ «stems, many of whose factors
are not completely knoswn and whose actions are governed in
part by disturbances which are not specifically predictable. 7

The Basic Control System

I we rabe. for example, the simple directional orientation
problem of a bird maintaining its flight course due north
by means of 4 visnal cue such as a north-south shoreline,
the tash can be readilv conceptualized in terms of a control
svaem. Whateser the system’s flesh and blood components
mirs be, it mist be so constituted that it will minimize the
difference between the bird's actual heading ar any given
moment and the reference directon, north (Fig, 57). The
orienting mechaniom will thus need 1o act as a regulator,
adqustimg the system’s output so that a constant flight direc-
ton will be mumtained despite buffeting by random gusts
of wind o1 wmporars dicersions of the animal in pursuit
of pres.monowding predators, and the like.

Note that the same animal orientation control system that
performe as i regulror can act as a servomechanism if it
tesponds 10 @ saniable reference signal rather than a steady
one. Thus, in pursing prey, the immediate orientation
problem s 1o nnumize the angle between the actively clusive
prevo sl provdes the sanable reference direction, and
the purcuer’s fhehe headimg, This s in fact, a servocontrol
Lt

Lo prapose even the simplest model of our orienting con-
trol swem o the bird, we must introduce one or more
“black Boves™ into the dirant. The black boy: is a1 fundamental
roncept e ssstems anabveis and related disciplinesft- 49 1t
comprises b or pae of the svsiem being analyzed and is
con<idered ws o angle dlement {or reacons of strategy, con-
senicncr, or expermental necesity, The black box ’hns an

mput and an outpat i addition 1o it unspedificd contents,
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N

Fic. 57 Onenting bird flying north The broken hines indicate
its relatine posiion and flight direction when 1 1s off course nearly
25° 10 the nght heading NNE The angle 8 thus represents the error
betneen the mntended course and the actual course ar 2 given mo-
ment. An effiaent mechanism controling azimuth cnentauon
would eliminate or minimuze this error

the understanding of whose functional orgamzauon is really
the ultimate saenufic objective In approaching this goal,
the systems analyst must first obtamn the transfer funcuon
of the black box under studs.

This transfer funcuon 1s a mathemaucal mode! of the
quantitaine relauon between the nput and the output of
the black box Such funcuons mav be erther stochasuc and
take the form of a conditional probability matrix, or deter-
ministic and take the form of some differenual, exponenual,
or other hind of equation. Usually, many transfer functions
can be made to model a given input~output relauon Selec-
tion of any parucular one will depend, among other lhmg?,
on the demonstrable relevance of the coefficients and vari-
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ables in the model 1o the parameters of the biological sys-
tem. Also the tractability of the equations is an important
consideration. Thus, in the case of differential equations.
these should, of course, be soluble, which generally requires
that they be linear and have constant coefficients. Fortunately,
naanv natural systems can be reasonably well modeled by
cquations having these restrictions.

For the biologist using systems analysis of this kind, the
next step is to induce the nature of the black box's contents,
emploving the evidence of the transfer function 10 do so.
The resubing white box ! which has us hardware and
circuitry specified. must then be tested by further compari-
sons of its behavior with that of the corresponding black box.
In this manner, the essential cireularity of science is estab-
fished by moving from data (black box behavior) 10 model
(white box behavior), back to more extensive data, thence
to improved models, and so on -3

1 Steeving Contral Madel

While the northward ortenting bird could be represented
as asingle black box with sensory inputs and motor outputs,
a somewhat mote specific model is desirable for even the
simplest phasiological consideration. Tts essentinl elements
catn be duagrammed fn o two-part circuit containing three
black hoves, o in one part of the system and one in the
othey (Fig. 38).

The two major pints are a controlling system and a con-
rolled system. The latter comprises complex neuromuscular
e hanial and aevodsnamic clements in the wings and tail,
which steer the antimals flight: this part may be weated as
a single black box with a complex tansfer function, G(x).
The comrolling sustem is considered 1o consist of two black
hoses in series, one astrategy unit which acts as a sort of
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CONTROLLING SYSTEM CONTROLLED SYSTEM

Sd
Computer
LN Se. Se 5o
T Controller
| 5

Fic 58 Basic control mechanism of the sort required by an on-
enting ammal This mimmal hind of system has two inputs, an out-

that constant adjustments are required to MINIMIZE OULPUL €rrors
The controlled system in the bird orientation case would be the mus-
cular, mechanical, and aerodynamic elements effecung steering
action of the wings and tal The controller would be the central
nerious system motor center that ‘commands” the effectors -
vohved while the comptiter, acung as an error detector, would be
some part of the information-processing system that activates that
motor center 11 a fashion quanttatnvely related to the difference
betseen the thvo mputs ta the computer element s, input signal (f
this 1s constant for appreciable periods, the system s a regulator,
1f 1t 15 varrable, the system 15 a servomechamsm), s, error signal, s,
control signal, sq. disturbances. s,, output signal which 1s negamsely
fed back to the computer umt Note that the disturbances may m-
fluence many parts of the whole mechanism, but far sumplicity they
are shown here as just alfecting the cantrolled system

computer, the other a controller which generates nerve
impulses 1 the motoneurons mnesvatng the controlled
system. Each of these black boxes will, of course, have a
transfer function of 1ts own

A basic requirement for a control system 15 2 means of
comparing the actual output with the desired or reference
output, This 1s usually provided by a closed-loop negauve
feedback which, 1n the present case, permits the strategy
element in the controlling system to subtract the bird’s actual
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g

directional heading from the desired one northward. 1f
there is a difference, this will give rise to an error signal, s,
which is a function of the azimuth error angle § and which
is transmitted to the controller. The latter converts the
sign and amplitude of the ervor signal into appropriate
neuromotor steering signals, s which act to climinate the
deviation from the intended course.

In the case of the bird orienting in azimuth, the behavior-
ally most interesting output of the ncuromuscular system
will be a steering force or turning tendency around the
dorsoventral axis. The effect of this force is measured in
terms of the actual heading of the animal, and the later
provides the signal s, used for the negative feedback in our
clementary diagram (Fig. 58).

One more important input clement must be included in
our generalized control circuit in order to represent random
or other unpredictable disturbances acting on the system.
A pust of wind, obstacle avoidance, pursuit of prey, and
fatigue are examples of the kinds of contributing factor here.
Such disturbances, whether of internal or external origin,
mday be most simphy represented by an mput sy to the con-
ttolled svstem: both o and s, will, of course, contribute to
the system's output.

The mevitable presence of sy in any practical control sys-
tem composed of aonumber of parts and exposed to a comples
envronment s, i ladt, the usual condition which requires
the churacteristic negative feedback loop of cybernetics. If
notse ol this sort were not presemt, a svstem once correctly
ortented conld be started on s way and continue indefinitely
without dwedional errors. However, such errorless svswm‘s
responses are practicallv nonexistent, and closed négmivc
feedback toops are characteristic of control mechanistus in
organismy as well as in machines. In addition. there are
commonly present positive feedback loops (so organized
that they do not lead 10 instability) and feed-ahead loops.
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The Nature of the Reference Value

Note that 1n describing this elementary control system an
objective, goal, or reference value has had to be introduced.
Two comments on this are apropos. First, the reference
salues to which a control system regulates or follows arise
outside the mechamsm atself and in a sense constitute a
weakness of systems analysis which has to take the goal as
given. Second, when one speaks of such reference levels or
objectnes in an ammal control system, no implication of
human conscious purposive or teleological behavior should
be read into it

The regulaung system of the orgamsm at the level here
discussed no more has a conscious purpose than has a
thermostat that mamtains a room’s temperature constant
at some preset level Nevertheless for the hving sysiem, as
for the man-made regulator, reference values are required,
and they must be provided somehow In orgamsms they
come from information storage elements whuch hold learned
experience for subsequent reference, or from inhented
experience in the form of genenc mformauon, or both

This whole fund of nformation 1s selected 1n nature by
the relauve adaptiseness of the varous available alternatives
whenever the organism has one or more choices to make.
Adapuiveness tself may be defined n terms of the survival
value of any partcular course of action®7 Maladaptive
choices will decrease the likelihood of the system's survival
In cntical cases, this s turn will lead to the death of the
indsvidual organism or to the extincton of populations,
spectes, higher taxa, or even concetvably of all Iife, depending
on the actual importance of the wrong chorce Spealfically,
then, the adequacy of any anmmal orientation controling
system will be determuned by its survival value Hence, the
reference levels or objecuves of the omentmg mechamsm
must reflect thss basic generahty
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The Relevanee of 1 nformalion Theory

In proposing a circuit for a stcering control system (Fig.
58). the terminology and concepts of elementary cybernetics
or control theory have been used to describe the way this
model works. Furthermore, some ideas derived from infor-
mation theory and communication theory have been miro-
duced. Consequently, it is desirable to examine the relevance
of these latter tpes of analysis in somewhat more detail.

To begin with, one almost automatically tends to speak
nowadavs of “signals” being transmitted over various path-
ways in all parts of such biological control circuits from input
o output. [he appropriateness of such usage, however, is
more than colloquial, because the signals in question are
closely analogous to the information that Shannon was deal-
ing with in his development of the formalisms of communi-
cation theory. Consequently, deliberate application of the
concepts and quantitative methods of this analytical technique
should be Truittul in understanding an animal’s steering con-
trol svstem.

