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Preface

Considering the progress made in the sciences themselves over
the past three centuries, it is remarkable how little consensus has
developed on how the scientific imagination functions. Specula-
tions concerning the processes by which the mind gathers truths
about nature are among the oldest and still most prolific and
controversial cognitive productions. Unless the inevitable distor-
tion of near perspective is misleading me, it appears that only in
the relatively recent period have proposals been made that have
long-range promise.

The chief aim of this book is to contribute concepts and
methods that will increase our understanding of the imagination
of scientists engaged in the act of doing science. These chapters
are therefore a continuation of the series of case studies which |
published a few years ago in T"wMtic Ongmr of .Scientific
T/jongAr." Xcpicr to Einrteind As was the case there, my ap-
proach may be characterized by four aspects.

First, 1 try to make a detailed examination of the nascent
phase of the scientist's work, and to juxtapose his published
results, on the one hand, with firsthand documentation (corres-
pondence, interviews, notebooks, etc.), on the other. In such a
pursuit, one must be ready for the unexpected. Thus, in the
studies on Einstein in my earlier book, the documents forced a
reevaluation of the supposed genetic role of the Michelson ex-
periment in Einstein's original formulation of relativity theory,
and revealed that this role was small and indirect - contrary to
the standard accounts and to the sequence given in practically
all physics texts dealing with the matter (including a text |
myself had published).

Vii
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Similarly, in the new case studies presented here, the docu-
ments help us to account for the motivation of Fermi and his
collaborators as we follow the historical development of the
processes that led to another major scientific discovery, in this
case, induced radioactivity by neutron bombardment. Both the
study of how Robert A. Millikan dealt with the experimental
data on which he based the published value of the electronic
charge, and the comparison of his actual laboratory notebooks
with his publications, require us to introduce a notion familiar
from literary analysis but new to the analysis of scientific works.
In my view, it is in the fine structure, in the detail of docu-
mented case studies, that one may hope to find the material with
which to shape and test a theory of the scientific imagination -
even if that task will not be completed easily or soon.

Second, | tend to look on any product of scientific work,
whether published or not, as an "event" that stands at the inter-
section of certain historical trajectories, such as of the largely
private or personal scientific activity; of the shared, "public"
scientific knowledge of the larger community; of the sociologi-
cal setting in which a science is being developed; and indeed of
the cultural context of the time. In the previous book, | have
described Niels Bohr's debt to works in philosophy and litera-
ture, and Einstein's interaction with epistemological currents.
In this volume, | examined the effects of national resources and
national styles on the organization and achievement of a labora-
tory team (Chapter y).

Third, a particular concern in my studies is to find the extent
to which, on certain crucial occasions, the imagination of a
scientist may be guided by his, perhaps implicit, fidelity to one
or more Adherence to such preconceptions may help
or impede the scientist; as Einstein once wrote to de Sitter,
"Conviction is a good mainspring, but a bad regulator.” The
thematic structure of scientific work, one that can be thought
of as largely independent of the empirical and analytical con-
tent, emerges from the study of the options that were in prin-
ciple open to a scientist. It can play a dominant role in the
initiation and acceptance of, or controversy over, scientific in-
sights. Function and types of themata were discussed in detail
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in the case studies given in 7Te77\Vric (Tiyb/y and are developed
further here, in the cases to which the first half or so of these
pages are explicitly devoted.

Last but not least, I am drawn to consider the practical conse-
quences of such findings, for the development of scholarship in
the history and philosophy of science, for the better under-
standing of the place of science in our culture, and for educa-
tional programs. This is the function of the last set of chapters.

Of these four related areas of chief interest, the topic of thematic
analysis, although still an unfinished research subject, has per-
haps the largest share of any claim to novelty. Judging from the
commentaries on this work published in the past few years/
there may be several reasons for the interest that has been shown
so far:

1 Thematic analysis allows discernment of some constancies
or continuities in the development of science, of relatively stable
structures that extend across supposed revolutions and among
apparently incommensurable rival theories. Further, in this
period of reactions against the philosophy that views science as
a suprahistorical and culturally transcendent method of investi-
gation, some scholars are attracted to the finding that a basic
feature of the work of many seminal scientists is their accep-
tance of only a small number of themata, and that their debates
frequently involve antithetical dyads or triplets of themata - for
example, atomicity/continuum, simplicity/complexity, analysis/
synthesis, constancy/evolution/catastrophic change. Such posits
help to explain the formation of traditions or schools, and the
course of controversies.

2 Although practically all my case studies so far have been
concerned with the physical sciences, some results will be found
to be applicable to the other sciences. There is evidence of this
possibility, for example, with respect to recent studies in the
history of biology/ in early biochemistry/ in sociology/ and in
psychology, s

3 Techniques analogous to the thematic analysis that | have
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applied to science have worked well before in other fields, for
example, in content analysis, linguistic analysis, and cultural
anthropology. It appears therefore that the work of mapping
and classifying themata can lay bare basic commonalities be-
tween scientific and humanistic concerns that are not equally
likely to become evident through other means. Thus in Harry
Wolfson's PM/o? the eloquent passage about the purpose of
studying the work of the philosopher illuminates also the pur-
pose of studying the work of the scientist in the mode here
proposed. Wolfson wrote:

No philosopher has ever given expression to the full

content of his mind. Some of them tell us only part of it;

some of them veil their thought underneath some arti-

ficial literary form; some of them philosophize as birds

sing, without being aware that they are repeating ancient

tunes. Words, in general, by the very limitation of their

nature, conceal one's thought as much as they reveal it;

and the uttered words of philosophers, at their best and

fullest, are nothing but floating buoys which signal the

presence of submerged, unuttered thoughts. The purpose

of historical research and philosophy, therefore, isto un-

cover these unuttered thoughts, to reconstruct the latent

processes of reasoning that always lie behind uttered

words, and to try to determine the true meaning of what

is said by tracing back the story of how it came to be

said, and why it is said in the manner in which it is said.

4. The investigation of preconceptions in and concerning
science connects rather directly with a number of other modern
studies, including that of human cognition and perception, learn-
ing, motivation, and even career selection (as discussed in
Chapter 7). Moreover, one may hope that a more sophisticated
idea of the working rationality of scientists - with its full set of
antithetical components, including preconceptions on the one
hand and objective techniques on the other-will help to deflate
foolish and dangerous ideas about science that, as noted in
Chapter 3, have characterized some of the popular conceptions
of science. As we are entering a period of an increasing number
of externally imposed restrictions on and directions of scientific
research, it is well for scientists and other scholars to ensure that
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the conditions under which scientific originality can flourish are
studied, more widely understood, and protected.

The deep attachment of some scientists to certain overarching
themata may well be one of the chief sources of innovative
energy (parallel to that of the instrumentalist or utilitarian
thrust in science). It seems to me otherwise difhcult to under-
stand a key fact about the sciences, namely, that again and
again they have been regarded as verging on a charismatic ac-
tivity rather than being thought of as, say, merely one of the
more successful but fundamentally pedestrian activities of man-
kind.

To underline, and at least briefly emphasize this sometimes
neglected point, we cannot do better than reflect on a work
standing at the very beginning of modern science. Copernicus,
like any other good astronomer, relied of course on observation
and calculation, and he greatly advanced mathematical astron-
omy in the technical sense. But one must look deeper to find the
chief reason why he came to write the work for which he has
been honored, or to explain its power. Nature, he held, is God's
temple, and he implied that human beings can, through the
study of nature, discern directly both the reality and the design
of the creator. This was a daring and dangerous idea, and it
is significant that when Copernicus's book was put on the
of "Books to be Corrected,” this implication was one of the
relatively few deletions which were insisted upon as necessary;
for it was clear both to Copernicus and to his opponents that
when the purpose of science is perceived large enough, it can
rival the claims of all other reality systems.

From the first sentence of De one senses the
source of energy of a major scientific idea. It is not some pedes-
trian piecing together of a corner of the puzzle. Nor does the
work give us merely better astrometry and applications such as
calendar corrections, valuable though these are. Rather, his dis-
covery is on a scale that produces an expansion of human con-
sciousness, a change in cultural evolution - and it was so per-
ceived by those who were converted to Copernicus's idea.
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In his work, two themata predominate, and the mutual ac-
commodation of theory and data that they produce seem to me
to account for the quasi-aesthetic conviction in his followers that
the system must be right. These themata are those of simplicity
and necessity. They appear in a stern manner that became basic
to all science since. In a weil-known passage, Copernicus
proudiy writes that the heliocentric scheme he has found for the
system of planets has the property that "not only their phenom-
ena follow therefrom, but also the order and size of all the
planets and spheres and heaven itself are so linked together that
in no portion of it can anything be shifted without disrupting
the remaining parts and the universe as a whole."

The power of this solution was precisely its restrictiveness.
There is nothing arbitrary, no room for the smallest ad hoc
rearrangement of any orbit, as had been quite possible in pre-
Copernican work. Copernicus's system, as a whole, revealed a
sparse rationale, a necessity that binds each detail to the whole
design. Hence it carries the conviction that we understand why
the planets are disposed as they are, and not otherwise. One is
reminded here again of Einstein's remark to his assistant Ernst
Straus: "What I'm really interested in is whether God could
have made the world in a different way; that is, whether the
necessity of logical simplicity leaves any freedom at all.”

This kind of terminology, and the attitude behind it, are now
rare and even somewhat embarrassing to most scientists. There
are good sociological, psychological, and even political reasons
why this should be so, why our usual list of motivations for
scientific work tends to stress the Baconian side of the heritage
of modern science - the discovery of cures, the perfection of
machinery, the strengthening of the state's security, or simply
the provision of a decent way to spend one's days on this earth.
But while the Baconian ethos has become a necessary component
of the total scientific and engineering enterprise, it would not
be sufficient to sustain science, and by itself does not help us
understand the nature of high discovery.

No one would argue that personal testimonies such as those
referred to should be introduced into our current scientific
papers. However, a quiet underground current of this cosmolog-
ical tradition still exists. It comes in a somewhat disguised form,
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but the thematic content of simplicity and necessity as warrants
of deeper truths are stiii among the most prized." Steven Wein-
berg, on receiving the Robert Oppenheimer Memorial Prize,
said:

Different physicists have different motivations, and |
can oniy speak with certainty about my own. To me, the
reason for spending so much effort and money on ele-
mentary particie research is not that particies are so inter-
esting in themselves - if | wanted a perfect image of
tedium, one million bubble chamber photographs would
do very well - but rather that as far as we can tell, itisin
the area of elementary particles and fields (and perhaps
also of cosmology) that we will find the ultimate laws of
nature, the few simple general principles which determine
why all of nature is the way itis . . .

The reason | take such an optimistic view of where we
are now is that relativity and quantum mechanics, taken
together but without any additional assumptions, are ex-
traordinarily restrictive principles. Quantum mechanics
without relativity would allow us to conceive of a great
many possible physical systems. Open any textbook on
non-relativistic quantum mechanics and you will find a
rich variety of made-up examples - particles in rigid
boxes, particles on springs, and so on - which do not
exist in the real world but are perfectly consistent with
the principles of quantum mechanics. However, when you
put quantum mechanics together with relativity, you find
that it is nearly impossible to conceive of any possible
physical systems at all. Nature somehow manages to be
both relativistic and quantum mechanical; but those two
requirements restrict it so much that it has only a limited
choice of how to be - hopefully a very limited choice.”

All scientists since Copernicus have understood the attractive-
ness of a system having such qualities. And although any indi-
vidual attempt of this sort is an act of intellectual and profes-
sional risk taking - for the thematic choices themselves are
neither verifiable nor falsifiable, and the antithetical thema of
complexity, for example, deserves a more detailed analysis than
it has been given so far-no other, less cosmological, approach
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is likely to lead to the truth, least of all to a truth having the
exalting sweep that historically has helped give the scientific
enterprise its intellectual mandate.

\Y

In pointing to these uses to which themata have been put, | do
not mean to imply that they are the only ones of significance.
On the contrary, themata have been and, | expect, ever will be
used by scientists of the most opposing attitudes and interests.
Moreover, |1 do not believe that giving attention to thematic
analysis requires one to adopt a label (certainly neither "posi-
tivistic" nor "antipositivistic"), or otherwise forces one to take
sides in the battles currently preoccupying some sectors in the
history and philosophy of science - the more so as many of the
divisions are themselves along thematically opposing conceptions
about the history or philosophy of science. The campaign dags,
or accusations, read "objectivity" versus "subjectivity" versus
"anything goes™; "logical" versus "empirical™ versus "psycholo-
gists" studies; "rules of reason” versus "mystical conversion";
"rational” versus "irrational™; "relativism" versus "absolutism";
"analytical-reductionistic” versus "holistic"; and even "reason"
versus "imagination." But to paraphrase a seminal paper that
changed the state of physics in the early years of this century,
the understanding of the process of scientific innovation that is
implied in these antagonistic schemes is characterized by polari-
ties which do not appear to be inherent in the phenomena, that
is, in the actual work of the scientists as it reveals itself to us in
archival material, oral histories, and of course in the actual par-
ticipation in research.

At the very least, the present, opposing positions seem to me
to lack the dexibility and the ability to accommodate themselves
to the human activities - with all their natural ambiguities - that
we are trying to map and study. The heat and ideological
clamor emanating from some of the encounters in delds that
make science their raw materials of observation are strangely
incongruous with respect to the state of affairs in the sciences
themselves. Ironically, even those who actually work in the
"hardest™ sciences now are often satisded with claiming no more
than "good reasons” and probable knowledge. Most of them
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are not afraid to accept humanistic interpretations of their work,
and are likely to sympathize with Henry A. Murray's percep-
tive definition that "science is the creative product of an engage-
ment between the scientist and the events to which he is atten-
tive."™*"

\

The search for modeis of the scientific imagination, at this stage
of research, must of necessity be largely inductive and empirical.
It must be committed to painstaking attempts at historical ac-
curacy and cautious scholarship based on the available evidence,
but it must also possess the imaginative freedom to produce new
conceptual tools with which to study well-guarded areas such
as the working of the minds of scientists. Adopting a kind of
ethological approach to the study of scientific activity and
bringing in whatever is needed - now the state of science as
understood at the time, now findings on the psychodynamics of
scientists or the social forces on them-seem to me a strategy
preferable to casting the accounts of achievements into formal-
istic structures. As we are only just beginning to gather the
chief elements from which theories of the scientific imagination
may be fashioned, schemes that promise certainties must be held
at arm's length.

One recalls here a story told by the architect LeCorbusier.**
Having invented his "modulor," a measure-system for fixing the
dimensions of architectural space, of urban design, and of plastic
arts, and believing in its necessity and power with fervor, he was
arguing intensely for its wide adoption. LeCorbusier even
journeyed to Princeton to convince Einstein. However, instead
of the hoped-for endorsement of the system, he obtained a much
milder and more appropriate judgment: Einstein told him the
scheme would be quite satisfactory if it only served to make the
bad more difficult, and the good easier.

In addition to sponsors, institutions, and persons to whom | have
expressed my gratitude on many of the pages that follow, I
wish to acknowledge especially a supporting grant for research



XV1

in the history and phiiosophy of science, received front the
National Science Foundation, and the hospitality of the Center
for Advanced Study in the Behavioral Sciences at Stanford
during a research leave in 1975-76. None of my work would
have been possible without the generous assistance from the
Albert Einstein Archives at Princeton, the Center for the His-
tory of Physics at the American Institute of Physics in New
York, the archives of the American Philosophical Society in
Philadelphia, the Robert A. Millikan Archive at the California
Institute of Technology, the Ernst Mach Archive in Freiburg,
and the archives at the Accademia dei Lincei in Rome and of the
Domus Galilaeana in Florence.

Among those whose technical expertise helped me negotiate
the huge distance between the mere thought and the printed
word, | wish to thank Joan Laws for her patient assistance over
many years, and Marcel Chotkowski La Follette for therapeutic
editorial help with the printer's manuscript.

I have presented several of these cases for discussion in my
seminar on the history of science at Harvard, and once more
thank my students for their thoughtful responses. When a
chapter is based on a previously published essay-usually in
somewhat revised form - the publishing history appears in the
chapter notes and the Acknowledgments; my appreciation to
those publications and their editors is also hereby recorded gladly.



How a scientific discovery is made:
The case of high-temperature superconductivity

Setting priorities for research, choosing which projects are to be
supported and which abandoned, triggers epic battles at the
highest levels. It requires predicting which paths and which
mixture of policies might best advance science and lead to fruit-
ful technologies, liet in such debates little attention is given to
one of the most fundamental questions: What can historical cases
teach us about how the scientific imagination works, and hence
what it takes to make a scientific discovery? There are many
popular ideas abroad, often based on oversimplified textbook
accounts of famous discoveries and on charming anecdotes. They
have little to do with the unruly complexity of the events them-
selves, and can only mislead science scholars and science policy-
makers.

For this reason, it will be revealing to find lessons in specific
case studies of the kind to which this book is dedicated. To start
off with an example of the scientific imagination at work, a good
choice is the discovery of high-temperature superconductivity,
not least because it is recent enough to simplify the process of
reconstructing its context. Our investigation, which included
interviews with Karl Alex Muller and Johannes George Bednorz,
who discovered the first high-temperature superconductors, also
throws light on a set of problems of intense current interest:
How does "curiosity-driven” or basic science interact with "stra-
tegic" research and engineering? How important are both plan-
ning and serendipity in discovery? What laboratory culture
makes success more likely? How deeply are the roots of crucial

This essay was prepared in collaboration with Hasok Chang and Edward
Jurkowitz.

XVii
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ideas and apparatus buried in the soil of history? How important
is the practice of borrowing across traditions and disciplines?
What role do the private style and presuppositions of the indi-
vidual play in research?

As will be shown, in a typical case scientific innovation de-
pends on a mixture of basic and applied research, on interdisci-
plinary borrowing from current as well as from old resources, on
an unforced pace of work, and on personal motivations that lie
beyond the reach of the administrator's rule book. While many
of these findings may be generally familiar to students of scien-
tific creativity, our operational mode of analysis, which is roughly
comparable to the methods of genealogical research, makes them
more precise, testable, and generally applicable. As such, they
may serve as an empirical complement to some of the untested
assumptions that inform policy discussions, not least in the de-
bates in Washington and in corporate boardrooms over the rela-
tive merits of applied and basic research.

H /vie/ Mstwy

Superconductivity—the loss of electrical resistance below a criti-
cal, or transition, temperature (71) characteristic of the mate-
rial—was first discovered in mercury by the Dutch physicist
Heike Kamerlingh Onnes in 1911. Mercury becomes supercon-
ducting at just 4.2 degrees above absolute zero (4.2 degrees
Kelvin). Teams large and small worked for decades in the hope
of finding electrical conductors with higher critical temperatures,
which would be easier and cheaper to keep resistance-free. There
beckoned the rewards both of new theories to explain the phe-
nomenon and of practical applications to exploit it; among the
latter was the possibility of enormous new efficiencies in the
transmission and use of electricity.

But for a long time nature yielded little hope for real progress.
By 1973, fully sixty-two years after the discovery of the phe-
nomenon of superconductivity, all efforts had stalled at a 7) of
23.3 Kelvin, the critical temperature of a niobium-germanium
compound (Nb,Ge). After years of frustrating failures to boost
7) into a region where there were realistic prospects for com-
mercial use, high-temperature superconductivity was no longer
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Figure i. Superconductivity, the loss of electrical resistance in a material,
was discovered by the Dutch physicist Heike Kamerlingh Onnes (WyZr,
shown with his colleague G. J. Flim and their helium-liquefying apparatus
in 1922). (Photograph courtesy of the Deutsches Museum, Munich.)

considered a promising area. Some theories held that no higher
7) could be expected. Bernd Matthias, a highly respected Bell
Laboratories physicist who, together with collaborators, had dis-
covered hundreds of new superconductors, challenged his peers
to give up "theoretically motivated" searches, or "all that is left
in this held will be these scientific opium addicts, dreaming and
reading one another's absurdities in a blue haze" (quoted in
Bromberg 199%).

All this changed virtually overnight in 1986, with the publica-
tion of a set of papers by Karl Alex Muller and his former student
Johannes Georg Bednorz, two investigators at the IBM Zurich
Research Laboratory in Riischlikon, Switzerland. Unlike most of
the previously discovered superconductors, the new compound
was a ceramic, a mixed oxide of barium, lanthanum, and copper
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Figure 2. In 1987, Kart Alex Muller (/in-/e/i), 60, and his former student
Georg Bednorz, 37, were awarded the Nobel Prize for the discovery of
high-temperature superconductors. (Photograph courtesy of IBM.)

(La”CuO™, or lanthanum cuprate, doped with a small amount of
barium). It not only had a remarkably high 7/—in the neighbor-
hood of 30 Kelvin—but was also relatively easy to prepare by
ceramic techniques and to modify by chemical substitution.
Whereas ground-breaking discoveries often involve new tech-
nology, in this instance the means to create and to measure the
phenomenon had been available for decades.

The discovery became an academic and popular sensation,
especially after Paul C. W Chu's group at the University of
Houston and Mao-Ken Wu's team at the University of Alabama
jointly announced in February 1987 that they had achieved su-
perconductivity at about 90 Kelvin with materials related to the
Bednorz-Miiller compound, a temperature well within the range
of the inexpensive coolant liquid nitrogen. Now high school
students could demonstrate the phenomenon. A climax of excite-
ment was reached at the so-called Woodstock of Physics, a panel
discussion on high-temperature superconductivity held at the
American Physical Society's annual meeting on March 18, 1987,
in New Mark City. Roughly 3,500 physicists crowded into the
hotel where the meeting was held, some lingering so long after
the session ended that they had to be ejected from the rooms
by the hotel staff at 6 am. (Khurana 1987b; Robinson 1987;
Schechter 1989).
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Here was everything a physicist could wish for: a new class of
materials with great potential for generating new theories and
new technologies. Above all, the discoveries provided that most
rare and most desired moment, a glimpse of vast unexplored
scientific territory. Like Cortez's men on the peak in Darien, the
physicists at the meeting "look'd at each other with a wild sur-
mise." Or as areporter put it: "One could have felt as if one were
a part of a ceremonial gathering to affirm a new cult" (Khurana
1987h).

After the tumultuous emergence of high-temperature super-
conductivity—even President Ronald Reagan hailed the "new
age" of superconductivity as awelcome "revolution” having great
promise for new products—Muller and Bednorz were awarded,
with the maximum possible speed, the Nobel Prize for physics

Figure 3. The American Physical Society's 1987 March meeting, later
named the Woodstock of Physics, was an impromptu crash course follow-
ing the discovery of high-temperature superconductors. According to one
account, the meeting was "an insane physics demonstration . . . Suddenly,
over three and a half thousand physicists (with twice that many elbows)
seemed hell-bent on proving that two bodies rond occupy the same place
at the same time." (Photograph courtesy of the American Institute of
Physics.)
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for 1987. Their discovery unleashed the energies of dozens of
teams, and laboratories all over the world rushed to synthesize
other potential oxide superconductors. Indeed, it did not take
long for the critical temperature to be raised to 12$ Kelvin, and
to even higher temperatures at high pressure. Today the record
stands at about 164 Kelvin, with isolated observations, often
transient, being reported of critical temperatures well above 200
Kelvin (the freezing point of water is 273.16 K). The opium
addicts' blue haze has dissipated, and some physicists have even
dared to hope again that room-temperature superconductors will
eventually be found.

The main outlines of this discovery are well known, but our
interviews and correspondence with Muller and Bednorz turned
up essential details. Here we set forth an account of the discovery
of the first high-temperature superconductors as Muller and
Bednorz experienced it, with particular attention to the re-
sources, either intellectual or material, on which the discovery
depended. T hen we put forward a systematic analysis based on
this narrative, a schema designed to help answer the more gen-
eral question of what it takes to make a scientific advance.
Muller, who was born in Basel, Switzerland, in 1927, gradu-
ated from the Swiss Federal Institute of Technology (ETH)
in Zurich in 1938. ETH was the home base of the physicist
Wolfgang Pauli, who had continued to teach there after being
awarded the Nobel Prize in 194$. Muller said of Pauli, "he
formed and impressed me." As will be shown, the student had
learned more than physics from his teacher. By 1963, Muller had
joined the research staff of the IBM Zurich Research Laboratory,
and in 1972 he was put in charge of its physics group. In 1982
he was promoted to IBM Fellow, becoming one of a handful of
that corporation's distinguished scientists who were free to work
on anything they pleased. He was to use that opportunity well.
Previously Muller had worked for almost fifteen years on a
series of problems in condensed-matter physics, many of which
had links back to his doctoral research. His Ph.D. thesis, done
under Georg Busch at the ETH, was on the identification of the
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electron paramagnetic resonance lines of iron ions, a subject
quite unrelated to superconductivity. But as it happened, the
material in which the iron ions were present as impurities was
the then recently synthesized oxide strontium titanate (SrTiOj,
and that fact, in a way nobody could have foreseen, would turn
out to be Muller's hrst step toward research on high-temperature
superconductivity.

Indeed, Muller's use of strontium titanate was entirely acci-
dental. Initially, he had set out to map the paramagnetic reso-
nance spectrum of impurities in tin. When that worked out
poorly, Muller explained in an interview, he went "by chance into
Professor Heine Granicher's ofhce," looking for crystals of other
materials. Granicher offered Muller some samples, and among
them was strontium titanate. It was a fateful moment. Strontium
titanate not only helped Muller get his doctorate, but also led
him to study the crystallographic literature about the class of
materials to which this compound belongs, and set him on aroad
whose destination would become apparent only years later.

When he was made an IBM Fellow in 1982, Muller felt that,
having passed the age of fifty, he was ready for an entirely new
challenge. Perhaps he remembered the advice of an old supervi-
sor, H. Thiemann, whose byword had been "One should look
for the extraordinary.” In any case, Muller chose extraordinary
conductivity as his next challenge.

At the time, superconductivity was not a promising held of
research. Not only had the incremental progress toward higher
T apparently stalled, but IBM had had to abandon the effort to
produce a computer using Josephson junctions—electronic de-
vices made of superconducting materials that can switch states
faster than devices made of semiconductors—despite the enor-
mous investments the company had made in this project.

Muller was aware of all this. In 1978 he had spent an eight-
een-month leave at IBM's Thomas J. Watson Research Center
in Yorktown Heights, New York. John Armstrong, the vice presi-
dent in charge, wisely gave Muller discretion to pursue any
subject he wished while he was there. That encouraged him to
look into the troubled held of superconductivity, about which he
then knew very little. As he put it, he started "from page one of
Michael Tinkham's book," /HrodMVthow to .SVberrondMirAhy (1979).
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But thorough study throughout the available literature turned up
no theory that would lead beyond the usual materials to new
substances and higher critical temperatures. Muller then "de-
cided 1 just don't talk to the theoreticians. They just held me
back."

After he returned to Zurich, Muller continued to work on
superconductivity, first alone, and then from 1983 with Bednorz.
Born in Neuenkirchen, Germany, in 1930, Bednorz was highly
trained in crystallography, solid-state chemistry, and physics.
Muller and Granicher were supervising his Ph.D. thesis at the
ETH; not surprisingly, Bednorz's hrst experimental work was on
the growth and characterization of strontium titanate.

Bednorz was an ideal partner for Muller. As Bednorz explained
in their joint Nobel lecture, he had become interested in super-
conductivity in 1978, when he was invited by the IBM Zurich
laboratory to improve the superconductive properties of stron-
tium titanate single crystals. In this he quickly succeeded by
adding trace amounts of niobium to the crystal. %t the highest
achievable 7j was still only 1.2 Kelvin, so his supervisor had lost
interest, and Bednorz had returned to the institute to work on
his thesis.

But the seeds of fascination with the held had been sown, and
when in 1983 Muller asked Bednorz to join him in the search
for a new superconductor, Bednorz accepted with such alacrity
that it took Muller by surprise. Still, at the outset the two men
spent a fruitless couple of years with nickel-based oxides. Right
up to its culmination, their research was typically in the "little-
science” style, meaning on a relatively small budget. Bednorz
later described it as one step on a "long and thorny path."
Moreover, they worked in self-imposed isolation. Muller admit-
ted that they kept their early work completely to themselves, not
informing even the IBM managers, in part because superconduc-
tivity research was not then a popular subject with management.
This decision, made possible by Muller's status as an IBM Fellow,
was also taken so that if they failed, they could quietly give the
project "a burial in very restricted family circumstances, in order
not to jeopardize Bednorz's career."

The breakthrough came when they decided to look for super-
conductors among copper-containing oxides, a class of materials
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fundamentally different from those that had been ransacked by
the pioneers in the held, such as Matthias. During a literature
search on these types of compounds, Bednorz happened on a
ip8$ paper by Claude Michel, L. Er-Rakho, and Bernard Raveau
of the Universite de Caen that described barium-doped lantha-
num cuprate. But the authors were chemists and had concen-
trated on catalytic rather than superconducting properties.

The decision of the Swiss team to investigate the oxides,
which is a key turn in this story, "took every condensed-matter
physicist by surprise™ (Chakravarty 1994). Indeed, one physicist
recently confessed that when he and his colleagues had heard
that Muller "was searching for high T in oxide, we thought he
was crazy." Up to that time searches had concentrated on inter-
metallic compounds; ceramic oxides were generally thought to
be insulators, not conductors, much less superconductors. But
according to their joint Nobel Prize lecture, the team's "aim was
primarily to show that oxides could do better in superconductiv-
ity than metals and alloys."

They had several reasons for striking out in this new direction.
Some oxides, including strontium titanate, had previously been
found to be superconductors of the traditional sort, although
with T's no higher than 14 Kelvin, they ranked well below
the niobium compounds. As Muller and Bednorz later noted,
they were also reasoning from the then-standard theory for
superconductivity—the BCS theory, named after the physicists
John Bardeen, Leon Cooper, and Robert Schrieffer—and the
Jahn-Teller theorem devised by the physicists H. A Jahn and
Edward Teller. Muller had read a paper by Karl-ITeinz Hock and
H. Nickisch of the Technische Hochschule in Darmstadt, Ger-
many, and H. Thomas of the Universitat Basel in Switzerland
(Hock, Nickisch, and Thomas 1983) that led him to think that
a material that met the Jahn-Teller criterion and was metallic at
high temperatures might have an unusually high 73 The lantha-
num cuprate met those criteria as well. Tet among the interesting
ironies of the story is that the BCS theory is now thought to have
only limited applicability to high-temperature superconductivity,
and that the Jahn-Teller effect has little to do with establishing
superconductivity in the high-temperature superconductors.
Furthermore, as Muller later put it, "Thu always need a kick of
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luck™: Bednorz had prepared the lanthanum cuprate differently
(by coprecipitation) than had the French team, thereby favorably
altering the structure, as it turned out. (Dordick 1987).

As Muller explained, however, there was another, very crucial
factor: the attraction that he in particular felt toward the sub-
stance described by Michel, Er-Rakho, and Raveau. It had a
perovskite-type structure. This structure had special meaning for
Muller; indeed, he had an "atavistic type of feeling that it might
work for superconductivity.” When he and Bednorz came to
deliver their joint Nobel lecture, they gave it the significant title
"Perovskite-Type Oxides—The New Approach to High-d) Su-
perconductivity."

Perovskites, named in 1830 in honor of the Russian amateur
geologist Lev Aleksevitch von Perovski, are a class of ceramics
that have a particular atomic arrangement. In their ideal form
perovskites, which can be described by the general formula
ABX,, consist of cubes that are decorated with three elements.
The A cation (positively charged ion) lies at the center of each
cube, the F cations occupy all eight corners, and the X anions
(negatively charged ions) lie at the midpoints of the cube's twelve
edges. The cubic structure has particular appeal because, of the
seven possible crystal systems, it is the one with the highest
degree of symmetry.

As noted, Muller and Bednorz had each devoted their gradu-
ate research largely to the perovskite strontium titanate. Muller
later wrote that "the perovskite structure determined, even
dominated, my scientific efforts for many years" (Muller 1988).
Indeed, in Muller's extensive bibliography, perovskites recur in
widely varying studies, ranging from paramagnetic resonance to
sound attenuation and heat capacity, from structural phase tran-
sitions to photochromism. For example, Muller gave special at-
tention to perovskites in a decade-long investigation of the man-
ner in which the Jahn-Teller effect can lead to structural phase
transitions (Thomas and Muller 1972).

As Muller emphasized, perovskites "always worked™" for him.
This highly symmetric structure became for him a thematic
guide, quite different from and supplementary to the elements
traditionally considered central to the logic of scientifc research.
It will become apparent in the following chapters that, in this
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tendency, Muller joins many other scientists who found them-
selves being led by thematic commitments, at least during the
early, rather private stages of their projects. Einstein, for exam-
ple, had a predilection for symmetry, continuity, and classical
causality, whereas Heisenberg embraced discontinuity and aban-
doned classical causality. In Muller's case the thematic influence
on the scientific imagination was just as compelling.

After reading the French paper about barium-doped lantha-
num cuprate, Bednorz and Muller prepared the compound and
showed that it became superconducting at a temperature of
about 30 Kelvin, a 71 substantially above that of any material
previously studied. They also confirmed that the sample exhib-
ited another important indicator of superconductivity, the Meiss-
ner effect: when a superconductor in a magnetic held is cooled
to the temperature at which it loses resistance, all or part of the
magnetic flux within the material is expelled. Still, Bednorz and
Muller initially found that their reports were "met by a skeptical
audience™ (Bednorz and Muller 1987a). But soon the confirma-
tions came pouring in, and research groups grew explosively the
world over.

For a serious study of what it took to make this discovery and
what lessons it implies, we must press on beyond this sketch of
events to a deeper level, where the resources that history had
prepared for the success of the team lie hidden. A complete
analysis would take into account in more detail the personal
research trajectories of Muller and Bednorz, evaluate the
influences of encounters with other researchers, and thoroughly
explore the educational systems through which they passed, as
well as the universities and corporate institutions that employed
them. Here we will concentrate on the vast treasury of
woHrrrr that these two scientists were able to ex-
ploit. On the basis of this case history, we then generalize,
proposing a structured description of how new scientific work is
rooted in and nourished by previous achievements, some from
the distant past.
It is often said that scientific work is "based on™ earlier work,
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Figure g. Data indicating the discovery of the hrst high-temperature super-
conductor, barium-doped ianthanum cuprate, published in ZehrrAri/i
Pryh/f R The crucial figure shows the temperature dependence of the
resistivity (p) of lanthanum cuprates doped with varying amounts of barium.
The figure's shock value lay in its abscissa: the materials underwent the
transition of zero resistivity at temperatures well above absolute zero.
(Courtesy of Springer-Verlag.)

or that earlier work "gave rise to" later work; there is also much
talk of "traditions,” “influences,” and "connections.” These no-
tions must be made more precise to be useful. In particular, one
must seek to operationalize them, that is, to define them in terms
of identifiable and repeatable operations.

By resources we mean mathematical techniques, physical laws,
analytical instruments, factual information, and the like. Al-
though an investigator may well create some such resources on
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the spot, more frequently they are derived from previous work
done by others. Indeed, the most important relation among
scientific research efforts is that of adapting, assimilating, trans-
forming—or in general "borrowing"—whether consciously or
not.

Such borrowing leaves identifiable traces, just as one can dis-
cern one's ancestors' traits in one's own makeup. To pursue this
suggestive metaphor, it should be possible in principle to reveal
many “"generations” of "ancestors" that lie behind a scientific
work. In short, "influence™ can be operationalized by attempting
to tease out the genealogy of a work by looking for document-
able facts that are equivalent to a line of inheritance.

One way to locate the resources used in a given piece of
published scientific work is to trace the citations, in footnotes or
in the text, to other publications or to private communications
it contains. To be sure, citations cannot be used blindly, because
they may be merely pro forma, intended to acknowledge the
existence of related projects in the same field, or to serve other,
largely social purposes. Another problem is that not all impor-
tant resources are explicitly cited. Many resources will be con-
sidered generally known and silently assumed. The scientific
genealogist, therefore, must rely on his or her own scientific and
historical background knowledge to find implicit citations in the
target paper or in the ancestral papers. Finally, any genealogical
exercise is open-ended; how far back to trace the connections is
a pragmatic decision. We have found that it is not necessary to
go back further than three or four "generations"” to test interest-
ing hypotheses about scientific innovation.

A genealogical analysis of Bednorz and Muller's main scientific
publications announcing the discovery of high-temperature su-
perconductivity shows the need to distinguish among the various
types of resources on which the team drew. They made use of
at least four types of resources: initial, motivating theoretical
framework and ideas (schema); experimental techniques and ma-
terial resources (production); means of gathering and analyzing
data (observation); and theoretical concepts for interpreting the
results (interpretation). Figure $ indicates the kinds of items that
make up these four main components.

As Figure $ shows, analysis of the original five papers that



Figure $. To determine the immediate inteilectuai and material "ancestry" of the discovery of high-temperature supercon-
ductors, we traced implicit and explicit citations ("+" indicates coauthors) appearing in five papers that form the essential
core of the Bednorz-Miiller work. This genealogical analysis quickly showed that at least four types of resources fed into

the discovery, as marked along the left edge of each "layer."
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constituted the announcement of their breakthrough quickty
revealed a number of silent resources that Muller and Bednorz
put to use. For example, among the tools for observation were
several standard techniques whose origins are no longer referred
to explicitly in research reports: x-ray powder diffraction for
analyzing the structure of the sample, and various electrical re-
sistance thermometers, among others. Similarly, the theoretical
resources needed to interpret the experimental results included
some long considered commonplace and whose original sources
were not cited, such as the criteria for identifying superconduc-
tivity: zero electrical resistance and the Meissner effect.

Figure $ indicates how each resource can be connected either
to one of the two-dozen publications explicitly cited in the basic
Bednorz-Mfiller papers or to a publication implicitly referred to
in their papers. For example, the passing mention of the Meiss-
ner effect implicitly refers to the 1933 publication describing the
effect by the German physicists Walther Meissner and Robert
Ochsenfeld. Similarly, the platinum thermometers the teams
used imply reference to an 1887 publication by Hugh L. Calen-
dar of the Cavendish Laboratory in Cambridge, England, that
ushered in the resistance thermometer as a practical means of
measuring temperature.

It doesn't take long to see that the Bednorz-Miiller work
harbors a broad and intricate system of ancestors. Our search
revealed many cross-references early resources and also
quickly took us back to work published a century or more ago.
Unwittingly but documentably, the stage for the 1986 discovery
was set by scientists, many long in their graves. For instance, the
apparatus used to liquefy helium stems from a liqueher devel-
oped by the MIT engineer Samuel C. Collins in 1947; its prede-
cessor was the Russian physicist Pyotr Kapitza's 1934 liqueher,
which in turn made use of two principles of cooling first laid out
by the British physicists William Thomson (Lord Kelvin) and
James E Joule in the 1830s and by the French chemists Nicolas
Clement and Charles-Bernard Desormes in 1819.

Obviously, the network of ancestors extends to yet earlier
generations (Figure 6). Moreover, if one focused on any one
node—say, the BCS theory of superconductivity—it would reveal
a broad and intricate network of its own (Figure 7). That, of



Figure 6. More complete genealogical analysis of the Bednorz-Miiller achievement uncovered a broad network of intellectual and
material ancestors, grouped here generally as in Figure $. For illustrative purposes, the hrst-generation ancestors are
shown in more detail than earlier generations The genealogical tree has been arbitrarily truncated.
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Figure y. Density of connections that characterizes genealogical analysis of
scientific work is demonstrated by focusing on one node in Figure 6—the
BCS theory for low-temperature superconductivity—which explodes to
reveal its own dense network of ancestors. This figure also illustrates a
quixotic aspect of scientific discovery: the BCS theory in its original form
is now widely thought not to apply to high-temperature superconductors,
but ideas do not have to be correct to be fruitful.

course, is the point: in an operationally meaningful sense we
begin to perceive "what it took™ to discover high-temperature
superconductivity. We can generalize that any significant ad-
vance relies on a large but identifiable set of earlier contribu-
tions. Some may be famous and profound; many more are much
less significant in themselves. But all have served, almost always
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unwittingly, to prepare for the emergence later of a new scientific
or technological achievement.

*1e private rhmi/mo??

As noted, tracing the genealogy of a scientific discovery through
the published literature does not uncover every factor of rele-
vance to it. Perhaps the most intriguing needed addition is the
private dimension of scientific discovery. Because of the tradition
of formality in science writing, this aspect of discovery rarely
survives in the published record. But we were lucky. When
Muller was asked to elaborate on his remark that the perovskite
structure "always worked" for him, he obliged us by sharing in
some detail an aspect of his motivation that would ordinarily be
kept private.

His unlikely choice of a perovskite in his search for high-tem-
perature superconductors was guided not just by the force of
(well-rewarded) habit. As he put it: "I was always dragged back
to this symbol." He first became fascinated with this highly
symmetrical structure in 19%2, when he was working on his
doctorate. As noted earlier, Wolfgang Pauli was one of Muller's
professors at ETH; just at that time, Pauli had published an essay
on the influence of archetypal conceptions in the work of the
astronomer Johannes Kepler, in a book coauthored with the
psychoanalyst Carl Jung (Pauli 1952). Much impressed by that
essay, Muller started to read Kepler avidly, thus encountering
Kepler's deep commitment to the guidance of three-dimensional
structures of high symmetry—the five Platonic solids—in his
work on planetary motion (Figure 8).

Muller continued, "Ifyou are familiar with Jung's terminology,
the perovskite structure was for me, and still is, a symbol of—it's
a bit high-fetched—but of holiness. It's a a self-centric
symbol which determined me ... | dreamt about this perovskite
symbol while getting my Ph.D.; and more interesting about this
is also that this perovskite was not just sitting on a table, but was
held in the hand of Wolfgang Pauli, who was my teacher." At
the time, Muller had divulged this aspect of his inspiration only
to friends and to Pauli's last assistant, Charles P. Enz. He has
since discussed it in an introspective essay (Muller 1988) illus-
trated with the Dharmaraja Mandala (Figure 9).
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Figure 8. Like many scientists, MiiHer was aiso influenced by older scien-
tific ideas. Wolfgang Pauli, his teacher, had written an essay on archetypal
conceptions in the work of Johannes Kepler, including a model of the
planetary orbits as a concentric structure defined by the enclosed highly
symmetrical solids. (Reproduced from Kepler, Mg%H777 Canwogri?p/w?rrrz,
1596.)

To the historian this is familiar ground. Scientists from Kepler
to Kekule, from Newton to Crick and Watson, were guided in
the early stages of their research by a visually powerful, highly
symmetric geometrical design. In faithfulness to Muller's self-re-
port, our genealogy should therefore include a new type of
resource, pryyoTM MA/Vhr p OWNoni, and with it a new line
of inheritance, reaching in this case back first to Pauli and Jung
and then to the works of Johannes Kepler, four centuries earlier.
This added intellectual resource played as big a role in motivat-
ing the 1986 discovery as any of the other resources we have
mentioned. Other case studies will reinforce the fact that per-
sonal thematic presuppositions of various sorts were essential
motivators in major advances throughout the history of science.

&e
What can we learn about scientific discovery in general from this
genealogical analysis of a particular advance? Four hypotheses
offer themselves that may be found to hold generally for modern
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Figure 9. Muller chose the Dharmaraja Mandala (iz'ow) to illustrate his
source of inspiration. (Courtesy of Joachim Baader, Galerie fur tibetische
Kunst; Munich, Germany.)

science. Although students of scientific discoveries will not find
them surprising, we would contend that our genealogical method
of analysis has allowed these hypotheses to be put in a more
testable, and therefore more useful, form.
r. RorctMVg o' resoivireef razftawrly pltarr

NaAWMt A7z 2 rorac2Nezzlly Jhnp/zvr. For instance,
among the theoretical ancestors of the Bednorz-Muller work are
ideas from thermodynamics, statistical mechanics, the old quan-
tum theory, quantum mechanics, and quantum held theory. Even



XXXV11

when a given work superficially appears to be the result of a
narrow line of research, it is likely to have a deep and broad
ancestry. When scientists borrow from different subhelds within
a discipline, these can blend together or be transformed in an
alchemical process that turns them into gold. One may also note
that the unpredictable way scientists reach back to earlier re-
search done in a different part of the discipline suggests it would
be futile to attempt to "rationalize™ or "direct” this process, but
argues for making a scientific education as wide-ranging as pos-
sible.
2. Forrowwg o* rrroMrrrr %yo roMfmrly on%?r “~rrorr
dm/pAW. The Bednorz-Mfiller work bor-
rowed directly or indirectly from a wide variety of different
disciplines, each with its own professional societies and jour-
nals. They included physical chemistry, material science, crystal-
lography, metallurgy, electronics, and low-temperature tech-
niques. This feature, most obvious in experimental projects but
also found in theoretical ones, has, we suggest, become more and
more characteristic of modern scientific work.
J2 Ihmf ~orrotw rrroMrrrro?? rerVire/?, %p-
~orrowr rrroMrreryho 7 reyo%tA A good exam-
ple of this symmetrical exchange is Bednorz and Muller's use
of a SQUID (superconducting quantum interference device) to
measure changes in magnetic fields. The initial pursuit of super-
conductivity itself can be regarded as basic, or "curiosity-driven."
So can Brian Josephson's prediction that superconducting cur-
rents can tunnel across an insulating film. But then the Joseph-
son effect led to the production of SQUIDs, making possible
exquisitely sensitive magnetic susceptometers, whose develop-
ment is considered a piece of applied work. The susceptometers,
however, proved useful in further basic research into supercon-
ductivity, including Bednorz and Muller's. In short, to use a
metaphor from physics, the exchange of energy between pure
and applied research resembles the exchange of energy between
a pair of coupled pendulums. Such feedback effects can be ob-
served even within discipline-oriented research lines.
Ow ywifivty or micMEiffr rr-
or Most borrowed
resources had been developed by others in research with a goal
quite different from that of tire eventual borrower. Moreover, the
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research of the borrower also often ends up somewhere other
than the intended destination; for example, Onnes's initial dis-
covery of superconductivity was based on ideas of Kelvin's, which
predicted "exactly the opposite of what was found eventually"
(Meijer 1994). As noted, Bednorz and Muller discovered high-
temperature superconductivity by studying a compound that had
been synthesized and researched by others for unrelated pur-
poses. Nor could the team have predicted that now there exist
more than a hundred high-temperature superconductors, as well
as a growing set of industrially promising applications—motors,
transformers, thin films, and power cables—some of them al-
ready on a production basis. What is more, all of this has tran-
spired in the continued absence of any consensus about the
mechanism of high-temperature superconductivity.

The Muller-Bednorz story, replete with unpredictable turns of
events and rife with unintentionality, has yet another twist. The
perovskite structure inspired Muller and Bednorz to gamble
on investigating the oxides in the first place. The barium cu-
prate compound they prepared contained well-separated planes
of copper and oxygen atoms, and these layers turned out to be a
universal property of high-temperature superconductors. More-
over, these layers exist because the compound is not, after all, a
true perovskite; because of the way its unit cells stack, it has
orthorhombic rather than cubic symmetry. As Muller said to us
in this connection, although Kepler was initially dedicated to
decomposing planetary orbits into perfect circles, he was even-
tually led to ellipses instead—but thereby helped prepare for
Newton's PriMipM

If these four hypotheses are more generally confirmed, they will
have the effect of providing support for the old assumption
that there is some underlying unity in science, perhaps not of
the Theory-of-Everything variety but of a different, operational
kind.

A distinguished and vocal minority of scientists (including
Philip W Anderson) has asserted that we should not look for
unifying theories emerging from the study of elementary parti-
cles, and that each area of science, such as biology or fluid
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dynamics, has its own laws, which cannot be derived from some-
thing more fundamental. Those arguments, whether right or
wrong, do not touch our idea of unity, which is exemplified in
the ceaseless borrowing that connects diverse traditions and dis-
ciplines. In principle, any two research efforts, however removed
in time, subject, or purpose, may well turn out to be genealogi-
cally connected. And in the limit, the whole of natural science
may be represented as one thickly linked continuum, which can
be divided into distinct disciplines and traditions only in a more
or less arbitrary way. However they may differ, the multitudinous
projects of science at any given moment share in and emerge
from a common history.

I'wplicwtiom /or xncvie paffey

This study has significant implications for science policy. It sug-
gests, first of all, that far more attention should be paid to the
history of actual advances, which demonstrate, in operational
terms, that major accomplishments in science depend on healthy
systems of education and research administration that nurture
a mixture of basic, applied, and instrument-oriented develop-
ments. The traditions and management styles of laboratories and
their parent institutions can greatly advance or hinder research.
At the Zurich laboratory, Muller and Bednorz benefited from
access to highly trained machine and glassblowing technicians,
schooled in the traditions of excellence and craftsmanship that
can be traced back to the guilds of previous centuries. Then too,
it was probably not an accident that their discovery, which is
basically an advance in the science of materials, occurred at a
laboratory with a long-standing commitment to this science,
most notably to the study of ferroelectricity.

But the most striking feature of the culture at the Zurich
laboratory was the willingness to give good people the freedom
to pursue projects with long gestation periods. This was re-
warded twice in quick succession. The year before Bednorz and
Muller won the Nobel Prize in physics, the prize had been
awarded to Gerd Binnig and Heinrich Rohrer, also of the Zurich
laboratory, for their patient development of the scanning tunnel-
ing microscope. The stories of the transistor and the laser also
suggest that the chance of serendipitous encounters with key
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ideas is increased by permitting research to proceed at an un-
forced pace.

We recognize here the well-known phenomenon of the self-
amplihcation of confident, successful, high-quality cultures.
They exhibit what Robert K. Merton of Columbia University,
who pioneered the modern sociology of science, has memorably
termed the Matthew effect (a reference to the text: "Unto every
one that hath shall be given, and he shall have abundance . . ."
Matthew 25:29).

It is equally important that the system of research administra-
tion encourage the flexibility that promotes borrowing within
and across disciplines and between basic and applied research.
The culture of the laboratory, including its financing, should
allow both a natural, unforced pace of work and a degree of
self-direction of the scientific imagination that allows researchers
to draw on the personal sources of inspiration on which admin-
istrative rule books and traditional science texts are so silent.

But above all, our research suggests that the current debate
about the relative merits of and support warranted for basic and
mission-oriented research is oversimplified. Historical study of
cases of successful modern research has repeatedly shown that
the interplay between initially unrelated basic knowledge, tech-
nology, and products is so intense that, far from being separate
and distinct, they are all portions of a single, tightly woven fabric
(Mort 1994; Ehrenreich 1995). Even research that narrowly tar-
gets a specific application sooner or later must rely on results
from a wide spectrum of research areas. For example, it is some-
times said that Irving Langmuir looked into blackened light
bulbs and so created modern surface chemistry. But of course his
achievement did not spring full-fledged from his brow. Its gene-
alogy, if traced back as carefully as we have traced the genealogy
of Bednorz and Muller's discovery, would quickly reveal the
crucial role of many types of research in earlier generations and
in different fields.

If we wish to achieve noteworthy science, even if noteworthy
is defined to mean only science with an economic payoff, we have
no alternative but to support the seamless web of research.
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Part 1 On the thematic analysis of science
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Themata in scientific thought

When the historian, phiiosopher, sociologist, or psychologist of
science studies a product of scientific work - a published paper,
a laboratory record, a transcript of an interview, an exchange of
letters-he is usually dealing primarily with an We can
distinguish at least eight different facets of such events, each
facet corresponding to a different type of interesting research
question.

First is, of course, the understanding of the scientific content
of the event at a given time, both in contemporaneous terms
and, separately, in terms of what we now believe to be the case.
What did the scientist claim was at issue? What was he in fact
confronted with? For this we try to establish his awareness
(within the area of public scientific knowledge at the time of
the event) of the so-called scientific facts, data, laws, theories,
techniques, and lore. | would include under this heading the
larger part of historical research on what are called scientific
world views, exemplars, and research programs. Chiefly, how-
ever, historians and scientists are still concerned with digging
out the concepts and propositions embodied in the events
studied and with rendering them in empirical and analytical
language.

The second is the time trajectory of the state of shared (that
is, "public” rather than "private™) scientific knowledge that led
up to and perhaps goes beyond the time chosen for the event.
Establishing this means, so to speak, the tracing of the World
Line of an idea or a subject of research, a line on which the
event (E) is a point. Whether we are studying the problem of
falling bodies from Kepler to Newton, or the flowering of

3
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guantum electrodynamics from Feynman to the last issue of

Rcufctc LcMert, under this heading we are dealing with
antecedents, parallel developments, continuities and discontinui-
ties, and the like. This tracing of conceptual development and of
the "context of justification" is the most frequent and the
strongest activity of historians of science and historically in-
clined science educators.

Third is the more ephemeral personal aspect of the activity
in which E is embedded. Here we are in the context of dis-
covery, trying to understand the "nascent moment,” which may
be poorly documented and not necessarily appreciated or under-
stood even by the agent himself. Except for work on a few
figures such as Kepler or Einstein, scientists (and philosophers)
until recently have been rather impatient with such studies. The
very institutions of science - the methods of publication, the
meetings, the selection and training of young scientists - are
designed to minimize attention to this element. The success of
science itself as a sharable activity seems to be connected with
this systematic neglect of what Einstein called the "personal
struggle." Moreover, the apparent contradiction between the
often "illogical” nature of actual discovery and the logical
nature of well-developed physical concepts is perceived by some
as a threat to the very foundations of science and rationality
itself.

The alternative path is not easy. In one of his interviews,
Einstein urged historians of science to concentrate on compre-
hending what scientists were aiming at, "how they thought and
wrestled with their problems.” But he pointed out that the
scholar would have to have sufficient insight, a kind of educated
sensitivity both for the content of science and for the process
of scientific research, as solid facts about the creative phase are
likely to be few; and that, as in physics itself, the solution to
historical problems may have to come by very indirect means,
the best outcome to be hoped for being not certainty but only a
good "probability” of being "correct anyway."?

A fourth component of historical research is indeed the estab-
lishment of the time trajectory of this largely "private™ scien-
tific activity - the personal continuities and discontinuities in
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development, or science in the making as experienced in the
scientist's own personal struggle. Now the event E at time ?
begins to be seen as the intersection of two trajectories, of two
World Lines, one for "public science" (let us call it &), and one
for "private science” (SJ, to use a shorthand terminology which
is useful enough if not pushed too hard/*

Fifth, parallel to the trajectory of Si and shading into it as
one of its boundaries is a band tracing the psychobiographical
development of the person whose work is being studied. We are
dealing here with the new and tantalizing held which explores
the relation between a person's scientific work and his intimate
style of life.

Sixth is unavoidably the study of the sociological setting,
conditions, or influences which arise from colleagueship, the
dynamics of teamwork, the state of professionalization at the
time, the institutional means for funding, for evaluation and
acceptance, and quantitative trends. Here we deal with the fields
of science policy studies and sociology of science in the nar-
rower sense.

Seventh, a similar band, parallel to and shading into the tra-
jectories of $i and $ deals with cultural developments outside
science that influence science or are influenced by it - with
questions concerning the feedback loops in the entities science-
technology-society, science-ethics, and science-literature.

Finally, there is the logical analysis of the work under study.
In my own development, first as a student of P. W. Bridgman
and Philipp Frank and later as their colleague, interest in and
respect for a valid analysis of the logic of science in fact pre-
ceded work in the analysis of the more strictly historical aspects
of acase.

These eight areas of study are not separated by hard barriers.
To be sure, each has invited its own specialization and thereby
its own operational self-definition. For each we could quickly
put forward the names of heroes and the shape of future hopes
of development - though we might now all agree, with various
intensities of regret, that the resolution of a real case in the his-
tory of science (in all its ambiguities and interdisciplinary con-
nections) in separable components is, after all, a reductionistic
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strategy which our human limitations force or doom us to em-
ploy.

Tonw]J thtwjzi'o it2Yyyh'

The method of dealing with complex entities by resolution or
reduction found its use in science itself very early - for example,
in the passage in the Second Day of Galileo's Dialogo, where
Salviati and Simplicio are discussing the motion of an object
released from the mast of a moving ship. Simplicio refuses Sal-
viati's proposal to resolve the motion into a horizontal and a
vertical component, one for free fall straight to the center of the
earth, the other with constant velocity in the direction of initial
motion. Perhaps we should credit Simplicio's resistance to a
premonition that the whole method of resolution and reduction
is precarious and has no more necessity than any other meth-
odological thema - that is, it is neither verifiable nor falsihable,
and its usefulness depends entirely on how soon you are satisfied
with your results.

As we now know, Salviati was grossly exaggerating. Resolv-
ing the motion of the falling object into two components in
order to understand motion and its causes is only the first step in
an essentially infinite chain of resolutions. If one wants more
detail about the motion, other laws enter. The appearance of
the Coriolis force is responsible for an eastward deflection of the
object. The laws for falling bodies in real media at various
Reynolds numbers have to enter to calculate the effect of fric-
tion and turbulence. The more detail one wants to know, the
more resolutions become necessary. The process would have
become infinitely regressive if an Occam's Razor had not been
invented in our century for cutting off all side effects below a
certain limit. Quantum physics did give us a way to stop, owing
to the uncertainty principle and the finite size of Planck's
constant; they extinguish the meaningfulness of all further ques-
tions.

And there is another lesson. The two components Salviati
chose, while they were plausible enough and even turned out
to be useful, were not endowed with any provable necessity
over any other set of two or more components of motion that
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might have been imagined. I mention this to acknowledge that
my list of components is not to be taken as the recital of an
unchangeable, sacred Eightfold Way. On the contrary, one
reason for making the list was to be able to conclude that it is
incomplete in an important respect. In other words, there re-
mains a set of questions that is irresistible (to me, at any rate);
that cannot be handled naturally in this eightfold scheme at all;
and that lay bare a link between scientific activity and human-
istic studies, a link that few have studied so far.

Any listing of such questions must include these: What is
constant in the ever-shifting theory and practice of science-
what makes it one continuing enterprise, despite the apparently
radical changes of detail and focus of attention? What elements
remain valuable in science long after the theories in which they
are embodied have been discarded? What are the sources of
energy that keep certain scientific debates alive for decades?
Why do scientists - and for that matter also historians, philoso-
phers, and sociologists of science - with good access to the same
information often come to hold so fundamentally different
models of explanation? Why do some scientists, at enormous
risks, hold on to a model of explanation, or to some "sacred"
principle, when it is in fact being contradicted by current ex-
perimental evidence?

Why do scientists often privately not acknowledge a dichot-
omy between the context of verification and that of discovery,
and yet publicly accept it? If it is true, as Einstein believed/
that the process of formulating laws purely by deduction is "far
beyond the capacity of human thinking," what may be guiding
the leap across the chasm between experience and basic prin-
ciple? What is behind the obviously quasi-aesthetic choices that
some scientists make - for example, in rejecting as merely ad hoc
a hypothesis that to other scientists may appear to be a necessary
doctrine? Are the grounds from which such choices spring con-
fined to the scientific imagination, or do they extend beyond
it?

To handle such questions | have proposed a 7272 component
for the analysis of a scientific work-that is, thematic analysis
(a term familiar from somewhat related uses in anthropology,



8 072 AT2721y2y <2f yC2gT2C<?

art criticism, musicology, and other Helds). In many (perhaps
most) past and present concepts, methods, and propositions or
hypotheses of science, there are elements that function as the-
mata, constraining or motivating the individual and sometimes
guiding (normalizing) or polarizing the scientiHc community.
In the scientists' own public presentations of their work, and
during any ensuing scientiHc controversy, these elements are usu-
ally not explicitly at issue. Thematic concepts do not usually
appear in either the index of textbooks or in so many words
in the professional journals or debates. Such traditional dis-
cussions concern chieHy the empirical content and analytical
content, that is, the repeatable phenomena and the proposi-
tions concerning logic and matbematics. By way of a very
rough analogy, | have suggested that those two elements be
considered the x and y coordinates of a plane within which the
discussion seems chieHy to proceed, since the "meaningfulness”
of concepts is tested by the resolution of concepts or proposi-
tions into those elements - "meaningful” in the sense that agreed-
upon rules generally exist for the veriHcation or falsiHcation of
statements made in that language.

Thus (as we shall see in Chapter 2), in R. A. Millikan's famous
oil drop experiment, the question of whether or not the electric
charges on small objects always come in multiples of some fun-
damental constant (called the charge of the electron) could in
principle have been resolved quickly by coming to terms on
how and what was being observed through the telescope or
ultramicroscope when a particle was seen to move in the view
Held, and whether and how to amend the equation for Stokes's
law for the fall of small objects by extrapolation of a correction
term. If that were all, the lengthy debate about the existence of
a postulated "subelectron” would never have happened. But in
1910, and continuing for some years afterward, the controversy
between Millikan and his opponent was joined - at the intersec-
tion, as it were, of two sets of World Lines. Analysis of the ex-
pressed motivations, and of the ever-hardening attitudes of the
protagonists on opposite sides of the question shows here, as in
other cases, the strong role of an early, unshakable commitment
by the opponents to different themata.

The themata that appear in science can, in our very rough
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analogy, be presented as lying along a dimension orthogonal to
the x-y plane in which verification and falsification can take
place, hence somewhat like a z axis rising from it. Although the
x-y plane does suffice for most discourse within science as a
public, consensual activity, the three-dimensional (xyz) space
is required for a more complete analysis- whether historical,
philosophical, or psychological - of scientific statements, pro-
cesses, and controversies. (My argument is not to introduce
thematic discussions or even a self-conscious awareness of the-
mata into the practice of science itself. It is indeed one of the
great advantages of scientific activity that in the x-y plane many
questions - for example, concerning the "reality” of scientific
knowledge - cannot be asked. Only when such questions were
ruled out of place in a laboratory did science begin to grow
rapidly.) It is fruitful to make distinctions between three dif-
ferent uses of themata: the fe77Adic co/7cepr, or the thematic
component of a concept (examples | have analyzed are the use
of the concept of symmetry and of the continuum); the 777CiN
odo/ogic# h27M (such as the preference for expressing the laws
of science where possible in terms of constancies, or extrema, or
impotency); and the r&v/M/T prporitM/z or 3274 bypot/ye-
Wiy (exemplified by overarching statements such as Newton's
hypothesis concerning the immobility of the center of the
world, or the two principles of special relativity theory).

The attitude | have taken in the task of identifying and order-
ing thematic elements in scientific discussions is to some degree
analogous to that of a folklorist or anthropologist who listens to
the epic stories for their underlying thematic structure and re-
currence. Although the analogy leaves much to be desired, there
are more than superficial relations. For example, the awareness
of themata which are sometimes held with obstinate loyalty
helps one to explain the character of the discussion between
antagonists far better than do scientific content and social sur-
roundings alone. The attachment of physicists such as H. A.
Lorentz, Henri Poincare, and Max Abraham to the old electro-
magnetic world view and their discomfort with Einstein's rela-
tivity theory become a great deal more understandable when the
ether is thought of as operating as the embodiment of thematic
concepts (for example, of the absolute and the plenum). Thus
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in their obituary for Abraham, Max von Laue and Max Born
wrote perceptively:
[Abraham] found the abstractions of Einstein disgusting
in his very heart. He ioved his absolute ether, his Reid
equations, his rigid eiectron, as a youth loves his first pas-
sion whose memory cannot be erased by any later experi-
ence . . . His opposition was grounded in physical, fun-
damental persuasions to which he, purely in accord with
his feelings, held on as long as possible . . . [As Abraham
himself once said] against the logical coherences he had
no counterarguments; he recognized and admired them as
the only possible conclusion of the plan of general rela-
tivity. But this plan was to him thoroughly unsympathetic,
and he hoped that the astronomical observation would dis-
conhrm it and bring the old, absolute ether again into
honors
A finding of thematic analysis that appears to be related to the
dialectic nature of science as a public, consensus-seeking activity
is the frequent coupling of two themata in antithetical mode, as
when a proponent of the thema of atomism finds himself faced
with the proponent of the thema of the continuum. Antithetical
(00) couples-such as evolution and devolution, constancy and
simplicity, reductionism and holism, hierarchy and unity, the
efficacy of mathematics (for example, geometry) versus the
efficacy of mechanistic models as explanatory tools - are not too
difficult to discern, particularly in cases that involve a contro-
versy or a marked advance beyond the level of common work.
I have been impressed by how few themata there are - at least
in the physical sciences. | suspect the total of singlets, doublets,
and occasional triplets will turn out to be less than 100. The
appearance of a new thema is rare. Complementarity in 1927 and
chirality in the 1950s are two of the most recent such additions
in physics. Related to that is the antiquity and persistence of
themata, right through scientific evolution and "revolution."
Thus the old antithesis of plenum and void surfaced in the de-
bate early this century on "molecular reality” - indeed, it can
be found in the work of contemporary theoretical physicists.
One may even predict that, no matter how radical the advances
will seem in the near future, they will with high probability still
be fashioned chiefly in terms of currently used themata.
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The persistence in time, and the spread in the community at a
given time, of these relatively few themata may be what endows
science, despite ail its growth and change, with what constant
identity it has. The interdiscipiinary sharing of themes among
various Helds in science tells us something about both the mean-
ing of the enterprise as a whole and the commonality of the
ground of imagination that must be at work.

1177 74 77777-~77077

To illustrate some of these points and to show that current as
well as historical cases are amenable to this analysis, | want to
focus on an example in one of the liveliest fields of physics
today, as embodied in publications of Steven Weinberg." The
line tracing the development of Weinberg's thoughts intersects
the trajectory of a stream of developments in quantum electro-
dynamics initiated by Enrico Fermi in 1934 and now basing
itself on techniques started independently in the late 1940s by
R. P. Feynman, Julian Schwinger, Freeman J. Dyson, and
Sinitiro Tomonago. Other points on the trajectory include dis-
coveries by groups at CERN, Argonne Laboratory, and the
National Accelerator Laboratory. In thematic terms, the "event"
we shall study is only the latest in a very old sequence of
attempts, reaching past many revolutions and heady victories
back to the first scientist of recorded history; for the main pre-
occupation is the fundamental constituent of which all matter is
presumed to be made.

To put it briefly, Weinberg, his collaborators, and other
groups have been working on the problem of finding common
ground between the four types of interaction (“forces") that
are now believed to account for all physical phenomena: the
gravitational interaction that ail particles experience; the electro-
magnetic force that accounts for phenomena involving charged
particles and the interaction of light with matter; the "strong"
nuclear force that acts between members of the large family of
elementary particles called hadrons; ? and the "weak inter-
action" postulated to describe extremely short-range interactions
of some elementary particles (such as the scattering of a neutrino
by a neutron, and the radioactive decay of a neutron into a
proton, an electron, and an antineutrino).
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In 1967, Weinberg (and, independently, Abdus Salam of
Trieste) proposed that the electromagnetic force and the weak
interaction are essentially connected. Each of the four types of
interaction has been considered to be the result of processes
analogous to radiation or absorption between two interacting
objects, the particle radiated or absorbed being characteristic for
each of the interactions. Thus electromagnetic phenomena are
due to the exchange of the massless photon, whereas the gravita-
tional interaction is thought to be due to the exchange of par-
ticles called gravitons. The weak interaction is mediated by the
so-called intermediate vector boson (IVB) which, if it is found
to exist, will have to be exceedingly massive Weinberg's pro-
posal was that the massless photon and the very massive 1VB
are close relatives-that the IVBs are by and large members of
the photon family but get their mass (the appearance of their
difference) by virtue of being associated with broken gauge
symmetry groups.