I {act, we shall see below that Shannon's definition of in-
formation, the concepts of channel capacity, optimal coding,
decoding, signal-to-noise ratia, ambiguity, redundancy, and
so on are all usetul i analyzing and modeling the behavioral
mechanism of orientation. Thus, if one considers such bio-
logical devices from an information theory point of view, two
unportant basic prindples emerge.

Quastler's Prineple of Signatures

The first of these two has been called the Pl’iuciplc of Sig-
natures by Quastler ™ " who pointed out that it applics at
nany biologeal Jevels, from maolecules o whole organisms
and ecosvstems. The principle states that, of the ol infor-
mation available to an organism in a given situation, only a
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small fraction is actually used in making decisions or produc-
ing responses This key part of the total information Quastler
called the signature,

At the molecular level, this principle may be illustrated by
the biological properties of proteins. For instance, consider
a large protemn with a molecutar weight of 100,000 or more,
made up of several hundred amino acids whose kind, num-
ber, and complex arrangement must be highly specific. Yet,
for this molecule’s immunogenic properties onfy a small
active site comprising a few amino acids 1s specifically critical,
while the large amount of additional information in the pro-
tein has no direct role in this function.

Furthermore, 1f this same protein molecule were a hydro-
hyuc enzyme, is enzymatc properues would undoubtedly
reside 1n a different small site also comprising just a few amino
acid groups. Thus, i Quastler’s terms, these two actne sites
are the signatures for their respectine functions

At the orgamzational level relevant to directional onenta-
tion of ammals, this prinaiple may be dramaucally dlustrated
as follows The to1al sensory mput rate in man, through his
eyes, ears, taste buds, and all other exterocepine sensory
channels, has been esumated!' to be about 107 buts/sec, where
one bit 1s a binary logarithmic unit of information as defined
by Shannon Howener, the rate at which deasions can be
made to effect voluntary neuromuscular responses appears,
on a similar basts, to be only 525 bitsisec, Lar lower than the
esumated sensory inflow.

Such calculations show that only about one out of a rmillion
bits of information mput can actually be decisive 1n the re-
sponse output. Hence the Principle of Signatures must be
operative here through a sery restrictive bottleneck some-
where 1n the system’s channel capacity More specifically, the
processing of visual informanon n the orientation control
system must strongly reduce the redundancy (or reduphca-
uon)of sensory data recen ed before the bottlenech 1s reached
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“T'his must be done in an adaptive way so that no information
is lost which is essential to making the right decisions for
survival,

The Problem of Reliability

The second general principle that an information theory
approach brings to the fore relates to the problem of pro-
ducing a highly reliable overall system out of component
parts which may be structurally or functionally unreliable.
The task basically is one of reducing or climinating crrors in
performance. At the molecular level this problem is exem-
plified by the sill unknown mechanism whereby protein syn-
thesis by organisms proceeds, as it does, with incredibly fow
error vates.!1 At the sense organ level, Helmholiz™ recog-
nized it neavly a hundred years ago when he enumerated the
mam phyvsical optical shortcomings of the human eye. The
cornea has sevatches, the lens is not precisely shaped and may
have cloudy blotches in it, the retina is inside-out, there are
blood vessels between the stimulus source and the light-re-
cewving elements, and so on. Yet Helmholtz realized, as we
do, that the human eve is a much more reliable, highly effec-
tive total sense organ than the enuuneration of such obvious
defeas i its vavious individual components would lead one
o expedt.

In the ane of control civeuits, a general way of producing
rehable bebavior out of unreliable parts is to duplicate com-
ponents o1 svstems i whole or in part, Such vedundancy
should funciion so that (1) a second system will take over in
the event of failure of one, (2) the total information is di-
vided into asevies of partially overlapping parallel channels
cach of which manly responds o one parameter of the total
stimulus pattern, or (3) there are duplicate channels which
ought 1o l?c cartving the same information. In the Jast case,
absence of response in one unit at a time when a number of
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others of the same sort respond can be safely interpreted on
a probabilistic basis as a failure of that particular unit

Cowan!* ¥ has in fact demonstrated that the kinds of
quasmeuronal networks required to produce reliable auto-
mata made up of less reliable parts need both complexity and
redundancy Hence, numbers of parallel channels are re-
quired with extensive interconnections both for excitation
and inhibitton As a result, there would be marked overlap in
the input parameters carried by these parallel channels, and
any given function would be transmitted to a number of
places.

On the basis of these two prmaples we would antiapate
that the processing of visual mformation relevant to an ani-
mal’s orientation would show evidence both for marked re-
duction in redundancy to prevent osverloading the channel
capaaity and for mcreased redundancy to provide the reha-
bility in total performance required for survival As i the
solution of many engincering design problems, the opumal
brological system must provide the best compromise between
these two basically antagonistic needs

Current Research Program

With the above discussion as the bass for a pont of view,
our current research program on visual responses mn aquatic
animals may now be considered Since interest has centered
around orientation to polarized light, our work has dealt
with animals which respond strongly to lmear polanization
Some research has been done with insects and cephalopods,
but crustaceans have been used primanly Three quite dif-
ferent approaches to the problem have been followed. These
should ultimately form a coherent body of knowledge which
would permit us to understand the functional organization
of oriented behavior. However, the correlations that can be
made at the present stage of our work are to a considerable
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extent still incomplete or hypothetical and many basic aspects
of the system are not adequately known.

Our three approaches to the problem have been: (1) elec-
trophysiological study of visual information processing in
Targe decapod crustaceans, (2) study of phototactic responses
to linearly polarized light, and (3) fine structure analysis
of the receptor and nervous elements involved in the sensing
and processing of visual information in an effort to under-
stand the relation hetween input and output (1 and 2 above).
These topics will be reviewed in order.

Compound eve physiology and visual signal processing
have been studied most intensively in the swimming crab
Podophthalmus, common in Hawaii (Fig. 59). Professor C.
A, G, Wiersma of the California Institute of Technology
and Dr. Brian M. H. Bush of the University of Cambridge,
England, collaborated with the author on this rescarch.!1t 16 171
Podophthalmus was chosen as the experimental animal because
its extraordinarily long evestalks greatly facilitate single-fiber
anmihvsis of optic nerve signals. The great length of the proxi-
mal evestalk segment (3-5 ¢m) provided an clongate optic
nerve which can, m fact, be teased out into small bundles
o1 single axons {or cledarical recording,

I this whole nerve there were undoubtedly many thousand
allerent und cfferent interneurons in addition to the moto-
newrons innervating the evestalk muscles. In a crayfish hav-
ing about 3,200 facets in its cye, a total of 19,800 axons was
counted inthe optic nerve™ Facet numbers have not been
accrarels counted in Podophthalinus, but we have estimated
their number o be about 10,000, All the afferent fibers
\vc.rc parts of secondary o1 higher order units, since every
primars visual fiber was believed to terminate in the most
(%isml optic ganglion (Fig. 60). Since there were three addi-
tonal more proxmmal interconnected optic ganglia, there
win ;cmp?c histological evidence that extensive processing
of the primary visual responses could take place before the
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Retmolar cells

temna ganglionaris: Externol enioamo

Medullo extarno:
Medulia mterag

Medallo ferminas

Interneurons

Motor neurans

Fic 59 A Frontal view of the crab Podophthalmus vigd with ats
remarkably elongate eyestalks rased i a commonly observed
postuon

B Diagrammatic longitudingl section of the distal part of the
eyestalk showing the most likely neuronal connections between the
retina, where the primary photochemical events occur, and the optic
nerve, where recordings were made Four gangla and two chas-
mata occur n this pathway m which efferent interneurons have been
hypothesized (as shown) to reach at least to the lamina ganghonars
but probably no farther (From Waterman et al ("}

information reached the level of our electrode Our record-
ings proved that this in fact was the case

In the first series of experiments, afferent responscs to
wisual stimulation of the ipsilateral eye were recorded for
single axons n the outer end of the proximal eyestalk seg-
ment Great care was necessary in making such preparations
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stopped, visual responses in the optic nerve (propagated
spikes) failed within a few minutes.

Responses of single afferent interneurons to a variety of
visual stimuh showed that individual fibers differed markedly
in their sensitivity to various parameters of the sumulus. In
addrtion, some axons were spontaneously active (i.e re-
sponded steadily in the absence of obvious sensory sumu-
lation), and others were mixed modabty fibers responding
to mechanoreceptor sumulation as well as to ight.