At the time Weinberg proposed the theory, "there was," he
notes," "no experimental evidence for or against it, and no
immediate prospects for getting any." To this day the IVBs
cannot be produced directly (for instance, in accelerators), but
indirect evidence for their existence has been reported. In a
paper published under the names of fifty-five investigators from
seven institutions in a Pan-European collaboration at the CERN
laboratory/" two events were found in which a mu-neutrino was
scattered by an electron, and several hundred events in which
a mu-neutrino was scattered by a neutron or a proton. (The
latter reaction showed up nicely also on more recent experi-
ments at Argonne National Laboratory and the National Ac-
celerator Laboratory.) This is evidence that the "neutral cur-
rent” reaction, a new kind of weak interaction predicted by
Weinberg involving the postulated neutral 1VVB, may be taking
place," and so indirectly supports the theory which makes these
particles a member of the same family as the photons.

Moreover, strong interactions also become amenable to calcu-
lations with the same methods as are used for weak and electro-
magnetic interactions. It is possible, therefore, that the strong
interactions are caused by exchange of particles that belong to
the same family as the photon and the IVB. "If these specula-
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tions are borne out by further theoretical and experimental
work," Weinberg says in the last sentence of his recent survey,
"we shall have moved a long way toward a unified view of
nature™ (p. $9; see n. 9).

Now let us go to the beginning of this same report, which is
entitled "Unified Theories of Elementary-Particle Interaction,"”
and look at it through eyes alert to themata. What, then, are the
thematic conceptions, methodological themata, and thematic
suppositions that inhere in this search for the IVBs and their
photonlike family membership?

We can list a few of the more evident themata when we scan
just the first page (see Figure i.i) of the article.” It begins:

One of man's enduring hopes has been to find a few

simple general laws that would explain why nature, with

all its seeming complexity and variety, is the way it is. At

the present moment the closest we can come to a unified

view of nature is a description in terms of elementary par-

ticles and their mutual interactions. All ordinary matter

is composed of just those elementary particles that hap-

pen to possess both mass and (relative) stability: the

electron, the proton and the neutron. To these must

be added the particles of zero mass: the photon, or

quantum of electromagnetic radiation, the neutrino,

which plays an essential role in certain kinds of radio-

activity, and the graviton, or quantum of gravitational

radiation . . .
What strikes us at once is the acknowledgment that "one of
man's enduring hopes has been to find a few simple general
laws" and thereby obtain a theory that is "unified" (the first
word of the title). Unification or synthesis, with its promise of
increased understanding through increased economy of thought,
is @ member of a connected set of themata, one of its opposing
aspects being multiplicity (or complexity, variety), but the
chief antithetical thema being one we discussed before, that of
resolution or analysis rather than synthesis. Each of these mem-
bers of the constellation has it uses (as will be further studied in
Chapter 4). Here, clearly, unification is taken to be preeminent.

". . . Why nature, with all its seeming complexity and vari-
ety, is the way it is." Kepler, who asked in the preface of the
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Figure i.t. First page of Steven Weinberg's article, Scientific /tnzerican 2't, no. 1 (July
1974): $6. Reprinted with permission. Copyright @ 1974 by Scientific American, Inc.
Al rights reserved.
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diyitcnmy; Cowyogrp/ifcyylyy why the planets are at the dis-
tances they are, of the number and with the motions which we

find them to have, "and not otherwise," would have agreed with
this description of one of man's enduring hopes. So would most
scientists since. The second sentence, however, bares a precon-
ception which not all scientists will share. We find here a new
thematic commitment, that of constructing the desired unified
view of nature out of "elementary particles and their mutual
interactions." We hear the echo of Democritus's "all is atoms
and void." But as we shall note shortly, not all physicists in our
time have subscribed to this belief. Nor of course would biolo-
gists, psychologists, or social scientists be satisfied with this par-
ticular unified view of MIMIT in terms of particles and their
interactions. A choice has been made here, though a choice that
promises indeed a breathtaking unification of this part of nature.

What is being conveyed in Weinberg's opening passage by
"elementary"? A few sentences later (col. i, bottom) it is
defined to mean that there is not now "any successful theory
that explains the elementary particles in terms of more elemen-
tary constituents.” Some day, to be sure, one may find "still
more elementary constituents, named quarks” (col. 2 top); but
until that time, so long as "strenuous efforts” make it "impos-
sible to break particles,” they are elementary.

This quality of being elementary anchors the whole arrow of
explanation, upward from these presumed elementary particles
to the antithetical entities, constructs (such as nuclei [col. 1,
bottom], atoms, or ordinary matter, all of which are "com-
posed” of elementary matter). The antiquity of that quest, from
Thales to Prout to J. J. Thomson to our day, is evident. These
elementary particles, then, are today's true "atoms" in the sense
of the Greek They form one leg of another triplet of
themata, the second being the coTMrMC made of and explained
by these atoms or elementary quanta, and the third being the
notion of the @7??menTr7, the indefinitely cuttablcT

The list of elementary particles then consists of the electron,
the proton, and the neutron. "To these must be added the par-
ticles of zero mass: the photon . . . the neutrino . . . and the
graviton” (col. 1, one-third down). We are here clearly in a
world of particulate discreteness; although the wave property
that inheres in such particles is of course not doubted, it simply
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is not part of the image that has captured attention and pri-
macy."

The number and variety of eiementary particles, Weinberg
says, are "bewildering.” But there are ways of retaining sanity
and gaining insight by mastering the bewildering variety. The
ordering of chaos by means of the concept of hierarchy or levels
of categories- a manageable few, just four- comes to the
rescue as a methodological theme. The division into four cate-
gories-gravitation, electromagnetic interaction, strong inter-
actions, and weak interactions-is not merely a separation into
separate pigeonholes for very different birds. There is a real
hierarchy here which orders the subsections, showing a sequence
of ranges of interactions, from infinity to much less than io""
centimeter.

Already one can see from this brief outline that, as Weinberg
puts it, "a certain measure of unification has been achieved in
making sense of the world™ (col. 3 top). Helping to make sense
of the world in a way not possible through the demands of
logicality alone is indeed one of the chief functions of a thema.
"We are still faced, however, with the enormous problem of
accounting for the baffling amount of elementary-particle types
and interactions” (col. 3, top). Methodologically, the theory
evokes more than an echo of an older scheme of fourfold cate-
gories, one so magnificently successful that it helped to ration-
alize the observable phenomena for some 2,000 years: the four
Elements, with their own internal hierarchy, from lightest to
heaviest, and their own rules of interaction. However, the new
unification through hierarchical ordering promises among its
many advantages that two and perhaps three of the forces in
the four categories "have an underlying identity."

The way to discover this identity is through analogies in be-
havior which would collapse the superficially different entities
to a state in which they share something more than membership
in a hierarchical order. This quest for something more is an-
swered by turning to the conception of family (for example:
"Our hopes of perceiving an underlying identity in the weak
and electromagnetic interactions lead us naturally to suppose
that there may be some larger gauge symmetry that forces the
photon and the intermediate vector boson into a single family"
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[p. $3; see n. 9]). The chief explanatory tool on the road to
greater simplicity is this "family" connection, existing despite
an "appearance” of greater differences - for example, the differ-
ence between the photon's zero mass and the necessarily very
large mass of the intermediate vector boson. Throughout Wein-
berg's article, and many others in this held, one of the recurring
conceptions is precisely this splendid one of groups, families, and
superfamilies ("superfamilies of eight, ten, or even more mem-
bers").N The familial relationships between the elementary
particles are far more profound than in the ad hoc families that
were discovered in the chemical periodic table in the past
century or in, say, the work of Linnaeus. But the methodologi-
cal use as a tool of explanation is not qualitatively different.

Let me take the occasion of the surfacing of this fine anthro-
pomorphic word to go back to Weinberg's opening page, where
reference is made to "a few additional short-lived particles” and
we are told that "we can create a vast number of even shorter-
lived species.” Elementary-particle physics is sometimes wryly
referred to as zoology. Indeed, it is shot through and through
with themes that may well have their origins in a part of the
imagination that was formed prior to the conscious decision of
the researcher to become a scientist. The technical report of,
say, the analysis of a bubble chamber photograph is cast largely
in terms of a life-cycle story. It is a story of evolution and
devolution, of birth, adventures, and death. Particles enter on
the scene, encounter others, and produce a first generation of
particles that subsequently decay, giving rise to a second and
perhaps a third generation. They are characterized by relatively
short or relatively long lives, by membership in families or
speciesd"

Listening to these village tales told by physicists, one is aware
that the terminology may initially not have been meant "seri-
ously." Yet the life-cycle thema works, and so do a number of
other themata imported into the sciences from the world of
human encounters. It has always seemed curious to me how stren-
uously the psychologists of the period around the turn of this cen-
tury tried to gain added respectability by borrowing concepts
from physics for the description of human relationships. Evi-
dently they were unaware that they were reimporting conceptual
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tools when they themselves were closer to the real thing. One is
reminded of the story of the bank building in Athens, under the
Acropolis, which looked like a particularly bad copy of a Greek
temple. It turned out that the architect had not taken as his
model one of the great temples right at hand, but had gone to a
much more fashionable source. His design was based on that of
a bank in Berlin which in turn had been derived from a distant,
third-rate copy of an idealized Greek temple.

We have not yet finished with Weinberg's first page. Several
other magnificent themata begin to show themselves: lyotropy
and "owogcMcfty (for example, particles of the same species are,
as far as we now know, "absolutely identical, whether they
occupy the same atom or lie at opposite ends of the universe"
[col. i, two-thirds down]); w77hletry (col. 3); and co77rerw-
tio73 ("of energy and momentum at every instant” [col. 3]).

In later pages we encounter the following additional themata,
among others: the efficacy of geometrical representation (such
as Feynman diagrams), the efficacy of integers as explanatory
tools (the debt of modern quantum mechanics to the holiest
precept of Pythagoras), again conservation (of charge), infinity
and finiteness (of mass), more on symmetry principles,™ and,
above all, models (p. $y; see n. 9). The word "model™ is prob-
ably one of the most frequently used words in the writings by
theoretical physicists.

In this manner we are brought to the last sentence in the
paper. It has been quoted previously, but we can now look at it
in a somewhat new light: "If these speculations are borne out by
further theoretical and experimental work [meaning, by analyti-
cal or formalistic as well as empirical content, or by y and x axis
representations] we shall have moved a long way toward a
unified view of nature” - that is, toward the fulfillment of one
of man's enduring hopes, hopes that find expression in his
themata, some new and many ancient. In this case, the hope rests
on the Democritean thematic commitment to a corpuscular or
atomistic point of view to explain physical phenomena - not on
its opposite, the thema of the primacy of the continuum, as in
the work of the theorist who explained matter as singularities or
vortexes in a fluid or field, and who could not believe quantum
discreteness to be truly basic. Most modern physicists are the-
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matically Democriteans, but Einstein, Erwin Schrodinger, and
others to whom the fundamental tool of explanation was the
continuum, passionately disagreed; if discreteness had to be
adopted as basic in atomic processes, one of them asserted, he
would prefer giving up being a physicist.

Between such thematic opposites, there is no simple way to
arrive at consensus. Werner Heisenberg was one of those who
tried to convince Einstein.® He reported: "It was a very nice
afternoon that | spent with Einstein, but still when it came to
the interpretation of quantum mechanics | could not convince
him and he could not convince me. He always said, "Well, 1
agree that any experiment the results of which can be calculated
by means of quantum mechanics will come out as you say, but
still such a scheme cannot be a final description of Nature."'"
Heisenberg understood the impossibility of resolving such basic
preconceptions by appealing to the kind of arguments that work
so well to bring about scientific consensus on other matters. He
added, "1 doubt whether the unwillingness of Einstein, Planck,
von Laue, and Schrodinger to accept [quantum-mechanical de-
scriptions as basic] should be reduced simply to prejudices. The
word 'prejudice’ is too negative in this context and does not
cover the situation."

As if to demonstrate the truth of his own remark, Heisen-
berg went on to reveal that, contrary to most contemporary
scientists, he himself could no longer agree with the thrust of
current theory which makes the notion of "elementary particle”
a basic reference point for explanation. Since elementary par-
ticles can be generated by collision of other particles, he
felt, are really the complications that require explanation them-
selves; "or to formulate it paradoxically: Every particle consists
of all other particles." The search for elementary par-
ticles" on which to base a theory of matter goes "back to this
philosophy of Demaocritus,” but it isan "error” (or, in our terms,
at least a commitment to a thema abhorrent to him).

His commitment was in another direction: "What then has to
replace the concept of a fundamental particle? | think we have
to replace this concept by the concept of a fundamental sym-
metry . . . And when we have actually made this decisive
change . . . then | do not think that we need any further
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breakthrough to understand the elementary- or rather non-
elementary-particle.” Elsewhere Heisenberg explains "the
'thing-in-itself' is for the atomic physicist, if he uses the concept
at all, finally a mathematical structure.” This is a thematic
choice that aligns Heisenberg with the great Platonic tradition:
One cannot build matter out of matter, but must seek the base
in formal, mathematical principles; for "our elementary particles
are comparable to the regular bodies of Plato's They
are the original models, the idea of matter."*"

To be sure, anyone who has studied the rise and fall in the
acceptance of a thema will wonder whether it is not premature
to believe the ancient opposition between Democritean and
Platonic approaches has been settled once and for all, in our
day, in favor of one rather than the other. We are dealing here
not with resolvable puzzles, but with the raw material of the
scientific (and not only the scientific) imagination.

ydyeorr3 Qviple
Having examined the rich texture of themata in a particular
imaginative publication by a major contemporary scientist, we
can look at the same matter in another way - namely, by follow-
ing a particular thema-antithema couple through the history of
modern science.

To give an example: The whole tradition in physics which
was founded in Newton's time held that any evidence of chaos
or of uncertainty must rest on, and be explained by, an under-
lying layer of order and certainty, even as the seemingly erratic
observable motion of planets in Greek science had been under-
stood as the complex results of many simple and orderly motions
superposed on one another. This prototype for explanation
(classical causal sequences account for observed accident or dis-
order) is a thematic commitment. It is not an experimental or
logical necessity. Indeed, it seemed endangered by the introduc-
tion in the mid-nineteenth century of imagery of the opposite
kind, originating in kinetic theory. Now it turned out that a
good way to understand cases of simple order was to imagine
them to be the result of underlying chaos. Thus a balloon filled
with gas under pressure and observed to be at rest on the table
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is understood by saying that an immense number of gas particles,
all with different speeds and directions, is unceasingiy coliiding
with the inside surface of the balloon. The hail of collisions just
cancels in all directions, and results in the object remaining at
rest. Simple order on the visible level was thus explainable by
chaos on the invisible level.

It was, however, not merely an accident that it fell on Ein-
stein, in his :poj paper on Brownian motion, once more to
reverse the direction of the arrow of explanation - Einstein
(who did not believe that God played at dice) reestablishing the
ontological priorities that went back to Newton (who had
written that God was a "God of Order"). Einstein's success
was to explain the erratic, eternal dancing motion of tiny but
visible particles of dust seen with a microscope. The seemingly
accidental motions of that visible microscopic world were,
Einstein found, entirely explainable by positing that the simple
Newtonian laws which guide the motion of two colliding bil-
liard balls also explain the action of the invisible, submicroscopic
molecules bombarding the dust particle. A Newtonian order
could be taken to be at the bottom of things, after all.

With the development of quantum physics, however, it be-
came more and more clear that the appearance of Newtonian
order among colliding particles was itself explained best by con-
sidering that order (on the scale of measurement which had
been satisfactory for the purpose so far) was merely the ap-
parent result of a large sum of atomic events, each of which
individually is subject to the laws of chance - even as earlier the
quiescence of a blown-up balloon on the table could be regarded
as the result of canceling accidents and agitations within. With
his Uncertainty Principle, Heisenberg was saying that the fun-
damental explanatory thema is after all not the simple, causal,
point-by-point sequence typical of, say, the progress of a satel-
lite orbiting around a central planet, but the probabilistic se-
quence of a random-number generator or a game of chance. The
ontological ladder was once more turned around.

And once more, attempts were and are still being made to
reverse it yet again. Einstein himself, and a small but hardy
group that followed him, never accepted as verified the primacy
of the thema of fundamental probabilism in physical nature.
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Their hope has been to show that beneath the layer at which the
Uncertainty Principle operates, there is yet another ievei of
nature where hitherto inaccessibie, hidden mechanisms act, on
classicai principies, to yieid the appearance of randomness in
atomic processes - chaos out of order, not vice versa.

C/IM32/22.S*

I have not come as John the Baptist; and would indeed like to
avoid his fate. Let me therefore end with a list of limitations |
see in the thematic analysis of scientific work.

1 While themata can have a strong grip on the scientist or
the community, and can be the most interesting aspect of a given
case, there exist important parts of the history of science and of
current work where themata do not seem to enter prominently.
In studying the case of the work of Enrico Fermi and his group
(cf. Chapter $), | found it no great help to think of it themati-
cally.

2 Even if this were not true, | would not like it to be thought
that the themata in a scientific work are its chief reality. Other-
wise, work in the history of science would degenerate into
descriptivism, and scientific findings would seem to be on a par
with the tales of the old men in the hills of Albania, to whom
today's story is just about as good or as bad as yesterday's.
There is in science evidently a sequence of refinements, a rise
and fail, and occasionally the abandonment or introduction of
themata. But also there undoubtedly has been on the whole a
progressive change to a more inclusive, more powerful grasp on
natural phenomena.

3 The study of the role of themata in the work of scientists
can be equally interesting whether the work led to "success™ or
to "failure” - the commitment to a set of themata does not make
a scientist necessarily right or wrong. In any case, attempts to
"purge™ one's self of themata to improve one's science are prob-
ably futile. However, a conscious examination of the possible
merits of themata opposite to one's own might well have some
healthy effect.

4. We need to know more about the origins of themata. It is
rather clear to me that an approach stressing the connections
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between cognitive psychology and individual scientific work is
a proper starting point.

| have already expressed my belief that much, perhaps most,
of a scientist's thematic imagination is fashioned in the period
before he becomes a professional. Some of the most fiercely
held themata are evident even in childhood.™" This is undoubt-
edly an area worthy of further research.

$. Once formed, the thematic commitment of a scientist
typically is remarkably long lived. But it can change. Examples
are Wilhelm Ostwald, who first turned against atomism and
then reversed himself once more; Planck; Einstein; and a few
others. Moreover, embracing a thema such as atomism in one
field of physics occasionally has not prevented the embrace of
the opposite thema by the same person for another field of
physics. A case in point is Millikan's championship of the
"atom" in electricity, even while he was struggling fiercely
against the quantum of light. Poincare was conservative and
ether-bound when it came to relativity theory, but quite oppo-
sitely directed in quantum theory.

6. While the individual scientist is the primary repository of
themata, they are also shared with minor variations by members
of a community. Some themata have a career that can be con-
veniently understood in life-cycle terms; that is, their wide
acceptance can rise or atrophy and fade away. Explanatory
devices such as macrocosmic-microcosmic correspondence, in-
herent principles, teleological drives, action at a distance, space-
filling media, organismic interpretation, hidden mechanisms, and
absolutes of space, time, and simultaneity- all once ruled
strongly in physics. Detailed study of the mechanisms of such
rise and decay is much needed.

7. There is always the danger of confusing analysis with
something else: with Jungian archetypes, with metaphysics, with
paradigms and world views. (It might well be that the latter two
contain elements of themata; but the differences are overwhelm-
ing. For example, thematic oppositions persist during "normal
science,”" and themata persist through revolutionary periods. To
a much larger degree than either paradigms or world views,
thematic decisions seem to come not only from the scientist's
social surrounding or "community,” but even more from the
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individual.) Although thematic analysis may be limited by the
requirement of some firsthand experience with the scientific
material, the rewards of doing more specific work on real cases
seem to me far more evident than those to be had from current
fashions such as comparisons between historiographic schools or
the invention of speculative "rational reconstructions."

8  Finally, there is a need for self-awareness. The search for
answers in the history of science is itself imbued with themata,
just as is the search for a unified theory of elementary particles.
Therefore, we must be prepared for the criticisms of those who
are afflicted, not with our themata, but with their antithemata;
and we must be ready to run up against the limitations within
which we necessarily work - as Einstein did in his frank way
when he said, "Adhering to the continuum originates with me
not in a prejudice, but arises out of the fact that | have been
unable to think up anything organic to take its place."" His
own work is, of course, testimony to the fact that one can turn
such inherent limits of the scientific imagination into strength,
rather than merely deploring or neglecting them.



2

Subelectrons, presuppositions, and
the Millikan-Ehrenhaft dispute

Peter Medawar is one of the few first-rank research scientists
still concerned with the problem of knowledge - the sources,
warrants, and degrees of certainty of scientific findings, the
interplay between fact and belief and between perception and
understanding. In T/ic /Et o/ t/ic he asks: "What sort of
person is a scientist, and what kind of act of reasoning leads to
scientific discovery and the enlargement of the understand-
ing?"* He finds the usual approaches too limited: "What scien-
tists do has never been the subject of a scientific, that is, an
ethological inquiry . . . Itisno use looking to scientific 'papers/
for they not merely conceal but actively misrepresent the reason-
ing that goes into the work they describe . . . Only unstudied
evidence will do - and that means listening at a keyhole.

Medawar proposes that to study scientific activity one should
live in the laboratory or in the theoretician's workroom and ob-
serve the work as it is carried out. To approach Medawar's aim
when dealing with historical problems, historians and sociolo-
gists regularly make use of unself-conscious evidence such as
letters, autobiographical reports cross-checked by other docu-
ments, oral-history interviews conducted by trained historians,
transcripts of conversations that took place in the heat of battle
at scientific meetings, and, above all, laboratory notebooks -
firsthand documents directly rooted in the act of doing science,
with all the smudges, thumbprints, and bloodstains of the per-
sonal struggle of ideas.

These sources can help us in understanding the belief struc-
ture and activity of some scientists and how they dealt with new
ideas when systematic tests of them, if available at all, were difH
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cult to believe or apply. In this study | treat the period after the
earliest phase of discovery, when the stirrings of a new concep-
tion are difficult to document, but before the new work has been
absorbed into the mainstream of science through the mechanisms
of justification. In this period one may hope to find evidence of
the fragile and obscure process of science in the making which
has been explicitly avoided by Reichenbach* and Popper,**
among others.

'T he 7770y2 fz272&772C722%/ "M Cy27072 of 7770&T72 pbyyz'cy"

This study centers on events, in the years around rgio, that led
two physicists into exactly opposite directions - one to "success"
(and the Nobel Prize), the other to "failure” (and eventually a
broken spirit). Failures are not remembered in science, and they
are rarely analyzed in histories of science. Hence today this
controversy is virtually forgotten.

Initially, the protagonists seemed not well matched. Robert A.
Millikan was a practically unknown professor at the new Uni-
versity of Chicago, a man over forty years old, with few scien-
tific publications. Felix Ehrenhaft, at the venerable University
of Vienna, was regarded as an accomplished physicist, eleven
years younger than Millikan, and having a dozen publications.”
Their disagreement was about the value of the smallest electric
charge found in nature. Both men recognized that the subject of
their experimental research, as well as the import of their con-
troversy, went to the foundations of science.

Millikan's first major paper begins:

Among all physical constants there are two which will

be universally admitted to be of predominant importance;
the one is the velocity of light, which now appears in
many of the fundamental equations of theoretical physics,
and the other is the ultimate, or elementary, electrical
charge, a knowledge of which makes possible a determina-
tion of the absolute values of all atomic and molecular
weights, the absolute number of molecules in a given
weight of any substance, the kinetic energy of agitation
of any molecule at a given temperature, and a consider-
able number of other important physical quantities.
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White the velocity of light is now known with a pre-

cision of one part in twenty thousands [thanks largely

to R. A. Millikan's patron and colleague at Chicago,

Albert A. Michelson], the value of the elementary

electrical charge has until very recently been exceedingly

uncertain."
Since Michael Faraday's time it was known that during elec-
trolysis i gram-atomic weight of univalent material would be
released at the electrode if about 10" coulombs of charge pass
through the electrolyte. If one assumed that this quantity of
charge was carried by A ions of charge e each (where A is
Avogadro's number), then Ac = i0" coulombs. If e is now
measured independently with accuracy, A, the number of atoms
per gram-atomic weight of any substance, is also known with
accuracy, and as a result many other fundamental constants may
be calculated. At the beginning of the twentieth century, e was
identified by many physicists with the magnitude of the charge
of the electron. Poor values for e put into doubt the value of A
and all that followed from it.

The controversy between Ehrenhaft and Millikan, often
called "The Battle over the Electron,” erupted in the spring of
1910. Only a year earlier, Ehrenhaft had published measure-
ment results for the value of the "elementary quantum of
electricity” along the same general lines as Millikan. But now he
suddenly announced finding electric charges much smaller than
the charges on the electron. Millikan wrote later that Ehren-
haft's new claim "raises what may properly be called the most
fundamental question of modern physics."? In a series of in-
creasingly lengthy and detailed articles, Ehrenhaft and his stu-
dents claimed to find "subelectrons.” That is, they found drop-
lets of liquid, metal particles, and other small objects to have
charges with a value much smaller than that of the electron. In
the course of time Ehrenhaft found charges of a half, a fifth, a
tenth, a hundredth, a thousandth that of the electron. As his
work progressed there seemed to be no reason to assume that
Ehrenhaft would find any lower limit to exist for the electric
charge associated with matter. On the other hand, in almost no
laboratories other than those of the Vienna group were these
results obtained. At the same time Millikan and his students,
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among others, were assiduously refining and publishing evidence
for the unitary electron.

This controversy reverberated for years in the scientific com-
munity. The number of articles devoted to it multiplied. Dis-
cussants at scientific meetings included Max Planch, Jean Perrin,
Albert Einstein, Arnold Sommerfeld, Max Born, and Erwin
Schrodinger. Periodically, the evidence was reviewed in depths
In 1927, three years after Millikan had received the Nobel Prize
in part for his work on the charge of the electron, the respected
physicist O. D. Chwolson still called the fight a "delicate case";
and he added, "It has already lasted 17 years, and up to now it
cannot be claimed that it has been finally decided in favor of one
side or the other, i.e., that all researchers have adopted one or
the other of the two possible solutions of this problem. The
state of affairs is rather strange.""

To appreciate today the seriousness of Ehrenhaft's claims, we
must guard against some ahistorical impressions. First, anyone
familiar with the beautiful "Millikan oil drop experiment,” now
routinely assigned in elementary physics classes, may be inclined
to dismiss contrary findings. Such class activities, however, are
really only pedagogic exercises to bolster belief in the electron,
rather than serious tests of belief. Even so, it is quite difficult to
obtain "good data." According to one instructor's recent analy-
sis of class experience: "In spite of the improvements in the
Millikan oil-drop apparatus . . . the experiment remains per-
haps the most frustrating of all the exercises in the undergradu-
ate laboratory."*"

Second, the existence of a kind of "subelectronic™ charge has
been postulated in recent years as part of the quark model in
elementary-particle physics. In that model, objects having one-
third or two-thirds the magnitude of the charge of an electron
are assumed; but theory and experiments so far agree that it is
highly improbable that such fractional charges due to quarks
would show up outside a nuclear particle (on the droplets and
similar objects Ehrenhaft and Millikan were watching) even
once, let alone time after time. In his February 1910 paper,
Millikan did make a passing remark that Ehrenhaft later seized:
"I have discarded one uncertain and unduplicated observation,
apparently upon a singly charged drop, which gave a value of
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the charge on the drop some 30 percent lower than the final
value of c."" The evidence is overwhelming that this one
anomaly in Millikan's published data (and in all publications by
others on the same matter, except by Ehrenhaft and his school)
is the result of an error of measurement. This explanation is the
one Millikan proposed, and it has been generally adopted.”

Third, we must neither superimpose on the early phases of the
development our present perception of the opposing points of
view, nor apply criteria more appropriate for the final justifica-
tion of a theory. It could not be known around 1910 that the
results of Millikan's research on the electron would ultimately
be so stimulating, not only in physics but also in chemistry,
astronomy, and engineering. It could also not be foreseen that
the amazing results of Ehrenhaft would stimulate nothing usable
at all, unlike the experiments of, for example, Henri Becquerel,
who initiated the study of radioactivity with an experiment he
quite misinterpreted. It is only in retrospect that the "risks" of
Millikan and Ehrenhaft in the early period seem greatly differ-
ent.

Fourth, the controversy was of added interest at the time be-
cause it concerned not only the nature of electric charges but
also the behavior of the small particles that carried them. Recent
improvements in microscopy, as well as the basic work of
Einstein, Marian von Smoluchowski, and Perrin, had made more
accessible what Wolfgang Ostwald called “the World of Ne-
glected Dimensions.” It was widely thought that research on the
colloidal state (the dispersed state of matter where particle
dimensions are between io** and 10" cm) was a great frontier
for both pure and applied science, one that might bridge organic
and inorganic matter. This field seemed filled with promise for
medical-biological research as well as for industry. Against this
background, the discussions on the charges carried by small par-
ticles gained further importance.

7TC

In their work, Millikan and Ehrenhaft interacted with each
other and with the trajectory of public science (canonical
knowledge, institutions for development of controversy or con-
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sensus, etc.) around 1910. Biographical details and some aware-
ness of cultural and social contexts may therefore be expected to
be of some help in understanding the encounter.

Robert Andrews Millikan was born in 1868 in Illinois and
died in 1933 in Pasadena, California." At the height of his career
he was perhaps the most renowned and influential scientist in the
United States: physicist, administrator, educator, and policy
maker. As shown in his autobiography, Millikan's origins were
humble. Like many other American scientists of his generation,
he was the son of a small-town minister. His parents, Silas
Franklin Millikan and Alary Jane Andrews, brought up six
children in atradition that had little use for pretensions. Robert's
grandfather had been among the earliest farming settlers of the
Mississippi River country in western lllinois; it is said that in
1823 he had walked alongside the covered wagon as the family
was moving from the Berkshire Hills in the East to the frontier,
the "Western Reserve." As a boy, Robert Millikan led a life
recognizable from the stories of Alark Twain-steamboats on
the Mississippi, family farm work in their one-acre yard, the
swimming hole, the barefoot existence, the rural, simple, prag-
matic, direct, and fundamentally pious background.

In 1886, Millikan went to Oberlin College, where he regis-
tered for only one physics course (“a total loss™). He discovered
his interest and aptitude in the subject only when a professor
asked him to help teach physics. For graduate work he went to
Columbia University and studied under Michael Pupin for two
years as the only graduate student in physics. A. A. Michelson,
whom he met in Chicago in 1834, made suggestions that helped
Millikan form his experimental thesis work. When he obtained
a Ph.D. from Columbia in 1893, he found that there was no
satisfactory job available. With a loan from Pupin, he went to
Germany in May 1893 for additional study. It was the best
moment to arrive. Within a few months, the work of Wilhelm
Conrad Rontgen came up like a storm, followed by that of
Becquerel, and the held of physics burst into excitement. In
1896, Millikan accepted an invitation from Michelson to join the
physics department at the University of Chicago, and, from
1908, Milllikan's articles on the charge of the electron came from
Chicago's Ryerson Laboratory. Eventually, Millikan achieved a
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large and varied research output, first at Chicago and, after 1921,
while shaping and heading the California Institute of Technol-
ogy. He listed nine fields of research in the second edition
(t9to) of wrrenco die?? <f Science, and twenty fields in the
fifth edition (1933). In Isaiah Berlin's terminology he was a fox
rather than a hedgehog.

His scientific breadth from the beginning is evident in the
archival material he left.”3 There is a revealing notebook, prob-
ably starting in 1897 or 1898, entitled "References to Important
Articles." Orderly entries list recently published articles in
physics, under headings such as "Zeeman Effect" (1897-1907),
"Brownian Movement” (from 1903), and "Blondlot's N-Rays."
These reading lists were probably at least in part connected with
Millikan's duties at Chicago. He writes in his autobiography:

| soon found myself responsible for the weekly seminar

in physics, which Professor Michelson asked me to take
off hishands . . . Furthermore, | soon began to give
advanced courses on the electron theory, on the kinetic
theory, and on thermodynamics . . . [After 1900,
Michelson was so absorbed in his research] he asked me to
assign research problems to three of the prospective candi-
dates for the doctor's degree . . . and to take the whole
responsibility for supervising their work, so that by 1902
and 1903 | had quite a group of problems going in addi-
tion to my own . .

One set of pages in this notebook is entitled "Electron Theory
of Matter," apparently compiled by adding entries from time to
times over the years. It begins with "m/e Zeeman effect, PM.

p. 226, 1897," and "Cathode Rays, J. J. Thomson,
PM. p. 293, '97," and continues with significant articles
over the following few years, including the early determination
of e by Thomson, J. S. Townsend, and H. A. Wilson. Evi-
dently, Millikan was keeping a careful eye on this work as it was
developing.

The last page and inside cover of the notebook are entitled
"Research Subjects,” with entries dated from 1898 to 1914. The
first of the twenty-seven entries, May 2t, 1898, is, "Resistance
of air in its relation to the velocity of the (falling) moving
body" - a major component of the problem that was to be
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treated a decade later in Millikan's work on the charge of
moving droplets. The ninth entry, probably made in 1903, reads,
"Stokes law for size of water particles in clouds, see J. J. T.
articles on size of e and Barus, PM. A% 4, p. 24/ 1902." Evi-
dently, during the years prior to 1908, when Millikan was pre-
occupied with teaching and with his first investigations of the
emission of electrons from metals by incident light and by high-
intensity electric fields, he was laying the conceptual grounds
for his later work on the electronic charge."