Light enters at upper ryght through the corneal facets, passing
downward and left to the reuna deeper in the eye In this view the
retna appears to consist of columnar clusters of retnular cells of
which there are seven i each ommatidium The rhabdom, which
is the most likely site of the visual pigment, hes centrally in the optic
axts of each retinula The primary optic fibers are proximal axons
of the retinular cells and pass through the basilar membrane, thence
they run in bundles past well-deseloped blood vessels to the lamina
* ot N o et se 1n thus
Jegree of

- . , beneath

the retina; bv, blood vessels, which are plentiful and of several kinds,
being particularly noteworthy just proximal to the basilar mem-
brane and just distal o the lammina ganglonars (/g), ¢, cornea, ¢,
crystalline cone, cs, crystalline cone stalk, lg, lamuna ganghonaris,
#f, pnmary opuc fibers which have penetrated the basilar membrane
and then run in bundles to lg, 7, reunular cells around rhabdom, A,
rhabdom axally located (Section prepared by Mabelita Campbell )
Lower Cross section through the retmal region of the compound
eye of the mangrove crab Gontopsis cruentate roughly perpemllcular
to the opuic axes of the reunulas concerned The retinulas are ex-
traordinanily widely spaced from one another (as are those of Fo-
dophthalmus, above) and appear as flower-like cell clusters (0 which
the petals arc the seven reunular cells and the center is the axlfl
rhabdom  re, reunular cells, v, chabdom, located m the retinula’s
optical axis and made up of layers of microtubules readily observa-
ble 1 electron micrographs (Figs 65-67) (Section prepared by
Helen Huichins ) >
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Fisual Data Processing

Of those neurons which gave simple responses and reacted
only to light, there were three major categories. (1) Units
signaling the duration and intensity of the stimulus in a
mamner closelv similar to primary neurosensory cells (al-
though latent periods could be quite long, c.g. 150 msec
for some of the crab units). (2) On-off units which responded
mainly to changes in light intensity, some of these specifically
only to decreases or inereases, others to both (comparable
wpes of fiber from other decapods are illustrated in Fig,
61). (3) Movement-sensitive axons which responded trivially

e ,;Zl@‘w-‘.rn parhitmmdttdiattaas ddii v b i o TR
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Fie. 61 Spike responses of several types of optic nerve afferent

fibers. In the Gia i ee cases, records of single sustaining fibers in
the spany fobster Panudi s argus are shown, (i) Rc:\pnmc toa ()..()‘J-
sec Hanh thy Response 1o a 0.59-s¢¢ flash, {(€) Responses 1o shadows
tasting about 0,19 seq) trom 3 swinging pendulum. () R(“Gplm\t“\‘
ol a smgle on~ofl iber 1 the craby Grapsus grapsus o the 9'\‘1‘1“‘ wnl
dulum shadow sumulus used for o In c;ull: recording, (i;(lcil’inm
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or irregularly to intensity levels o}' imc‘nsity changes and
required 2 moving visual stimulus in their field for regular
and high-frequency responses.

These movement units were more numeErous than the
other two types together and were differentizted among
themselves in 2 number of ways. Some showed rapid adapta-
tion so that the same movement repeated soon failed to
stimulate or stimulated much less than the first or first few
presentations (Fig. 62). The most rapidly ndaplil.lg units
of this kind were essentially novelty fibers, responding only
to new movements 1n their field and requinng a minute or
more to Tegain sensitivity between repetitions. Others
adapted more moderately, and some only slightly, to repeated
presentation. Different movement fibers were also specific
for velocity (Fig. 63) or direction of target movement
Consequently, there was a whole spectrum of speciahzed
untts of many kinds.

Such fiber inventories prove that extensive processing of
visual information had mdeed taken place between the pri-
mary event of light absorption and consequent mmpulse
conduction in the optic nerve. This processing involved the
distribution of the informanon o parallel overlappng
neural channels differentially sensitive to parncular sumulus
parameters. All the fibers studied had large visual fields
{306-180" or more), and no evidence was found for axonal
tracts conducting highly localized positional mformation
Similarly, no fibers responding strongly and speafically w
polarized light were found. At present, we cannot say
whether these two apparent deficiencies i oplIc nerve n-
formation were due to failure to record from the appropriate
fiber categories or to inability to recognize the way in which
these kinds of mformation were coded at the level studied.

A mathematical madel of some interest for such a bialogical
visual system may be secn in the methods of matrix algebra
used 10 analyze the multivariate transformations of nolarized



340 TALBOT H. WATERMAN

BOF \\ rpeers 1
&

60}

IN RESPONSE (%)

40

NO. OF SPIKES

0 1 I
4] 10 20 30

STIMULUS REPETITIONS

Fie.. 62, Adaptation in the responses of two optic nerve fibers in
the crab Padophthalmus stimulated by the repeated passage of a ver-
tcal stripe through thetr visual fields. Rapid and extensive initial de-
creases an the numbers of spikes per stimulus (figures next 1o the

pointy} are evident, followed by sustained low.level FeSPONSCS.
(Fram Waterman et alt™) :

hight waves passing through complex optical systems.*! To
lustrate this point, one may par

aphrase the general ap-
proach emploved in

the field of polarization optics in
Mucller’s and Jones™ caleuli as follows. The several relevant
properies of the systems input are taken to be a column
space vector [V,] comprising the corresponding number of
stimulus parameters, These might be, in our Podophthalmus
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F1. 63 Influence of target veloaty on the mosement responses
of two aptic nenve fibers in the crab Podophthalmus Fiber A's peak
response occurred at an angular veloais barely detectable for Fiber
B. while Fiber A's train of spikes had declined sharply at the velocr-
ties 1 excess of 400°/mm necessan to get a hugh-evel response
from Fiber B. (From Waterman et al ("))

case, mtensity, intensity modulauon, polarization angle,
directional charactenisuc, slow or fast movement, and so on

The interaction of this muludimensional sumulus input
with functional properties of the pnimary sensory events
could be modeled by an appropnate operation between this
mathematical vector and a matnix representng the essential
properues of the first processing element 1n the system, e.g
the primary photoreceptor cells  Subsequent processing
would be modeled by operations with successne matrices
[M{] of appropriate number and hind. Ultimately the result
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Fie. 62. Adaptation in the responses of two optic nerve fibers in
the crab Podophthalms stimulated by the repeated passage of aver-
ucal stripe through their visual fields. Rapid and extensive initial de-
aeases m the numbers of spikes per sumulus (figures next to the

pomnts) are evident, followed by sustained low-level responses.
{From Waterman et al!"'l )

¥1ght waves passing through complex optical systems.*” To
illustrate this poinmt, one may puraphrase the general ap-
proach emploved in the field of polarization optics in
.\hu-llcxjx and Jones' caleuli as follows. The several relevant
properties of the system’s input are taken to be a column
space veetor [V.] comprising the corresponding number of
stimulus parameters, These might be, in our Podophthalmus



SYSTEMS ANALYSIS AND VISUAL ORIENTATION 341

IN RESPONSE (%)

NO. OF SPIKES

[+] L A ° Lo i i L
4 (o] 20 40 100 200 400
TARGET VELOCITY {7MIN)

Fic 63. Influence of target velocity on the movement responses
of two optic nerve fibers in the crab Podophthalmus Fiber A's peak
response occurred at an angular veloaty barely detectable for Fiber
B, while Fiber A's tram of spikes had dechined sharply at the veloct-
ties 1n excess of 400°%min necessany to get a high-level response
from Fiber B (From Waterman et al I'')

case, mensity, mntensity modulation, polarization angle,
directional characterstic, slow or fast movement, and so on

The nteraction of this multdimensional sumulus mput
with funcuonal properties of the prunary sensory events
could be madeled by an appropriate operation between this
mathematical vector and a matrix representing the essential
properties of the first processing clement m the system, e.8
the primary photoreceptor cells Subsequent processing
would be modeled by operatrons with successie marces
[M;] of appropriate number and kind Ultimately the result
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Fre.. 62. Adaptation in the responses of two optic nerve fibers in
the crab Padophthalmus stimulated by the repeated passage ol a ver-
teal stipe through their visual fields. Rapid and extensive initial de-
vreases mthe numbers of spikes per sumutus (figures nest to the

pomts) ate evident, followed by sustained low-level responses.
(From Waterman et all''h :

?(ght waves passing through complex optical systems.? To
illustrate this point, one may paraphrase the general ap-
proach employed in the field of polarization optics in
.\Iuclk'r.’s and Jones” caleuli as tollows. The several relevant
properties of the systemt’s input are taken to be a column
Mpree veaor [Ve] comprising the corresponding number of
stimulus parameters. These might be, in our Padophthalmus
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Efferent Oplic Nerve Traffic

In further scries of our experiments with Podophthalmus
the ipsilateral eye was surgically temoved and cfferent re-
sponses were measuted in single units of the optic nerve on
that same side. Previous work had suggested a considetable
amount of efferent mterneuron traflic in the cyestalks of
other decapods!™® This suggestion was strongly supporied
by the later work which also showed, at least qualitatively,
that all the different afferent visual fiber types obtained with
ipsilateral illumination were matched by comparable efferent
interncurons responding to contralateral ight stimulaton (91

In addition, bending of claw or leg joints, touching of leg
or body surfaces, and sumulauon of the statocysts located in
the antennule bases all produced corresponding efferent sig-
nals in the eyestalk nerve!!”! These results on Podophthalmus
can be collogqually summarized by saying that cach cyestalk
was telling the other what was happening to it while the ap-
pendages and body were similarly communicating with both
eyestalks !

This widespread exchange of sensory data seems quite ¢if-
ferent from a simple telephone switchboard model for nerv-
ous system function where a single primary projeciion area
15 usually considered the destmation for speafic afferent -
formation. From the ponts of view of control theory and 1n-
formation theory, the observed situation rs also of consider-
able interest because the muluple widespread transmission
of sensory data could be nvolved in complex control net-
works, 1 informaton storage, or 1n redundancy to increase
performance reliability. Much further work 1s required o
test these possibilinies and more specifically to explore i de-

1 Fudence that in the spiny labster, Panulirus, t"trtnl chemoreceptor
mformation was | trom the 1p out ¢ the
medulla terminalis 1n the eyestalk ™ adds another sensory modalty w our
generalization

p—,
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tail the significance of the extensive sensory outflow toward
the optic ganglia. Our present research in this area involves
attempts to understand the function of these complex periph-
cral nervous centers, starting with afferent visual processing
between the retina and the optic nerve.

Azimuth Orientation

For this discussion, attention will be limited to our experi-
ments on basic orientation in a horizontal plane. Thesc in-
volve studies of ariented locomotion relative to a horizontal
dircctional light source and orientation in azimuth in re-
spounse to a vertical beam of lincarly polarized light?* The
crucial behavioral parameter in such orientation is the turn-
ing tendency about the dorsoventral axis which tends to steer
the animal toward or away from the directional light stimu-
lus or toward one or a few basic directions relative to the
planc of polarization. Note that this torque is not strictly rep-
resented by either s, or s, in Figure 58 but is in fact an effective
motor output somewhere between them.

While phototactic and polarotactic turning tendencies have
not yet been measured electrophysiologically, they have been
determined by ingenious behavioral experiments in a variety
of animals. The classic work was that of Holst!*¥ on fishes,
while Schéne and others have studied the phenomena in
crustaceans, insects, and other fishes.123-33)

Imerestingly enough, the data for directional light orien-
tation indicate that the transfer function for the steady-state
case is a simple trigonometric function wheve the torque
§¢ = sin 0, where 0 is the angular deviation of the animal's ovi-
entation {from the reference divection and s, the system'’s ot

2. Following Jafle' st uee of the term polarotrapiam for oriented growth
responses of plants 10 polarized light, the divected lncomotor TESPONSE of

organisms 1o polarized Light will be referred 10 as poturotaxis. Such termi-
nology parallels the classic usage of phototropic and phototactic.



SYSTEMS ANALYSIS AND VISUAL GRIENTATION 345

put measured as turning tendency. This is of itself a matter
of great interest both from sensory and neurological points
of view because there seem to be no known relevant functions
that have simple trigonometric relations to light direction or
preﬂnnpuc mput.

In fishes, there is good evidence that the sinusoidal optical
turning tendency induced by oblique directional illumination
origmates in the central nerious system rather than in the
evet Onls in spedes (Plevophyllum scalare, Gymnocorymbus
ternetz) in which the histological pattern of the retina is uni-
form throughout does such a regular simple relation exist
between the reunal point sumulated and the force of the turn-
ing tendency  In most kunds of fish the retna shows regional
variauon i the density and distribuuon of svisual cells and.
correspondinglh. wregularities in the opucal rurning tend-
ency shown by the dorsal ight reflex Even in Gymnocorym-
bus such histological and behavioral lack of uniformay ap-
pears under scotopic conditions.®!) These teleost data prove
that the number of reunal elements sumulated by a given 1}
lumunared area as well as the reunal locauon of the latter de-
termune the mtensiny of the reflex rorque

On the other hand. a sinusoidal transfer function 1s not
surprising for onentation to gravity. where 1t has also been
demenstrated. In that case. the effectne sensory sumulys 15
the shearing force of the statolith agamst the mechanorecep-
uve epitheltum. Since this force will sar directls as the sine
of the error angle for onemation to graws. a stnusordal
nghung tendency would seem to have a direct peripheral
ongin.*"! Note that these results further imphs a direct hinear
relauionship betseen mechamcal input and reflex behavioral
output.

Presumabls for polanized light. as for directional hight, the
turning tendency would also be a sinusordal functon of the
error angle Howetver because of ssmmetry about the e-vector.
the relavion would be s,=sin 2§ Direct evidence for ths w
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obtained in Daphnia by measuring the interaction of orienta-
tion to gravity and orientation to a horizontal beam of lin-
carly polarized light B

The actual patterns of polarotactic orientation observed
in vacvious animals and under different conditions in a vertical
beam of lincarly polarized light were of four different sorts
{Table 6 in Ref. 36). The simplest responses involved in a
half-circle. single-peaked orientation perpendicular to the
e-vector (Fig. 61). Under other conditions or with different
organisms, two-peaked patterns may be found cither at 0°
and 90° 10 the polarization plane or obliquely at +45° and
~45° Finally, all four peaks may be present in 180° (Fig. 64).
Of course, these patterns differ not only in the number and
direction of orientation peaks but also in the degree to which
orientation occurs at all. :

The Polarization Analyzer

While much remains to be learned about polaretactic be-
havior uitself and its relation to the normal field behavior of
the animals concerned, the question of mechanism is partic-
wharly relevant to our present interest in systems analysis, To
develop a working hypothesis for the observed polarized
light orientation patierns, auention must be directed toward
the nature of the receptor analyzer or analyzers involved.
Since many of the basic facts remain to be discovered, several
important assumptions must be made to devise a reasonable
model.

Practically all data have pointed 1o a single retinula as the
functional unit for specific polarized light analysis. ! Despite
several attempts at demonstration, no evidence has been
found indicating that the corneal lens, crystalline cone, or
cone stalk was the required analyzer ¥ The rhabdom is the
next more central ommatidial element in the optic axis, This
structare is direcdy in the path of the incoming light and has



DAPHNIA  PULEX
A~ Polarized hght (injensily 100%), black screen

6
n=193 s
12|
8
4
14
20°  o0° +45° 50° —45° 20°
B-Polorized hght (intensity 1%), black screen
8 8
¥
&
B 4
S
Lo
E 20 0° +45% 90° <450 20°
&
& C- Potarized light (intensity 100%), white screen
e 2 °
4] i g
[y N ~
$ o
L 45" 90° —95° 20
D~ Potarized light (intensity 1%), white screen
8 —— —— —
an 303 hd 4
]
0 L
200 " ov 457 907 “a5° 20

HORIZONTAL SWIMMING DIRECTION
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heen quite generally believed (although direct evidence is
lacking) to be the site of rhodopsin. This is the photosen-
sitive pigment type of decapod crustaccan eyes as 1t 1s n
insccts, cephalopods, and in the rods of the great majority
of vertebrates.™

If we wish to consider that the rhabdom may be both the
photoreceptor organcelle and the polarization analyzer, some
knowledge of its fine structure is essential to support such
hvpotheses. In crustaccans, as in all animals known to be
highly sensitive to polarized light, this retinal component is
made up of thousands of regularly arranged microvilli or
microtubules (Fig. 65). Thesc are axial processes of the cluster
of seven or cight neurosensory cells comprising cach retinula
in decapods. Normally, these wbules lie perpendicular to
the retinula’s optic axis and are quite uniform in size and ar-"~
rangement for a given species.

Their diameters range in these Crustaceal®™ from about
300 to 1,000 A, as in insccts!™ " with the order of magnitude
about the same as the microwbules of Octopus (600 Aty and
spider rhabdoms (200-1,000 AU). The lamellar disks of the
outer segments of vertebrate visual cells are 100-250 A thick,
but the period of the stacked units is 100 A or so greater.¥!
Hence the dimensions of these complex membranous photo-
receptor structures in vertebrates are similar to those of the
fmestimvertebrate tbule svstems reported.

In nearly all decapod crustaceans studied, as in a number
of but not all insccts, ! and in those cephalopods that have
been examined, all the microtubules in one retinula are
dligned in two directions perpendicular to one another and
to the optic axis. A special feature of the decapod and some
other arustaccan rhabdoms is that they are layered, a fact long
hnown to the light microscopists.!™ Each of these layers has
now been shownt™ to consist of closely parallel microtubules
all contributed by three or four of the seven retinular cells
and Iving normal 1o those in adjacent layvers (Fig. 65). Micro-



Fi. 65 Longitudinal section of the rhabdom of an ommandium
from the 4ppusttion-ty pe compound eye of the giant land crab Car-
disoma guanhumi The dameter of the rhabdom 1s indicated by Rso
that the opuc aws of the ommatidium ts nearly vertical with light
entering from above and somewhat to the left The alternatmg
layers of microtubules ottented at 90° m successne bands 1s qurte
clear Microwubules ongmate from the medial surface of the retinu-
lar cells (25 can be scen in the case of many tubules paiallel to the
section) and extend about halfway across the rhabdom to meet
their counterparts from cells on the oppostte side B indicates the
resuling boundary, C, bridge of reunular cell cytoplasm, V, large
ntracellular vacuoles around rhabdom (Electron micrograph by
E Eguchi)
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villi from a given retinular cell extend only halfway across
their Taver where they meet corresponding elements from a
cell om;osilc: the axial ends of all tubules appear to be closed
ofl like fingers of a glove (Figs. 66, 67). While the significance
of the special lavered wrrangement is as vet unknown, the
presence of two perpendicular sets of microtubules is quite
likely a critical detail for polarotaxis.