We leave Millikan for a time, at the verge of starting his big
work, and turn to the other protagonist, Felix Ehrenhaft. He
was born in Vienna in 1879 into a professional family; his father
was his mother was the niece of a student of
J. B. L. Foucault. He studied at both the University and the
Institute of Technology at Vienna." In his earliest work (1900)
he was one of the first to produce and study inorganic colloids.
In 1903 he became assistant to Victor von Lang at the Uni-
versity of Vienna. Accepted as privatdocent in 1903, he was
teaching statistical mechanics by 1909. Among his colleagues
were Felix Exner, Friedrich Hasenohrl, Stefan Meyer, Egon von
Schweidler, Karl Przibram, and Ernst Lechner. Ehrenhaft was
called to an associate professorship at the University of Vienna
in 1912 and became director of the Third Physical Institute in
1920. He found photophoresis and named the effect in 1918.
After the Nazis took over in Austria in 1938, he came to the
United States as a refugee. He returned in 1946 to Vienna to
resume his position, and he died there in 193..

By 1909 he was already known for his experimental study of
Brownian motion in gases, building as he did on the theoretical
ideas of Einstein and von Smoluchowski. For this work he
received the Lieben Prize of the Vienna Academy of Sciences
in 1910. He was a genial person whose house was always open
to scientists from all corners of the world. According to Philipp
Frank," Einstein found Ehrenhaft congenial and would stay
with him when passing through Vienna. From about 1920, and
particularly after his claimed discovery in the mid-1930s of
magnetic monopoles, Ehrenhaft's life centered on unresolvable
controversies concerning the interpretation of complex physical
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phenomena. He made some thirty presentations on monopoies
before skeptical audiences of the American Physical Society in
the period 1940-46.2° When he is stiii remembered, it is usuaiiy
in this context.

M7 MMV Y867%0

The European Continental tradition of physics first entered
Millikan's training through his teacher Michael Pupin, who had
received his doctorate in Berlin. Millikan reports in his auto-
biography that Pupin's course on optics and electromagnetism
was an eyeopener, and he came to admire and respect Pupin
greatly. But Millikan was amazed by Pupin's attitude to atomism
at that time. Pupin had been impressed with the teachings of the
schools of energetics and antiatomism, and he had once told
Millikan that he did not believe in the kinetic theory at all. The
importance or truth of the atomic theory was still being argued
in 1904, when it was a chief subject of debates at the scientific
congress at St. Louis.The first Solvay Congress, late in 1911,
was to a large degree concerned with fundamental, persisting
impasses in a physics based on the atomic hypothesis, and a few
critics such as Pierre Duhem scoffed at the hypothesis as late as
1913.

Many students absorb the epistemology of their honored
teacher. In the case of Millikan, nothing of the sort happened.
Let us recall what Millikan resisted, despite Pupin's example.
Ostwald, Mach, Stallo, Helm, and others around the turn of the
century hoped to erect science on a purely phenomenological
base, without "unnecessary hypotheses"” such as atomism, to pro-
vide a frequently given example. Despite triumphs of atomic
theory such as Maxwell's proof of the independence of the
viscosity of gases from density, there really was little direct evi-
dence from phenomena for the reality of atoms and molecules,
that is, for the necessity of discreteness itself. Scientists would
not see particle tracks in cloud-chamber photographs until
around 191222 Not until these supported the more indirect evi-
dence of scintillation screens and Geiger counters did the indi-
vidual flashes or clicks of those instruments become persuasively
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associated with individual atomic events. Until that point was
reached, the scientists were working with average values, not
individual atomic entities.

One of the best short descriptions of the school of thought of
which Ernst Mach was the most powerful proponent has been
given in a biography of Adach written by the physicist Anton
Lampa. Because Lampa, too, will soon enter this story, | shall
use his account. Lampa points out that Mach's research interests
were in very widely scattered specialities and that Mach sought
one unifying position which he could adopt in doing any re-
search. That basis he found in the world of elementary sensa-
tions that precedes the world of scientific construction:

In trying to find a point of view which required no
change when Mach went from [problems in] physics to
physiology and psychology, he started from a natural
world picture which everyone, without conscious effort,
finds within oneself upon one's intellectual awakening.
Mach analyzed that natural world picture. The result of
the analysis is his Theory of Elements. The physical find-
ings can be resolved into elements that hitherto are not
further resolvable: colors, sounds, pressures, warmth,
spaces, times, etc. These elements turn out to be depen-
dent upon circumstances both outside the spatial limits
of one's own body and within those limits. Insofar, and
only insofar, asthe latter is the case, we call these ele-
ments also experiences [impressions, ]
The physical and the psychological [world] thus con-
tains shared elements . . . The natural world picture
designates as corporeal objects relatively durable element-
complexes of colors, sounds, heat, pressure, etc. . . .

The complex of all elements forms the world . . .
The pseudoproblems arise with the formation of the con-
ception of substance (matter, soul); such problems can
be solved only if one analyses the complexes and goes
back to the elements.®

One consequence of this position relates to what was called
"atomistics." In looking for the ideal of a phenomenologic
physics, Mach refused to give the atom a fundamental basis in
physics, but instead asked that it be considered at most as a
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heuristic device for research. (Under proper conditions and
safeguards, he would, however, tolerate a far more daring, spec-
ulative use of atomistic ideas than is customary, for he proposed
using more than three dimensions to represent the structure of
molecules.)

Making atomic entities the subject of research, whether in
physics, chemistry, or electricity, was considered by the Mach-
ists a false and even dangerous metaphysical hypothesis. The
liberation of science from all metaphysical bonds was Mach's
lifelong ambition. Hence he acted not only as a productive
physicist and an influential philosopher but also as a powerful
figure in the politics of academic life.» He kept in touch with
his students and followers and saw to it that his point of view
would be represented in journals and on faculties.

As it happened, the year 1910, when the Millikan-Ehrenhaft
dispute first arose, was characterized by two other events rele-
vant to this study. One was the culmination of the widely ob-
served epistemological battle involving Ernst Mach. In fact, the
same volume of the ZczAtTn'T that carried Ehren-
haft's first detailed account of his discovery of subelectrons also
contained the heated, painful, often and polemical
articles that were being exchanged between Mach and Max
Planck.®

A second event in the same year added to the sense of urgency
felt in Mach's circle: A vacancy became available in the physics
faculty of the German University in Prague, where Mach him-
self had been active for nearly three decades. Two members of
the faculty there, Anton Lampa and Georg Pick, began at once
the search for proper candidates. Pick formerly had been an
assistant of Mach; Lampa had been a disciple of Mach, then an
assistant to Victor von Lang at the University of Vienna, and
from 1904 taught there until his move to Prague in 1909. Lampa
was a physicist as well as an idealistic fighter for the reform of
education. As Philipp Frank, later his colleague in Prague, put
it: "Lampa saw it as his life's chief goal, to propagate Mach's
views and to find adherents for them."”

Lampa and Pick looked for someone who could be relied
upon to carry on physics in accord with Mach's views. A chief
candidate was Gustav Jaumann of Brno. To obtain Mach's ap-
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proval, Lampa wrote to Mach in a letter of February 9, 1910:

| need not reassure you that Jaumann's high talent seems

to me beyond doubt and that his whole cast of thought

is sympathetic. | consider the ideal of theoretical physics

to be the purely phenomenological presentation [Durite/-

12373, as lies at hand for example in thermodynamics.

Jaumann proceeds from the wish to build up such a phe-

nomenological presentation for electricity and all that can

be connected with it. He therefore rejects the theory of

atoms and of electrons . . .
Lampa ended by sharing some worries about Jaumann and by
announcing his visit to Mach in Vienna "in a few weeks." Evi-
dently, Mach sent his approval speedily, for in aletter of February
18, 1910, Lampa thanked Mach for the reply, stating that all
qualms were laid to rest and that he would intervene warmly on
behalf of JaumannV Yet the selection process went on for many
months more. Another candidate was Albert Einstein of the
University of Zurich, who was still regarded by the Machists to
be of their persuasion.® He was just then corresponding with
Mach and, indeed, signed one of his letters, "Ihr Sie verehrender
Schuler."3" Einstein was finally called to the chair in Prague in
March 1911.3°

Seewg clecarx

Let us leave these Europeans for a time to their philosophies and
academic negotiations, and turn to Millikan, who was unaware
of these events or of their future implications. Around him was a
very different atmosphere. Millikan confesses to an unsophisti-
cated, pragmatic, straightforward point of view of his own, one
element of which is seeking direct explanation in terms of con-
crete visualization. The words "concrete visualization” recur in
his writings, possibly to counter the charge that he engaged in
making up hypotheses. When Millikan wrote about the electron
in his early years, he did not of course think of a particle that
has magnetic moment, angular momentum, wavelength, intrinsic
self-energy, or any of the properties that we now think of as
being associated with and defining the electron. He thought of
the electron as a discrete corpuscle™ of unitary electric charge,
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whose action one can see with one's own eyes. Indeed, he was
not far from asserting that one can see the electron itself: "He
W30 &Y yegr YR eaperZizert,” he writes in his autobiography
about the oil drop experiment, "%7zd TwHrcly of meyriy"tory
[Z\ze o™yerueld it, [IMy] Z effect SEEN t/%e efeetroTZ" And
again, with even less qualification: 1% electroTZ /ryel], teE/e/i
T 2y TIEgANPR . . . Iy T3ifeer* 37 7373ee?rY Ty 7007 Yalyypot/ze-
yy. 1?' IS A NEIL EXLEEEMENT7HE FACE 517 tlzly yeTzerj-
1&v7 s TrElelz tee [ive [y Tor rize [Zryt rNze yee73, /Y telzlel? Yalzy-
077e telzo tellly " [zeTzeefoT*™ yee.'"™M

Because the autobiography was published when Millikan was
over eighty, it may invite a suspicion about the reliability of
some statements. There are passages where this is a valid con-
cern. However, the autobiography is really a patchwork of new
and old writings. One can gather by inspecting the materials in
the Millikan archives that the publication probably was as-
sembled with the aid of an editor under Millikan's supervision.”
Large portions of the published book are repetitions of earlier
publications. This is the case with the preceding passages, which
come directly from Millikan's Nobel Prize acceptance speech in
192434

Other passages in his documents and publications further
elaborate the anthropomorphic metaphor that Millikan adopted
to deal directly with the experimental situation. He writes, for
example, that when the small oil droplet was "moving upward
[in the electric field, against the gravitational pull] with the
smallest speed that it could take on, | could be certain that just
one isolated electron was sitting on its back. The whole appara-
tus then represented a device for catching and essentially seeing
an individual electron riding on a drop of oil.'?

Sometimes, while watching a charged oil droplet held in the
electric field, he observed it change its motion suddenly, when
the droplet encountered a charged molecule (ion) in the air.
This observation was even more important; for the JA/3IZ72BH
in the observable phenomenon - new at the time - fitted splen-
didly with the hypothesized discontinuity in the concept of
guantized charge. Here was a great new fact, and the image that
helped interpret it was directly at hand: ". . . one single electron
jumped upon the drop. Indeed, we could actually see the exact
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instant at which it jumped on or oE."~ Eariier documents con-
tain the same metaphor. In an early draft of his autobiography,®
MiHikan wrote that he "coutd actually see the exact instant at
which [the electron] jumped on or off." He also provides other
visual images; for example, "I had seen a balanced drop suddenly
catch an ion."” MiHikan had the same power of visualization as
other distinguished scientists.® Thus in his brief essay on Ernest
Rutherford, MiHikan quoted with approval what he called "a
very characteristic Rutherfordian remark™: "lons are jolly little
beggars, you can almost see them."#°

At about the time Adillikan began to "see" his electrons, Jean
Perrin in France was battling for the atomicity of matter with
the same strength of preconception and consequent focusing of
vision that characterized Adillikan's determination to demonstrate
the atomicity of electric charge. Mary Jo Nye writes of Perrin:
"Perrin's primary goal from the very beginning of his scientific
career was to prove the reality of the invisible atom, to eliminate
a "puerile anthropomorphism" those strictures which seemed
logically necessary to many others . . . One student wrote of
Perrin . . . 'He "sees" atoms - there is no doubt at all - as Saint
Thomas saw seraphim." "™

The way that MiHikan launched his research on the charge of
the electron illustrates three related factors: (i) his capacity of
looking with fresh, clear eyes at what was going on; (2) his
powers of visualization as an aid in drawing conclusions;
and (3), behind all these, almost unconfessed and certainly un-
analyzed, a preconceived theory about electricity which gave
him eyes with which to look and interpret.

O fhe to electrom'c J7

MiHikan described frankly the series of accidents that set him on
his way. At one of the weekly seminars in physics at Chicago,
he presented a review of J. J. Thomson's great paper of 1897 on
cathode rays. MiHikan later wrote:

[it] put together in matchless manner, the evidence for

the view that the "cathode rays" consist not of ether

waves, as Lenard and the Germans were maintaining, but

rather of material particles carrying electric charges, each
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particle possessing a mass of about a thousandth of that of
the lightest known atom and therefore constituting the
most minute known masses in existence. He called these

particles "corpuscles”. . . . [This paper] impressed me
greatly and started me on the researches which have been
life work.*"

However, for the next ten years Millikan's researches did not
go well. Up to 1907, he had published only an article on his
(189%) thesis, two short notes in 1897 and one in [906, a transla-
tion of Paul Drude's Opticy, and five introductory textbooks.
In 1907 he published with George Winchester two articles on
photoelectricity which received some notice*® In his auto-
biography Millikan hints that he was rather dissatisfied with
himself at that point. He uses phrases such as "this appar-
ently fruitless work™* and "my own research failures™” in
describing his research. He may well have been concerned about
his chances as a research scientist. In 1908, for some reason that
one wishes to know more about, he "kissed textbook writing
good-bye . . . and [while aware of the risk of further failures]
started intensively into the new problem™" - the magnitude of
the elementary charge e

There were four obvious merits in Millikan's choice of this
particular subject. One was that "everyone was interested in the
magnitude of the charge of the electron,"” then known only to
low accuracy and with widely varying results, depending on the
method used. Another merit was that the best experimental
method to use seemed to Millikan quite obvious and rather
simple, although this turned out not to be the case. Third,
measuring a basic constant with greater accuracy (rather than
looking for daring new things in physics as Ehrenhaft was to
do) was quite in keeping with Millikan's talents and tempera-
ment and with the tradition Michelson had set. Fourth, the
theoretical basis or epistemological assumptions needed for the
work seemed quite clear to Millikan: "Being quite certain that
the problem of the value of the electric charge (Franklin's fun-
damental atom of electricity - apparently invariant and indivis-
ible - the assumed unit building block of the electrical universe)
was of fundamental importance, | started into it."*"

Not for him all the turmoil and bitter debate raging in Europe
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concerning the "reality” of molecules, atoms, and electrons, or
the admissibility of discrete rather than continuous entities! The
electronic charge existed, and it was of "fundamental impor-
tance” to find the value of the charge. If Afillikan needed phil-
osophical underpinnings for his work, he found them, appropri-
ately enough, in the work of the great American folk hero,
statesman, and scientist, the sensible Benjamin Franklin.

Millikan consistently refers to Franklin as the first to formu-
late a granular structure and material reality for the “electrical
particle or atom,*" and he quotes frequently a sentence he
ascribed to Franklin: "The electrical matter consists of particles
extremely subtle, since it can permeate common matter, even
the densest, with such freedom and ease as not to receive any
appreciable resistance™™"' Franklin is the father of the subject,
"for there are no electrical theories of any kind which go back
of our own Benjamin Franklin,"* The result of all modern
research has been merely "to bring us back very close to where
Franklin was in 1750, with the single difference that our modern
electron theory rests upon a mass of very direct and convincing
evidence."™ In 1948, looking back on the recent fiftieth-
anniversary celebration of J. J. Thomson's "unambiguous estab-
lishment of the electron theory of matter,” Millikan remarked
that since Franklin had begun his experiments in 1747, one
should have also been celebrating the bicentenary of "Franklin's
discovery of the electron."™ Even before Millikan turned seri-
ously to his work on the charge on the electron, an account of
Franklin's accomplishments (and his full-page portrait) could
be found in some of the early school texts Millikan coauthored.
A book published in 1908 describes Franklin's "so-called one-
fluid theory,” adding, "A modern modification . . . has re-
cently come into prominence through . . . Lord Kelvin and
J. J. Thomson," featuring "very minute negatively charged
corpuscles, or electrons.™"*

Millikan was not the only one to see a connection between
Franklin's ideas and the modern theory of electricity. To give
only two examples: Rutherford had pointed it out in an address
in Philadelphia in 1906 at the bicentennial celebration of Frank-
lin's birth,"" and some years earlier Lord Kelvin had developed
it in a paper that concentrated on Aepinus's elaboration of



4t

Franklin's theory.™ Yet when Adillikan began his work in the
first decade of the new century, one did not have to accept the
atomistic view of electricity, let aione subscribe to a theory
associated with Franldin. If Millikan had followed Pupin's ex-
ample, he could have supported a rival theory of electricity,
based on the thematic concept of the continuum rather than on
the thematic concept of atomism. Adaxwell's theory of electric-
ity, while outwardly agnostic on the nature of electricity, per-
mitted electricity to be more easily thought of in terms of
continuous displacement, a motion within the electromagnetic
ether, than in terms of an atomistic structure. Maxwell noted in
1873 in his E/ectn'cTy vkfRgyzedw; that electrolysis seems to
invite conceptualizing a definite value for an electric charge:
"For convenience in description we may call this constant
molecular charge (revealed by Faraday's experiments) one
molecule of electricity." He added, however, this convenient
terminology, "gross as it is and out of harmony with the rest of
this treatise,” this should not mislead us to ascribe reality to
granules of electricity:

. . . the theory of molecular charges may serve as a

method by which we may remember a good many facts

about electrolysis. It is extremely improbable, however,

that when we come to understand the true nature of

electrolysis we shall retain in any form the theory of

molecular charges, for then we shall have obtained a

secure basis on which to form atrue theory of electric

current and so become independent on these provisional

hypotheses”

The view that the atomicity of electricity was only a heuris-
tic device was widespread in England and on the Continent
before the successes of the corpuscular view through the work
of Pieter Zeeman, H. A. Lorentz, and J. J. Thomson. Arthur
Schuster wrote of the early 1880s: "The separate existence of a
detached atom of electricity never occurred to me as possible,
and if it had, and | had openly expressed such heterodox opin-
ions, | should hardly have been considered a serious physicist,
for the limits to allowable heterodoxy in science are soon
reached."” In 1897, Lord Kelvin still thought that careful con-
sideration should be given to the idea that "electricity is a con-
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tinuous homogeneous liquid."™"" Max Planck confessed that as
late as 1900 he did not fully believe in the electron hypothesis.™
Even where an atomistic hypothesis of electricity seemed per-
suasive, it did not have to imply a unitary charge for the elec-
tron. Millikan later noted that the possibility of the electronic
charge being merely a “statistical mean" was one that some
physicists were supporting at the time."* According to all avail-
able documents, however, neither at the start of his work on the
electron nor later did Millikan subject this possibility to any
detailed test.

With hindsight, it is easy to see evidence that should have
clinched for everyone the argument in favor of the particle
theory of unitary electric charge, even prior to Millikan's work:
J. J. Thomson's measurement of the constant charge-to-mass
ratio of cathode rays; Rutherford's measurement of the charge
on a particles; the charge on cloud droplets of various liquids
determined by J. J. Thomson, his student Townsend, and H. A
Wilson.”™ Yet even where the error margins were not enormous,
the methods all shared one fatal daw with the calculation of the
unit charge exchanged in electrolysis: They represented the
determination of an charge from observations made on
very many hypothetical individual charges as the same time. At
best, these were indirect measurements of fbe charge ¢*at least
e would be the statistical mean value of a distribution of un-
known shape. Nobody before Millikan had measured the charge
of an individual object, and found it to be equal to one or two
or any small multiples of a unit of electricity, much less watched
a charged object changing its charge discontinuously by 1, 2
3 . . . units of charge.

Millikan also did not have the slightest hope of doing this
when he set out to measure the value of the electronic charge.
When Millikan began this work with his student L. Begeman, he
used H. A Wilson's method essentially unchanged. Clouds of
droplets were produced in an expansion cloud chamber between
the parallel, horizontal plates of a charged condenser. They
observed the slowly falling top layers of the clouds containing
the smallest droplets. One set fell under gravity (at speed v,),
and another set fell faster, with the additional aid of an electric
held set up across the condenser (at speed \Vg)- Assuming, first,
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Stokes's law to hold for the droplets, second, each of the droplets
to have formed on asingly charged ion, and not to shrink notice-
ably owing to evaporation and, third, that the different clouds in
succession were all similarly formed, one could quickly obtain
the charge of the hypothetical unit of electricity in terms of the
observables (speeds of fall v, and electric held strength E;
density of drop 8; and viscosity of the gas The average
charge per droplet would thus be given by

E8" o

This method (to be called 7) was full of unsatisfac-
tory features, both theoretically and practically. Wilson's pub-
lished measurements had shown a spread of values in determina-
tions for e from 20 X to"™*" esu to 4.4 X i0o"~ esu, with a
mean of 31 X to"*" esu. (Earlier in 1903, J. J. Thomson had
obtained e = 34 X 10** esu by a similar method.) However,
Millikan's plan in 1907-8 was to make only minor changes in the
procedure, to improve accuracy. Thus Millikan and Begeman
used radium instead of x-rays to ionize the moist gas prior to the
expansion that formed the cloud. Their results of ten sets of obser-
vations for e spread from 3.66 X 10"*° esu to 4.37 X 10" esu,
with the mean given as 4.03 X to™'° esu. It was evidently an im-
provement over Wilson's results - although it shared with those
the implicit assumption to rule out a statistical distribution of
divergent values of electric charges occurring in nature.

The of %earperw/e/M - Method 77

The joint paper by Millikan and Begeman was read at the
American Physical Society meeting in Chicago in early January
1908. A one-page abstract was published that February.™ Al-
most immediately, prominent attention was drawn to this maiden
effort-by none other than Ernest Rutherford.® Millikan's re-
sult had come just in time to help Rutherford and Geiger in their
major new work: They had measured the magnitude of the
A-particle’s charge to be 9.3 X 10™" esu, and assumed it should
be equal to ]2cl. Hence c should be 4.63 X 10 esu. The values
for ¢ found earlier by Thomson and Wilson had been 30 percent
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lower, but the new ones by Millikan and Begeman were only i$
percent lower. Although the work of Millikan and Begeman ap-
peared to be the best of the three, Rutherford implied that it,
too, could be improved and the gap closed. Rutherford sug-
gested that a failure to allow adequately for the evaporation of
the droplets in those methods caused the estimate of the number
of ions (droplets) present to be too large, and hence the value
of o too small. Pending such improvements of the method of
others, the Manchester group associated with Rutherford con-
tinued to use his value 0—4.63 X i0™*" esu confidently until
Bohr's early work of 2912; it "had been gospel at Afanchester
since the measurement of Rutherford and Geiger in 1908.""

With the incentive of Rutherford's suggestion, if indeed it
was needed, Millikan's strategy was now clear: The error
owing to evaporation had to be eliminated.** Millikan planned
to work in his typically gradualist way, by arranging the electric
field to hold steady the top surface of the charged cloud, keeping
it suspended to permit studying its rate of evaporation. The
work was apparently done in the spring and summer of 1909"
and seemed at first to require essentially only small modifications
of existing techniques, chiefly using an exceptionally large
(i0,000-volt) battery to set up a stronger electric field, now in
oppot2xr to the effect of gravity.

When Millikan turned on the electric field, something hap-
pened that at last allowed him to orient and gather his immense
energy, his talent as an observer and a researcher, his ability to
use students, his instinct for recognizing important and basic
problems, and his great eye for the accident that opens an un-
suspected door. He chanced upon a sequence of accidents that
he described consistently and frankly in the resulting publica-
tion of 1910, and the 1939 draft autobiography, and in the pub-
lished autobiography. As he put it, the accident "772201t porrf/'/o
for 220 /27 07 20 7720 230 72PN 02 070 2i2 210
M7 Z7AMIT2A (Aoplo2, 272 . . . TTR&o R pOiNIPc 20 R22ITIID
210 YRZPYRRZTZ) 0P TRQalf272y of prOp0r2y of 22 27222227722 ro/%20d
Qozror2 . . 'S*

When he turned on the switch, the cloud, far from being
held stationary, dissipated instantaneously and completely. The
strong field, acting on the variously (not, as had always been
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assumed, equally) charged droplets, cleared them out, and thus
there was no top surface of the cloud left on which to make
measurements. Indeed, the decade-long technique of measuring
¢ by cloud watching came to an abrupt end; | have found no
evidence that anyone used it again. Millikan wrote that the dis-
persal "seemed at first to spoil my experiment. But when I
repeated the test, | saw at once that | had something before me
of much more importance than the top surface . . . For re-
peated tests showed that whenever a cloud was thus dispersed
by my powerful field, % )<ID drop/ety rewTH m

those with just the right charge relative to their mass
to allow balancing their weight in the electric held.™*

It was the first time that one of the cloud experimenters con-
centrated on the individual, charged droplet instead of the
whole cloud. Indeed, Millikan had stumbled on a new instru-
ment, a very sensitive balance for holding an object of the order
of 103 to io*is grams in view. It marked the change from
Method | (falling cloud of water droplets) to Method Il (bal-
anced droplets of water, later also of alcohol). While that was
only an intermediate stage before he arrived at Method Il (non-
suspended oil drops), his perception had guided him to a tool
for opening up a new experimental held, the more so as seren-
dipity struck a second time:

I chanced to observe ... on several occasions on which
I had failed to screen off the rays from the radium [for
ionizing the air before producing the cloud] that now
and then one of [the balanced drops] would suddenly
change its charge and begin to move up or down in the
held . . . This opened the possibility of measuring
[later] with certainty, not merely the charges on individ-
ual droplets as | had been doing, but the charge carried by
a single atmospheric ion by comparing the speeds in the
electric held of one drop before and after it chanced to
catch anion.?

Watching a water droplet suspended in a held made it easier to
allow for evaporation and so increased the precision of measure-
ment.” This situation was a direct response to Rutherford's chal-
lenge. The rest of Millikan's work would soon follow fairly natur-
ally - from the replacement of water by a liquid with much
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lower vapor pressure, to the long labors of removing or narrow-
ing the source of uncertainty, for example, by the modification
of Stokes's law for small droplets. Even in the first months, in
the summer of :.0., Adillikan claimed the "c/s%gey %&/%ly
YRy sC fw/ftr of error of ?zy ytop-
wa7c/3 7[TMPYeTTTaM 1, 2, 3, 4, or some other exact multiple of
the smallest charge on a [water] droplet that | ever obtained.
Here, 7Cr7, Wy t'<? [fry; Jep777te, yi3%ap, MIM/ZNGMOMY proof 7s777
eleotrfofry Wy depT777ely ZIMMy s ytrMotMre . . ."7*

The importance of the discovery should not divert attention
from the fact that Adillikan did not design or devise the experi-
ment from which his early fame sprang; rather, he discovered
the experiment.® The character of this discovery differs some-
what from that of, say, the existence of Uranus or America. No
one had doubted the existence of individual droplets. Anyone
could have put together existing equipment a good decade or
more earlier if one had only thought of watching a drop instead
of a cloud. The equipment used by Millikan in 1909 was a
simple structure made of available materials; even making a big
enough battery had been no major challenge for a long time. It
is not altogether clear why Thomson, Townsend, and Wilson,
among many others, did not think of determining the electric
charge in the first place with the far simpler method of indi-
vidual droplets than with the rather complex cloud experiments.
The stranglehold on the imagination exerted by the tradition of
work on clouds appears to have yielded only to Millikan's acci-
dent.

e 7909 - 7/3C pitt/M CO073V<?7'gC

Adillikan's first reports on individual droplets were not published
until December 1909 in TZ% PYy/cTt/ Review, and in February
1910 in the P/n/oropMcTt/ 4in g% z777.. Before analyzing the papers
or describing the setting in which the scientific community first
heard of Millikan's verbal report of his discovery in August
1909, | turned to the work that Ehrenhaft, quite independently,
was doing at about the same time - for the trajectories of the sci-
entific work of the two protagonists are about to intersect. Milli-
kan had been led to the single-object determination of charge,
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starting from his cloud work, in line with research techniques
developed in England and the United States. Meanwhile, Ehren-
haft had been progressing toward the same research problems by
techniques more characteristic of work on the Continent, namely
preparation of colloids and the ultramicroscopic Brownian-
movement observations of individual fragments of metal (e.g.,
from the vapor of a silver arc) and of cigarette smoke. In this
period, Ehrenhaft's atomistic preference was as clear and ex-
plicit as Millikan's. Ele ended one of his papers of 1907 with the
hope that the work would be "a new support for the molecular-
kinetic hypothesis."”

Ehrenhaft's first report on a new method to measure the
charge on small particles in order to determine what he called
the "e/cUwche was dated March 4, 1909,
and appeared as a one-page summary in the of the
Academy of Sciences of Vienna.® He explained he had noted
that colloidal metal particles occasionally showed an electric
charge, as indicated by their motion in a electric field.
(It is plausible that he happened upon this effect during earlier
studies on Brownian movement.) Measuring the motions of par-
ticles with and without an electric held, and applying Stokes's
law to obtain their mass, he could thus measure the charges on
the particles. In short, he was very nearly doing what Millikan
did, but he did not use a vertical electric held. Two weeks later,
in a longer report/A Ehrenhaft announced that he intended to
arrange it in just that way; however, the results did not appear
until a year later. Consequently, in 1909 his method suffered
from obvious shortcomings. Different particles were needed, one
set observed when moving with a horizontal component in the
presence of the electric held, the other when moving vertically
without the electric held; e, therefore, cannot be the charge
determined on a single object but is an average. Nevertheless,
Ehrenhaft's three papers, submitted between March 4, 1909 and
April 10, 1909, are the hrst in the literature in which the paths
and motions of mdz U&MI, charged were followed and
used to compute a value of eT Moreover, the value for c that
Ehrenhaft here obtains (4.6 X 10™° esu)s” is far closer to
Rutherford's (4.6$ X i0**°) and Planck's (4.69 X to"*", from
black-body radiation) than that of Millikan and Begeman
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(1908) had been, and Ehrenhaft did not hide this fact. Indeed,
in view of the subsequent debate, it is ironic that Ehrenhaft here
notes that Millikan's measurement results of 1908 were lower
than Rutherford's, in other words, that Miiiikan's effort "yielded
values of the elementary quantum that are too small."”

At 275 | T225g 772, T 2% 7Ny
In attempting to gain acceptance for one's work, early communi-
cation in an excellent forum is a great advantage. Here again
Millikan was extraordinarily lucky. He finished the measure-
ment of ¢ by the balanced-waterdrop method in the late summer
of 1909, just before the British Association for the Advancement
of Science was to hold its seventy-ninth meeting in Winnipeg,
Canada. It was too late for him to get on the printed program/*
and to the last moment Millikan did not know if he would be
called on to present his results during the sessions.” It must have
been a heady meeting for this relative newcomer to scientific
research. The presidential address was given by J. J. Thomson,
who chiefly devoted his time to discussing three research
frontiers; the structure of electricity ("We know that negative
electricity is made up of units all of which are of the same

kind . . ."); the ether ("The ether is not a fantastic creation of
the speculative philosopher; it is as essential to us as the air we
breathe . . . The study of this all-pervading substance is per-

haps the most fascinating and important duty of the physicist");
and radioactivity. Among the physicists and astronomers listed
as reading papers at the large meeting were C. V. Boys, A. S.
Eddington, A. S. Eve, E. Goldstein, Otto Hahn, W. J. S. Lock-
year, Oliver Lodge, Percival Lowell, A. E. H. Love, Theodore
Lyman, D. C. Miller, J. IT Poynting, Lord Rayleigh, E. Ruther-
ford, A. Schuster, and G. J. Stoney.”

The ground for Millikan's presentation was prepared not only
by the attention directed to the field of research by J. J. Thom-
son, but also by Rutherford's address on August 26 as president
of the Section on Mathematical and Physical Science.™* Ruther-
ford's aim was to summarize how recent progress in physics
strengthened the credibility of the atomic theories of matter and
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of electricity. As he had also done in 1906, Rutherford wasted
iittie time opposing directly the antiatomists who were still ac-
tive, particularly on the Continent. Rather, he made short
counterthrusts in sentences such as "The negation of the atomic
theory has not and does not help us make discoveries," casting
doubt on the atomic theory "is quite erroneous,” and, in the
very last sentence of the paper, "In the light of these and similar
direct deductions, based on a minimum amount of assumption,
the physicists have, | think, some justification for their faith that
they are building on the solid rock of fact, and not, we

ofteTZ rt? wwMel Ay rewe of cw ycifzri/w 03

r/Aft"g 1963A of I/eEd/dwe MypotAcny."

Rutherford's main attention was devoted to reviewing the
developments favorable to the atomistic point of view, which he
acknowledged to appeal particularly "to the Anglo-Saxon tem-
perament.” Nevertheless, on the list of findings he was reporting
were efforts by three Austrians, Exner and Richard Zsigmondy
(determination of mean velocity of particles in various solutions,
from Brownian-movement calculations), and Ehrenhaft (1907,
experimental determination of Brownian movement by small
particles suspended in gases). Rutherford's own recent work
with Geiger on the charge of a particles was further support,
"showing that this radiation is, as the other evidence indicated,
discontinuous, and that it is possible to select by a special electric
method the passage of a single a particle . .

As in the paper he had written with Geiger during the previ-
ous year, Rutherford now cited the work of J. J. Thomson,
Townsend, Millikan, and Begeman on clouds (Millikan's report
on using individual droplets had not yet been delivered), as an-
other indication that "electricity, like matter, is supposed to be
discrete in structure.” Ele added: "This method is of great
interest and importance,” although the exact determination of e
in this manner was "beset with great experimental difficulties."”
Rutherford lauded recent work by Ehrenhaft (7909) on the
charge carried by ultramicroscopic dust particles of metal, and
grouped Ehrenhaft's value for e with Rutherford's and Geiger's
as one of "the most recent measurements by very different
methods which are far more reliable than the older estimates."”
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The implication was that these values were more reliable than
those of Thomson, Townsend, and Wilson. It now is no longer
reasonable, he concluded, "to believe that such concordance [in
the experimental values of e and N, based on different theories]
would show itself if the atoms and their charges had no real
existence™; hence doubts concerning the atomic theory of matter
are "quite erroneous.™"

Rutherford did voice one regret: ™. . . it has not yet been
possible to detect a single electron by its electrical or optical
effect, and thus count the number directly, as in the case of
a-particles.” This was precisely the missing link. Although he
could not have known that Millikan had already found it,
Rutherford was optimistic: . . there seems to be no reason
why this should not be accomplished by the electrical method.”
Rutherford evidently had in mind the possibility of using scin-
tillations produced by rays for this purpose. But Millikan was
on hand at that very meeting, waiting to give his paper a few
days later in which he would show just how one might go about
detecting the single electron by another method, that is, by its
effects on the observed motion of a small droplet of liquid.

At last, Millikan's turn to speak came, and apparently he was
well received. Millikan later singled out Joseph Larmor as having
been "intensely interested in my paper,”* and as having sug-
gested that Millikan should look into the limits of Stokes's law,
promising to do the same himself from the theoretical side."™
After this presentation on August 31, 1909, Millikan must have
thought the end of the quest to establish the unitary nature of
the electric charge was in clear sight. The subject had been
acknowledged at the highest level to be at the very frontier of
urgent research; his own, earlier results, even before his recent
improvements, had been believed and cited with respect; they
fitted well with the other pieces in the jigsaw puzzle of physical
theory; and he had been able to present his new method and
new results just as soon as the need for them was announced
by Rutherford. He later recalled that even his final, major im-
provement of technique, that of using oil drops to avoid all the
problems caused by evaporation, occurred to him suddenly while
he was riding the train back to Chicago from the Winnipeg
meeting.""
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We do not have a copy of the talk Miilikan delivered at Winni-
peg, but a few weeks later he published a very brief account of
his work,” and on October 9 sent the paper - his first major one
-to the Magazine for publication in February
19i0."s These two contributions are the first reports in the liter-
ature of the use of single, isolated Jropr, and of the balancing-
field method (Method I1).

If Millikan and his readers thought that the search for the
value of e was essentially over, they soon found that the battle
was just beginning. Indeed, two likely causes for the approach-
ing "fight over the electron™ can be found directly in Millikan's

Agziyve paper. One has to do with the well-
known role which feelings about priority claims play in the
actual unfolding of scientific controversies. In the section giving
"The Most Probable Value of the Elementary Electrical Charge,"
Millikan presents his own, new mean value, e = 4.65 X i0"*°
esu, and assigns also equal weight to "all the recent determina-
tions of e by methods which seem least open to question™:™" the
value obtained by Planck from radiation theory (4.69 X 10™*"),
which Rutherford had mentioned with favor at Winnipeg; the
value of Rutherford and Geiger (4.65 X 10"™*"); E. Regener's
value, obtained by a method very similar to Rutherford's (4.79
X and Begeman's "recent and as yet unpublished" value
of 4.67 X 10™", obtained in Millikan's laboratoryV The final
mean for e, Millikan declares, is thus 4.69 X i0"*° esu. Ruther-
ford's objections of 1908 and 1909 have been well met. In addi-
tion, because Millikan's and Rutherford's results are so close,
Millikan feels that the "results seem to constitute experimental
verification of Stokes' law for these drops."

But while accepting the work of these authors, Millikan
specifically rejects the values for e published by four others, and
gives explicit reasons: Perrin's value "involves so many assump-
tions of questionable rigor"; Maurice de Broglie's relies on Per-
rin's N, among other difficulties; Moreau's depends on Perrin's
€ Millikan also specifies why "uncertainties” in Ehrenhaft's
results, "obtained by a method similar to the one here presented
save that it involves the measurement of the velocities produced
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first by the action of gravity, and second by the action of an
electrical field upon the charged particles thrown off by a
metallic arc,” make that work unacceptable to him,” although
Millikan agrees that "this [Ehrenhaft's mean value for e, 46 X
10*1"] is in very good agreement” with the other accepted
values.

Millikan's reservations regarding Ehrenhaft's work were rea-
sonable, although they appear more reasonable in retrospect.
Had Millikan accepted Ehrenhaft's value, it would have worked
to Millikan's advantage in the sense that it would have brought
the average value of all accepted determinations of e down a bit
toward Millikan's own. In fact, he was rejecting a confirmatory
value, one obtained by an established researcher who had used
a method closer to his own than the methods of others whom
Millikan was not rejecting. Millikan's decision was grounded in
his suspicions, plausible but far from proved, that the value
obtained by Ehrenhaft was invalidated by the method used to
obtain it. As we shall soon see, Millikan was also sensitive to the
obverse, to the possibility that his own results of measurement
were at times unwelcome and disconfirmatory but that even
without a solid analysis of the causes he could continue to accept
his hypothesis and reject the apparent falsification of it.

It appears that from Ehrenhaft's point of view the glove had
been thrown down before him. Beginning in his next publica-
tion, he and some of his students dedicated themselves to the
"guestion of the elementary quantum of electricity.” Ehrenhaft's
own output of a dozen papers over the next four years was
entirely on this subject. To be sure, Millikan's publication of
February igio was vulnerable to criticism. With idiosyncratic
frankness and detail, Millikan shows in the section "The Results"
that the measurements with the new technique were still diffi-
cult to make, that he relied heavily on personal judgment, and
that it was really still his first major paper. The most important
raw data for five series of data on balanced water drops and (*'to
vary the conditions™) one series of balanced alcohol drops are
presented. The observer is also identified (Millikan or Bege-
man); but, in a move rarely found in the scientific literature, each
of the thirty-eight sets of observations is then given a more or
less personal rating:
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The observations marked with a tripie star are those which
were marked "best" in my notebook and represent those
which were taken under what appeared to be perfect con-
ditions. This means that we could watch the drop long
enough to be very certain that it was altogether stationary:
that we could time its passages across the cross-hairs with
perfect precision, and that it showed no apparent retarda-
tion in falling through the two equal spaces. The double-
starred observations were marked in my notebook "very
good." Those marked with single stars were marked
"good" and the others "fair."™"
There were two “three-star" observations, seven "two-star"
ones, ten with a single star, and thirteen without any. The aver-
age value of e obtained in each of the seven series (sets of obser-
vations) is then assigned a "weight™" from one to seven, to obtain
the final, weighted grand average (e = 4.85 X 10**° esu, as
compared with the unweighted, simple mean of 4.70 X 10™*").
Although we can discern a general relation between the total
number of "stars" in a series and the weight given to the par-
ticular individual series-average, the relation is neither explained
nor linear: Millikan was evidently saying he knew a good run
when he saw one, and he was not going to overlook that knowl-
edge even if it was not obvious how to quantify and share it on
the record.

Equally significant was Millikan's frank admission that an-
other seven observations had been discarded altogether, and so
had not entered at all into the computation of the final average
value of e; "First, | discarded three very good observations of
my own, taken under conditions of potential and position of
cross-hairs which made them uncertain in spite of the accurate
timing. These observations . . . would not affect appreciably
the final result if they were included."*™" Only the internal ethos
of science, which prizes the fullest disclosure of data, seems to
have motivated even mentioning this set of discarded observa-
tions. Millikan continues:

Second, | have discarded three observations which | took
on unbalanced drops, timing them as they rose against
gravity under the influence of the field, and then again as
they fell under gravity between the same cross-hairs, when
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the held was thrown off. Although all of these observa-
tions gave values of e within 2 per cent of the final mean,
the uncertainties of the observations were such that /
tuoz/M ez tAey zzot agreed

reyzity  zlic ozlier oyavzzzzoTzy, and consequently 1felt
obliged to discard them as it wes.*™

This is an unusual statement. Nothing in the rest of his paper
has prepared us to expect, as Millikan mentions casually in pass-
ing, he would discard some observations if they "disagreed with
the results of the other observations.” Was it enough that these
three runs were on zzzzbalanced drops (which became his method
of choice immediately afterward)? His comment that, in this
instance, the omission had no practical effect on the final results
either way is reassuring, but one must not overlook the more
general methodological point. Such judgments are not infre-
quent. They often can be (and in this case were) supported by
plausibility arguments which allow the experimenter to assert
that he believes the discordant observations do not go to the
heart of the matter, that is to say, are not grounded in a serious
way in the phenomenon being studied. For just this reason, such
judgments expose the researcher to a risk, one that he is willing
to take in the framework of beliefs and assumptions within which
the judgments are plausible acts, and one which allows him to
avoid the interruptions, delays, and detailed research that might be
necessary to pin down the exact causes of the discrepant obser-
vations.

At work here is the belief that, in principle, a reinterpretation
can be found that would fit the neglected observations into the
pattern of nature signaled by the accepted observations. Con-
versely, the belief is also present that an alternative picture of
nature, although in principle not foreclosed - in this case, that
charges exhibit a stochastic distribution about the mean value ¢,
or that charges are made up of subelectrons or of some con-
gealing of a continuum of charge - is so unlikely or abhorrent
that it is not worth even the effort of falsifying it in detail.
Millikan's confidence was explicit. He announces, "There is no
theoretical uncertainty whatever left in the method,"” although
he adds: "Unless it be an uncertainty as to whether or not Stokes'
law applies to the rate of fall of these drops on the gravity.” On
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the next page even this doubt is laid to rest: "It is scarcely con-
ceivable that Stokes' law fails to hold for them."""

As to the last of the neglected observations, MiHikan says
simply, without apology or plausibility argument: "In the third
place, | have discarded one uncertain and unduplicated observa-
tion apparently upon a single charged drop, which gave a value
of the charge on the drop some 30 per cent, lower than the final
value of e. With those exceptions all of the data recorded in our
notebooks are given below.""**

The data, presented in six tables such as the one shown in
Figure 2.1, also raise questions. Just how many individual drop-
lets were used in these observations? Each of the six series of
observations may have used as many droplets as there were
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observations. Why, then, were the raw data (voltage, times) on
all drops in each series pooled and averaged in order to obtain
one preliminary average value of ¢, which in turn received a
single weight for the final averaging to obtain one final value of
e? How confident can the reader be that one integer is the cor-
rect divisor that works for all data in a given series (for example,
Z— 3in Figure 2.1), and how were the data assembled to form
a given series in the first place? Finally, since the chief point was
to find e, what prevented Millikan from using a bigger section
of the battery, or smaller spacing between the condenser plates,
to obtain usable data on singly charged droplets-not to speak
of testing, head on, whether fractional charges do exist?

Unfortunately, the notebooks containing the data of Milli-
kan's work of 1909 have not been found, and we cannot watch
through the keyhole what occurred in the laboratory. But soon
we shall have better luck, for Millikan continued his work with
great energy. It was beginning to be seen as good scientific work
by the criterion of fruitfulness. For example, his 1909 value e
was adopted in 1913 in Niels Bohr's epochal paper on the hydro-
gen atom,i°s and Millikan's observational method became directly
applicable in the closely related efforts by his student H. Fletcher
to obtain A? and hence e from measurements of Brownian move-
ment.

Between the fall of 1909 and the spring of 1910, Millikan's
methods of experimentation and calculation underwent a process
of significant maturation (to Method Ill, to be examined later)
by working not with balanced water drops but with falling and
rising oil drops and, as well, by calculating values of elementary
charge from each set of observations on a given drop. Unknown
to Ehrenhaft, Millikan reported on his new method first on
April 23, 1910, to the American Physical Society.**" In the mean-
time, however, Ehrenhaft had committed himself.

03e

It began with a note to the Vienna Academy session on April 21,
19i0.*°s Ehrenhaft had been silent for a year, but now he had star-
tling news. He used a horizontal condenser, with avertical electric
field strong enough to make particles rise against gravitation - a
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deployment equivalent to the one Millikan reported shortly
afterward in the paper read at an American Physical Society
meeting on April 23, :pio-and he studied platinum and silver
particles from arcs. Ehrenhaft reported more than 300 measure-
ments, yielding a new and remarkable result: Particles are not
only singly or doubly charged but can also have charges "be-
tween and below" these values. The twenty-two measurements
of charge reproduced in Ehrenhaft's paper range from 7.33 X
10*1" esu down to 138 X 10™° esu-about one-third of the
value of the elementary charge he had previously measured.
Ehrenhaft concluded that these findings cannot be explained
away as inadequacies of method. Rather, these quantities are "in
nature." If "theory presupposes the existence™ of an indivisible
quantum of electricity, the value of the latter will thus have to
"fall considerably below" the hitherto accepted value. A counter-
challenge was thus issued to all believers in c as the quantum of
charge, for which nothing in theory or experiment seemed to
have prepared the ground. Out of the blue, the subelectron had
appeared on the stage.

Ehrenhaft followed his announcement of April 21, 1910*"
with a report delivered to the Vienna Academy on May 12
1910," in which he coined the word "subelectron” and an-
nounced that his results indicated that indivisible quantities of
electric charge do not exist in nature at the level of 1 X 10%*°
esu or above. His subelectrons do show a propensity for aggre-
gating; for example, he reports the total charge on gold particles
to have ranged continuously from 3 X 10" esu to a heaping
up (TTwiMzg) of 173 X to**° esu, that is, up to a third of the
usual charge of the electron. Although all his observations are
made on very small particles observed in the ultramicroscope,
he sees no reason to abandon Stokes's law in the classical form
(which would, in any case, make the true charge even smaller)
or to worry about Brownian movement although it made time
measurements uncertain. Moreover, he assumes again that the
density of the metal fragments, developed in an electric arc, are
of the same density as the mother material in the elcctrodcV

Adore remarkable, however, is the conclusion that emerges
ever more forcefully as the number and length of the articles by
Ehrenhaft and his collaborators increase: These experiments do
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not permit them to "hold on to the fundamental hypothesis of
the electron theory,” namely, the indivisible electron."** The
large spread of values for e which have been measured by vari-
ous researchers and by different methods should be taken, they
say, as a signal that one is dealing here with an aspect of natural
law itself. These variations of net charge are "in nature.”

If Millikan and others felt that Ehrenhaft's data could in
principle be interpreted without giving up the undivided elec-
tron, they must have felt somewhat embarrassed when Ehrenhaft
turned to Millikan's data in the PMcwpTw/d THgazmc 1910
paper on balanced water and alcohol drops. He subjected the
data to a devastating attack,”™* turning them against Millikan.
Ehrenhaft recalculated the charge on each drop from each of
Millikan's observations separately, instead of following Millikan's
method of lumping several runs to obtain values of e from the
average of measured values of voltage, and so. on, measured on
different droplets. The result was a large spread of values of
droplet charge, from 860 X 10™° to 29.82 X 10" esu. The
case for each of these being an integral multiple of one elemen-
tary charge now did not look at all self-evident (see Figure
2.2).*" It appeared rather that the same observational record
could be used to demonstrate the plausibility of two diametri-
cally opposite theories, held with great conviction by two well-
equipped proponents and their respective collaborators. Initially,
there was not even the convincing testimony of independent
researchers.""

Tj<? <ddrop expcfwleyzt, /p/o (Method 777)

Happily for Millikan, Ehrenhaft's attack in mid-1910 was quickly
made moot by the timely publication of Millikan's new results
with his new method. Millikan's documentation of his adoption
of and early success with the oil drop is extensive."" Of interest
to us here are the real advances made by Millikan over his and
all other previous work.

His account in the second major paper in his career, in Stdey/ce
in September 1910/ verged on the euphoric. He was able to
measure separately the frictional charge on an oil drop as well as
the additional charges it may pick up from ions in the atmosphere
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Figure 22 Portion of Felix Ehrenhaft's analysis of Millikan's data on the charges (7 carried by droplets. (SilzMMgreWc'te
Wiss. [Vienna], n. up, 1910.)
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during its travel, and both types of charges were found to be
quantized in the same manner, "eMC3 multipies of one definite,
elementary, electrical charge.""™ He boasted that he could
"catch upon a minute droplet of oil and hold under observation
for an indefinite length of time one single atmospheric ion or any
number of such ions between i and i$0." The method is free
from "all questionable theoretical assumptions,” and the limita-
tion on the accuracy of determining e is only the accuracy with
which the value of the viscosity of air (u or 17 is known. He
found that Stokes's law breaks down for very small spheres, and
determined a correction. A view advanced many years ago was
confirmed by these experiments, namely, that "an electrical
charge, instead of being spread uniformily over a charged sur-
face, has a definite granular structure, consisting, in fact, of an
exact number of specks, or atoms, of electricity, all precisely
alike, peppered over the surface of the charged body." Indeed,
Millikan now held "the conclusions follow so inevitably from the
experimental data that even the man on the street can scarcely
fail to understand the method or to appreciate the results.”

Nor would the scientist be less impressed by the confidence
expressed in the findings: Millikan reports that working with
Fletcher from December 1909 to May 19:0 on droplets of oil,
mercury, and glycerin-on "one to two hundred drops" in all-
they "found in every case 3Z% /TIw-go <773 3/3</Zrop [to be]
273 exz3C3 17222/ Zple of 3/32? yRXZ<AB /T arge ttTZ/T tre fo3373/Z 3Zw Te
& op CA33gZ73 fro773 3Z% 2333 Between 1,000 and 2,000 changes of
charge were observed, yet 273 7303 0730 M73gle 273y3%730e Z/ar 3Z3ere
Z%e73 al3y [Ta73g<? t/TilT [Z/Z 7303 repreie733 32)e adfC733 Z3p073 32e
Jrop of 0730 ZZ&273Z3<? zT arZaZzle "33a73333y of 0/0037*3023y, (3 a very
ylzzaZZ oa:a03 777ZzZ3ipZe of 3Z?%a3 "22a73323y."""

Of interest is Millikan's treatment of his data. His final value
of Ois the mean value of twenty-seven determinations of Oon that
many individual droplets, taken from a larger number "studied
throughout a period of 47 consecutive days." Three other drops
"have been excluded [because they] all yielded values of 0 from
two to four per cent, too low" compared with the plotting of
the values from other drops. A "natural™ hypothesis concerning
these three drops is that each may have been "two drops stuck
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together." At any rate, he adds, "After eliminating dust we
found not more than one drop in ten which was irregular.” The
context shows that the word "irregular" means that the drop's
unitary charge e deviated by as much as 4 percent from the curve
plotting the other valued™' Nevertheless, ten more drops-the
four slowest and the six fastest ones - studied during that period
were also eliminated from the final averaging in the 1910 -Sczczzce
article before Millikan obtained his "final mean value of c." Al-
though these ten drops would not appreciably alter the final
mean value, the probable error in each of the individual determi-
nations is necessarily much higher than in the middle range of
speeds.*

The @@\Ndczzzaz - zp/-? - Drop No. "z

With this knowledge of Millikan's use and treatment of data in
his published work, we can turn to the last and most mature of
his major papers in the 1909-13 period: his August 1913 Phyyzozzf
RovzcTZ? publication, "On the Elementary Electrical Charge and
the Avogadro Constant."~ This is the most authoritative ver-
sion of the oil drop experiment to that point, and although Milli-
kan continued to make improvements for years, all the chief
elements were now assembled: a new optical system, a chrono-
scope (to 0.001 sec), temperature control to 0.02°C, a more
accurately calibrated voltmeter, a better value for  and the
ability to change the gas pressure in the viewing chamber over a
wide range. As a result, he could announce that "the largest de-
parture from the mean value found anywhere in the table [of
values of e, determined for fifty-eight droplets] amounts to 0.3
per cent., and the probable error in the final mean value com-
puted in the usual way is 16 out of 61,000."”

We are now getting close to Medawar's keyhole, for Millikan
is generous in this publication in presenting his findings. Millikan
provides panels containing the critical law observations, together
with sample calculations, for sixteen of the many drops he had
followed. A typical example is "Drop No. 41" in his Table XV.
It is reproduced here in Figure 2.3. Millikan also gives, in his
Table XX, "a complete summary of the results obtained on all of
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24016 42.188
24142 42.078 02369 009336
24130 42.098. 009380
24070 69.900 01431 009328 V<= 5065'
24000  203.200 004921 009389 009316 V/=5059,
24030  23.844 04194 009255 009286 A= 23.05" C.
24046 30.606 009289 p=19.01 cm.
24028  42.800 p, = 04253
23.968  42.944 02326) 009260 009276 = 0001816
24018  71.400%  .01400{ : 009277 /la=.1394 /
23.770 009295 €,26.097X10-"/
23882  30652% 032597 009282
24.008 009314

0 @G @6 6 0

() 4 column—time (sec) of drop's fail under gravity

e

©)
()

through ]0.2i mm distance; tweive successive observations,
and the mean vaiue. [t, < (i/ui)]
column —time of rising when the (charged) drop is re-
trieved after its fall by applying the electric held.
X (t/%)]
(t/ty) column = reciprocal of some of ty observations,
hence proportional to
M column —change of charge (in units of €) between
successive ascents (ty being followed by ty'), owing to the
encounters of the drop with gas ions during the fall.
Since

(~f),M isgiven by (1,

In a given case % is found by adopting that trial value, as-



Figure 23

Initial and final potential differences of battery
.temperature

pressure in chamber
(cm/sec), average speed of fail without electric held
calculated radius of oil drop
mean fall path = - radius*
' -calculated mean value of elementary charge, before Stokes's
law correction**
'Misprint for 0.2073, as given in Millikan's Table XX.
"Misprint for 6.tm X io*o, as given in Millikan's Table XX.

sumed to be a small integer, that assures that the product
(il *f¢rtyn — (trty)1 IS constant throughout the ex-
periment with that drop.

($) Column of values of indicates (uncorrected) values
of elementary charge on the gas ions encountered in five
excursions.

(6) and (7) Columns showing number of elementary charges
Mon drop, initially owing to friction in preparation of drop
(by "atomizer™). Because etrnt @ (v, -+ %/M), %is obtained
similarly to (4) and ($), but now M is given by (t/t,)
and » by (uty) for the ascent immediately after the
descent measurement, f,,.

Note: The chief point is the determination of ft.ntc (5) and

ctrt.t (7) tf:e ootwoitfewce of tAe trro fitter. They are then

used together to obtain e, and, after Stokes' law correction,

e. See ref. 12).
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the $8 different drops upon which complete series of observa-
tions like the above [i.e., a table of data on one of the drops]
were made during a period of 60 consecutive days." And again,
after showing that no more than a single one of these fifty-eight
drops gives results for e that deviate "as much as 0.3 per cent.”
from the others,** Millikan writes, in italics, and without repeat-
ing the previous qualification, Mto  re2@Rd too, t/w
Rady b -2, 1%yc/ootcd groztp of dropy /wt rcpreyc/zty  of tPc dropy
cjtpeYWeCacd 072 dzrgy do oonyoozt2oc oy, during which time
the apparatus was taken down several times and set up anew."
In his book 7Te Efeot2v72, Millikan uses the same passage and all
the data of the 1913 paper in Chapter 3, "The Exact Evaluation
of e." He adds for extra emphasis: "These [38] drops represent

all of those studied for 60 consecutive days, no single one being
omitted.""

Drop No. 47 rcowtcd - t/je DT'omtory 720teT?00Yy, 2/\22-2"

All of these publications, and the controversy itself, take on
additional significance in view of the happy circumstance that
two laboratory notebooks have been found for the years 19:1
and 1912, containing the data of observation and some of the
data reduction which led to Millikan's 1913 P/yyicH# Review
paper.’3" The first notebook begins with an entry dated Octo-
ber 28, 1911, "Density of Clockoil. By R. A. Millikan,"*" and
ends some : 10 pages later, with a run dated March n, 19:2. On
each page there is typically an experiment of one oil drop
followed during changes of charge as it picks up ions from the
air. Some experiments are lengthy and elaborate, fewer are brief,
and a small fraction are aborted early. The second notebook
begins with a run on March 13, 1912, and the last run, about 63
pages later, is dated April 16, 1922. Again there is usually one
experiment per page. In all, there are about 140 identifiable runs
during about six months.

Millikan's energy is evident in long series of runs following
one another. The controversy over the existence of the electron
is in full swing, and the stakes are high. Even though the work
is still beset by difficulties, Millikan and his students are no longer
novices. Millikan had been carrying out some form of droplet
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experiment for about five years. The techniques used in 1911-12
are not expiorations in unfamiliar territory.

As we trace detaiis of the analysis, we encounter fine details
and ingenious decisions, hour by hour. (One remembers Henry
A. Murray's definition, quoted in the introduction: ". . . science
is the creative product of an engagement between the scientist's
psyche and the event to which he is attentive.")

Figure 24 refers to data taken at an advanced stage of the
work, in the second notebook, and only a month before the end
of the series that yielded the 1913 paper. The left-hand page is a
representative example, chosen here because it is the raw protocol
from which one of the published tables of data (in this case,
Drop No. 41 as later renumbered) was drawn. Thus we are look-
ing at the experiment on one of the fifty-eight drops upon which
Millikan's final calculation of ¢ was based in the 1913 paper
(4.774 £ 0.009 X i0""°esu) - a value Millikan could stay with
for a dozen years, despite all further improvement of technique.

Every part of the page can be coordinated fairly quickly with
the corresponding published version which we have seen in
Figure 2.3. Thus the first column (G) isequivalentto  the next
column is ty, both for the full distance of the drop's descent of
10.21 mm, and sometimes for half that distance. At the top right
are the readings of temperature, pressure, and potential differ-
ences (apparently for different sections of the battery, modified
by a calibration correction that appears to have been later re-
vised, before publication). The detailed hand calculations by
logarithms, in the lower right quadrant, can also be followed up
to the determination of c,. Modifications made during the final
computation prior to publication, sometimes several in different
inks and pencil on the same page, appear in the notebooks, some
pages carrying indications that the recomputations occurred
during the summer of 1912.

A key point in Millikan's work is his comparison between two
sets of figures for each run. In the first run in Figure 2.4, one
set is given under "Differences” (seven entries, starting with
[0.00]933). The other is just to the right of it (eight entries,
with the computed average of [0.00]9301). Each entry in the
first of these two columns is a calculation of a quantity propor-
tional to the elementary ionic charge, c.nic, that is, of
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obtained exactly as in the table reproduced in Figure 2.3. For
example, 0.009237 is one-fourth of the difference between the
reciprocal times of successive ascents

on the assumption that 72 —4, that four integral charges were
picked up between the measurement of ty and fp.

In the same way, the entries in the other column refer to the
calculation of a quantity proportional to the elementary frictional
charge, eNg, that is, of

again as in Figure 2.3. For example, i/;,, is here 1/24.01 sec (or
0.04166 sec "*) for all parts of the experiment. To this are added
successive values of i/ty, as previously calculated - but again the
assumption is made for each entry that some integral multiple
(8,6,7,8 . ..) of charge is present.

Both assumptions become plausible when the scatter of data
in each of the two columns turns out to be small, and when the
mean values obtained in each of the two columns, so differently
based, are nevertheless closely equal. This is just what happens
here: 0.00931: and 0.009301 are only about 0.1 percent apart.
(Figure 23 indicates that recalculations prior to publication
changed the first of these values to 0.009314; hut it is still a good
agreement.)

Millikan expresses his pleasure in the lower left corner. He
writes: "Beauty. ITMr/? this surely,

Taking the readings occupied about a half-hour. Thirteen
minutes after that Millikan was ready for another run, as indi-
cated on the upper right-hand page (Figure 2.4). Considering
his energy and long experience, Millikan may have used these
minutes between runs to make the first rough calculations from
his data (although occasionally with small arithmetical errors),
subject to later reexamination.
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We can look briefly at the right-hand page to see how the
next run went. Evidently not well. This was now a heavier drop
(f, is shorter). It did not change its charge drastically between
ascents, and it appears to have been lost sooner than one would
like, leaving only four "Differences.” Worst of all, the average
values indicating c.nic (0.006992) and (about 0.00692) are
about 1 percent apart. Millikan notes frankly: "Error MpA will
not use,” and adds (probably later): "Can work this up &
probably is ok but point is [?] not important. Will work if have
time Aug. 22." It was a failed run - or, effecEwfy, 70 r33
Instead of wasting time investigating it further, he simply went
on to make another set of readings with a new drop, on the next
page of the notebook. Again it was a heavy drop, and for awhile
it was touch and go whether the data could be considered mean-
ingful. He noted on the margin: "Might omit because discrep-
ancy .. but then crossed that note out. Ultimately, these
data, christened Drop No. 39, made it into the final published
Set.

The second set of observations made on March 13, 1912, was
by no means the worst drop, nor was the first one (No. 41) the
best in the series. But it is clear what Ehrenhaft would have said
had he obtained such data or had access to this notebook. Instead
of neglecting the second observation, and many others like it in
these two notebooks that shared the same fate, he would very
likely have used all of these. For example, the entries on the
right-hand page make excellent sense if one assumes that the
smallest charge involved is not e but, say, one-tenth e. Thus in
the top right-hand corner of the page, if the sums given (for

such as 0.073872, and 0.09001, and 0.09723 are
divided < by the integers 11, 13 and 14, but by 10.9, 12.9, and
13.9, a value proportional to eict results which matches almost
exactly the mean of 0.006992, obtained earlier for the ionic
charge (under "Differences"). From Ehrenhaft's point of view,
it is the assumption of integral multiples of €which forces one to
assume further, without proof, a high "error" to be present, and
thus leads one to the silent dismissal of such readings - instead of
using them to support a conceivable claim that at least in this ex-
perimental run the quantum of electric charge appears to be
i/ 10th of e.
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Support for the conception of subelectrons would not fit with
the rest of the physics of the time. From Ehrenhaft's point of
view it was for just this reason to be regarded as an exciting
opportunity and challenge. In Millikan's terms, on the contrary,
such an interpretation of the raw readings would force one to
turn one's back on a basic fact of nature - the integral character
of e-which clearly beckoned. Admittedly, it did not come
through in every one of these runs, but that was to be expected.
In real life, observations of this sort are beset by a number of
difficulties, some more obscure than others; but one feels sure
that eventually they can be explained and removed or dealt with
by plausibility arguments. To cite some difficulties recorded in
Millikan's notebooks, generally against "failed" runs: The bat-
tery voltages have dropped; the manometer is air-locked; con-
vection often interferes; the distance must be kept more constant;
stopwatch errors occur; the atomizer is out of order.

In the meantime, Millikan had quite enough observational
material left - $8 drops out of about 140 - to make a sound case,
the more so as the integral value of e fit very well with other
secure and unchallenged facts such as Rutherford's measurement
of the charge of the alpha particle. Indeed, Millikan would have
warned Ehrenhaft that using  readings equally, just as they
come in, would be defensible only in a completely routinized
situation where the chances for artifacts entering the "open
window" have become negligible. This was by no means the
case here. Thus at the end of a long run on December 20, 1911,
Millikan was puzzled by the value of e far outside the expected
limits of error. Aware that occasionally some material such as
dust might still intrude in the observation chamber, he calmly
explained the discordant result to himself by a marginal note:
"e = 4.98 which means that this could not have been an oil
drop.”

This remark illustrates again that the results of Millikan and
of Ehrenhaft were quite sensitive to the treatment of data - and,
before that, to the decision about what is the relevant or even
crucial aspect of the experimental design, which data are dis-
cordant or suspicious, and which may be dismissed on plausibility
grounds. As is generally true prior to the absorption of research
results into canonical knowledge, the selection of the relevant
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portion of experience from the in principie infinite ground is
guided by a hypothesis, one that in turn is stabilised chiefly by
success in handling that "relevant” portion, and by the thematic
presupposition which helps focus attention on itV One is re-
minded of two other, historic cases in which the strikingly new
and simple.results announced turned out, on recent reexamina-
tion, to be not easy to correlate with or induce from the data
obtainable at the time: John Dalton's rule of simple whole-
number ratios of weights in chemical reactions, and Gregor
Mendel's simple numerical ratios obtained from his botanical
experiments.

Of course, Millikan did not need to worry that Ehrenhaft
might use the discordant results in his notebook. They belonged
to the realm of private science, with many decisions to be made
before the work was fully done. Therefore, he evaluated his data
and assigned qualitative indications on their prospective use,
guided by both a theory about the nature of the electric charge
and a sense of the quality or weight of the particular run. It is
exactly what he had done in his first major paper, before he had
learned not to assign stars to data in public. This practice is
familiar to anyone who has done basic experimental research: In
the midst of arun, one does respond to small clues of the extent
to which the numbers one is recording do in fact stem from the
phenomena being observed.

It appears likely that after almost every run some rough calcu-
lations of cwere privately made on the spot, and often a summary
judgment appended. Here are some of Adillikan's exclamations as
the work proceeds, as recorded in the notebooks next to the data
and calculations:

Very low Something wrong [November 18, 1911].
Very low Something wrong [November 20, 1911].
This is almost exactly right &the best one I ever
had!!! [December 20, 1911]. Possiblya double drop
[January 26, 1912]. This seems to show clearly that
the field is not exactly uniform, being stronger at
the ends than in the middle [January 27, 1912].
Good one for very small one [February 3, 1912].
Exactly right [February 3, 1912]. Something the
matter . . . [February”, :912]. Agreement poor.



WiH not work out [February 17, 1912]. Publish this
Beautiful one . . . [February 24, 1912]. Beauty
one of the very best [February 27, 1912]. Perhaps
Publish [February 27, 1912]. Excellent [March t,
19:2]. This drop Bickered as tho unsymmetrical
[March 2, 1912].
This continues, with beauty appearing more consistently as
the work progresses, and ends thus, during the last week or so:
Can't get differences [April 8 :9i2]. Beauty. Tern &
cond's perfect, no convection. Publish [April 8,
t9i2]. Publish Beauty [April 10, 1912]. Beauty
Publish [crossed out and replaced by] . . .
Brownian came in [April 10, 1912]. Perfect Publish
[April n, 1912]. Among the very best [April 12,
1912]. Best one yet for all purposes [April 13, 19:2],
Beauty to show agreement between the two methods
of getting v, -J- fz Publish surely [April 13, 1912].
Publish. Fine for showing two methods of getting
v . . . No. Something wrong with the therm.