To demonstrate this, another major assumption must be
made, but this is one that scems reasonable by analogy with
vertebrate rod and cone outer segments. There, the known
receptor organclle consists of stacks of several hundred lamel-
lar disks perpendicular to the optic axis. The photosensitive
rhodopsin molecules are apparently arranged in a highly
ordered quasicrystalline fashion relative to this multifold
lamellar membrane system so that their longitudinal axes
and hence their chromophores are parallel to the lamellac.

Evidence for this comes {rom the demonstrated strong di-
chroism of rod outer segments when examined in a direction
normal to the optical axisP%®. This dichroism has been
presumed to be of molecular origin since asymmetries of the
rhodopsin molecule make it dichroic, i.c. absorbing light-wave
trains with electric vectors vibrating parallel 1o its longi-
tudinal axis more frequently than those oscillating trans-
versely to it Analysis of polarotropic responses of germina-
g plant spores has demonstrated that the relevant photo-
receptor molecules are dichroic and specifically oriented
relative to the cell wall.

Note that the resulting overall dichroism of the rod outer
segment is such that light passing through the eye in the usual
direction for vision is not affected. This is quite consistent
with the absence of strong polarized light sensitivity in the
vertebrates. The weal polarized light sensitivity of the human
eve manifested in Haidinger's brushes is most likely due to
dichroism in the macular pigment which is prcscl;l in the
onter retinal Tivers of the fovea but not in the receptor
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it 66 Cross section ol a Cardioma 1habdom cut roughly per-
penciculat 10 the ommatdinm'’s optic axis Most of the area B cuts
through onlsy onc of the banded lavers of microtubules but, because
the cut 1s somew lat oblique, the sharply perpendicular posttion of
the mctotubules of a second, neighboring layet 1s dear m ared A
as well as a probable thnd bank oriented like luver B The retnular
celly contnbuting to the 1habdom are numbered 1-7 with 1, 4. and
5 formung alternate miott o
whereas cells 2, 3, 6, and 7
1o those of the first group
araung retmula cells are at 7, one of the large intracelitlal vacusiey
'V, and mgment granules at P (Electron micrograph by B Eguchi )
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cells ) But the multiple tubular structure of the receptor
organclle in arthropods and cephalopods would provide an
anahvzer effective for light incident in the usual direction for
vision il the rhodopsin molecules were arranged in a quasi-
crvstalline pattern as in the vertebratest?- %31 Thus, if the
rhodopsin molecules were oriented so that their chromo-
phores were accurately parvallel to the lipid-protein tbule
membrane, overall light absorption should increase by a
factor of 100 per centP! The direa evidence for such a
situation is not conclusive, but some support is available from
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Fre 67 Dugrams showing the structure of the rhabdom in the
amth (Procumbarus darkuy. Even though this is a well-developed
sperpostion eve m Exner’s dasaficion, its rhabdom fine strue-
ture dlosely reserbles that of the apposition eves of the crabs stud-
red In A the ommatidium is shown <hortened by omission of the
elongare cone stalh,acoually relatively longer heve than in Padoph-
by (Fig. 60 10p), as suggested by double broken lines: B indi-
cates the microtubufe packing pattern in a swrcmlinqr:un: ( shows
)\f)\\' the seven retinutar cells of a1 etnula contribute 1o the x"h:lbdull).
.\uu: the «rone doable peaking in microtubnle ortentmion with
i A aparn (From Eguchi!™)
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the reported dichroism of dipteran retinulas!®¥ and of
cephalopod microtubule systems 19

On the basis of this kind of hypothesized mechansm, the
o perpendrcular sets of decapod microtubules would give
rise to hght absoiption proportional 10 sin®8 and cos® re-
spectively, where 6 15 the angular difference between the
e-vector of the incomung hght and the direction of the more
absorbmg axis of the rhodopsm in the tubules Thus, the
direction of the electric vibration of hnearly polarized light
is coded 1n the output of a single retinula as two trigono-
metrically related axon spike frequencies This kind of
sphtting the data analytically mnto sine and cosme compo-
nents 15 a basic feature of Mittelstaedt's bicomponent theory
of orientation.™ Also, 1t 1s a mathematical feature of a well-
hnown method of reducing stapstcal distrbutions on a
crcle to their mean vector (references in Waterman®! and
Markiseh,3

Note that all such two-channel systems are different from
the four-channel one otygnally hypothesized to account for
polarized hght sensitivity 1n the honeybee’s cye 159 Jan-
der has developed a funcuonal scheme for an ommatidial
amalyzer mechanism based on the Frisch model In thus
scheme, two parrs of perpendicular analyzers were hypo-
thesized to lie at 45° to each other A smgle output for each
pair was suggested to follow the difference funcnon cos 20
of their orthogonal inputs Discrepancies between the model
and the structure of the rhabdom® were thought pcssx})ly
to depend on specific regional differentiation of the retina
such as that seported for Drosophula®) However, the wide-
spread occurrence of two-channel retinular analyzers as

3 Since thys manuscript was completed, we hive obtained electroretino-
graphic evidence that two mually pespendicular analyzer ‘h’"":s ‘";'
:: fa:l. present i the retina of the crab. Cu:f;:rzz (bl;’it:lrm"" and Horeh,
‘“;P‘:ﬁaﬁl:ul:)l::;t?e: er:\‘l)cd:";::: (I::' Jx‘;é (;Jﬂﬂs of rhabdom fine structu
(Figs 63 and 66)

lectn e adaptaton,
e
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well as the basic need to discriminate intensity and polartza-
tion J*™ 51 would scem to make this less likely. In fact, evenin
Apis, only two perpendicular sets of microtubules are re-
ported 1o be present despite their location in four closely
approximated rhabdomere pairs originating from  cight
retinutar cells S The repeated occurrence, in the polarized
light-sensitive arthropods and cephalopods, ol only two
polavization analvzers in a single rhabdom raises some in-
1eresting problems relating 1o unambiguous e-vector dis-
criminadon and 1o polarotactic mechanisms, M54

Mudel for e-lectar Orientation
To devise a reasonable model for polarized light orienta-
tion. we may return to the experimentally measured turning

A
R s g e TR R
~
o,
R N2 e
\\G
0 \\ >
Oo-—-—-—)“\\(-.--——-lggc 0° ap® 180°
a0 N

I'!‘I-. 68, A\ (;A!lelli('.\‘ model for a system showing sinusoidal
traing tendencies with a period of 360°, The pmiti\:- quadriants
ol the fundion are asumed 1o determine endency
and the negabve quadrants & waen o the left
artovs show the ditedion of the torgues ]

aright-turning tendency
Counsequently, the
» and the amplitade of the
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tendendes which control basic orientation to directional
light and 10 linearly polarized light. In both cases, these are
sinusoidal functions with the reference azimuths located at
inflection points. For directional light the periad is 360°, and
the cunve crosses the x-axis at 0 and 180° rising to +1 at 90°
and falling to —1 at 270° (Fig 68).

Hence the animal's turning tendency would be ml at azi-
muths of 0° and 180° relatne to the stimulaung light, and
these directions of locomotion would represent steady-state
headings from swhich the animal would not actvely turn, If
we assume that, in the positive quadrants of the function, the
animal turns night and n the negatne quadrants left (of
course the choice of which 1s which here 1s arbitrary for the
model), the organism would turn right between ¢° and 180°
and left between 180° and 360° Thus, the steady state for

tngonometne tunction shows their ttensity for any gnen azimuth
direction In the case of sin 6, between 0° and 180° the orgamsm
a . . . T . v

B

1

azmuth of 180°

Thus a sin 8 funciion would describe a negatne phototas where-
as —sin 8 would desciibe a positively phototactic case Simularhy, a
system following a cos 8 funcion would orient perpendicularly to
the stimulus, as suggested by the broken arrows The well-known
dorsal hght reflex of swimming and flying ammals 15 an example
of such transyerse onentation

B Sinusoidal funcions representing the amount ot polanized
hght absorbed by two dichroic elements onented perpendicula to
each other Note that the period 1s 180° and no negatine values
appear

C If the two functions in B ame subtracted from each other, o
curves may be obtaned as shown here The turning tendendies
shown by the arrows would produce steeting at +45° oblique to the
evector

D Ifthe outputs of the two systems are muttiphed, one could ob-
tn funcuions of 48 which would gne ortentation at 0° and 90° as
well as *45°, depending on signs Such models should suggest ex-

‘[:,c‘r{!’rlner;(s capable of tesing the information-processing hypotheses
\ed
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orientation at 0° (=360° would be unstable since any inad-
vertent small deviation from that direction would lead o
active turning still farther away from it In contrast. 180°
would be a stable orientation direction since accidental dis-
placements would result in active turning back to 180°.