Alypemio?? of diy”c/ief

Two rather contrary tendencies are visible as we watch Millikan
at work. One is the standard classical behavior of obtaining in-
formation in as depersonalized or objective a manner as possible.
As every novice is taught, the graveyard of science is littered
with those who did not practice a YMyenyios of "eh'ef while the
data were pouring in. But there is the other side of the coin, a
strategy without which work of novelty could not get past those
first hurdles whose exact nature can be identified in detail only
after the fact. To understand this side of the researcher's be-
havior | introduce the notion of the y“ypemio?! of JfyMief,' that
is, the ability during the early period of theory construction and
theory confirmation to hold in abeyance final judgments con-
cerning the validity of apparent falsifications of a promising
hypothesis."

This aspect of the operation of the scientific imagination is one
of its key features, and one that does not contradict another
notion requiring tests on other grounds, namely, the notion that
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falsification is the crucial duty of the scientist. In the well-known
formulation of Karl Popper, "I arrived ... at the conclusion
that the scientific attitude was the critical attitude which looked
not for verification but for crucial tests; tests which could
re/zzte the theory tested . . Whether or not this conception
is adequate for the analysis of scientific work in its later stages,
when it has become part of a public dialogue, a striking feature
of Millikan's work in progress is that it exhibits a mechanism for
stabilizing belief in the efficacy of a hypothesis, long enough to
help it survive to the later stage of testing in public discussion.

If Millikan's only scientific achievement was the oil drop ex-
periment, he might be open to the charge that he was lucky in
guessing at the usable data, or fortunate in his obstinacy. Such a
charge would collapse in the face of his next and perhaps most
influential work, the resumption of research on the photoelectric
effect.*” Here he found himself working with the wrong pre-
supposition, but he knew how to rid himself of it eventually.
Millikan launched into that work with the same energy and obsti-
nacy as into his earlier work on the quantization of the charge of
the electron, yet with the opposite assumption. As easy as it had
been for him to adopt quantization as a thematic hypothesis for
electricity, secure in the belief that it was an ancient and a sen-
sible idea, for a long time he regarded the application of the quan-
tum hypothesis to the energy of light as an unacceptable novelty.
Millikan wrote that Einstein's "bold, not to say reckless,” hy-
pothesis "seems a violation of the very conception of an electro-
magnetic disturbance™; it "Hies in the face of the thoroughly
established facts of interference."** On accepting the Nobel
Prize, Millikan reported: "After ten years of testing and chang-

ing and learning and sometimes blundering . . . this work re-
sulted, contrary to my own expectation, in the first direct
experimental proof in tqiq of the exact validity ... of the
Einstein equation . . ,"™*"

The ability to exploit and, if necessary, transcend one's pre-
suppositions defines a chief difference between Millikan and
Ehrenhaft during the period around iqto. | turn once more to
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Ehrenhaft, in order to try to understand Ny presuppositions
and motivations. That the notebooks of his laboratory group did
not survive impedes the fuiler study he deserves; but much can
be retrieved from the published materials. Out of the wealth of
papers issuing from the Vienna laboratories, one that Ehrenhaft
published in the in ipto provides im-
portant clues. The key data in this instance again support his
contention that if an indivisible atom of electricity existed, "it
would seem to have to be smaller than 1 X 0" esu” (if it can
exist at all). Ehrenhaft presents a set of 1,000 individual measure-
ments on fog droplets, created by blowing moist air over white
phosphorus. The measurements were taken from the previous
publication of Karl Przibram, who apparently had undertaken
these measurements at the request of Ehrenhaft, using a method
proposed to him by Ehrenhatft.

Figure 2.$ presents the results. Along the abscissa are the ob-
served charges, in units of i0™" esu; along the ordinate, the
number of observed cases. The graph displays the first hundred
data as the histogram with the lowest profile. To this, the next
hundred data are added to make the second histogram, and so
forth. The striking fluctuation of the daily maxima was acknow!-
edged to be mysterious but did not touch the essential point: It
is clear that the peaks are not separated by simple integral rela-
tions, nor is there any reason why a continuation of this process
should not yield charges even smaller than those found. The
statement in the title of the article is certainly borne out by the
results displayed.*”

As for many years to come, the audience that came to hear
and discuss Ehrenhaft's paper, according to the transcript ap-
pended to it, was distinguished, puzzled, and unable to propose
definite remedies for what to them seemed wrong. In retrospect,
it is clear that at least one methodological difficulty had entered
the experiment, and it is significant that the kind of remedy for
it would not normally be suggested in a public scientific meeting.
The experimenters appear to have used all their assiduously col-
lected readings, good, bad, and indifferent. The kind of discrim-
ination we saw at work in Millikan's private data analysis was
lacking. On the contrary, the bias now was in the opposite
direction. The "window" was opened, and all "measurements"
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were admitted. Ehrenhaft's method was not altogether different
from what students do to this day when they repeat a weii-
estabiished experiment. Figures 26 (a) and (b) iiiustrate this
point by showing the widely scattered resuits in some recent
pubiications of student experiments on the eiectric charges on
oii drops.

Another ironic possibiiity for explaining Ehrenhaft's resuits
is that the equipment in Vienna was rather more sophisticated
than necessary. Miiiikan's equipment and procedure, at ieast in



the crucial early phase, appear to have been much more primitive
than Ehrenhaft's. Millikan's simple apparatus was put together
in a rather homespun way. The atomizer was originally a per-
fume sprayer bought at a drugstore and the telescope was a short
focus tube set up 2 feet from the 1.6 centimeter gap in the hori-
zontal (22-cm diameter) air condenser.N" Ehrenhaft's equip-
ment was far more sophisticated, involving the ultramicroscope
(with which Siedentopf and Zsigmondy had caused a sensation
in 1902), which permitted observation of objects down to a
limit about five hundred times below the resolving power of an
ordinary microscope. Ehrenhaft himself had perfected its use in
the observation of Brownian movement. The condenser system
he used was about an order of magnitude smaller than Millikan's
in each dimension, and the range of size of charged objects he
could follow was far wider. Thus it permitted measurements on
much smaller objects, which fitted with his conception that in
looking for the smallest charges one should look at the smallest
available objects. Asto fears that Stokes's law would break down
in that regime, Ehrenhaft had two responses. Insofar as a correc-
tion would be needed, it should come by empirical methods
rather than, as he perceived Millikan to be doing, by building the
conception of a unitary electron into the method of correction.
At any rate, corrections to Stokes's law would tend to make the
small charges he was finding even smaller.

While Millikan may have appeared to be looking at the world
of charged particles through a curiously primitive device, that
was just an aspect of Millikan's strength. The particular dimen-
sions of the apparatus he initially chose, and the voltage of the
battery available, were

the element which turned possible failure into success.
Indeed, Nature here was very kind. She left only a
narrow range of field strengths within which such
experiments as these are at all possible. They demand
that the droplets be large enough so that the Brownian
movements are nearly negligible, that they be round
and homogeneous, light and non-evaporable, that the
distance be long enough to make the timing accurate,
and that the held be strong enough to more than
balance gravity by its pull on a drop carrying but one
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Figure 2.6a. "A histogram of 74 drop charges determined by seven student
pairs. Redrawn from the original by student R. Williams, Western Michi-
gan University, Fall 1969." From Haym Kruglak, "Another Look at the
Pasco-Millikan Oil-Drop Apparatus,” of Pfrytirr 40
(May 1971): 769.

or two electrons. Scarcely any other combination
of dimensions, field strengths, and materials, could
have yielded the results obtained.™
Nature is not kind to everyone. Relatively few scientists
know how to find or seize upon a "device of choice” that
becomes the tool for opening up an area of research. Galileo
fastened on the pendulum and the rolling ball as keys to dynamics.
Fermi used the slow neutron, and Einstein the thought experi-
ment of a freely falling experimenter noticing the seeming ab-
sence of gravitational effects. Ehrenhaft refused to see any
resemblance between such cases and Millikan's device. On the
contrary, Millikan's work seemed to him unacceptable on episte-
mological grounds; that Millikan's measurements were restricted
to a smaller region of mass, to droplets that are relatively large
rather than allowing the use of arbitrarily large and small drop-
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Figure 2.6". "Raw data of balancing voltage and fab time obtained by
students in the 1971 class (four laboratory sections of approximately 15
students each are identified by letter symbols). Data points for 72>4 were
discarded as were a few apparent blunders (designated by small symbols)."
From Mark A. Heald, "Millikan Oil-Drop Experiment in the Introduc-
tory Laboratory,” yiz7.ewdMl fozzrzM/ of PEyricr 42 (March 1974): 244.

lets, was a detrimental feature. Valid findings should exhibit
themselves over a large range, rather than within a relatively
small sanctuary.

777CHYe-Bre of  dOTWZ

Ehrenhaft's conversion from his original expressed belief in the
elementary quantum of electricity was so rapid and fervent that
we can specify the period when it seems to have occurred. His last
paper in the tradition of the search for the value of the electron's
charge was received by the Zcitrc/in'fz for publi-
cation on April 10, 1909VS Slightly over a year later, by
April 21, 1910, the date of the short note in the he
had begun to change his mind: "An indivisible quantum of
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electricity, which theory presupposes to exist, would have a
value considerably below the one accepted hitherto.” By May 12,
1910,"° the atom of electricity had shrunk to below 1 X 10"
esu, and the question "whether it can exist at all" was proposed
as the subject of forthcoming research. When the first full-scale
paper appeared in May 1910, the words

lymmiznz, which had been in the titles of the 1909 papers and
had slipped to the subtitles of the short notes of April 21 and
May 12, 1910, had disappeared from the title entirely.

Although Ehrenhaft made some gestures to connect the new
work with that of 1909 (which had used similar experimental
equipment), it is clear that by the third week of April 1910 he
had at least very serious doubts about the electron of which there
were no hints in 1909. By mid-May 1910 he was quite confident
about the need for subelectrons that, in principle, might have
no lower limit of charge at all. He drew attention to the wide
spread or variation between the values reported in the literature
for e (from 1 to 6 X to"*" esu), both by different methods and
by different observers using the same method. If one wants to
avoid a style of science that piles up "hypotheses and corrections,"
one is led to the recognition that the apparent variations of
charge are grounded in »ature.~ The interpretation of the ex-
periments must be modified correspondingly. A few months
later™ these results had become "certain beyond doubt” for
Ehrenhaft; one needed really only to look at what nature herself
made directly accessible to the senses of the assiduous experi-
menter, as one could gather from the data in Figure 2.$.

As Ehrenhaft's publications continued, there was an increas-
ingly epistemological component to the work, that is, the use of
these experiments to attack the credibility or necessity of atom-
ism itself. In a long paper of 191" summarizing his work and
defending it against his critics, Ehrenhaft still used some of his
older arguments. He now believed that quanta of electricity, if
they exist, should be at most on the order of 10""esu. With this
he could turn the tables on Millikan, for now the puzzle that
needed explanation was why in the experiments of Millikan and
others a specific value of €was found again and again. Ehrenhaft
hinted at a theory that might explain why his smallest particles
exhibited the smallest charges; this was to be expected, he ex-
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plained, because the smallest quantities of electricity should be
on bodies of smallest capacity.

But Ehrenhaft's attention was not chiefly on physical argu-
ments. He deplored the fact that although Ludwig Boltzmann,
a few years earlier, still had to argue for the necessity for atom-
istics in the natural sciences, current views now accepted this
conception: "In recent years the atomistic theories of matter,
electricity and radiation have gained ground in physics more
than ever before.""” Everyone in physics was convinced of the
heuristic value of these theories; but if such a theory was more
than pure speculation, it must be solidly based on experiments
that could withstand critical examination. Ehrenhaft noted that
his study provided such an examination of the foundations of a
portion of those hypotheses (the atomistics of electricity) and
that his style was to proceed "from the direct facts'."

Of course, there was never a direct laboratory disproof of
Ehrenhaft's claims. In the ]ps6 edition of T/?c Theory of tAe
Electron, El. A. Lorentz still had to remark, "The question can-
not be said to be wholly elucidated.” In his review of the case,
R. Bar noted in 1922™ that "the experiments [of Ehrenhaft]
left, at the very least, an uncomfortable feeling." Like most such
controversies, this one also faded into obscurity, without any-
thing as dramatic as a specific, generally agreed-upon falsifica-
tion taking place at all. Indeed, Ehrenhaft continued to publish
on subelectrons into the 1940s, long after everyone else had lost
interest in the matter.

'b4 <?f Ttco IEor/dr"

In his Nobel Prize acceptance speech, Millikan had put an end
to his side of the debate with a careful review of his work.
A year after its publication in 1925, Ehrenhaft also gave a public
address which signaled his realization that the controversy had
ended for all practical purposes. As it happened, that address
was also part of a ceremony, one held in a public park, on a
Saturday in Vienna. The occasion was the unveiling of a bust in
honor of Ernst Mach, to commemorate the tenth anniversary of
Adach's death. Morritz Schlick delivered a eulogy.™? Another
contribution came from Einstein, who had admired Adach and
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had once specially sought him out during a 1911 visit to Vienna,
a meeting apparently arranged by Ehrenhaft. Ehrenhaft's own
presentation” was brief but revealing. Perhaps for the first time
the main pieces of his motivation in the long fight against the
atom of electricity came into the open.

Ehrenhaft saw Mach as a lonely fighter. Even the bust of
Mach, which the authorities did not want in the arcade of the
university building, stood there “alone and isolated.” Accepting
Mach's own habitual underestimation, Ehrenhaft thought that
Mach had "remained not understood, and had so few followers,
and those not among physicists . .

| only want to draw attention to this: the great
difference between Mach and most physicists arises from
the fact that through the further development of physics
each of the two opposing views shows itself to be ever
more fundamental, ever more contrary and unbridgeable,
like two professions of faith. Mach [appears] as an advo-
cate of the much more modest, phenomenological point
of view which finds satisfaction merely with the descrip-
tion of the phenomena, and despairs of other possibilities.
The others are advocates of views which, through statis-
tical methods and speculative discussions concerning the
constitution of matter, are reflected in atomism, and who
believe themselves able to get down to the true Being of
things.

Ehrenhaft's talk then ended with a Wagnerian crescendo:
Mach had the courage to set himself with mighty argu-
ments against the current of the atomistic Weltan-
schauung that was sweeping along almost all others
- the very same atomistics which, in the smallest,
supposedly indivisible constituents of matter and, te-
cently, also of electricity, believes to have attained the
magic keys for opening at last all doors of natural
knowledge.

But the world follows a remarkable development. On
the one hand, daring researchers storm further into the
realm of atomistics, undaunted by such powerful think-
ers as Mach; on the other hand, one must admit that the
great man whom we celebrate today may be victorious
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in the end. Who dares to render judgment in this Battle

of Two Worlds? (IEcr ct, he zfictrviz K7/ 7pfc

ztrcfer 1Tc/tczz Jzy bitezY 2V

Ehrenhaft had indeed touched a key point. Whatever else the

controversy was about, it was also about two ancient sets of
thematically antithetical positions: the concepts of atomism and
of the continuum as basic explanatory tools in electrical phe-
nomena, and the use of methodological pragmatism versus an
ideological phenomenology.

This is as far as one can safely go on the basis of the docu-
ments now available. Some tantalizing questions remain. At some
point after his early, striking success in a physics based on atom-
ism, Ehrenhaft evidently had been converted to antiatomism and
to "antihypothetical” theorizing, both of which were commonly
identified with Mach, although Ehrenhaft was not a Adachist in
the positive and productive sense of the term. As we saw, the
first indications of his change of mind appeared in the papers of
late April and Aday 1910W But to switch from one thema to its
opposite is rarely done in science, and we naturally wonder what
external influences may have helped Ehrenhaft to reach this new
point of view. The rebuff by Adillikan (published in February
1910) may well have played a role, although it is not likely to
have been the major one.

We do not, and perhaps never will, know the reasons. But
there is another, unpublished letter in the Adach-Lampa corre-
spondence that concerns Ehrenhaft, and it falls in the critical
period when he was making the switch. It may contain a clue.
The two-page letter from Anton Larnpa in Prague to Adach is
dated May 1, 1910, just after Ehrenhaft's first, rather cautious
announcement of April 21 and before his more detailed presen-
tations of mid-Mayd"

Lampa first tells Adach about an attack on the philosophy they
both shared, an attack coming from Adax Planck - the last major
physicist who still dared to attack Adach openly, although Adach
and his circle saw themselves as a little, beleaguered group.
Lampa notes that Planck has published a book "in which he
maintains 2/ the views of his which you have been fight-
ing against." Planck has embroiled himself hopelessly in contra-
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dictions; hence "reading it will give you much pleasure.” Al-
though interesting from the point of view of physics, the book
is "epistemologically childish."*"*

Then Lampa turns to the results of a recent trip to Vienna.
Perhaps this was the occasion announced in his earlier letter of
February 9, 1910, in which he had written to Mach: "I look
forward with pleasure to be able to greet you personally in a
few weeks, and to report to you then on the further develop-
ments of the case [the physics appointment, still pending in
Prague]."*" Without preliminaries, as though it were familiar
territory to both, Lampa turns to the work of Ehrenhaft:

If the provisional measurements should be confirmed
which Ehrenhaft carried out when | was now in Vienna
as part of his continuing research on the charges on col-
loidal particles, then the electron would be divisible.
Even then Ehrenhaft had found particles with half
electrons-in the meantime, Lang [Victor von Lang,
whose assistant Ehrenhaft had been in 1903] has told
me, he appears to have observed some with 1/3, 1/3
electrons.

It would be just too beautiful [Er TMrc Joc/i zz

if now the electron were to undergo the same

fate as the atom did as a result of cathode rays. . . .

Indeed, from the viewpoint of the more enthusiastic followers
of Mach, that would have been just too beautiful-a long-
awaited new hope for a battered cause. AH recent events had
been discouraging, for example, Perrin's successful crusade on
behalf of molecular reality. A particularly severe blow must have
been the defection of Wilhelm Ostwald. In the 1908 edition of
his text CEe777le, Ostwald had recanted his antiatom-
ism in the preface, dated November of that year:

I am now convinced that we have recently become pos-
sessed of experimental evidence of the discrete or grained
nature of matter, which the atomic hypothesis sought in
vain for hundreds and thousands of years. [Experiments
such as those of J. J. Thomson and J. Perrin] justify the
most cautious scientist in speaking now of the experi-
mental proof of the atomic nature of matter. The atomic
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hypothesis is thus raised to the position of a scientihcaHy
well-founded theory.”®
In this dark period for the Machists, Ehrenhaft must have ap-
peared to them as a bright new stard™ He, in turn, can hardly
have been oblivious to the favorable impression his preliminary
new findings were making on them; just in that provisional stage
of his work, and just when they were looking for new ideas -
and for new men.



3

Dionysians, Apollonians, and the scientific imagination

How do scientists go about obtaining knowledge? How

they? Few modern research scientists tend to be introspective
about these questions. During apprenticeship, most scientists
somehow absorb the necessary pragmatic attitude and then go
about their business quite successfully, content to leave it to a
small handful to become interested in epistemology when some
obstinate difficulty blocks scientific advance.

Outside the walls of the laboratory, however, interest in the-
ories of scientific knowledge runs high among three groups:
(1) a small but vigorous set of professional philosophers; (2)
students and other laymen who rightly believe that few ques-
tions are more practical or urgent today than how knowledge
may be reliably gained and where the limits of certainty lie;
and (3) critics of culture, including the new Romantics, the
remnants of the counterculture movement, and a tiny band of
"outsider" scientists and former science students who, disen-
chanted with the politics and performance of the scientific es-
tablishment, are interested in the ideological links among knowI-
edge, power, and values.

With all their differences - some of which, as we shall see, are
total, unresolvable, and of great consequence - these three
groups have at least one property in common: Certain people
in each group have high commitment, eloquence, and visibility
and can command the attention of a public wider than that of
all scientists put together. Nevertheless, they receive only pass-
ing attention from the scientists themselves. This is not surpris-
ing, since most scientists see little reason to volunteer for a debate
for which they neither claim particular expertise nor expect

84
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much reward.* Life is short and research is long. In any case,
the unwelcome distractions are increasing. Within the labora-
tory, the accelerating pace and complexity of work make heav-
ier demands every year; at the same time, the external world
keeps pressing for new and ever-more-urgent involvement and
yet seems to impose ever-larger constraints in obtaining ade-
quate support for scientific research, training, jobs, freedom of
inquiry, or even for the public understanding of science itself.
These problems are by no means unrelated. Incorrect appre-
hensions by nonscientists of how scientific ideas are obtained or
tested are at the base of many of the troubles that scientists en-
counter (or from which they tend to shy away). In selecting
for analysis here two quite different views on scientific episte-
mology, | am keeping in mind their effect on citizens generally.
Science policy in a democracy depends on long-range factors
such as the popular understanding of science as a cognitive ac-
tivity, both for its own sake and to permit soundly based par-
ticipation in the making of science policy. The time scale of
change in this public attitude is far longer than the terms of
office of congressmen, presidents, or bureaucrats. Don K. Price,
in his prophetic address as retiring president of the American
Association for the Advancement of Science, during the height
of concerns over the downgrading of science in the scheme of
national priorities, warned that the short-range difficulties then
so evident to scientists should not blind them to the long-range
ones. He asked that they look beyond the discomforting "politi-
cal reaction" of economy-minded politicians and face the "fun-
damental challenge,” which he described as "a rebellion ... a
cosmopolitan, almost worldwide, movement."”
Its mood and temper reflect the ideas of many middle-
aged intellectuals who are anything but violent revolu-
tionaries. From the point of view of scientists the most
important theme in the rebellion is its hatred of what it
sees as an impersonal technological society that domi-
nates the individual and reduces his sense of freedom. In
this complex system, science and technology, far from
being considered beneficent instruments of progress, are
identified as the intellectual processes that are at the
roots of the blind forces of oppression.*
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Price is no Pollyanna; he agreed that "we have not learned
how to make our technological skills serve the purposes of hu-
manity, or how to free men from servitude to the purposes of
technological bureaucracies" (although he added at once, "But
we would do well to think twice before agreeing that these
symptoms are caused by reductionism in modern science, or that
they would be cured by violence in the name of brotherhood or
love™). He called the rebels pessimists but then said:

| do not think they are even pessimistic enough. To me

it seems possible that the new amount of technological

power let loose in an overcrowded world may overload

any system we might devise for its control; the possi-

bility of a complete and apocalyptic end of civilization

cannot be dismissed as a morbid fantasy."
Price pointed out that the intellectual core of the rebellion is not
a disagreement over practical proposals to avert catastrophe but
a philosophical aversion to the historic establishment of scientific
reductionism - "the change from systems of thought that were
concrete but complex and disorderly, and that often confused
what is with what ought to be, to a system of more simple and
general and provable concepts." The relationship the public per-
ceives between science and politics therefore springs out of the
popular theory of knowledge: "The way people think about
politics is surely influenced by what they implicitly believe
about what they know and how they know it - that is, how
they acquire knowledge, and why they believe it."

The issue is even more complex, and therefore more interest-
ing, because there exists also another, opposite (one is tempted
to say symmetrical) set of forces. If the scientist - whether he
takes notice or not - is confronted on one side by writers feed-
ing a rebellion based on popular beliefs concerning scientific
reductionism, he is also subject to a barrage from exactly the
opposite direction, from a group of philosophers who wish to
redefine the allowable limits of scientific rationality. Thus the
scientist is caught between a large anvil and a fearful hammer.
The one is provided by what | might call "the new Dionysi-
ans" - by authors like Theodore Roszak, Charles Reich, R. D.
Laing, N. O. Brown, Kurt Vonnegut, Jr., and Lewis Mum-
ford.” With all the differences among them, they do agree in
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their suspicion or contempt of conventional rationality and in
their conviction that the consequences flowing from science and
technology are preponderantly evil. Methodology is not their
first concern; they think of themselves primarily as social and
cultural critics. But they would "widen the spectrum" of what
is considered useful knowledge as a precondition of other
changes they desire. They tend to celebrate elements that they
do not see in science - the private, personal, and, in some cases,
even the mystical. Their skill is high, and the appeal of their
lively prose is large.

If these new Dionysians constitute the anvil, the hammer is
wielded by the group I shall call "new ApoHonians."* They ad-
vise us to take precisely the opposite path - to confine ourselves
to the logical and mathematical side of science, to concentrate
on the final fruits of memorable successes instead of on the tur-
moil by which those results are achieved, to restrict the meaning
of rationality so that it deals chiefly with statements whose ob-
jectivity seems guaranteed by the consensus in public science.
They would "shrink the spectrum” emphatically, discarding
precisely the elements that the other group takes most seriously.

Both groups present their cases with the apocalyptic urgency
of rival world views. As in most polarized situations, they in-
flict the most damage not on each other, but on those caught
in middle ground. Indeed, they seem to reinforce each other's
position, as cold-war antagonists tend to do. In the face of the
enemy, each limits the circle of allowable thought and action:
one ritualistically heaping scorn on a caricature it calls rational-
ity, the other on a caricature it calls irrationality. Each is dissat-
isfied with how science is actually done, and neither hides its
distaste.

7T1R2yaK] DioTzrVM
Evidence for the existence of the new Dionysians is not difficult
to find.s Although their ideas may be fashionable, it would be a
mistake to think of them as transient fads. To be sure, the
twenty-first century is unlikely to discover a new voice among
the present new Dionysian writers, as our century found Nietz-
sche hidden among nineteenth-century Dionysians; the high
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level of today's sales of these wares does not seem to be
grounded in lasting literary quality or in fresh depths of insight.
But even if each of these writers separately lasts only a season,
the fact that their message falls on so many believing ears shows
that the succession is not likely to wither away soon.

One of their more measured proponents of today, Theodore
Roszak, sets the tone of the attack with statements such as these:

What ir to blame is the root assumption . . . that cul-
ture - if it is to be cleansed of superstition and reclaimed
for humanitarian values - must be wholly entrusted to
the mindscape of scientific rationality."

I have insisted that there is something radically and
systematically wrong with our culture, a Haw that lies
deeper than any class or race analysis probes, and which
frustrates our best efforts to achieve wholeness. | am
convinced that it is our ingrained commitment to the
scientific picture of nature that hangs us upd"

When Roszak proposes to redefine true knowledge as “gno-
sis,”" within which traditional science is only a small part of a
larger spectrum (that part which seeks merely to gather "candles
of information™), one recalls that almost exactly a hundred years
ago DuBois-Reymond's essay on "Die Grenzen des Naturerken-
nens" led to the controversy that culminated in the slogan "the
bankruptcy of science," and that George Santayana wrote in

Science is a halfway house between private sensation and

universal vision ... a sort of telegraphic wire through

which a meager report reaches us of things we would

fain observe and live through in their full reality. This

report may suffice for approximately H action; it does

not suffice for ideal knowledge of the truth, nor for ade-

quate sympathy with the reality.
Indeed, today's critics of what they take to be the method and
pervasiveness of science Ht into a long and often brilliant tradi-
tion-Thoreau, Shelley, Coleridge, Wordsworth, Blake ("I
come in the grandeur of inspiration to abolish ratiocination™),
Goethe, Rousseau, Vico, Adontaigne, and back to the ancient
Greeks. Epicurus is reported to have said, in a letter to Adene-
caeus, "In fact, it would be better to follow the myths about



the gods than be a stave of the physicists' destiny; myths ahudc
to the hope of softening the gods' hearts by honoring them,
while destiny implies an inflexible necessity.” To me, the exem-
plar in this case is Dostoyevsky's Notcr ftw/z UMdergyozzTzZT
I must pause here to recollect how moving the case was when
it was still presented with literate passion:
Nevertheless, there's no doubt in your mind that he
[modern man] will learn as soon as he's rid of certain
bad old habits and when common sense and science have
completely re-educated human nature and directed it
along the proper channels. You seem certain that man
himself will give up erring of Nr ottw free tei// and will
stop opposing his will to his interests. You say, more-
over, that science itself will teach man (although | say
it's a luxury) that he has neither will nor whim - never
had, as a matter of fact - that he is something like a piano
key or an organ stop; that, on the other hand, there are
natural laws in the universe, and whatever happens to
him happens outside his will, as it were, by itself, in
accordance with the laws of nature. Therefore, all there
is left to do is to discover these laws and man will no
longer be responsible for his acts. Life will be really easy
for him then. All human acts will be listed in something
like logarithm tables, say up to the number 108,000, and
transferred to a timetable. Or, better still, catalogues will
appear, designed to help us in the way our dictionaries
and encyclopedias do. They will carry detailed calcula-
tions and exact forecasts of everything to come, so that
no adventure and no action will remain possible in this
world.

Then - it is still you talking - new economic relations
will arise, relations ready-made and calculated in ad-
vance with mathematical precision, so that all possible
questions instantaneously disappear because they receive
all the possible answers. Then the utopian crystal palace
will be erected; then . . . well, then, those will be the
days of bliss.

Of course, you can't guarantee (it's me speaking now)
that it won't be deadly boring (for what will there be to
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do when everything is predetermined by timetables)?.
.. . Well, chances are that man will then cease to feel
desire. Almost surely. What joy will he get out of func-
tioning according to a timetable? Furthermore, he'll
change from a man into an organ stop or something like
that, for what is man without will, wishes, and desires,
if not an organ stop?

As a contemporary version of that tradition, | choose a book
that has had a wide popular impact precisely because it did not
pretend to have anything so sophisticated as an explicit episte-
mological message. Long selections from it first appeared in the
fall of 1970 in New Former. An unprecedented storm of
publications followed: It was simultaneously available under six
different imprints, one of them going through twelve printings
in six months, another through twelve more printings in eight
months, some still available on the bookstands. It seemed per-
manently installed on the best-seller list. Seven articles in rapid
succession discussed the phenomenon in 7T<? Nctf FO?T Tw'ey.
Its meaning was so widely analyzed that another widely circu-
lated book sprang up devoted entirely to reprints of the reviews.
Its message was castigated by many worthies, from then-Vice
President Spiro Agnew (to whom it seemed permissive and im-
moral) to radical activists (who considered it counterrevolu-
tionary) ; its popular success has never been fully explained. That
book is, of course, Charles Reich's 7Te of Awenct#.

Reich's basic attitude toward nature, science, and rationality
is still representative of the new Dionysians. In fact, | find the
book more revealing as an example of that world view than more
recent ones - somewhat as an art historian interested in the pop-
ular understanding of the arts would do well to attend not only
to what is hanging in museums but also to some samples of
widely liked KZIMCA It furnishes direct answers to the question
how, in this framework, knowledge about the natural world
should be sought.

Reich's is, on the whole, an optimistic book that promises a
kind of paradise or utopia for the United States; but it says little
about the problems faced by the majority of the world's people.
This relatively parochial platform is a hint of the fundamental
solipsism that pervades the book. Indeed, the first rule of the
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new attitude Reich espouses, which he calis Consciousness Hl,
is that it "starts with self . . . The individual self is the only-
true reality. Thus, it returns to the earlier America: 'Myself |
sing.' ""

With this inward turning to the idiosyncratic individual self,
Reich juxtaposes no antithetical command that would allow the
self to be transcended. The direct result is a Ptolemaic, homo-
centric conception of the world order. It may allow intense, mov-
ing and satisfying experiences; but doing or understanding sci-
ence is not among them, nor is any field of scholarship in which
the warrant of validity stems not from private enthusiasm but
from some form of community consensus, for those activities
require the recognition that the individual self is not the "only
true reality.” Rather, precisely the contrary is the case. The task
in science is to achieve results that, to the greatest extent feasible,
allow one to "describe a reality in space and time which is inde-
pendent of ourselves".”

This is a point on which almost all scientists will agree, from
beginners to sages. In its extreme form, this view has been stated
perhaps most elogquently by Max Planck and Albert Einstein.
Einstein stated a "basic axiom™ in his own thinking, namely,
that "It is the postulation of a 'real world" which, so-to-speak,
liberates the ‘world' from the thinking and experiencing sub-
ject,"™ and repeatedly insisted that "physics is an attempt to
grasp reality as it is thought independently of its being ob-
served."”" In the essay "Religion and Science," Einstein reiter-
ated the tension between the two contrary drives in these
words: "The individual feels the futility of human desires and
aims, and the sublimity and marvelous order which reveal them-
selves both in nature and in the world of thought." Einstein
thinks of this sympathetically as "the beginnings of cosmic reli-
gious feeling," which, together with the "deep conviction of the
rationality of the universe,” he recognizes as "the strongest and
noblest motive for scientific research."”

In the constant struggle to go beyond what he called the fu-
tility of individual human desires and aims, Einstein came to
agree fully with Planck that the final aim of science is the very
opposite of its necessary initial stage of private, even heroic,
struggle. That final aim of Public Science is the search for a
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world picture that is "real” insofar as it is covariant with re-
spect to differences in individual observers.

The starkness of that vision- and although not ait scientists
wouid explicitly follow Einstein and Planck so far, they share it
operationally to a large degree - may be one reason why the
new Dionysians seem inevitably tempted to reach for the word
"dehumanizing™ when discussing the methods of science. Yet
these methods, to yield testable truths, must go beyond Private
Science, even though they cannot get started without going
through that stage first. Nor do they contradict the fact that
human concerns can (and should) remain central in those ac-
tivities that have direct societal impact. Thus Einstein said,
"Concern for the person must always constitute the chief ob-
jective of all technological effort.” Moreover, the path from the
"merely personal" through the projection of a rational world
order does, after all, eventually lead back to the solution of com-
plex and pressing human problems - physical, biomedical, psy-
chological, social. Indeed, as | shall soon note, it is the only
known method for finding such solutions.

But let us return to Reich, and through him to the whole move-
ment of which we take him to be an indicator. Another "Com-
mandment” of Consciousness Ill, Reich tells us, is that it is
open "to any and all experience. [Elsewhere he calls experience
"the most precious of commodities."] It is always in a state of
becoming. It is just the opposite of Consciousness II, which tries
to force all new experience into a pre-existing system, and to
assimilate all new knowledge to principles already established."*"
With this premise, Reich announces an important thema, one
that characterizes the movement: the primacy of direr/ expe-
rience - nonreductionistic, unanalyzed, unreconstructed, unor-
dered. This is the guiding attitude, on the one hand, toward
music ("the older music was essentially intellectual; it was lo-
cated in the mind . . . ; the new music rocks the whole body
and penetrates the soul**) and, on the other, toward nature
itself.

The new Dionysians are, of course, all (or nature and the ex-
perience of nature, but in a specific way. In one of his most re-
vealing passages, Reich explains that the Consciousness 111 person
"takes 'trips' out into nature; he might lie for two hours and
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simply stare up at the arching branches of atree . . . He might
cuitivate visual sensitivity, and the ability to meditate, by staring
for hours at a globe lamp."” (He might also find at that point
that "one of the most important means for restoring dulled con-
sciousness is psychedelic drugs.” Although Reich does not stri-
dently advocate the use of drugs, he holds that "they make pos-
sible a higher range of experience, extending outward toward
self-knowledge, to the religious.” Incidentally, this seems to be
the only reference to religion in the book.)
Nature, thus, is what one takes "trips" out into. By nature,
Reich explains, he means "the beach, the woods, and the moun-
tains,"*" which he claims are "perhaps the deepest source of
consciousness . . . Nature is not some foreign element that re-
quires equipment. Nature is them."""
This homocentric epistemology, in which man and nature
overlap in a total experience of natural phenomena - an act of
imagination without criticism - rules out the very possibility of
rational understanding of natural phenomena. And it is meant
to do so: "Consciousness Il . . . does not try to reduce or sim-
plify man's complexity, or the complexity of nature ... It
says that what is meaningful, what endures, is no more nor less
than the total experience of life."*
Even the scientists who are farthest from the usual rationalistic
stereotype would have to disagree vigorously. To a mystic like
Kepler, experience had a very different function. It triggered a
puzzle in the mind, and it was through the working out of such
puzzles that, in the view of Kepler and other neo-Platonists, per-
sons could feel that they were communicating directly with the
Deity. Newton, at the end of the OptirEt, expressed an analogous
hope for moral benefits to be derived from the study of nature:
If Natural Philosophy in all its Parts, by pursuing this
Method, shall at length be perfected, the Bounds of
Moral Philosophy will also be enlarged. For so far as we
can know by Natural Philosophy what is the first Cause,
what Powers he has over us, and what Benefits we re-
ceive from him, so far our Duty towards him, as well as
towards one another, will appears to us in the Light of
Nature.

Even Goethe, though more secular in his expectation, intended
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that his holistic, noninstrumental approach to nature study would
improve the state of science, by opening up new subjects for
study - "Optical illusion is optical truth” - and by recruiting
from a large, previously untapped reservoir that could yield new
types of working contributors to science. He writes on the last
page of the P@fenel?. "All who are endowed only with habits
of attention - women, children - are capable of communicating
striking and true observations . . . M3 pPTBmZ2m3 e3 Yage-
/733333 3C2C733M."

None of these or similar ambitions are, however, reflected in
the holism of the neo-Dionysians. What counts there is experi-
ence freed from analysis, from questions, even from the percep-
tion of complexity itself. The method is a direct shortcut
through complexity. But the "method"” that Newton had in mind
in the preceding quotation consisted of two steps: "As in Mathe-
matics, so in Natural Philosophy, the Investigation of difficult
Things by the Method of Analysis ought ever to precede the
Method of Composition." It is so in scientific work to our day:
first reduction, then synthesis. Einstein, too, in the essay "Motiv
des Forschens"” wrote with some regret that we must be satis-
fied with first "portraying the simplest occurrences which can
be made accessible to our experience." More complex occur-
rences cannot be constructed with the necessary degree of ac-
curacy and logical perfection. He acknowledged that one must
choose: "supreme purity, clarity, and certainty, 3 3je 33 of
00mp/e3er™33." But, he thought, this should be considered only
the halfway house. He noted that the reality of human limita-
tions restricts the efHcacy of logic in two ways; it would be
foolish to hide it or deny it and self-defeating to define the
permissible use of reason in science to narrow ground. On the
one hand, from the general laws on which the structure of theo-
retical physics rests (he wrote in 1918),

it should be possible to obtain by pure deduction the
description, that is to say the theory, of natural processes,
including those of life - if such a process of deduction
were not far beyond the capacity of human thinking.
The physicist's renunciation of completeness for his
cosmos is therefore not a matter of fundamental
principle.
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[In addition, there is another iimitation: ] To these
elementary iaws there leads no logical path, but only
intuition supported by being sympathetically in touch
with experience [BEMzINMTZg m dze
There is no logical bridge from experience to the baS|c
principles of theory . . . Physicists accuse many an
epistemologist of not giving sufficient weight to this
circumstance.”

Thus, Einstein cautions, after a preliminary world image has
been constructed by the method of reduction and simplification,
one can hope that, as science matures, it will turn out to apply
to natural phenomena as they offer themselves to us in all their
complexity and completeness. The history of science provides
a wealth of examples that attest to this truth. The effort to en-
compass the totality of experience is in principle achievable in
physical science - not at the beginning but at the end of the two-
step process. But Einstein has also introduced at this very point
a warning that he was to repeat frequently, one that, for quite
different reasons, must appear as surprising to the new Romantics
as to the new positivists: The supreme task is to arrive at uni-
versal elementary laws from which the cosmos can be built up
by pure deduction - but there is no "logical bridge"” to the laws.

Obviously, | have chosen Einstein because of the clarity, hon-
esty, and independence of his methodological remarks. The pro-
cess he describes is one most scientists will recognize as applicable
to really fundamental work (although the use of the word "in
tuition” is bound to embarrass some of them). Aforeover, almost
by definition, the methods an Einstein used cannot reasonably be
denied the label "rational,” no matter how different they are
from the models for rationality set up as strawmen by the new
Dionysians or icons by the new Apollonians. It might therefore
be fruitful to clear a little area in the battlefield between them
and look in more detail at the credo of Einstein® concerning
the use of the scientific imagination.

EmrtezM <7? of rczeTztz'/m 277TMgz7Mt;'073

Einstein discussed his view on the nature of scientific discovery,
and of theory construction in particular, in a generally consistent
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way on many occasions, notabiy in his essays "On the Method
of Theoretical Physics" (1933), "Physics and Reality" (1936),
and "Autobiographical Notes" (completed in {946). He gave
what was perhaps his clearest and most succinct presentation of
his thoughts on the act of scientific reasoning in a letter (writ-
ten on May 7, 1932) to his old friend Maurice Solovine. He be-
gan this portion of the letter by explaining that Solovine had
misunderstood certain of Einstein's previous statements concern-
ing epistemology. Einstein apologized and then asserted: "I prob-
ably expressed myself badly. | view such matters schematically
thus . . A™

There followed a diagram (Figure 3.1) - not entirely surpris-
ing. (As we know from Einstein's autobiographical writings and
other evidences, he preferred to think visually.) Einstein went
on to explain:

(1) TheE (experiences) are given to us [represented
by the horizontal line along the bottom of the figure].

(2) are the axioms, from which we draw conse-
quences. Psychologically the  rest upon the E. There
exists, however, no logical path from the E to the /4, but
only an intuitive (psychological) connection, which is
always "subject to revocation™ [disavowal].

This point is one of the most persistent methodological re-
marks of Einstein, from 1918 on, when he was still doing his
best consciously to toe the positivistic line. He wrote in the
Spencer Lecture (1933)" that the axioms are "free inventions
of the human intellect,” and similarly in many of his letters. To
return to the letter to Solovine:

(3) From the /f, by alogical route, are deduced the
particular assertions S, which deductions may lay claim
to being correct. [As he had said in the Spencer Lecture:
"The ymzxr7ze of the system is the work of reason."]

(4)  The Sarereferred [or related] to the E (test
against experience). This procedure, to be exact, also
belongs to the extra-logical (intuitive) sphere, because
the relation between concepts that appear in5 and the
experiences E are not of a logical nature. [In his "Reply
to Criticisms" (1949)2? Einstein elaborated on this point:
The distinction between sense impressions or experience
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Figure 3... From a letter of A. Einstein to M. Solovine, May 7, 1952.
Courtesy of the Estate of Albert Einstein.

on one hand and ideas or concepts on the other is a neces-
sary distinction, regardiess of the reproach that using it
makes one "guiity of the metaphysical 'original sin.' "]

These relations of the S to the E, however, are
(pragmatically) much less uncertain than the relations
of the yd to the E. (For example, the notion "dog" and
the corresponding experiences.) If such correspondence
were not obtainable with great certainty (even if not
logically graspable), the logical machinery would be
without any value for the comprehension of reality
(example, theology).

The quintessence is the externally problematic
connection between the world of ideas and that of
experience . . .

Now let us suppose that a connection can be made between
the prediction $ and the experiences E that are at hand.

c<977rM77tc 7777 7/3e07'y c.M7//777cd?
Einstein had discussed this question in his "Autobiographical
Notes."™ At least in the case of the grand theories of greatest
interest to him - those whose "object is the of all physi-
cal appearances” - he asserted that comparing the predictions of
a theory with experiment is but one of two criteria according to
which one can "criticize physical theories at all."»

The first criterion is that of "external confirmation.” This is
the easier one to meet, since one can often (“perhaps even al-
ways") make an adequate connection by suitable "arti-
ficial additional assumptions.” Adoreover, Einstein phrased this
criterion in a remarkably generous way: "The theory must not
contradict empirical facts." This principle of disconfirmation or
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falsification is, of course, quire different from the much stronger
injunction that was usually associated with scientific “confirma-
tion" by empirical test. Just how effectiveiy he followed this
first criterion was shown repeatedly, for exampie, in his stead-
fast and unswerving adherence to his ideas when, from time to
time, evidence came that purported to show that his predictions,
though not in unambiguous fiat cOTMIMYECEOT? to the "facts of ex-
perience," at the very least were not being mpporte” by experi-
mental test. Moreover, though unwilling to accept the possibility
of confirmation of a theory by "verification" of its prediction,
Einstein in practice also held to the falsification principle only
skeptically (or weakly) when the theory being purportedly falsi-
fied by experimental test had in his views certain other merits
compared with its rivals. (See, for example, his refusal to accept
Walter Kaufmann's experimental "falsification" of 1906 of Ein-
stein's newly published special theory of relativity. The limited,
ad hoc character of the rival theories that seemed to be borne
out by Kaufmann's experiments signaled to Einstein that those
theories "have a rather small probability.” It turned out that he
was right; the experiment, as is so often the case, was far less
decisive or "crucial" than others had thought.3°)

Going on to the second criterion, Einstein explains that it "is
concerned not with the relation to the material of observation,
but with the premises of the theory itself, with what may briefly
but vaguely be characterized as the 'naturalness' or 'logical sim-
plicity’ of the premises (of the basic concepts and of the rela-
tions between these which are taken as a basis.)" Clearly, here is
a place for individual aesthetic or other preferences - although
as soon as this is confessed, Einstein feels he, too, must apologize
for it. "The meager precision of the assertions contained in the
last two paragraphs | shall not attempt to excuse by lack of suffi-
cient printing space at my disposal, but confess herewith that
| am not, without more ado, and perhaps not at all, capable to
replace these hints by more precise definitions."

We now need an important clarification. At the heart of the
method of scientific discovery shown schematically in Figure 3.1,
there was the leap up from the plane of experience E to the
premises /t. That leap, as Einstein stressed, is logically discon-
tinuous; but it cannot be entirely "free” after all, if the premises
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later are to pass the tests of naturalness and simplicity (and the
like) in order to meet the second criterion for a good theory.

In fact, the leap E channeled and guided. One such guide, at
least for Einstein himself, was given by the fact that he attained
the concepts for use at the /I level by a form of mental play
with visual materials "to a considerable degree unconsciously" -
by a powerful iconographic rationality which he added to the
more conventional semantic and quantitative ones. Another
guide in the leap from E to S is one shared by all scientists en-
gaged in a major work on novel ground: the guidance provided
by explicit or, more usually, implicit preferences, preconceptions,
presuppositions.

Einstein himself saw this and commented on it repeatedly.
A good statement occurs in his essay "Induction and Deduction
in Physics™:

The simplest conception [model] one might make oneself
of the origin of a natural science is that according to the
inductive method. Separate facts are so chosen and
grouped that the lawful connection between them asserts
itself clearly . . . Butaquick look at the actual develop-
ment teaches us that the great steps forward in scientific
knowledge originated only to a small degree in this
manner. For if the researcher went about his work
without any preconceived opinion, how should he be
able at all to select out those facts from the immense
abundance of the most complex experience, and just
those which are simple enough to permit lawful con-
nections to become evident?*

It has always been this way in major scientific work. As
shown, for example, in the cases treated in the first chapters of
this book and also in On'gzm of SAZMIA we
recognize the existence of (and even the necessity, at certain
stages in scientific thinking, of postulating and using) precisely
such unverifiable, unfalsifiable, and yet not arbitrary conceptions
or hypotheses - a class to which | have referred as thematic pre-
suppositions - as necessary for scientific work as the empirical
and analytical content. In Einstein's own scientific papers we
can watch him stating his presuppositions boldly, as, for exam-
ple, when he first announces his two basic postulates of relativity,
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almost brusquely declaring them to be hunches (FoyywwwMatew)
that he decides to elevate to the status of postulates - without
even bothering to connect them plausibly with the experimental
material on the E level.

There is, of course, another side to this thematic origin of
scientific thought. Dedicating oneself to some presuppositions or
themata means one is likely to exclude others, as Einstein indeed
did when he refused to accept the themata that were so basic
in the work of the Copenhagen school on quantum mechanics.
Here again one sees that the "leap™ to yd, the "system of axioms"
in Figure 3.1, is not entirely "free" but "guided.”

We can now see that much of the fight of the priests of the
counterculture against what they attack as overly rationalistic
science is a sham: It is largely a fight against strawmen of their
own making. They conceive of scientific rationality as limited to
strictly quantitative and semantic-logic processes, but that ap-
plies at most, and only to a degree, to Public Science, that is,
to science as a pedagogical or as a consensus-seeking activity.
What they attack is, however, only a poor caricature of Private
Science, the process by which reasoning men and women make
discoveries. There the discontinuous and thematic characteristics
cannot be overlooked. To call them “irrational” is at best play-
ing with words and denying rationality to some of our best
thinkers. On the other hand, to let oneself be frightened into
doubting the validity of thematic choices during the play of the
scientific imagination would endanger the very process of scien-
tific discovery itself.

If the new Dionysians have noticed the failure of scientists
like Einstein to conform to such models, they do not let on.
They feel that nature should be studied by neither induction
nor the analytical-synthetic method, not even if it allows a spec-
ulative leap where human limitation makes it necessary and hu-
man ingenuity makes it possible. Rather, authors like Reich
advocate that one coast through total, unselected experience with
one's hands off the wheel and one's rational gearbox in neutral.

The true enemy in books such as Thc Greemizg of /TylericH
is, in fact, not science, not the Corporate State, not the Depart-
ment of Defense, not even the regrettable failures of science -
the cases in which scientists or technologists allowed themselves
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to be used knowingly for destructive purposes. The real enemy
is rationality itself, of which science is seen to be a preeminent
exemplar. Thus we read that the Corporate State has "only one
value, the value of technology-organization-efficiency-growth-
progress. The state is perfectly rational and logical. It is based
upon principle."”~ 1t would appear that the vision of Saint-Simon
had really triumphed in our day.

What, then, iswrong with rationality? Reich gives the answer
on the second page of his book, where we read that the ra-
tionality of the modern state must be "measured against the in-
sanity of existing 'reason’ - reason that makes impoverishment,
dehumanization, and even war appear to be logical and neces-
sary." Among the evils of rational thought, discussed at greater
length later, are not merely its failures to prevent the recent
wars, but the intellectual justifications that were given for those
warsT Thus we arrive at the remedy - a recipe for escape from
rationality: "One of the most important means employed by the
new generation in seeking to transcend technology is ... to
pay heed to the instincts, to obey the rhythms and music of
nature, to be guided by the irrational, by folklore and the spir-
itual, and by the imagination."” "Accepted patterns of thought
must be broken; what is considered 'rational thought' must be
opposed by 'non-rational thought' - drug-thought, mysticism,
impulses."”

Technically, one could analyze Reich's many conceptual dif-
ficulties in more detail. As Charles Frankel has accurately noted
in a critical article:

The Irrationalist's theory of human nature is steeped in
the tradition of the dualistic psychology it condemns. It
talks about "reason" as though it were a department of
human nature in conflict with "emotions." But "reason,"
considered as a psychological process, is not a special
faculty, and it is not separate from the emotions; it is
simply the process of reorganizing the emotions.”
Precisely because such flaws are simple to expose, the chief puz-
zle about the new Dionysians is, and will remain, the large extent
of their popular appeal. And here it may be significant to notice
an ironic asymmetry. Many scientists throughout history have
written about their motivation for turning to their work as if it
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were an intellectual and emotional turning away from the tur-
moil within and all aroundV Reich also wrote at a turbulent
time, in the Vietnam war year of 1970 - at the height of a reign
which Nr audience, at any rate, seemed to recognize as tragic
and stupid even without the subsequent evidence of the secret
bombing of Cambodia, the Pentagon papers, the sale of the pub-
lic trust, the conspiracy to abridge civil rights, the arrogance
that led to the Watergate crisis, not to speak of the continua-
tion of a senseless arms race and the widening of the world's
poverty. Reich, however, charges the horrors of his time to the
sovereign rule of reason and urges his readers to turn inward,
thereby abandoning their chief weapon for organizing and vali-
dating any realistic attack on the ills he deplores. Indeed one
key to the wide appeal of the Dionysians may be that they re-
lease their followers from all responsibility for effective action.
Furthermore, at a time when so many feel they can only sit by
in helpless disbelief to watch the unrolling of an absurd tragedy,
the new Dionysians, in their attacks on scientific thought, furnish
a convenient, safely passive target for expressing intellectual dis-
taste.

Now to the hammer. The philosophers who have taken it on
themselves to protect rationality in the narrowest sense of the
word are also members of a long tradition. Some of their genes
can be traced back to the logical positivists of the pre-World
War Il period, who are themselves descended from a long line
of warriors against the blatant obscurantism and metaphysical
fantasies that haunted and thwarted science in the nineteenth and
early twentieth centuries. Rereading today Otto Neurath's influ-
ential essay "Sociology and Physicalism" (1931-32), one can
glimpse the fierce doctrine that helped this school to achieve its
victories:

The Vienna Circle . . . seeks to create a climate which

will be free from metaphysics in order to promote

scientific studies in all fields by means of logical

analysis . . . All the representatives of the Circle are in

agreement that "philosophy" does not exist as a
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discipline, along side of science, with propositions of its

own. T/ic of reze/ziZ/L propoyhz'ony t/ie

WITT of 2ff Tzl zaf7A ... They wish to

construct a "science which is free from any world view."
But the line of descent goes back much further, all the way to
Lucretius, to Democritus, to all who undertook the antimeta-
physical mission of liberating mankind from the enchantment
and terror of superstition. Thus a modern Lucretius, Bertrand
Russell, proclaimed that “all these things, if not quite beyond
dispute, are yet so nearly certain that no philosophy which re-
jects them can hope to stand":

That Man is the product of causes which had no pre-

vision of the end they were achieving; that his origin,

his growth, his hopes and fears, his loves and beliefs, are

but the outcome of accidental collocations of atoms; that

no fire, no heroism, no intensity of thought and feeling,

can preserve an individual life beyond the grave; that all

the labours of the ages, all the devotion, all the inspira-

tion, all the noonday brightness of human genius, are

destined to extinction in the vast death of the solar

system, and that the whole temple of Man's achievement

must inevitably be buried beneath the debris of a uni-

Verse in ruin.ss
Although it is no longer fashionable to force the rationalists'
message upon a fearful populace with quite so much glee, the
ancient division between thematically incompatible world views
continues to exist and is not likely to disappear.™"

Some of today's most eloquent defenders of rationality have
been associated with the school of Karl Popper, who himself was
influenced, at an early point, by the prewar positivist movement.
Out of Popper's many contributions over the decades, | shall
refer here only to one small portion that happens to have rele-
vance to this particular study. He considers that the rationality
of science presupposes a common language and a common set of
assumptions which themselves are subject to conventional ra-
tional criticism. There does exist a contrary opinion, namely,
that there may be cases of individual scientific work that have
not been and perhaps never can be subjected fully to such a
critique. To Popper this is quite intolerable; he writes that this
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so-called Myth of the Framework is "in our time, the essentia!
bulwark of irrationalism.'"

In his view, progressing from one valid stage of scientific the-
ory to another cannot involve breaking the thread of continuous,
rational, progressive development. "In science, and only in sci-
ence, can we say that we have made genuine progress: that we
know more than we did before."™ To be sure, "an intellectual
revolution often looks like a religious conversion." But a critical
and rational evaluation of our former views must remain possible
in the light of the new ones. If it were not possible, what guar-
antee would we have that science was indeed accruing a content
of truth? What guarantee that the changes in science are indeed
a progressive sequence of steps toward objective knowledge, and
not merely a sequence of conversion experiences from one un-
founded set of beliefs to another?

A critical discussion of this position is, however, made diffi-
cult by a set of self-inflicted taboos. Popper writes:

I cannot conclude without pointing out that to me the
idea of turning for enlightenment concerning the aims
of science, and its possible progress, to sociology or to
psychology, or to the history of science, is surprising and
disappointing. In fact, compared with physics, sociology
and psychology are riddled with fashions and with
uncontrolled dogma. The suggestion that we can find
anything here like "objective, pure description” is clearly
mistaken. Besides, how can the regress to these often
spurious sciences help us in this particular difficulty?

... No, this is not the way, as mere logic can showT

What, exactly, is at stake here? On one level, it is the defini-
tion of where the philosopher of science should look for valid
problems and tools. Popper rules out, as of no interest, the con-
text of discovery, and hence the actual working out of a prob-
lem by an actual person.

The initial stage, the act of conceiving or inventing a
theory seems to me neither to call for logical analysis,
nor to be susceptible to it. The question of how it
happens . . . may be of great interest to empirical
psychology; but it is irrelevant to the logical analysis of
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scientific knowledge. The latter is concerned only . . .

with questions of justification or validity.”
Fair enough as a statement of preference - although one may not
personally subscribe to it, particularly if one's own fascination is
precisely with a historical study of the "personal struggle.” One
may even regret that Popper shares with many scientists - and,
for that matter, with Reich and the new Dionysians - a com-
plete lack of interest in studying the creative act of scientists
(even, one must assume, of Einstein, who, Popper claimed, was
"perhaps the most important” influence on Popper's own think-
ing”), thereby denying the possibility of a critique of the scien-
tific imagination.

But if not to real cases, where is one to turn for data to ex-
amine Popper's logic of discovery and to test out his hypotheses?
It is at this point that some modern philosophers of science have
recently evolved a technique of criticism that tries to force the
understanding of scientific work as far to the right as the new
Dionysians wish to force it to the left. Instead of looking at
actual case studies in their historic setting (a technique of what
they call the "spurious sciences"), they look at a "rational re-
construction™ of the events.

Popper himself proposed the technique in a rather gentle way:

Admittedly, no creative action can ever be fully
explained. Nevertheless, we can try, conjecturally, to
give an idealized reconstruction of the problem situation
in which the agent found himself, and to that extent
make the action "understandable™ or "rationally under-
standable," that is to say, adequate to the situation as he
saw it. This method of situation analysis may be
described as an application of the rationality principled®

This proposal was taken up by others and clothed more dog-
matically, most vigorously by Imre Lakatos, Popper's former
student and successor to his chair at the London School of Eco-
nomics. In the influential work of Lakatos the opinion of what
constitutes a valid study of a historical case is laid down in words
such as these:

In writing a historical case study, one should, 1 think,
adopt the following procedure: (i) one gives a rational
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reconstruction; (2) one tries to compare this rational
reconstruction with actual history and to criticize both
one's rational reconstruction for lack of historicity and
the actual history for lack of rationality.*
Lakatos then gives examples of what happens to a historical case
study when done in this style, including his own reconstruction”
of "Bohr's plan ... to work out first the theory of the hydro-
gen atom [1912-13]." "His first model was to be based on a
fixed proton-nucleus with an electron in a circular orbit . . . ;
after this he thought of taking the possible spin of the electron
into account . . All this was planned right at the start." As
it happens, Bohr's early work has been very carefully studied by
historians of science; but this version, produced by "rational re-
construction,” is an ahistorical parody that makes one's hair
stand on endT Otto Neurath's dictum that "Philosophy does
not exist as a discipline, alongside of science, with propositions
of its own" has been stood on its head: The study of the actual
work of scientists does not exist as a discipline, alongside of
philosophy, with propositions of its own.
The resulting rationalization of actual historic cases, although
not without technical interest in philosophy itself, is so risky an
idea and so unacceptable to most historians of science™* that one
is forced to speculate it may be motivated by higher stakes than
appear on the surface. In the writings of the more extreme new
Apollonians, one senses that their philosophical position is not
being developed simply for its own sake, or for the sake of its
potential evaluation in the crucible of rational critique, but that
their ambitions are much larger. They seem to hope to save scien-
tists from the threat of the irrational, suspecting that scientists
will be unable to do a good job without expert help in deciding
which of their theories are truly scientific and which are merely
pseudoscientific. Thus Lakatos confessed sadly:
If we look at the history of science, if we try to see how
some of the most celebrated falsifications [of hypotheses]
happened, we have to come to the conclusion that either
some of them are plainly irrational, or that they rest on
rationality principles radically different from the ones
just discussed."

Hence rational reconstruction; hence the effort to replace the
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"naive" version of methodological falsification actually followed
by scientists when left to their own devices with a

version . . . and thereby rescue methodology and the idea of
scientific pA<gPey. This is Popper's way," Lakatos tells us, "and
the one | intend to follow."”

Flanging over the whole stage is the shadow of David Hume,
with his repugnant message, as Popper puts it, that "not only is
man an irrational animal, but that part of us which we thought
rational - rR/& including practical knowledge - is
utterly irrational."” The new Apollonians dedicate a major ef-
fort to the disproof of this specter, with particular attention to
scientific reasoning.

But their ambitions, and the perceived threat, are even larger
than that: Adankind must be saved - from obscurantism, astrol-
ogy, and revolution. Lakatos writes that a recent theory of scien-
tific progress- which allows the role of changing exemplars
rather than of logical proof alone - makes "scientihc change a
kind of religious change."” Such a theory, he says, not only
poses a threat to technical epistemology, but "concerns our cen-
tral intellectual values," hence affecting "social sciences . . .
moral and political philosophy.” Moreover, it "would vindicate,
no doubt unintentionally, the basic political credo of contem-
porary religious maniacs ('student revolutionaries’)." Elsewhere,
Lakatos is led so far as to speculate on the possibly sinister per-
sonal influence of the author of such a theory of scientific
change: "l am afraid this might be one clue to the unintended
popularity of his theory among the New Left busily preparing
the 1934 'revolution.’

Now we recognize what is really at stake: civilization itself.
These philosophers of rationalism see themselves as the soldiers
at the gates, fending off a horde of barbarians. Popper himself
has, of course, made no secret of his mission. Long before the
new Dionysians were as prominent as they are now, he said that
the conflict with advocates of irrationalism "has become the most
important intellectual, and perhaps even moral, issue of our
time."” Irrational attitudes and the flagging of the critical habit,
he warns, could well open the way for demagogues which prom-
ise political miracles. One must preserve what has been gained,
with all its shortcomings, for "our present free world, our At-
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lantic Community . . . ruled by the interplay of our individual
consciences ... is the best society that has ever existed."”
Lakatos, for his part, warned that a work on the nature of scien-
tific change, with which he disagreed, is "a matter for mob psy-
chology,” "vulgar Marxism," and "psychologism," and has even
triggered "the new wave of sceptical irrationalism and anar-
chism."”

Thus, each of the opposing Dionysian and Apollonian groups
is imbued with a sense of urgency to save the Republic. Each
thinks that following a proper process for gaining valid knowl-
edge is a key for salvation and proposes to clarify the under-
standing of that process, but in fact does not look at the way the
scientific imagination works in action. One side condemns the
scientists for being too rational; the other chides them for being
too irrational. Caught in between, scientists, virtually without
exception, pay no attention to either side, not even to defend
themselves against grotesque distortions of what it is that they
really dos" In effect, scientists hand the public platform over
to the propagation of two sets of quite different but equally er-
roneous answers to questions such as those posed at the begin-
ning of this chapter: How do scientists actually go about gaining
knowledge, and how rf/iozdd they?

Portren'pr

This is not the place, nor is it my intention, to build a prescrip-
tion for a cure on an analysis of the symptoms. Deeper involve-
ment of research scientists in discussions concerning their meth-
ods would surely improve the understanding of science - includ-
ing their own. Certainly, those four phases of scientific work
which rest on rationality, by any definition of the word, could
benefit from more modern analysis: rationality in the deductive
portions of private theorizing; rationality in the structure of a
theory once it has been worked out moderately well; rationality
in the process of communication and validation among scientists
operating in the area of public science; and the perception, at
least among our more exalted spirits, of an underlying rationality
and uniqueness in the world order seen through science - perhaps
the only order open to human perception which is not a Rasho-
mon story, inherently different for each observer.
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In addition, sound pedagogical materials are needed to show
that there are processes at work in the making of science which,
while they are acts of reason, cannot be forced into the logical-
analytical framework. Entering into such processes are the ways
by which new ideas arise and are handled during the nascent
moment; the sources of individual thematic choices, and the rea-
sons for cleaving to them; the connection between the elemen-
tary concepts, of both science and everyday thinking, and the
complexes of sense experience; and the eternally surprising fact
that we so often find the logically simple suitable for building
a theory of nature's phenomena.

As Peter Aledawar has observed, the hypothesis of the inter-
action of essential dual components may still be the most fruit-
ful one.

Scientific reasoning is an exploratory dialogue that can

always be resolved into two voices or episodes of

thought, imaginative and critical, which alternate and

interact . . . The process by which we come to form a

hypothesis is not illogical but non-logical, i.e., outside

logic. But once we have formed an opinion we can

expose it to criticism, usually by experimentation.™"
This is not compromising between rationality and irrationality.
On the contrary, it is widening the claim of rationality, and
widening also the scope of much-needed research on the nature
of scientific rationality in practice. In opposition to the two
groups | have analyzed, Medawar holds that

the analysis of creativity in all its forms is beyond the

competence of any one accepted discipline. It requires

a consortium of the talents: psychologists, biologists,

philosophers, computer scientists, artists and poets would

all expect to have their say. That "creativity" is beyond

analysis is a romantic illusion we must now outgrow."*

Whether for pedagogic purposes or as a field of research,
whether as a part of philosophical analysis or as a key to a study
of politically significant intellectual rebellions and reactions, the
methods by which humans use their scientific imagination are
themselves much in need of more thorough scientific study. Pos-
sibly the worst service the new Dionysians and the new Apol-
lonians render is that their antithetical attacks continue to dis-
credit the accommodation of the classically rationalistic with the
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sensualistic components of knowledge. We should, rather, strive
to acquire a clearer notion of how actual mortal beings, with all
their frailties, have managed to use both these faculties to grasp
the outlines of a unique and fundamentally simple universe, char-
acterized by necessity and harmony. Such knowledge, we may
hope, can be of practical use at a time when our species seems
to depend on tapping all the resources of reason for the genera-
tion of new ideas that are both imaginative and effective.



4

Analysis and Synthesis as methodological themata

The terms "analysis" and "synthesis" bring to mind, on the one
hand, certain methodological practices in the works of Plato,
Descartes, Newton, Kant, Hegel, and others and, on the other
hand, techniques in Helds as disparate as chemistry and logic,
mathematics and psychology. The width of this spectrum of
associations alerts us to the realization that at the base of these
two related terms there lies a speciHc methodological thema-
antithema (00) pair. Indeed, it is one of the most pervasive and
fundamental ones, in science and outside/ This chapter attempts
to uncover and identify this thematic content, to clarify the
meanings and uses of the terms "analysis" and "synthesis," and
especially to distinguish among four general meanings: (t) Anal-
ysis and Synthesis, and particularly synthesis, used in the grand,

sense, (2) Analysis and Synthesis used in the rccoTMitV
t/OTM sense (e.g., where an analysis, followed by a synthesis, re-
establishes the original condition), (3) Analysis and Synthesis
used in the sense (e.g., where the application of
Analysis and Synthesis advances one to a qualitatively new
level), and (4) Analysis and Synthesis used in the jAfgr7A72%
sense (as in the Kantian categories and their modern critiques).

ATTi2IyyM % 77/ SyT177A<2yM 777 WM<?