Thus the sin 8 turning function describes the behavior of
a negatively phototactic animal walking, swimming, or other-
wise heading awav from the directional light, provided the
latter is at 0° If the sign of the turning function were re-
versed (—sin ). the model specified would apply instead to a
positively phototactic animal with a stable orientation at 0°,
heading divectly toward the stimulus.,

Comparable treatment of the polarized light case where
the turning tendency varies as sin 260, leads to ovientation
perpendicular to the e-vector. Such a turning function could
thus accoum for the single-peak orientation patterns com-
wonly observed in Daphnia and many other forms (Jander
and Waterman P Table 6). Note that neither the ambiguity
noted by Goldsmith!™ nor the restrictions suggested by
Moody and Parriss®are relevant here because both positive
and negative quadrants of the funciion are used for infor-
mation and because the exact location of the e-vector is not
“read out” instantancously except when the animal is actually
onented in the reference direction.

A aresult, sudh aomechanism would respond immediately,
av do the organisis, by turning toward a specific basic head-
myg relative to the e-vector through the smaller angle of the
two available o it in 180°, The response of an animal which
happened to be at the unstable inflection point when the
polarization began would not be instantancous, since a slight
random deviation would be required before active turning
could stast. T he significance of these factors in diserimination
will beecome dear from the following,

'H}c above model makes use of an overall transfer function
relating stimulus evector divection and measured hehavioral
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turning tendency; it makes no use of the evidence for a two-
channel analyzer and its optical properties To do this we
recall that the amount of hight energy absorbed in the tno
channels will vary as sin®@ and cos?@ respectively.®

If these primary response intensities were added in sub-
sequent neural processing, the result would be invariant with
e-vector Totation but would change with overall ight intensity.
Hence a secondary neuron summing the two channels by
additive comvergence would provide information on light
intensity independent of linear polarization, an important
property required of the biological system ™)

However, 1f the informauon in the two channels from a
single retinula were subtracted by some neural process, the
result would be a funcuon of plus or minus cos 26 (depending
on the order of subtraction) These curves if presented as
turning funcuons could form the basis of onentation at
*45° to the e-vector. Such a mechanism has already been
suggested!®! for the hypothesized four-channel model of
Frisch and Autrum

A simple but not unreasonable means for accomplishing
the kinds of turning tendenaies required in the present case
can be devised by using the negatine as well as the positinve
phases of the difference curve (Fig 69). This model comprises
excitatory and infubitory mnenauon controfling motor sys-
tems evoling right and left turnimg tendencies In this way,
the information transmitted by the two opucal channels.
which for a fixed e-vector input are in themselves ambiguous
for the quadrants 0-90° and 90-180°, 15 processed m a simple
manner which could provide unambiguous steenng control
through a semiaircle.

14 Note that the loganthmic transformation tpicalh found betneen
stnulus mtensity and receptor potential has not been used 1 this model
because the expenmentally observed turnimg tendencies appear w be dirert
and not transformed sinusolal functions Forthermore overall baear wans
formations have been reported 10 an mscet vrsual sustem (Rewhardt 10
P 367) and n other sensors svstems 24 551
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Tuo pealed orientation curies could be obtained from
such a model if the outputs of the two channels were multi-
plied? In this case an output function in cos 10 is obtained.
This could be processed to yield orientation peaks at 0% and
90 or +45° and —15° where the functions cross the abscissa.
Hypotheses about a sin 86 function which would directly pro-
vide the commonly observed four-peaked response would
seem too speculatse at this point 1o be fruitful. For instance,
we do not yet hnow experimentally whether all four direc-
tional alternatnes are simultancously available to the orient-
ing amimal or whether switching occurs from one 1o another
at intervals  Fresh study of such details would quite likely
iluminate the question of mechanisms imolhed. Conse-
quently, further elaboration of the model should awan new
experimental data

Future Work on Onientation

In concluding this restew two points should be made. One
is that we recognize that the present state of this work, both
experimentally and analytically, 15 still a humble one Much
remains to be done before the overall problem can reach a
reasanably sophisticated Ievel It 1s clear, for example, that
lide of the dynamic data which a control svstem engineer
would require 1o establish a tiansfer funcuon has vet been
obtained for our biological orienting system

Thus, effective analysis of a regulator or seromechanism
would require quanutauve knowledge of sts responses to both
steadstate and transient inputs The former most simply
should be sinusodal mputs of all relevant frequencies, winle
Correspondmg response measurements  should comprise
output gam and phase data as a function of such frequencies.
‘l'_\ step l‘lmcmltln orrapid pulse would be the appropriate mput
ﬂrmmmg transient characteristics

5 E
an :pchmrnla] ewndence for muluphcative 1nteraction of new ab channels
Insect visual system has been anatized he Rewhaceds 162) i REQY
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Furthermore, adequate analysis of control system behavior
demands that input-output refations be measured both in
the intact svstem with the essential negative feedback loop
closed and in the system modified so that this loop has been
opened. Relatively few reflex or other behavioral systems
have been analyzed in these ways® %1 and our polarized
light orienting mechanism not only requires more cavefully
comrolled quantitative inputs of appropriate kinds but also
more definitive identification of system components, includ-
ing the feedback loop. Interesting examples of applications
of such methods 10 other biological problems have been
given, among others, by Hassenstein ™! Mittelstaed,F and
Grodins.™

More Complex Orientation

In delimiting the current scope of this work it is also de-
sivable 1o repeat that only basic light reactions have been
considdered. These comprise cither positive or negative
phototaxis and the {our alternative directional reactions to
a beam of lincarly polarized light. Such relatively simple and
stereotyped outputs will ordinarily provide only the under-
Iving reference directions for more complex kinds of orienta-
ot Almost universally, animals can use such visual reference
directions for steering in any azimuth,

In such cases, the orientation is a light compass reaction
or menotaxis for which the basic sinusoidal turning 1endency
must be madified to shift the direction of stable orientation
as required. The small amount of relevant evidence available
as proposed in Mittelstaedt’s hypothesis®! is not yet widely
conclusive on whether the phase of the basic transfer func-
tion is somehow altered or whether a biasing signal shifts the
position of the sinusoid along the y-axis so the mean of the
function is no longer zere 2 .69, 70}

Furthermore, the menotactic response, from annelids on
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up through the animal hingdom to mollusks, arthropods, and
vertebrates, commonly uses celestial bodies (usually the sun
but including the moon and perhaps the stars) to provide
phototactic reference directions Such orientation, which
may be called astrotaxis, most likely is superimposed on the
underlying basitactic and menotactic mechanisms, it requires
two further complex components in the control system.

One of these components is knowledge of the path through
the sky of the celestial body concerned; such knowledge may
be learned from expernience by the individual or transmitted
to 1t genetically The second component required is a clock
mechanism shich will permit effective correlation of (1) the
observed sky posttion of the reference celestial body and
(2 azmuth direction on the cartlt's surface. Analysis of such
mechamsms is beyond the scope of this paper, but they must
be mentioned to put basic light orientation n a larger per-
spective. The same should be said for navigation of the sort
shown, for example, in some nsects, fishes, and birds which
somehow can determine their position on the earth’s surface
and then, starung from this, set a long-distance homing
course.

Multidiseiplinary Approach

The second major point to be made mn conclusion concerns
the author's convictions that even relatvely simple biological
problems often require a high-powered multidisciplinary
approach. Qur example of visual ortentation demonstrates
not only that a number of disciphnes within biology (e.g elec-
trophystology and electron microscopy) are necessary even
to begin the search for adequate solutions but also that a
number of academucally remote methods of study such as
control theory, computer techniques, information theory, and
mathematics of various hinds, including multivariate statistics,
are required
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Thus, the biologist who initiates research on living systems.
in addition to being trained in the life sciences. must also
know at least enough about other probably relevant areas of
science 1o understand the basic requirements for an adequate
explanation of the phenomena under study. Undoubtedly
the most important prerequisite here is an ingrained famil-
iarity with the fundamentals of mathematics. These come as
near as anything 10 a lingua franca for rigorous and highly
conceptual thinking about natural phenomena.

The need for such a basic language would seem to be at
least as great for biologists as for any scientists, particularly
in view of the complex multivariable nature of living systems.
Furthermore. some formalism like systems theory is essential
for dealing with such complex systems, which involve many
still unknown components and interactions. If, in reviewing
our current research on visual orientation with the aid of
rather clementary systems analysis, we have been able to
induce or to add some conviction to the above generalitics,
the effortinvolved will surely have been more than worthwhile.

ADDENDUM

Because of the considerable progress made since this review
was originally delivered as a lecture in the fall of 1964 and
submitted for publication a vear later, an addendum sum-
marizing the main trends of recent work seems appropriate.
Substanual gains have bheen made not only in the generalarea
of systems analysis in biology but also in the more specific
domain of our own rescarch: visual orientation and the
refevant information processing in the arthropod retina.
Both areas in fact have been vigorous contributors to the
publication explosion.