High on the list of achievements our culture has traditionally
deHned as best are grand, synoptic, and unifying works usually
characterized as "syntheses" of the thinking of a period or a
Held. Examples are the philosophical treatises of Aristotle and
Aquinas, Spinoza and Kant; the scientiHc syntheses of Euclid,

i
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Descartes (PrmHp/ct), Newton (PrwcfpM), Darwin, Maxwell,
Mendeleyev, Freud, Einstein; and, in our day, the groups respon-
sible for the unification of biochemistry and genetics (e.g.,
Watson and Crick) and of evolutionary biology (e.g., Dobzhan-
sky and Mayr). Many significant literary works also have this
unifying character and intention, for instance, the Greek epics,
the works of Dante, Milton, Goethe, and Tolstoy. Although
the latter deplored in IT% 9%86Pc%ce (Book V) that now a
"science of the whole" was no longer possible, he felt that at least
in the arts a synoptic view of man's life and worth could exist.
With all their differences in both intent and method, these
cultural products share a property that helps to explain the
power they have over the human imagination: The synthesis
provides a framework of interpretation and analysis of particu-
lars that helps to propel thought and feeling to important truths.
In the Aristotelian cosmos, a stone, falling from a height to its
"natural™ place, is understood to follow not any arbitrary but a
necessary scenario within the total setting; in the same sense, the
young reader, caught up in the world view exemplified by the
work of an Aquinas or a Goethe, can thereby construct persua-
sive interpretation (whether profound or not) of the complex
or anguishing details of his own experience.
Certain high cultural products are considered specifically
rather than synthetic in intent- for example, the
mathematical analyses of Descartes and Fourier or the philosoph-
ical works of G. E. Moore and Bertrand Russell; sometimes
an analytic portion may be embedded in the work of synthesis.
However, although it is not difficult to enumerate synthetic
works in a list of cultural achievements, and although synthetic
works pervade the training and consciousness of educated per-
sons from an early age, works of explicit analysis rarely achieve
such high status. (The poets Wordsworth and Coleridge, for
example, pronounced the analytical activity of experimental
scientists as the work of inferior minds.) Yet when we examine
the Analysis and Synthesis conception from the point of view
of praxis rather than "high culture” (e.g., Analysis and Synthe-
sis as expressed in professional, scientific, and scholarly work),
the positions of analysis and synthesis are entirely reversed, and
the former is more prominent.



A working inteiiectua! will rarely ciaim to be concerned with
"synthesis," and if he does so, he is more likely to be referring to
a smaH range of specific activities, such as the chemicai synthe-
sis of materiais, whether ammonia or hormones, fibers or resins,
or to atest of a chemicai structure in which analysis is confirmed
by synthesis.® "Analysis,” on the other hand, appears promi-
nently in alarge number of intellectual activities. The dictionary
definitions of analysis, for example, tend to center on the reduc-
tionists or pragmatic core of meaning: breaking or resolving
the complex into simple elements, and the determination of these
elements (as in chemistry, resolving into simpler molecules; in
optics, finding spectral compositions; in grammar, finding ele-
ments of which phrases or sentences are composed; or in the-
matic studies of folklore, music, literature, or science, determin-
ing the basic themes on which the structure of the work
depends).

The professional manifestations of work concerned with
analysis stretch from psychology to linguistics, from economics
and business practice to chemistry, from engineering to medi-
cine. For a philosopher, the task of analysis refers to the process
of reaching conceptual clarification. Adathematics makes the
most widespread and diverse use of the conception. One is apt
to encounter the word "analytic" first in school in courses on
analytic (or coordinate) geometry, dating back chiefly to Rene
Descartes (1637), who succeeded in showing that each point on
a geometric figure, or in space, can be reduced to an ordered set
of numbers, later called coordinates.”

In view of their praxis-oriented purposes, major encyclopedias
not surprisingly tend to have many and elaborate discussions of
analysis but very little on synthesis (neither the

subtitled "Knowledge in Depth," nor the
of tAc NMtory of has an entry for "synthesis") - a situa-
tion contrary to the relative places assigned to analysis and
synthesis as earmarked of the high cultural achievements of the
past. Therefore, it is the more important for us to seek out the
relations the Analysis and Synthesis couple in order to
understand the full power of each of the components, rather
than be misled by the asymmetrical valuations of them in con-
temporary theory and practice - possibly the result of the pre-
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ponderance (and success) of reductionistic thought in our time.
It is appropriate, of course, to give credit to those successful ex-
amples of synthesis-seeking endeavor that do exist today, for
example, the kind of "global" thinking of certain environmen-
talists; the quest in Helds such as particle physics toward the uni-
fication of all fundamental forces; and, in the Held of education,
a number of interesting experiments under titles such as trans-
disciplinary, interdisciplinary, or general education programs.
At the same time, we should remember that some obfuscationist
movements also often grow under the banner of "synthesis,"
"uniHcation," or "holism."”

Yz oezz> of WzzyyH Y "yzzztyzy,

To specify the properties of a "synthesis” in operational terms,
no historic case is more inviting than that exemplar of all success-
ful scientiHc syntheses, the so-called "Newtonian Synthesis," the
historic uniHcation of celestial and terrestrial physics. We can
discern in it the strengths and weaknesses of synthesis as an
intellectual strategy, and the interaction between analysis and
synthesis as parts of a method that allows the production of a
cultural object named a "synthesis."”

THc roort H t/ze HHtory of pbyyzcH/ yczezzoer. The signiHcance
of the Newtonian contribution is clearer if it is Hrst positioned
with respect to the history of physical science itself, and with
respect to the history of the method of scientiHc discovery. For
the Newtonian synthesis, these roots reach back to antiquity, to
the two earliest grand syntheses in natural philosophy, associated
with the names of Thales and Pythagoras, respectively. The
former was essentially positivistic and materialistic, with a cer-
tain resemblance to modern empiricism, whereas the latter was
metaphysical and formalistic, with a certain resemblance to ra-
tionalism. One typically used the observed fact of the three
states of an observed material (water) as a key for understand-
ing the problem of persistence and change in the material world;
the other typically based itself on the properties of numbers and



geometrical figures, and its methods were closely associated with
religious ritual. It is significant that these two systems, each
coming into Western culture at about the same time and im-
pelled by the persisting drive to find basic unity underlying the
diversity of all experience, nevertheless were diametrically oppo-
site in assumption and mutually exclusive in content.

From each of these two schools, a separate chain of distin-
guished followers emerged over the next centuries. Aristotle's
pivotal position derives from the fact that he is the first major
thinker who is not chiefly a follower of either of the two main
trends, but who made a powerful attempt to adapt elements
from both of the antithetical systems in a new synthesis (al-
though at the cost of persisting internal divisions, e.g., among
physics, mathematics, and metaphysics). Nothing even faintly
analogous was done successfully in natural philosophy until
Kepler's and Galileo's joining of neo-Platonic and materialistic
conceptions, and then only on a much less ambitious scale. They
are the necessary forerunners of Newton, whose synthesis must
be understood as the last grand bridging of the materialistic-
positivistic and the formalistic-metaphysical traditions in natural
philosophy.

From then on, other such attempts were made in increasingly
narrow fields within the pure sciences. For example, Faraday's
central theme, in his research on relations between gravity and
electricity, was what he called "the long and standing persuasion
that all the forces of nature are mutually dependent, having one
origin, or rather being different manifestations of one funda-
mental power." (Even though he failed to find the connection
between gravity and electricity, as did Einstein with analogous
ambitions, Faraday opened the door to Maxwell's work when
he found the direct relation and dependence between light and the
magnetic and electric forces.) Other achievements that followed
in the same tradition were J. R. Mayer's view of natural phe-
nomena as the playing out of a law of conservation of energy;
Maxwell's joining of the phenomena of electricity, magnetism,
optics, and radiant heat in one theory of electromagnetism; and
the work of Einstein, which resolved the clash between the
electromagnetic world view and the mechanistic world view in
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the first part of this century and which found connections be-
tween previously separated conceptions such as space and time,
and mass and energy.

7Te rootr m the /wtory of wict/ody of yoicMifio dbcot'cry. The
second prerequisite for appreciating the impact of the New-
tonian synthesis on modern thought concerns the history of
methods of scientific discovery. Here it is significant that to this
day, most scientists who understand Newton's view will, by and
large, still agree that it also applies to their own work, and will
recognize the chief elements in what is now often called the
hypothetico-deductive method, at the center of which analysis
and synthesis are located.

As used in scientific works since the beginning of the seven-
teenth century, analysis and synthesis refer to parts of a trans-
formational procedure of reasoning much indebted to Plato's
discussion (e.g., in the $09-511 and $33-534), and
subsequently named analysis and synthesis in Greek, resolution
and composition in Latin® Plato warned that merely descending
from the high ground of axiom, or from an unexamined hypoth-
esis whose truth is not assured, may suffice to erect self-consistent
systems (as in "geometry and the sister arts™) or even systems
that work well enough on a technical level, but it does not lead
to science (cpfrtcwc). Using modern terms, this warning
amounts to saying that attempting synthesis without a previous
analysis does not lead to truths. To gain true knowledge, one
must proceed by going first up and then down, as if on an arch
made of steps - that is, at the beginning one puts forward a hy-
pothesis (literally, a placing under). As Plato proposed:

Using the hypotheses not as first principles, but only as
hypotheses - that is to say, as steps and points of departure
into aworld which is above hypotheses, in order that she
[reason] may soar beyond them to the first principle of
the whole; and clinging to this ... by successive steps
she descends again without the aid of any sensible object,
from ideas, through ideas, and in ideas she ends.

In terms of later commentary, reason here is seen, in the first
half of the process, to proceed "upwards" by induction to the
perception of “first principles." Then reason follows the arch
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downward in the second half of the process, to produce a
demonstration: Postulating those truths as first principles, the
searcher for knowledge descends to a conclusion by deduction
in a series of steps. The second part of the cycle, corresponding
to synthesis, can succeed because it was properly preceded by
analysis in the first part.

With all their differences, Descartes and Newton (at least in
their exhortations) agreed with this Platonic ordering: Descartes
wrote, "It is certain that, in order to discover truth, we should
always begin with particular notions in order to reach general
notions afterwards, though reciprocally, after having discovered
the general notions, we may deduce from them others which are
particular." Newton put it similarly in a famous passage

Book 1V, Query 31):
The investigation of difficult things by the method of
analysis ought ever to precede the method of composition.
This analysis consists in making experiments and observa-
tions [these are of course Newton's crucial addition to the
process! ], and in drawing general conclusions from them
by induction, and of admitting no objections against the
conclusions but such as are taken from experiments or
other certain truths ... By this way of analysis we may
proceed from . . . effects to their causes . . . And the
synthesis consists in assuming the causes discovered and
established as principles, and by them explaining the phe-
nomena proceeding from them, and proving the explana-
tions.

The sequence of analysis/synthesis or ascending/descending
was referred to by Newton in, among other places, his preface
to the fnwipM." "The whole burden of philosophy seems to
consist in this: from the phenomena of motion to investigate the
forces of nature, and then from these forces [e.g., the postulated
universal gravitation] to demonstrate the other phenomena.”
Whereas Descartes's process of identifying postulates gave a
large role to clear and undisbelievable ideas and the role of intui-
tion, Newton relied on observation and experiment to anchor
the first principles in experience, at the top of the arch. It is
this difference more than any other which causes modern scien-
tists to trace their philosophical roots to Newton rather than to
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Descartes. What neither Descartes nor Newton, nor any major
scientist up to Einstein's time, fully faced was that the "hypoth-
eses”" can never be aitogether purged of their origin in the fal-
lible human imagination. Einstein held not only that the axioms
from which testable consequences must be deduced are "free
inventions of the human intellect,” but that there are elements
in both halves of the arch which "belong to the extra-logical
(intuitive) sphere."”

reypcct trotT %ry"t/icrm? We can dis-
tinguish seven contributing aspects by which the achievement
of Newton (and that of his followers who built on his findings
and had some of the same ambitions) may be regarded as an
exemplar of synthesis in the cultural sense.

t. The starting point was the initial identification (and fur-
ther analysis when necessary) of individual and seemingly dis-
parate chiefly the various separate classes of objects
that encompass an infinity of individual cases. These cases
ranged from the motion on earth of projectiles, including the
falling apple, to the precision of the equinox, and the complex
perturbations in the moon's motion, the tides, the motion of
comets, and the motion of planets.

Newton also was often conscious of cxc/zvdmg candidate-
elements from the eventual synthesis. This refers not only to
"occult qualities” that were no longer desired but to light and its
propagation, chemical reactions, much of fluid mechanics and
the theory of elasticity, sensations in the human body, and the
properties of the ether (which he confessed he considered a
necessary substructure of space, needed for the propagation of
light, of gravity, probably of sensation, and probably also as the
manifestation of the sensorium of God). Also sacrificed were
the commonsense methods of intuitive "reasons” (e.g., of our
muscles) which had still sufficed to make plausible the Cartesian
solution for the solar system, representing it as a huge vortex of
motion in the ether.

2 The key act in the synthesis was Newton's induction and
postulation as a first principle of the law of universal gravitation,
applicable to any two objects regardless of kind, size, distance,
material intervening between them, or whatever. It was im-
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portant to the success of the synthesis that scientists and other
inteiiectuais couid immediately see the law to be endowed with
a startling simplicity and universality, since it applied to all
material objects throughout the cosmos. Moreover, the law
evoked the synthesizing image of mutual binding forces literally
pulling the fragments of the far-flung cosmos together.

3 The law of universal gravitation, together with Newton's
own laws of motion and the mathematical apparatus for han-
dling problems in kinematics and dynamics, allowed Newton to
show systematically that each of the previously mentioned
fragments could be deduced and gathered together as special
cases of the motion of real (ponderable) bodies. This unification
could accommodate not only individual observations (such as
those concerning the motion of the moon) going back to Baby-
lonian times but also previously found laws (e.g., the three
empirical laws of planetary motion of Kepler), which were
thereby "explained.”

4. One must not underestimate the philosophical effect on
Newton's contemporaries of his demonstrations that causal and
quite "ordinary" actions were at work in producing complex or
frightening effects (e.g., tides or comets) and that the world of
obvious change was explainable by the persistence of a few
simple laws that any schoolboy could memorize. By extending
the reign of familiar terrestrial processes and showing them to be
at work throughout the knowable world, a single, almost hyp-
notic and seductive image could suggest itself, that of the uni-
verse as a majestic clockwork.

3. Three related aspects helped make the synthesis
in the modern sense:

() Newton showed how to treat the complex phenomenic
world by means of mathematical method (some of which New-
ton had to invent for the purpose).

(b) He introduced the evidence of observation or simple
experiments at crucial points in his work, if only occasionally
as experiments.

(c) His system allowed predictions that later could be and
were successfully checked (e.g., the calculation that the comet
of 1682 would have a period of approximately seventy-five
years, being merely an object moving on a Keplerian ellipse
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and subject to the Newtonian force of gravity toward the sun;
e.g., the determination on dynamical grounds of the shape of
revolving planets such as Earth and Jupiter; e.g., the discovery
of previously unsuspected planets such as Neptune and Pluto, by
deducing their positions from the perturbing gravitational effect
they exert on visible planets).

6. What helped make the synthesis so LwWMg was its vast extent
over individual classes of cases, so that the "unpacking” of the
cases kept physical scientists busy for over two centuries. We
need only mention two examples of this power: The law of uni-
versal gravitation suggested that electric forces obey the same
kind of inverse-square law; and the motion of the whole spiraling
galaxy in which we now know our solar system to be embedded
shows that the parts are under the mutual actions of the Newton-
ian force of gravitation.

y. What helped make the Newtonian synthesis a powerfzz/
carewp/ztr was that it not only modified chief parts of natural
philosophy but also changed civilization. These changes were
not only through technological consequences (for to begin in-
dustrializing a society, one must first learn Newtonian physics)
but also through effects on the imagination in biology, psy-
chology, economics, sociology, theology, and the arts. As Fon-
tenelle expressed it, if written by the hand of someone knowl-
edgeable in the mathematical sciences, "a work of morals, of
politics, of criticism, perhaps even of eloquence, will be finer."

This same interplay between analysis and synthesis, induction
and deduction, was thought to be applicable in all of the natural
and social sciences. The same hope to capitalize on both the
experimental and the mathematical part of the "scientific method"
stood before them all. Nature, society, religion, and the human
mind were equally open to the promise of its success. It seemed
that the problems in all of these fields might yet be reduced to
the mathematical treatment of quasi-mechanical interactions of
parts that obeyed specific laws under the general reign of "the
Laws of Nature and of Nature's God," to cite a powerfully
motivating phrase in the American Declaration of Independence.

LwzEztrfow of t/ze NcTctoyzZMM ryyztherE. The use of a real case
allows us to stress that syntheses, by their very nature, can be
successful only within limits; beyond that, they fail.
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The "failure” of the Newtonian synthesis was not merely
that, to Newton's own dismay, it did not encompass fields such as
contemporary chemistry (or, as we now would put it, any of the
four forces of nature other than gravitation), but that in the
long run it could not account adequately for the ever-widening
range of phenomena, such as those in cosmology or in the realm
of the very small (atomic and nuclear physics). Newtonian
science is now linked at one end with relativity theory, which is
particularly important for bodies with very great mass or moving
at very high speed; and, at the other, it approaches quantum
mechanics, for particles of extremely small mass and size. For
the vast range of problems between these extremes, Newtonian
theory gives accurate results and is far simpler to use; moreover
without Newtonian mechanics, relativity theory and quantum
mechanics could not have emerged in the first place.

An additional failure developed from the initial boundary
conditions. A synthesis necessarily excludes its antithetical alter-
natives, and any one of these may develop a cultural force of its
own. This is at the base of the rebellion of the romantic move-
ment, and the modern counterculture movements espouse many
of the same attitudes and arguments, as noted in Chapter 3. The
case for that point of view has been put most succinctly and
clearly by the historian and philosopher of science E. A. Burtt:

. . . the great Newton's authority was squarely be-
hind that view of the cosmos which saw in man a puny,
irrelevant spectator (so far as being wholly imprisoned
in a dark room can be called such) of the vast mathe-
matical system whose regular motions according

to mechanical principles constituted the world of
nature. The gloriously romantic universe of Dante
and Milton, that set no bounds to the imagination of
man as it played over space and time, had now been
swept away. Space was identified with the realm of
geometry, time with the continuity of number. The
world that people had thought themselves living in -
aworld rich with color and sound, redolent with
fragrance, filled with gladness, love and beauty,
speaking everywhere of purposive harmony and
creative ideals - was crowded now into minute
corners in the brains of scattered organic beings. The
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really important world outside was a wortd hard, cold,
colorless, silent, and dead; a world of quantity, a world
of mathematically computable motions in mechanical
regularity. The world of qualities as immediately per-
ceived by man became just a curious and quite minor
effect of that infinite machine beyond.”

A clarifying digression is in order: The phraseology | have
used in introducing this quotation should not be taken as a
declaration of adherence to a Hegelian theory. The theory of
Dialectic, especially as Hegel developed it, claimed that human
thought through history developed in stages characterized by
the dialectic triad, thesis, antithesis, and synthesis. The last is seen
as the resolution of a necessary struggle between the two others,
going beyond each - although this synthesis too may subse-
quently function as a thesis that calls forth a new antithesis and
hence a new struggle. One essential feature of the theory is that
the thesis "produces™ its antithesis. It exists apart from, and is
imposed upon, the individual thinkers, whose discourses are thus
merely the audible expressions of the rule of irresistible higher
forces; Hegel claimed in his Ewyc/opedM, Part 1, Chapter 4,
that Dialectic is "the universal and irresistible power before which
nothing can stay."

Another essential feature of the theory of Dialectic is that the
resolution of contradictions between thesis and antithesis is not
achieved by finding some parts of one or the other in error, or
by issuing a modification of both that allows a new accommo-
dation, but by accepting contradictions within the synthesis,
thereby "negating™ or canceling them.

The difficulties with this theory, logical and otherwise, are
many;" but the chief difficulty comes when we examine actual
cases to see whether such scenarios really do occur. It turns out
that they do not, provided one takes seriously the methods and
findings of modern history of science.

In their disenchantment with the limits of the Newtonian
world view that in fact developed, the romantic opponents might
have had an ally in Newton himself, to some degree. While most
others were captivated by his demonstration in the PrwczpM
that the raw materials of the world are forces, matter, motion,
and mathematics, Newton himself was not. As we now know
from the analysis of Newton's previously unpublished papers
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(e.g., in Frank E. Manuel's book Thc RiAgr<?r7 of NecartoTZ,
discussed in Chapter 9), Newton saw himself as not only a
scientist but also a historical scholar who had a duty to study the
scriptures as a form of objective historic record. Although the
study of the causes of natural phenomena, Newton admitted,
does not bring one directly to the First Cause and Creator, it
does perfect Natural Philosophy, which in turn enlarges "the
Bounds of Moral Philosophy."

In treatises such as that on "The Revelation According to
Daniel,” Newton showed the fusion of his religious and natural-
philosophical concerns. He believed that to find the design be-
hind the obscure prophecies in the Apocalypse was as important
as to find the cause of the motion of the moon and of the planets.
Moreover, he hoped to find one great, unifying structure within
which all details, physical or not, are parts of one coherent
cosmos. Indeed, the properties of and necessity for God are
built into Newton's very physics, into his conceptions of absolute
space and time, the ether, gravitation, and sense perception.
Whereas to us the PrmcfpM and the Optfcy are breathtaking
synthetic works in science, to Newton they must have appeared
as preliminary way stations to a much grander synthesis that
eluded him, one by which he had hoped to attain knowledge of
the Creator of both the book of nature and the book of the
scriptures. How far he had to go must have been oppressively
obvious to him, as indicated by the fact that he published
almost none of his voluminous theological writings, on which he
spent a large fraction of his time even during his most produc-
tive scientific period.

One must therefore distinguish more carefully than is often
done between the Ncwto77M7 Synthesis and N etrt*'y synthesis;
the former refers to the successful development of physical
science from the late seventeenth century, the latter to New-
ton's own achievement - of which his magnificient PrwcfpM was
only the first, incomplete stage of a much more ambitious
quest.

There are three points to add to this examination of the building
of a grand synthesis in the cultural sense. (:) In the sciences,
such a cultural synthesis is achieved by a constant interplay of
analysis and synthesis in the transformational sense. (Thus
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Newton based himself on previous analytical triumphs such as
those of Galileo, e.g., the method of resolution and composition
of vector quantities). (2) Any synthesis must fit into a set of
boundary conditions, of which the choice of initial "elements”
often is the clearest expression. Thereby it leaves open the poten-
tial for the rise, sooner or later, of an antithetical attempt at
synthesis centering on the omitted elements. Any synthesis
fashioned by the human mind is incomplete, often even by its
own standards. (3) Nevertheless, the persistence of synthetic
attempts and the high place we give them show that a thematic
drive toward synthesis exists and is essentially unavoidable.
William James referred to one of its manifestations in the re-
mark that "the ideal which this philosophy strives after is a
mathematical world-formula" - that is, in some form or other
we are heirs to the Laplacian vision, a view of the future as the
comprehensible extrapolation of present, measured states- in
principle, to arbitrarily fine degrees of inclusivcness, detail, and
accuracy. Helmholtz, too, hoped in his way to achieve (in
principle) "the complete comprehensibility of nature." As we
shall note, this drive has the earmarks of the ancient hope for
the transcendental knowledge of the "One."

It is appropriate to turn from our oldest grand scientific syn-
thesis and apply the same apparatus to the most recent attempt
of the same sort - that of current sociobiology. For this purpose
I shall base my remarks largely on Edward O. Wilson's book.™
What interests us here are the overall claims sociobiology makes,
how these claims and aims fit into the history of ideas, and
whether sociobiology has the earmarks of being indeed the be-
ginning of a major synthesis.

The overarching aim of sociobiology - the task that Wilson
says isto be completed within the next 20 or 30 (p. 5) or perhaps
too years (p. 373) - is of course signaled first in the subtitle of
his book, 7Te New SyMthesh. We find it again in the title of
Chapter 1, "The Morality of the Gene,"” and in statements
throughout, particularly on the early pages.

A Dasic axiom is that the "individual organism is only [the
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genes's] vehicle, part of an elaborate device to preserve and
spread them,” and, as a corollary, that to "explain ethics and
ethical philosophers” one need understand "the role of evolution
in shaping the whole device." Our "hypothalamic-limbic com-
plex" Hoods our consciousness with all the emotions - hate, love,
guilt, fear, and others - and has been "programmed to perform as
if it knows that its underlying genes will be proliferated maximally
only if it orchestrates behavioral responses that bring into play
an efficient mixture of personal survival, reproduction, and altru-
ism." Wilson quotes Richard Lewontin approvingly: "Natural
selection of the character states themselves is the essence of
Darwinism. AH else is molecular biology." In the same sweeping-
way, Wilson asserts later: "In the microscopic view the human-
ities and social sciences shrink to specialized branches of biology.
History, biography, and fiction arc the research protocols of
human ethology; and anthropology and sociology together con-
stitute the social biology of a single primate species.”

It is an ambitious vision. To name only entities to which
Wilson himself refers: Elements in the intended synthesis include
evolutionary biology, genetics, biochemistry, ethology, anthro-
pology, psychology, sociology, the humanities, and ethics. One
can almost glimpse a mutual accommodation of conceptions such
as bonding, sex, division of labor, communication, territoriality,
patriotism, warfare, learning, aggression, fear, altruism, and the
structure of DNA. Indeed, if one thinks of what has been left
out of this projected synthesis, one comes up with a very short
list. But significantly at the head of such a list stand the notions
of the transcendental and of free will.

Let me inject here, for what it is worth, that regardless of the
ultimate merit and success of this great program, | find the aim
useful. 1 have a fourfold set of reasons for this judgment.
First, science needs more such wide-ranging, intellectually stimu-
lating efforts than we get, more than our usual fare of small
additions to the pale sandheap of individual analytical results.
Second, even if it fails eventually, the challenge that sociobiology
has thrown down before the neighboring disciplines is bound to
have a strong, perhaps transforming effect on some of them, even
if not along the lines envisaged by its proponents. That is how
progress is made. Third, I view Wilson's book as a significant
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cultural artifact in its own right because it represents rather
accurately, and eloguently, one typical, current world view
characterizing this part of the twentieth century - for example,
in its plea for a sophisticated form of flexible, almost stochastic
predeterminism and materialism, in its apparently dispassionate
concern with a secularized ethic, and in its accent on rationality
and its underemphasis on symbolic forms. In short, with all its
limitations it exemplifies what is widely considered to be some
of the best thinking today. Fourth, and lastly, the discussions of
the work among scientists and others present them with an
opportunity for the difficult and hence often neglected task of
assessing the possible ethical and human-value impacts of their
own scientific work.

pretwrorr. To understand the aims and claims, the powers
and limits of sociobiology, it is essential to realize that this field
of research, and the motivating spirit behind it, is part of a long
evolutionary development. Sociobiology too has its phytogeny,
and was already well established in the middle of the nineteenth
century, at the time when the mechanists and vitalists were doing
battled' In 1845 a group of young physiologists, among them
Helmholtz and DuBois-Reymond, swore an oath "to account for
all bodily processes in physical-chemical terms." They did not
prohibit all metaphysical discussions of that science, but merely
declared, in DuBois-Reymond's famous phrase, "ignorabimus,"”
that is, that we shall never know the great world riddles, other
than those portions that reveal themselves within mechanistic
science.

This group was distinguishable from a parallel but more ex-
treme group of experimental biologists and medical materialists
who may be called the "nothing-but” school. To those, all things
were to be reduced to a homogeneous mechanistic scheme, in-
cluding the world riddles despaired of by the others. This
naturally led them to attack the established order, the alliance
between church and state, and all the other impedimenta to
radical progress, in science and without. Not surprisingly, many
of them were socialists and visionary fighters for social justice.
For example, Rudolf Virchow, one of the sympathizers, sup-
ported the German Revolution of 1848 and became the chief of
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the liberation opposition to Bismarck. It is both ironic and signifi-
cant that from the present perspective, the medical materialists
and the Helmholtz group were far closer to each other than
to any of their common enemies; they were, for example, united
in being antitranscendentalists.

To me, the most interesting figure among all these was the
splendid biologist and German Darwinist, Ernst Haeckel. A
fiery materialist, monist, and sociologist, he scoffed at all myth-
mongers and offered a complete science-based world view, one
that would solve all puzzles. His turbulent book of 1899, written
toward the end of his career but at the height of his fame, was in
fact titled simply 7T<? Ri&Re of t/ic Hmww. It swept over
Europe like a crusade against mystification, against what he re-
garded as "the untruth foisted on the people by their spiritual
and economic masters." Science was to triumph over theology
by spreading the gospel of evolution infused with a modicum of
pan-psychism. Haeckel's chief point was that there was a mon-
ism or unity of the inorganic and the organic world, grounded
in the laws of the conservation of matter and energy (what he
called "the law of substance").

It was indeed a replay, complete in many details, of an ancient
message. Here is, first, Lucretius, introducing the world view of
the first Greek atomist:

I will essay to discourse to you of the most high system
of heaven and the gods, and will open up the first-
beginnings of things, out of which nature gives birth
to all things and increase and nourishment . . .

When human life to view lay foully prostrate upon
earth crushed, down under the weight of religion who
shewed her head from the quarters of heaven with
hideous aspect lowering upon mortals, a man of Greece
ventured first to lift up his mortal eyes to her face and
first to withstand her to her face . . . On he passed
far beyond the flaming walls of the world and traversed
throughout in mind and spirit the immeasurable universe;
whence he returns a conqueror to tell us what can, what
cannot come into being, in short on what principle each
thing has its powers defined, its deep-set boundary
mark . . .
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This terror then and darkness of mind must be dispelled
not by the rays of the sun and glittering shafts of day,
but by the aspect and the law of nature; whose first
principle we shall begin by thus stating: Nothing is ever
gotten out of nothing by divine power. Fear in sooth
takes such a hold of all mortals because they see many
operations go on in earth and heaven, the causes of which
they can in no way understand, believing them therefore
to be done by divine power. For these reasons, when we
shall have seen that nothing can be produced from
nothing, we shall then more correctly ascertain that
which we are pursuing, both the elements out of which
everything can be produced and the manner in which all
things are done without the hand of the gods.”

In Flaeckel's battle against notions such as personal immortal-
ity, the conventional belief in a creating God, or in the belief in
a mind or a purpose behind evolution, Haeckel did not have
to refer explicitly to Lucretius or to the distant predecessors,
Leucippus and Democritus. His sentences had their own grand,
Teutonic sweep:

All the particular advances of physics and chemistry
yield in theoretical importance to the discovery of the
great law which brings them to one common focus, the
law of substance. This fundamental cosmic law estab-
lishes the eternal persistence of matter and force, the
unvarying constancy throughout the entire universe. It
has become the pole-star that guides our monistic
philosophy through the mighty labyrinth to a solution
of the world-problem.

The promise of eternal persistence and of a guiding pole-star
was vivid in the colorful and reassuring chapters in Haeckel's
book: "The History of Our Species,” "The Phylogeny of the
Soul," "Consciousness,” "Immortality,” "The Evolution of the
World," "The Unity of Nature,” "Our Monistic Ethics,” and,
finally, "The Solution of the World-Problems.” In comparison,
Wilson's book is an exercise in understatement and scientific
objectivity. | doubt that it is able to arouse a small fraction of
the hopes and fears that Haeckel's book did for about a half-
century.
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Another grand precursor of Wilson is Jacques Loeb, the
author of The Afern%mrtic Covbepri<?M oj Tije (1912). He was
born in 1879, the very year of Darwin's Orighz. A scientist in the
old style of philosopher and social innovator, he too was certain
that scientific findings might lead directly to political and social-
development consequences. Influenced by Schopenhauer as were
so many others of his generation, he seems to have turned to
biology in order to find evidence against the conception of the
freedom of will. Perhaps his best work was on animal tropism,
the involuntary movements imposed by environmental condi-
tions such as light upon organisms; he considered it a model for
understanding behavior in terms that avoid the use of the noxious
conception of "will. ' The accomplishment for which he is most
famous, artificial pathogenesis by physical-chemical means, fell
in the same category of scientific research findings with anti-
transcendental and antimetaphysical implications.

From 19:t on, cheered by the proof of the existence of mole-
cules by Perrin and others as the "final vindication of mechan-
istic philosophy," he spoke and wrote on "the mechanistic con-
ception of life," and published his book of that title in *12. As
Donald Fleming puts it, in it he reduced life to a "physical-
chemical phenomenon, free will to an illusion generated by
tropistic causes, and religious faith to an absurdity. He pro-
claimed the total validity of mechanistic principles and derived
from them a system of human ethics based on instincts whose
unobstructed expression would rejuvenate world society.” As
early as 1911, "he said that the main task for students of heredity
was to determine 'the chemical substance in the chromosomes
which are responsible for the hereditary transmission of a
quality." "

In his book, Loeb asks whether "the wishes and hopes, efforts
and struggles" - man's inner life - should be "amenable to a
physical-chemical analysis." And he answered yes, even if the
proof would have to come from much research that still waited
to be done: "For some of these instincts, the chemical basis is
at least sufficiently indicated to arouse the hope that the analysis
from the mechanistic point of view is only a question of time."

In the last pages of Loeb's book, just as in Haeckel's and in
Wilson's, Loeb has a section entitled "Ethics.” Here is a passage:
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We eat, drink and reproduce not because mankind has
reached an agreement that this is desirable, but because
machine-like, we are compelled to do so. We are active
because we are compelled to be so by processes in our
central nervous system . . . The mother loves and cares
for her children, not because metaphysicians had the idea
that this was desirable, but because the instinct of taking
care of the young is inherited just as distinctly as the
morphological characters of the female body . . . Not
only is the mechanistic conception of life compatible
with ethics: it seems the only conception of life which
can lead to an understanding of the source of ethics.
In comparison, Wilson's is a soberer, more scientifically grounded
and modest effort. Ironically, just for this reason, it will not
have the same popularity that those predecessors had.

for ryyztbem. We can now return to our
earlier discussion of the properties of a synthesis in operational
terms, to test against the earlier model the claims inherent in
sociobiology of producing a major synthesis in our time. We
shall make due allowance for the obvio