While a detailed résumé of the whole field would be out
ol place here, some examples may be cited of books whose
publication is symptonatic of the recent marked acceleration
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in the growth of theoretical imd mathematical biology. These
may be roughly categorized under: biomathematics,['"-37
computer applications**! cybernetics and control sys-
tems %] bipengmeering /1" and systems analysis.(+!
In the last field 2 Symposium on Systems Analysis in Biology
was held in Cleseland in October 1966; its proceedings are
in press.'*! The author’s most recent discussion of this topic
is Ius contribution to that volume 11

In the field of visual information processing, particularly
in the compound eye, much worl. has been reported. Three
symposia in 1963 were enher partly 12002190 gr wholly 1222
devoted to this topic and several mmportant independent
papers have been pubhished. Among the latter, direct demon-
stration has now been made that the visual pigment in the
rhabdomeres of dipteran nsect eves 1s actually dichrotc in
si (9 Significant correlauons, agan in fhes, have been
made between the funciional patiern ol receptor elements
and ommatidial optics®*-%71 as well as between reunular
cell patterns and the complex projection of thewr first-order
neurons onto the second-order cells in the outer ganglion,
the lamina_ganghonans #-%1 Some progress along these
lines has been made 1n other msects %91 and 1n crusta-
ceans 4} Congiderable new work has also been done on
the aberrant compound cve of Limulus (review by Wolbarsht
and Yeandle(®al),

Our own research has continued to be concentrated
on crustaceans and as n the past has included fine struc-
il 371 electrophysiological {referred to 1 footnote on
&::?l:r“a: ;‘[‘;:;PUbIIShEd as Waterman and Horchi™l) and

' mer and Waterman, unpublhished: summary
' Waterman!™) apnroaches to the problem The major
?:;3:(& has been to prote by more than one technique that
vo-channel dichroic analyzer model (Fig 69) proposed

abore is indeed valid for
polanzed hight perception by deca-
pod crustaceans, B perception By deca
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Two methods of measuring sclective adaptation in crab
compound eves have been utilized. In the first of these the
effect of a steadv polarized adapting light was tested by
measuring  extraceliularly clectroretinograms  (ERG's) in
response to brief test flashes polarized successively in various
directions.™ These experiments on the land crab Cardisoma
proved that selective adaptation by steady polarized hight did
readily occur but was maximal in two orthogonal directions
and minimal for adaptation at intermediate directions 45°
oblique to the most cffective ones.

This proved that there were indeed two perpendicular
polarized light analyzer channels as hypothesized. Further
study of rhabdom fine structure showed that these channels
were oriented parallel to the two scts of microvilli in the rhab-
dom. Consequently the two directions of maximal polariza-
tion sensitivity corresponded with those predicted by the
model. However, since the ERG’s were recorded with extra-
cellular clectrodes, some ambiguities remained concerning
the cellular basis of the analvzer channels.

Such uncertainty has now been resolved by experiments
which took advantage of the fact that long-lasting light adap-
tation produces marked changes in the numbers of several
dasses of cvioplasmic elements in the photoreceptor cells
of the spider crab retinula™1 It has been quantitatively
demonstrated that six hours of light adaptation 1o polarized
light evoked cytoplasmic adaptation in specific cells of the
retimula in characteristic patterns indicating two perpen-
dicular channels.'" Thus the three retinular cells {Nos. 1,
1, and 3) with horizomal microvilli were sclectively more
strongly light adapted by a horizontal e-vector, while the
remaining four retinular cells (Nos. 2, 3, 6, and 7) with verti-
cal microvitli were more affected by a vertical e-vector.

These new data, thevefore, are also completely compatible
with the two-channel analyzer model proposed above. In
this they confirm by a quite different means the conclusions
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drawn from the electiophysiological cvperiments™1 Tn
addition, however, they establish the cellular basis for the
mechanism in a manner not directly possible previously. Thus
the data prove that both channels are present in each reunula
and comprise certamn specific cells therein. Also they prove
that the major axis of polatized hght absotption is parallel
1o the long axis of the microvilli of the cells concerned. Again
this new fact 15 1 accord with the two-channel hypothesis
and as a result supports the assumpuon that the dichroism
of oriented visual pigment molecules i the rhabdom is the
basis for eaector perception. Molecular orentation pre-
dominantly parallel to the nucrovillus’ long axis would be
expected from the data on vertebrates and had therefore
been predicated in the model
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12. THE SELECTION OF
SPACE EXPERIMENTS?

By W. H. PickeriNG
Califormun Institute of Technology

As we move alicad 1n the space age, flights and projects are
becoming increasmgly complex The varety of scienufic
experiments being flown 1s greatly increasing. 1 should ke
to discuss one phase of the program, the selection of space
experiments,

When the older members among my readers were graduate
students, the conduct of a saenufic experiment seldom n-
solved elaborate equipment or, 1f 1t did, the scientist expected
10 build the equipment with his own hands A small machine
shop, some optcal nstruments, a vacuum pump, a gaba-
nometer, a spectroscope, and the physiast was ready to
undertake his research In other branches of science, the
basic requirements were equally sunple A nostalgic remem-
brance of these good old days was a song that was popular
with physicists at the end of World War I1 To quote “Take
away your bithon dollars, every volt I make 1s pure ”

Of course, not all science was done with “love and string
and scaling wax” to quote another lme from the same song
There were signs of an mevitable growth toward big science
Telescopes were getting larger. Scientific expediuons to the
far corners of the globe were becoming popular But World
War II accelerated the process enormously because, for the

*The 1965 Procter Prize award address
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first time, the federal government became a major patron
of scicnce.

The scientist has always needed a patron to supply him
with funds and laboratories. A century ago, the patron was
a rich man or a university. In the early years of this century,
the foundations became the patrons of science, and now the
federal government is playing the major role with industry,
with the foundations supplying only about 25 per cent of the
funds expended in the United States for scientific rescarch,

Whether it be cause or effect, the result of the shift in
patronage has been that the nature of scientific research has
changed 1o utilize the larger monetary resources now avail-
able. Experiments have become increasingly complex, re-
quiring ever more claborate equipment, and teams of scien-
tists and engineers to build the equipment and conduct the
experiment. In some cases, the vesources required have
become so farge that the government is the only possible
patron.

I this evolutionary development of scientific patronage,
we should remember that the scientist has always had the
problem of convincing his patron that the research was worth
supporting. Sometimes he has had o select a patron whose
mterests encompassed the research program. At other times
he has had to choose a research 1o satisfy the desires of the
patron. For example, Tvcho Brahe cast horoscopes for his
sovereign, the King of Denmark, and many a medieval scien-
tist sought for the means of turning base metal into gold to
make his patron rich.

With the federal government becoming a patron of science,
some new factors are apparent, particularly regarding the
support of very large projects. The expendilure of public
funds is a matter of public record and concern. Therefore
the Congress, and indeed the public at large, scrutinizes
scientific proposals, and if resources are 1o be made available
for 4 project. it will be with the express approval of the Con-
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gress Furthermore, the funds required for some experiments
are large enough to make a sigmficant socioeconomic impact
on a sector of the economy, and therefore various pressure
groups may try to influence the decision.

Another factor is the experiment itself. Some scientific
projects transcend the interests of a narrow group of scien-
tific speaalists and arouse the interest of lay people every-
where.

It is not surprising, therefore, that discussions of govern-
ment support for a gven project include considerations of
“defense,” “technological advancement,” “cold war status,”
“ndustrial fallout,” and similar catch phrases. Indeed, with-
out an element of some of these factors, a large scientific
research program cannot hope to have popular support
Public understandmg of all scientific research 1s at best rather
vague, so that when the public discover that a large sum of
their tax money is betng used for a research project, they
want to associate this work with some concrete, easily visual-
ized objective rather than pure saientific research Unfor-
tunately, there have been examples of much public mis-
understanding because debates on the relatve merts of
certain projects, which have taken place quite properly within
the scientific community, have been translated 1to the public
domain, It 15 not always realized that discussions at the
previous level of discourse may be used for quite different
purposes at other levels. Perhaps we have to accept this as
one of the consequences of greater public scrutiny, at least
until there is a much broader understanding of science
within the public and particularly within the Congress.

There is another side of governmental support of scence
which should be noted. The government supports a great
deal of technological development as an essential activity of
many departments, particularly of the Defense Department.
This requires a broadly based advancement of the state of
the art and a continuous search for new applicavons from
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basic rescarch. 1t follows, therefore, that support of scientific
research is a natural outgrowth of this interest. In these
arcas. it is a case of the government patron seeking a scientist
to do rescarch with a predetermined objective. In other
words. we still have the analog of the medieval patron seeking
an alchemist to make him rich.

My purpose is 1o discuss some of the specific problems
associated with a very large governmental scientific effort,
namely, the space program. Let us remember that this pro-
gram was established by Act of Congress in the immediate
post-Sputnik period of 1938, The Act was the result of a
public demand that the government respond to the Sputnik
challenge. As finally passed, it set up a new agency, the
NASA, with a charter which can be broadly stated as the
exploration and exploitaion of space. The budget for the
program has now leveled off ar about 3 billion dollars an-
nualiv. The Largest part of this money is the cost of the Apollo
program, which was established by President Rennedy in
Man TUHY.

Considered as a program for the scientific exploration of
space near the carth, the NASA program illustrates very well
the problems than both the sponsoring agency and the scien-
tiie commumn face with large, expensive, scientific projects
that use government funds. The ageney faces the problem
of selecting a proper, well-balanced program that wilizes
the iavailable vesources ina manner that forms a compromise
between the interests of the various groups concerned in the
vesuls and which Ginalso command the support of the Con-
gress. The individual scientist who is selected to perform an
experiment fices the problem of doing this experiment in a
difficule phasical emvivonment and with the full serwtiny of
the public as well as his sciemific peers,

The NASA has made a firm decision 1o advance its pro-
g of explovation on a broad sciemific from. This decision
is supported by the space comminees of the Congress. It has
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resulted first in a series of saentfic satellites designed to
circle the earth 1n various orbits, and to examine the near-
earth space environment and the appearance of the earth and
the umverse as seen from above the atmosphere. A second
class of experiment is the deep-space or interplanetary en-
vironmental momtoring program. Fially, there 1s the de-
tatled exploration of the moon and the planets. These three
classes of scientific missions are being conducted within a
total program which also includes the development of
manned space flight, including the Apollo project, and the
apphcations of satellites to meteorology and communications
The three classes of saentific missions have required the
development of launching vehicles, spacecraft, and communi-
cations networks These have been designed 1o sausfy the
requirements of most of the experimenters
Launching sites at both East Coast and West Coast test
ranges have been developed so that satellite orbits of any
inchnation to the equator can be obtaned Spacecraft that
can be mamntamed in speaified orientations 1n space are asail-
able, and we have the ability to land mstruments gently on
.the moon Thus, NASA has provided the tools for a large
variety of scienufic experiments m space  Perhaps not all
the constramnts have been removed, but the remaning ones
tend to be those which not even NASA resources can chmi-
nate For example, the data transmission rate from a space-
craft near or on the planet Mars will be severely hinited for
some time yet From the point of view of the sctentific com-
mumty, 1t should be quite apparent that NASA has under-
faken and solved most of the engincenng problems under-
lying the successful scientific exploraton of space
In order 10 arrive at a specific set of flight mussions, NASA
has sought advice from the Space Science Board of the
National Academy, and from several summer study groups
The agency has also established a set of advisory committees
1o Dr Newell, Associate Admnistrator for Space Scrence
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and Applications. Tt bas then, with its ficld laboratorices,
celected u set of missions consistent with the financial and
e hnical resources available. To obtain the necessary funds,
the program. of course, has required the annual approval
of the Congress.

Inevitably, the program which has evolved over the past
seven years has not received the unanimous support of all
scientists, Many of those not dircetly interested in space re-
search have complained at the vast sums appropriated for
NASA. Others within the program have complained at the
distiibution of funds among the various projects. However,
viewing it dispassionately, we must agree that it has been a
sound program. consistent with the intent of the Act and,
also, that it has generated a great deal of new knowledge.

The selection of the actual experimenters for a mission is
a step that is fraught with difficulties. NASA has made it a
policy to announce its plans as widely as possible and to invite
scientists who wish to be experimenters to make proposals. .
It has then gone through a sclection process to arrive at the
final groups of experimenters for any given mission, Without
going into details regarding this selection, let me point out
that the process does recognize that these space missions are
truly nattonal efforts, and therefore the experimenters are
selected on a national basis vather than from one laboratory
or universiv. The selection also recognizes that the condi-
tons of a space flight impose rigid constraints on cquipment,
and therefore the date of development of potential flight
hardware 1o very important.

From the pomt of view of a scientist desiring to carry out
an actual flight experiment, there are several considerations
he must not overlooh. Let us review some of these matters.

First, the experiment is going to be very expensive. For
example, the Marmer flight 1o Mars had a total program cost
of about 100 million dollars. If this total cost were charged
against data collected on the flight, it would come to abowm
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4 dollars per second or 350 thousand dollars per day. Con-
sequently, an experiment should not be carried on a flight
unless 1t has a very high probability of working and of re-
turning significant scientific data.

To make the pomnt sull stronger, it should be appreciated
that many of these space experiments will have only a single
opportunity to work Other experimenters may be selected
for the next flight, or, if it is a planetary mission, the flight
opportunities may be so infrequent as to imvalidate the
reason for an experiment

A second but related matter 1s the long lead time associated
with space experiments. In some of the more complex mus-
stons, experiment selection may have to occur two or three
years before fight Consequently, an experimenter must
commit himself for a long period to a piece of research that
might give him no data. A launching falure, a spacecraft
failure, or even a farlure of his own equipment could occur,
and he would be left with nothing but a piece of prototype
fhight hardware

Sound engineering of rockets, spacecraft, and saenufic
experiments is the only msurance agaimst these problems All
the projects of “big science,” whether n space or other fields,
are dependent upon the quality of the engineering that goes
into the equipment In fact, about 90 per cent of the budget
of these projects typically goes to engincering and only 10
per cent to science The quality of the engineering, from sys-
tem design to fabricaton and test, ts obviously of supreme
tmportance This 1s particularly so 1n space projects because
the complete system 15 operated only once, and that 15 the
actual fight when everything must work.

Engineering control of a project requires that the scientific
€Xperimenter recogruze two problems He must have a close
rapport with the engineers so that the spacecraft will indeed
fly i such a way as to give hum the desired data, and he must
understand and hve within the constratnts placed on Ius
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cquipment by the engineers. These range all the way from
dollars and schedules 1o physical and electrical interfaces
with the spaceeraft and 10 1est and documentation Tequire-
ments. Sometimes they might appear onerous to a scientist
used to performing isolated experiments within his own lab-
oratory. However, they must be regarded as requirements
arrived at as a result of long. hard experience and. if the
mission is 1o succeed, they must be taken seriously.

A third matter which is new 1o many potential experi-
menters is that of public attention. Space science is conducted
in the full spotlight of public scrutiny. The scientist is spend-
ing the public’'s money: he is conducting a spectacular ex-
periment; he is using rockets and computers and worldwide
tracking networks to collect his data; and he must expect the
public to be interested. It is true that, as the years pass, and
satellites are faunched with great regularity and f{ew spec-
tacular accidents, the public is becoming blase, but the more
complex missions still atract worldwide attention and the
experimenters should anticipate the attentions of press
and radio.

With all the engineering emphasis that must be present in
« major space flight project, there is sometimes a concern
expressed thiat the science has been submerged by the engi-
neering glamor, Gordon MacDonald, in a recent speech
belore the American Physical Society, suggested that much of
the carrent United States space cffort is confusing glamorous
technological achievements with fundamental science. 1 am
sure that such confusion docs not exist within responsible
management at NASA headquarters. It probably does exist
within a sector of the press and certainly within a sector of
the public. In any case, it is up to the scientific community
to see that there is in fact no such confusion. Developing the
Euuts for farge-seate space exploration has indeed put NASA
into o position where the mere technological achievement has
been so spectacular as 1o have public appeal regardless of the
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total objective of the flight However, the increasiny sophisti-
catton of press and public is 1aking care of the problem. A
flight that fails to return some significant screntfic data is
quickly written off.

Now that the fundamental engineering difficulties have
been resohved, NASA needs 1o devote the same kind of effort
to science mission and system design that was previously
expended in spacecraft system engmeering. This will call for
a close workmg relationship between the engmeers who hase
developed the technology of system desiyzn and the scientists
who have devised the experiments to he flown. Some of the
more complex spacecraft, the Marner for example, illustrate
what can be done with a closely integrated design. Structure,
power consumption, thermal balance, telemetry require-
ments, trajectory requirements, and spacecraft fight atatude
were all elements in the expertment and instrument designs
The result was a mission and a spacecraft which were umquely
matched to the particular experiments aboard Designs were
frozen m all detatls ten months befare flight. The problem
of deseloping an approprrate set of mission objectives within
the weight constrames determmed bs the launchmng rocket
forced the designers to make this very finely tuned design.
But the lesson 1s there for future missions which may not be
so constramed A careful synthesis of the complete system,
spacecraft plus saence plus mission, will mesitabh lead to a
more cfficient overall project with the maximum probability
of success

For longer-range objectnes, such as the esploration of

Mars by a series of spacecraft fhghts, I conclude that systems
engincering concepts must also be apphed to the mmP'_ele
program The expeniments, the spacecraft, the launching
rockets, the communicauons networks must all be developed
n a consistent manner 1f our resources are to be used MOst
effectnely This will require long-term commitments Aﬁﬂd
stable plans Perhaps in an art that 1s deseloping s0 rapidly,
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it is not possible to reach a stable optimum, but we should
try, and we should plan for a flexibility that can absorb both
technological and scientific surprises.

In conclusion, let me remind you that the scientific value
of the national space effort is conditional upon the broadest
possible base of participation by the scientific community.
The space program is a national commitment and, by open-
ing up an entirely new area to scientific investigation, it pre-
sents a unique opportunity to science. Already, very sig-
nificant work has been accomplished, but the opportunities
are growing every year as more sophisticated flights are being
undertaken. As I have indicated, participation in the flight
experiments may present some different problems to the
scientist. However, the body of experience both within NASA
and elsewhere is now such that he can face these problems
with confidence. It should also be remembered that the flight
experiments are only one part of the total space effort. Scien-
tists are needed to conduct ground experiments which sup-
port and supplement the flight experiments. New ideas for
improved missions, spacecraft, and instruments all need to
be exploited.

. The space program offers unlimited opportunities for
imaginative scientific thinking. The tools are there, the re-

sources are available, and the solar system is waiting to be
explored.
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